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Based on the data regarding summer precipitation in North China, the tropical Madden–Julian Oscillation (MJO) index (meaning the “All-Season Real-Time Multivariate MJO index,” abbreviated as RMM1 and RMM2), and National Centers for Environmental Prediction (NCEP)/National Center for Atmospheric Research (NCAR) reanalysis data, this paper analyzed the relationship between the summer precipitation of 2018 in North China and MJO by applying multiple statistical methods. Findings indicate that (1) summer precipitation in North China is closely related to MJO. When MJO was in phases 5 and 6, North China had heavy precipitation. (2) The correlation mechanism is primarily as follows: At 850 hPa, when MJO storm clouds move eastward, anticyclonic circulation is stimulated in the north side of the convection area, thus forming a pair of cyclones and anticyclones. Although MJO storm clouds cannot move northward to higher latitudes to have a direct impact on the summer precipitation in North China, when MJO moves eastward into phases 5 and 6, the anticyclonic circulation on the north side of cyclones can strengthen the water-vapor transmission by southerly wind for RMM1 or by southeast wind for RMM2 in summer in North China thus providing favorable water-vapor conditions for precipitation in North China. At 500 hPa, when MJO moves eastward into phases 5 and 6, the western Pacific subtropical high will move northward to the area near the Korean Peninsula and be strengthened, thus blocking weather systems that come from the west, and facilitating ascending motions in North China. (3) MJO can be used for the extended-range forecasting of summer precipitation over North China.

Keywords: North China, summer precipitation, Madden–Julian Oscillation, relationship, extended-range forecast


INTRODUCTION

In recent years, to meet the pressing needs for 10–30 days weather forecasting (extended-range forecasting) by governments and global communities, studies related to extended-range forecast technology have become a hot topic throughout the world (Hoskins, 2013; Hsu et al., 2015; Black et al., 2017; Zhu and Li, 2017). Because there is a lack of well-established theory, making accurate extended-range forecasts is still very challenging (Newman et al., 2003; Yang, 2015; Zhang et al., 2019). Intraseasonal oscillation (ISO) is considered a direct link between weather and climate, and it should be feasible to use ISO in extended-range forecasts (Waliser et al., 1999; Jones et al., 2004a; Webster and Hoyos, 2004; Leroy and Wheeler, 2008; Ju et al., 2010; Kang and Kim, 2010; Yang et al., 2012; Rodney et al., 2013; Zhang, 2013). Studies have shown that there are 30–60 days quasi-periodic oscillations in the whole tropical region and global atmosphere, which are regarded as main features of atmospheric low-frequency changes. Subsequently, ISO in tropical regions is called as Madden–Julian Oscillation (MJO; Madden and Julian, 1971, 1972, 1994) by some scholars.

Madden–Julian Oscillation is the most obvious signal of the atmospheric low-frequency changes in tropical regions (Madden and Julian, 1971, 1972, 1994), which shows that the convective activity originated in the tropical West Indian Ocean gradually moves eastward (Lau and Chan, 1986; Madden and Julian, 1994; Chen and Wang, 2018a, b), and a complete MJO cycle lasts for about 45 days. The strength change and propagation characteristics of MJO differ markedly in different seasons, and the amplitude and frequency in different phases show obvious inter-annual variation (Wang F. Y. et al., 2018; Takasuka et al., 2019; Zheng and Chang, 2019). Owing to its influence on global weather and climate, MJO has become an important index for extended-range forecasts (Ferranti et al., 1990; Waliser et al., 2003; Liang and Ding, 2012; Lü et al., 2012; Zhang, 2013; Lin et al., 2016). At present, MJO is widely used in related research and operational construction as a very important signal for extended-range forecasts (Jones et al., 2004b; Ding and Liang, 2010; Li et al., 2013, Li C. Y. et al., 2016; Zhang, 2013; Li, 2014; Ren et al., 2015; Wu et al., 2016).

Since Madden and Julian (1971, 1972) proposed the existence of low-frequency atmospheric oscillation in tropical regions, significant progress has been made in the study of MJO (Chen et al., 2001; Zhang et al., 2003; Wang B. et al., 2018). Comprehensive analysis of Zhang (2013) has found that in the global range, few phenomena have as close a relation to weather and climate as MJO. Ren and Shen (2016) also think that in the subseasonal time scale, MJO is the primary mode for climatic variability worldwide. Jia et al. (2011) and Liang and Lin (2018) discuss the positive contributions of MJO on subseasonal forecasting in East Asia including Northeast Asia during the summer and the influences of MJO on precipitation in China including North China during winter. MJO not only has a direct influence on tropical weather and climate but can also have a significant influence on regions other than tropical regions through propagation and excitation of atmospheric teleconnections (Zheng and Chang, 2019), and has now become the most important predictable source of subseasonal–seasonal climatic forecasting. If there is no proper knowledge about MJO and its influencing mechanism, and MJO forecast capability is not improved, then it is impossible to meet the social demands for weather and climate forecasting (Waliser et al., 2003), let alone support the “no-gaps forecast” development proposed by the World Meteorological Organization (Vitart et al., 2017; World Meteorological Organization [WMO], 2018).

Madden–Julian Oscillation can influence precipitation in more regions around the globe, including the Asian monsoon region (e.g., Lau et al., 1988; Sui and Lau, 1992; Lawrence and Webster, 2002; Barlow et al., 2005; Jeong et al., 2008; Li T. et al., 2012a; Bai et al., 2013; Jia and Liang, 2013; Ma et al., 2014; Wu et al., 2018; Wang H. et al., 2018; Liu et al., 2020), Australian monsoon region (e.g., Hendon and Liebmann, 1990a, b; Wheeler et al., 2009), North America (e.g., Jones, 2000; Maloney and Hartmann, 2000; Higgins and Shi, 2001; Bond and Vecchi, 2003; Zhao et al., 2019), South America and Africa, and other regions (e.g., Liebmann et al., 2004; Matthews et al., 2004). In China, research into the influence and forecast technology of MJO on precipitation focuses mainly on regions such as Southwest China, South China, and the mid-lower reaches of the Yangtze River. MJO is often considered a tropical system, which finds it very difficult to cross the Yangtze River in an eastward and northward movement and have direct influence on North China. This is why little attention has been paid to North China in studies on the influence of MJO on precipitation and little literature on this aspect is available.

East China is located in the subtropical monsoon region of East Asia, and drought and flood disasters often occur, raising requirements for improving precipitation prediction. In particular, the changes in summer precipitation and forecasting techniques have attracted much attention (Huang et al., 1999; Fu et al., 2005; Qi and Zhang, 2015; Hao and Hou, 2018). In recent years, China has been promoting synergistic development in the Beijing–Tianjin–Hebei region as a national development strategy and building the Xiong’an New Area as a millennium development plan, which presents tremendous demands for understanding the change law and improving extended-range forecast technology for precipitation in North China. At present, there are few studies on the relationship between MJO and precipitation in North China, particularly studies into the influence and forecast technology of summer precipitation in North China. It was discovered that there was more summer precipitation in North China in 2018, with three obvious processes that appeared every 30 days on average and very obvious low-frequency characteristics. Is this related to the intraseasonal evolution of MJO? In this paper, the year 2018 is chosen as an example to analyze the relationships between low-frequency summer precipitation in North China and MJO, so as to understand the link between the two and the influence mechanism of MJO on summer precipitation in North China, as well as provide a reference basis for improving extended-range forecast technology.



DATA AND METHOD

Data used in this article are as follows: (1) Daily precipitation data. Summer precipitation data from 1700 stations nationwide in 2018 provided by the National Meteorological Information Center are used. The data from 95 stations are chosen for daily summer precipitation in North China (72 stations in Hebei, 14 stations in Beijing, and nine stations in Tianjin; see Figure 1A), with the daily precipitation sequence the mean value of 95 stations. The precipitation data are used for 11-day moving average treatment, to filter out the synoptic-scale weather disturbances (see Figure 1B). (2) MJO index data (Wheeler and Hendon, 2004). RMM real-time multi-variable MJO indexes provided by the Bureau of Meteorology (Australia) are used and can be downloaded from their website1. (3) OLR data. The chosen data are the daily data from the summer of 2018 and can be downloaded from the official website of the National Oceanic and Atmospheric Administration (NOAA)2. (4) Circulation data. The reanalysis data prepared by the National Centers for Environmental Prediction (NCEP)/National Center for Atmospheric Research (NCAR) are used (Kalnay et al., 1996), and can be downloaded from the NOAA’s official website2. Horizontal resolution of the data is 2.5° × 2.5°, and the daily data in the summer of 2018 are chosen, with the variables being horizontal winds u and v, and specific humidity q at 850 hPa, height field h at 500 hPa, and height field h and zonal wind u at 200 hPa.
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FIGURE 1. Spatial distribution of precipitation stations (A) and daily precipitation variation (B) in North China in the summer of 2018.


Methods used in this article are as follows: (1) correlation analysis and power spectrum analysis (Wei, 2007); (2) Morlet wavelet analysis (Torrence and Compo, 1998); (3) circulation synthesis analysis; and (4) circulation reconstruction (Wang et al., 2008). To obtain the time series for an individual factor, it is possible to reconstruct the circulation anomaly field with the linear regression method, which has been proven as an effective tool for circulation anomaly analysis in practice (Hao and Hou, 2018). Suppose xi is the time series of a factor and yi is the actual sequence value for a point of the circulation field to be reconstructed, thus

[image: image]

where b is the constant value of the circulation field reconstructed and a is the circulation anomaly field reconstructed. To make the circulation anomaly size close to that of the actual field and facilitate the analysis, it is required to standardize xi in the regressive calculation.



RELATIONSHIP BETWEEN SUMMER PRECIPITATION IN NORTH CHINA AND MJO


Characteristics of Summer Precipitation in 2018

Precipitation in North China was above normal during the summer (June to August) of 2018, when three obvious processes occurred with obvious low-frequency characteristics (Figure 1B). To analyze the low-frequency characteristics of summer precipitation in 2018, the 11-day moving average is made on daily precipitation, to filter out the synoptic-scale weather disturbances. It is found that the low-frequency part explains 48% of the total variance of precipitation variation.

First, analyze whether the change of summer precipitation in 2018 in North China had the low-frequency characteristics. Power spectrum analysis allows for identification of the main cycles of overall change in the precipitation sequence, while wavelet analysis allows for identification of the characteristics of the main cycles in different time segments. Figure 2 gives the daily precipitation sequence power spectrum for the summer of 2018 in North China and the Morlet wavelet coefficient distribution. Power spectrum analysis has shown that the power spectrum with the most significant summer precipitation happens near 30 days (Figure 2A), indicating that there is an obvious 30 days period in North China with regard to summer precipitation in 2018. On the Morlet wavelet analysis diagram (Figure 2B), the positive–negative coefficient indicates the fluctuation of precipitation, and the shaded area passed the 95% confidence test. The left side corresponds to periods, which is expressed in days. It can be seen that there is an obvious cycle of about 30 days in summer precipitation for 2018, particularly in July–August.
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FIGURE 2. Power spectrum and distribution of the Morlet wavelet coefficient for precipitation in North China in the summer of 2018. Shaded areas exceed the 95% confidence level. (A) The power spectrum, the dotted line is the power spectrum of white noise with 95% confidence level, and the solid line is the power spectrum of precipitation. (B) The Morlet wavelet coefficient map of daily precipitation, the positive and negative isolines are the distribution of coefficient, the numerical values represent the fluctuation of precipitation, and the shaded areas passed the 95% confidence level.




Relationship Between MJO Change and Summer Precipitation

Figure 3 shows the change curve for daily precipitation in the summer of 2018 in North China corresponding to MJO indexes (meaning the “All-Season Real-Time Multivariate MJO index,” abbreviated as RMM1 and RMM2) RMM1 and RMM2. It can be seen that the change curve of the summer precipitation in 2018 has very good corresponding relations with the change curve of the MJO indexes RMM1 and RMM2 and phase change of MJO, and three obvious precipitations are basically situated in phases 5 and 6 of MJO.
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FIGURE 3. Daily variation of precipitation in North China (heavy line) and RMM1 (A, fine solid line), RMM2 (A, dashed line), phase (B, dashed line) of MJO in the summer of 2018.


The correlation analysis has found that the correlation coefficient of daily summer precipitation in North China with the MJO indexes RMM1 and RMM2 has passed 99% confidence test, indicating that summer precipitation in North China is very closely related to MJO. In the change of the summer precipitation in 2018, the influence of MJO might be significant.

Figure 4 shows the composites of the OLR anomaly in phases 1–2, phases 3–4, phases 5–6, and phases 7–8 of MJO in the summer of 2018. In the calculation, 5 days with the largest amplitude is selected as the combination corresponding to different phases of MJO (the following other factor fields are the same). Anomaly refers to the anomaly value relative to the average value of 1981–2010 (the following other factor fields are the same). It can be seen from the diagram that the OLR indicates the obvious propagation from west to east, and there is obvious northward movement during the east movement. During phases 1–2 of MJO, the main convection area is located over the tropical West Indian Ocean (8°N, 55°E); when MJO enters phases 3–4, the main convection area moves eastward and northward, and the main convection center is located over the Bay of Bengal (15°N, 90°E); when MJO enters phases 5–6, the main convection area moves further eastward and northward; in addition, the convection in the Bay of Bengal moves northwestward, occupying the majority of the Indian Peninsula. The convection area of MJO is inclined from northwest to southeast, the west convection center is located over the Indian Peninsula (20°N, 72°E), and the southeast convection center is located over the ocean to the east of the Philippines (15°N, 130°E); when MJO enters phases 7–8, the main convection area moves eastward further with the strength reduced, and the main convection center is located over Saipan and the ocean to its east (13°N, 150°E, and 155°W). Throughout the entire evolution of MJO, the most significant characteristics are that in phases 5–6, the convection area moves eastward and northward, with the highest intensity, and the shape of inclination from northwest to southeast, with the northward propagation in the Indian Peninsula most obvious.


[image: image]

FIGURE 4. Composites of the OLR anomaly in each phase of MJO in the summer of 2018 (the dotted areas exceed 95% confidence level). Dashed line frame indicates North China area, same as below. Unit: W⋅m–2. (A) The blue shaded areas are the composition of anomalous distribution of outgoing long wave radiation corresponding to the 1-2 phase of MJO, and the dotted areas passed the 95% confidence level. (B–D) The same, but corresponding to the 3-4, 5-6, 7-8 phases of MJO.


The previous studies on MJO (Zhang et al., 2009; Bai et al., 2012, 2016; Li T. et al., 2012b; Li et al., 2013, 2014, Li Y. H. et al., 2016; Zhang and Zhang, 2013; Ma et al., 2014; Yan and Ju, 2016; Zhao et al., 2016; Yuan et al., 2017) have found that, either in the spring or summer, when MJO is located over the Indian Ocean, it is often rainy in the mid-lower reaches of the Yangtze River and in the southwest and southern China regions, while when MJO is located over the Western Pacific, it is often not rainy in the mid-lower reaches of the Yangtze River and in the southwest and southern China regions, not paying any attention to the relationship between MJO and summer precipitation in North China. The study conducted by Yan and Ju (2016) has pointed out that when the summer MJO is constantly active in the equatorial Western Pacific Ocean, the equatorial Walker circulation is weakened, while the Hadley circulation is strengthened, with the Western Pacific subtropical high position is northward. However, it did not illustrate the impact of MJO on summer precipitation in North China. From the previous statistical results, it can be seen that when MJO enters the Western Pacific Ocean (phases 5 and 6) and the amplitude is large, there is too much summer precipitation in North China, and the conclusion of Yan and Ju (2016) actually has a good relationship corresponding to the large summer precipitation in North China in phases 5 and 6 of MJO.

To gain a further understanding of the relationship between the summer precipitation in North China and MJO, the precipitation in the summer of 2018 (June–August, with 11 days moving average) have been regressed and reconstructed onto the MJO indexes RMM1 and RMM2 in the same period (with 11 days moving average), thus obtaining the spatial distribution of percentage of precipitation anomaly corresponding to MJO (Figure 5). Corresponding to RMM1, the summer precipitation in North China is a positive anomaly, the Yangtze River basin is basically a negative anomaly, and the major region of Guangdong Province is a positive anomaly. Corresponding to RMM2, the summer precipitation in North China is a positive anomaly, the Yangtze River and region south of the Yangtze River are basically a negative anomaly, and the coastal area of Guangdong and Guangxi is a positive anomaly. It can be seen that when RMM1 and RMM2 are positive, that is, when MJO enters phases 5 and 6, summer precipitation in North China is a positive anomaly.
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FIGURE 5. The regressed pattern of the summer precipitation anomaly onto (A) RMM1 and (B) RMM2 in 2018 (the dotted areas exceed 95% confidence level). Unit: %.




LINKING MECHANISM BETWEEN SUMMER PRECIPITATION IN NORTH CHINA AND MJO


Wind Field and Water-Vapor Field Anomaly at 850 hPa

Figure 6 shows the horizontal wind field anomaly and water-vapor anomaly at 850 hPa synthesized corresponding to different phases of MJO in the summer of 2018. In phases 1–2 of MJO, there are several obvious characteristics: the West Indian Ocean region has a cyclonic circulation anomaly, the Bay of Bengal and the region to its north have a anticyclonic circulation anomaly, the South China Sea to Southern China have a anticyclonic circulation anomaly, and Southern China has a southwest wind anomaly, but is deficient of water vapor; from 10°N the Indian Ocean north of the equator to the South China Sea, there is an obvious east wind anomaly; there is an obvious divergence area in North China, which is unfavorable for precipitation. When MJO enters phases 3–4, there is obvious change compared with the early stage of circulation, there is a cyclonic circulation anomaly in the Bay of Bengal, the southeast of China, and there is an anticyclonic circulation anomaly near Japan; from 10°N the Indian Ocean north of the equator to the South China Sea, the east wind disappears; for the cyclonic circulation corresponding to the southeast region of China, water vapor has a positive anomaly, and the precipitation in the region south of the Yangtze River might be higher; North China has a northeast wind anomaly, deficient of water vapor, which is thus unfavorable for precipitation. When MJO enters phases 5–6, the circulation has obvious change compared with the early stage, and 15°N the Indian Ocean north of the equator to the South China Sea changes to an obvious west wind anomaly, with the wind direction contrary to that of phases 1–2 of MJO; from north of the South China Sea to the Western Pacific Ocean, there is a cyclonic circulation anomaly, and near the Korean Peninsula, there is a anticyclonic circulation anomaly, thus forming a “cyclone–anticyclone pair”; North China has a southeast wind and southerly wind anomaly, with obviously more water vapor, thus being favorable for precipitation. When MJO enters phases 7–8, the circulation has obvious change by comparison with that in the previous stage, there is an obvious east wind anomaly from the Indian Ocean near 10°N north of the equator to the South China Sea, and the wind direction is the same as that of phases 1–2 of MJO; Eastern China basically has a north wind anomaly, deficient in water vapor, and thus unfavorable for precipitation; North China has a northwest wind anomaly, with less water vapor, thus unfavorable for precipitation. In summary, there are several obvious characteristics: (1) With regard to the change from the Western Indian Ocean north of the equator to the South China Sea, phases 1–2 have a strong east wind anomaly, phases 3–4 do not have an obvious west wind or east wind anomaly, phases 5–6 have a strong west wind anomaly, and phases 7–8 have then turned to an east wind anomaly; (2) in phases 1–2, North China has a divergent wind field anomaly, deficient in water vapor; in phases 3–4, North China has a northeast wind anomaly; in phases 5–6, North China has an obvious south wind and southeast wind anomaly, with significant increase of water vapor; in phases 7–8, North China has a northwest wind anomaly and an abnormal decrease of water vapor.
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FIGURE 6. Composites of anomalous wind at 850 hPa in each phase of MJO in the summer of 2018. Unit: m⋅s–1. The shaded areas are the convergence or divergence of water vapor (shaded areas exceed the 95% confidence level). Unit: g⋅kg–1. (A) The Composite map of horizontal wind field anomaly(arrow) and specific humidity field anomaly(shaded areas, passed 95% significance level) on 850hPa layer corresponding to the phase 1-2 of MJO. (B–D) The same, but corresponding to the 3-4, 5-6, 7-8 phases of MJO.


Figure 7 shows the horizontal wind field anomaly at 850 hPa for regression and reconstruction onto the MJO indexes RMM1 and RMM2 in the summer of 2018, and the shaded areas show the convergence and divergence of water vapor. It can be seen that the circulation anomaly is quite similar, but there are some differences. Similar circulation characteristics are as follows: the tropical Indian Ocean has a weak anticyclonic circulation anomaly, there is a cyclonic circulation anomaly to the north of the Bay of Bengal, north of the South China Sea and the Western Pacific Ocean, and there is an anticyclonic circulation anomaly near the Korean Peninsula, forming a “cyclone–anticyclone pair.” The difference is that corresponding to RMM1, North China has a southerly wind anomaly, and water vapor has a positive anomaly; corresponding to RMM2, North China has a southeast wind anomaly, with significantly more water vapor. Therefore, the influence of the two main modes of MJO upon the summer precipitation in North China is caused by different water vapor transfer directions. It should be explained that from the definition of the MJO index, phases 5 and 6 correspond to the maximum positive values of RMM1 and RMM2, so the anomaly field of regression and reconstruction of RMM1 and RMM2 corresponds to phases 5 and 6 of MJO.
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FIGURE 7. The regressed pattern of anomalous wind at 850 hPa onto (A) RMM1 and (B) RMM2 in the summer of 2018 (arrowheads, unit: m⋅s– 1). The shaded areas are the convergence and divergence of water vapor (exceeds the 95% confidence level). Unit: g⋅kg– 1.




Circulation Anomaly at 500 hPa

Figure 8 shows the height field formed at 500 hPa while corresponding to different phases of MJO in the summer of 2018, and the shaded areas show the departure fields after removing the multi-year mean value in summer. It can be seen that corresponding to different phases of MJO, there is obvious change with a mid-high latitude trough and ridge and subtropical high. In phases 1–2 of MJO, to the north of the trough of Lake Baikal, there is a northwest air current over North China, and the subtropical high of the Northwestern Pacific Ocean is weak and southerly. When MJO enters phases 3–4, the area near Lake Baikal turns to ridge, North China is controlled by the northwest air current in front of the ridge, and the subtropical high is strengthened, being southerly and easterly. When MJO enters phases 5–6, the subtropical high obviously moves northward near the Korean Peninsula, and intensity increases; North China is situated on the northwest of the air current in front of the trough and subtropical high. Such circulation is favorable for the ascending motions in North China. When MJO enters phases 7–8, North China is under the effect of a northwest air current behind the west wind trough, and the subtropical high is easterly and southerly. Although there is certain motive for ascending, no water-vapor source is available, thus being unfavorable for precipitation in North China.
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FIGURE 8. Composites of 500-hPa height (contour line) and its anomalous (the dotted areas exceed 95% confidence level) in each phase of MJO in the summer of 2018. Unit: dagpm. (A) The composite map of 500hPa height field (isoline) and its anomaly (shaded areas, doted areas passed the 95% confidence level) corresponding to the phase 1-2 of MJO. (B–D) The same, but corresponding to the 3-4, 5-6, 7-8 phases of MJO.


Figure 9 shows the height field anomaly at 500 hPa for regression and reconstruction onto the MJO indexes RMM1 and RMM2 (shaded area), and the contours are means of the height fields in the summer over many years. It can be seen that the two diagrams show relatively similar anomaly characteristics, the middle latitude has an obvious low and high disturbance wave train for propagation along the latitude direction, there is a negative anomaly from the west of Lake Baikal to the Xinjiang region of China, and there is an obvious positive anomaly near the Korean Peninsula. This indicates that in the summer of 2018, owing to the influence of MJO, the Lake Baikal trough was further deepened, and the subtropical high was further strengthened near the Korean Peninsula. Because of the blocking effect of the east anticyclone to the west trough, the conditions for ascending motions have been strengthened in North China, thus being favorable for summer precipitation in North China. Therefore, the MJO in the summer influences summer precipitation in North China through the adjustment of the Lake Baikal trough and the subtropical high. When RMM1 and RMM2 are positive values, the Lake Baikal trough is deepened, and the Western Pacific subtropical high moves northward near the Korean Peninsula and is strengthened, thus being favorable for summer precipitation in North China.
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FIGURE 9. The regressed pattern of anomalous height at 500 hPa onto (A) RMM1 and (B) RMM2 in the summer of 2018 (the dotted areas exceed 95% confidence level). The contours are the summer means of 500 hPa height for the years 1981–2010. Unit: dagpm.




Circulation Anomaly at 200 hPa

Madden–Julian Oscillation convection often excites disturbance at the middle and upper troposphere, propagating toward the lower reaches through a westerly jet, thus influencing summer precipitation in North China. Also, 200 hPa circulation is chosen here for key analysis. Figure 10 shows the composites of height anomaly at 200 hPa in different phases of MJO in the summer of 2018 (with the deduction of the summer mean for many years), and the contour lines are the averaged zonal wind velocity u in the summer of 2018. In phases 1–2 of MJO, the disturbance in the mid-high latitude region is basically negative departure, the disturbance propagates eastward along the westerly jet, and North China is situated in a relatively high-value area; when MJO enters phases 3–4, the disturbance in the mid-high latitude region is in the positive–negative phases, propagates eastward along the westerly jet, and North China is situated in a positive departure area; when MJO enters phases 5–6, the disturbance in the mid-high latitude region is basically positive departure, propagates eastward along the westerly jet, and North China is situated in the southwest part of the high-value area of the Korean Peninsula; when MJO enters phases 7–8, the disturbance in the mid-high latitude region is basically negative departure, propagates eastward along the westerly jet, and North China is situated in the relatively low-value area. In summary, this has the following characteristics: MJO will decrease the 200-hPa height field of the mid-high latitude of the Northern Hemisphere in phases 1–2 and phases 7–8; it will raise the height field in phases 5–6, and the positive anomaly of the Korean Peninsula position corresponds to the positive anomaly at 500 hPa; there are the obvious characteristics of barotropic structure, forming a strong blocking effect on the western weather system.
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FIGURE 10. Composites of anomalous height at 200 hPa in each phase of MJO in the summer of 2018 (the dotted areas, exceed 95% confidence level; unit: dagpm). The contour lines are the averaged zonal wind velocity u at 200 hPa in the summer of 2018. Unit: m⋅s–1. (A) The composite map of 200hPa height field anomaly (shaded areas, dotted areas passed 95% confidence level) corresponding to the phase 1-2 of MJO and the isoline is the average 200hPa westerly wind speed in summer of 2018. (B–D) The same, but corresponding to the 3-4, 5-6, 7-8 phases of MJO.


To gain further understanding of the influence exerted by MJO on 200-hPa circulation, 200-hPa height field in the summer of 2018 is used for regression and reconstruction onto the MJO indexes RMM1 and RMM2. Figure 11 shows the 200-hPa height anomaly. It can be seen that the disturbance wave train excited by MJO is situated in the mid-high latitude area, propagates from west to east along the westerly jet, and North China is situated in the front of the Lake Baikal trough and in the rear of the abnormal high pressure position near the Korean Peninsula. The high pressure in the east is similar to the anomaly field of 500 and 200 hPa synthesized in phases 5–6 of MJO, indicating that MJO will cause a high pressure with barotropic structure near the Korean Peninsula, forming a strong blocking effect on the low-pressure trough from the west, and being favorable for summer precipitation in North China.
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FIGURE 11. The regressed pattern of anomalous height at 200 hPa onto (A) RMM1 and (B) RMM2 in the summer of 2018 (the dotted areas exceed 95% confidence level; unit: dagpm). The contour lines are the averaged zonal wind velocity u at 200 hPa in the summer of 2018 (unit: m⋅s–1).




CONCLUSION AND DISCUSSION

There is a close relationship between summer precipitation in North China and MJO. During the times when MJO was in phases 5 and 6, North China had heavy precipitation. The linking mechanism is primarily as follows: at 850 hPa, during the eastward movement of MJO, anticyclonic circulation is excited in the north side of the convection area, thus forming a “cyclone–anticyclone pair.” Although MJO storm clouds cannot move northward to a higher latitude to have direct impact on summer precipitation in North China, the anticyclonic circulation on the north side of cyclones and anticyclones formed during the eastward movement of MJO to phases 5 and 6 can strengthen the water-vapor transfer of the southerly wind (corresponding to RMM1) or that of the southeast wind (corresponding to RMM2) in summer in North China, thus providing favorable water-vapor conditions for precipitation in North China. At 500 hPa, when MJO moves eastward into phases 5 and 6, the western Pacific subtropical high will move northward to the area near the Korean Peninsula and be strengthened, thus blocking the weather systems that come from the west, and facilitating ascending motions in North China. At 200 hPa, MJO-associated convection will generate disturbances at the upper troposphere and transmit the impacts of disturbances to downstream areas along the westerly jet waveguide, thus forming a disturbance wave train. When MJO moves eastward into phases 5 and 6, disturbances at the height of 500 hPa will have a positive anomaly near the Korean Peninsula, forming an obvious barotropic structure with a 500-hPa subtropical high, which strengthens the blocking effect to weather systems that come from the west and is favorable to precipitation in North China.

The conclusion herein is drawn on the basis of analysis of the sample in 2018, which is naturally one sided and requires deeper and more systematic study. In addition, how MJO excites the disturbance wave train at the upper troposphere and how the circulation in North China will be influenced will need further study.
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This study investigates the potential impacts of multi-timescale atmospheric modes on tropical cyclone (TC) abrupt track turnings over the western North Pacific during the period of 2000–2019. The composite large-scale environmental flow patterns of the sudden right-turning (SRT) and left-turning (SLT) TCs show that the SRT process is generally accompanied by the continuous deepening westerly trough, the weakening and eastward retreat of subtropical high favoring the strengthening of the asymmetric southwesterly around TC center, while the SLT cases are mainly steered by the stronger easterlies to the north which are attributed to the increased pressure meridional gradient. Furthermore, the TCs with sudden track changes are divided into 5 categories according to the quantitative contribution of wave modes. The composite analyses indicate that: (1) The synoptic-scale wave poses influence on most of the SRT cases through a southeast-northwest-oriented wave train to the northeast of the TC, inducing the prominent southerly flows in the vicinity of TC center. (2) The intra-seasonal oscillation (ISO) pattern for the SRT cases is characterized by a southeast-northwest-oriented circulation dipole, and the TCs embedded between the two dipole components are impacted by the strengthened southwesterly anomalies. In contrast, the SLT events are located in the northwest of a zonally-elongated cyclonic ISO circulation, which enhances the northeasterly flows for the sharply left turning. (3) The SRT cases dominated by the basic background flow are situated in the western flank of a broad anticyclonic circulation and subject to the northward steering flow anomalies, while for the SLT cases, the left track turning is mainly induced by the uniform easterly trade winds at the lower latitudes.

Keywords: tropical cyclone, sudden track, multi-timescale wave, statistical study, dynamical process


INTRODUCTION

The accuracy of track forecast for tropical cyclone (TC) over the western North Pacific (WNP) has been significantly improved in recent years, especially since 2010. However, due to the complexity of influence mechanisms, as well as the existing fluctuation at lead time of 72 h and beyond, there is still great difficulty in operational prediction, ensemble forecast, and numerical simulation for TCs with abrupt track changes (Rappaport et al., 2009; Magnusson et al., 2019).

Previous studies have shown that the unusual TC tracks over the tropical WNP can be frequently observed. TC track characteristics are partly dependent on different large-scale systems, such as the subtropical high (SH), the monsoon trough and the nearby TC. The anomalous easterly winds on the south of the strong SH are conducive to a westward TC track, while the anomalous westerly winds may be favorable for a recurving track when the monsoon trough is anomalously strong and the SH is anomalously weak (Carr and Elsberry, 1995; Harr and Elsberry, 1995; Hsu et al., 2008). Moreover, Lander (1996) detected that TCs tend to move northwestward when the axis of the monsoon trough is oriented along the climatological NW–SE direction. Otherwise, TCs prefer to move northward within the roughly reversely-oriented (SW–NE) monsoon trough. TC sudden track changes are also related to the adjustment of large-scale circulation, such as the advance and retreat of the SH and mid-latitude westerly trough. Wu et al. (2009) defined a parameter of adjoint-derived sensitivity steering vector and pointed out that typhoon Shanshan (2006) recurved abruptly under the influence of the steering flow of the mid-latitude westerly trough. In addition, the Rossby wave energy dispersion of a TC would generate an anticyclone to its southeast side. Luo et al. (2011) indicated that the combined effect of the anticyclone and the SH will make TC track deflect northward. In terms of binary interaction, Wu et al. (2003) revealed the unusual southward movement of tropical storm Bopha (2000) and its interaction with the nearby super typhoon Saomai (2000).

Tropical cyclone motion over the WNP is mainly steered by the large-scale environment flows, which is controlled by various time-scale atmospheric variabilities, such as the Madden-Julian oscillation (MJO), the quasi-biweekly oscillation (QBW), and synoptic-scale disturbance. Each of these modes can make individual contribution to sudden TC track change. For instance, Typhoon Morakot (2009) experienced the merging process first with a quasi-biweekly scale vortex, following with a cyclonic gyre on the MJO time scale, and the coalescence enhanced synoptic-scale southwesterly winds leading to the recurving track (Liang et al., 2011; Wu et al., 2011). Lau and Lau (1990) and Chang et al. (1996) stated that the northwestward-propagating 3–8-day disturbances were displaced toward the South China Sea, accompanied concurrently by the clustered straight-moving TCs. Besides, by choosing two different reference regions, one located between Taiwan and Japan, and the other near the South China Sea, Ko and Hsu (2006, 2009) identified the sub-monthly (7–30 day) and intra-seasonal oscillation (ISO; 30–80 day) wave patterns, respectively, and found that most of the recurving TCs over the WNP were embedded in either the cyclonic circulation of a sub-monthly northwestward-propagating wave mode or the westerly phase of the ISO.

In addition, Harr and Elsberry (1991) mentioned that the TC track were likely controlled by the intra-seasonal variations of the monsoon circulation (e.g., monsoon gyre, MG) over the WNP. For the TCs occurring in the eastern semicircle of MG, Carr and Elsberry (1995), and Liang and Wu (2015) examined the role of the binary interaction between TCs and MG in the sudden poleward TC track change, based on a non-divergent barotropic model and a full-physics Weather Research and Forecasting model, respectively. The former declared that the sudden track changes are related to a beta-induced dispersion of the MG and the latter indicated TC track types are dependent on the translation speed of a TC relative to the MG center. On the basis of the numerical simulation of Super Typhoon Megi (2010) and the vorticity budget analysis, Bi et al. (2015) found that a low-frequency MG with a time scale of 10–60-day can interact with Megi by changing the maximum vorticity tendency and ultimately cause its sudden northward turning. The maximum vorticity tendency direction changes are consistent with the sudden changes of TC track, which can be mainly due to the horizonal advection term.

As discussed above, most of previous studies focused on the individual case or model simulation to investigate the influence of different time-scale wave modes on TC movement. However, less attention is placed on the statistical characteristics and joint wave influence of unusual TC tracks. Camargo et al. (2007a, b) found a good correspondence between TC tracks and the large-scale circulation patterns by the clustering analysis. Specifically, the steering winds at 500 hPa have a more meridional component in the recurving track cluster but a more zonal component in the straight track cluster. Meanwhile, two types of recurving tracks appeared preferentially when the MJO was active over the WNP region. In addition, based on the cases with sudden track changes from 2000 to 2010 over the WNP, Wu et al. (2013) documented that the abrupt northward-turning and westward-turning tracks are associated with synoptic-scale disturbance (including TC circulation) and low-frequency waves with periods greater than 10 days, respectively. Furthermore, Liu et al. (2018) investigated the impact of low-frequency steering flows on the straight northward-moving typhoons over WNP, and found that the northward motions are mainly affected by the three types of intra-seasonal (10–60-day) background flow: MG pattern, wave train pattern and mid-latitude trough pattern. The limited statistical studies indicated that the characteristics of abrupt TC track changes over the WNP may be associated with different time-scale wave modes and the related large-scale circulations. So far, the quantitative evaluation for the relative contribution of multiple time-scale wave modes to TC track sudden changes is still lacking. Furthermore, it is also intriguing to explore the distinct circulation patterns associated with the dominant wave mode and the corresponding background circulation during TC track sudden changes, based on the classification of extended samples.

Therefore, the objective of this study is to further investigate the influence of multiple time-scale wave modes on TCs with sudden track change over the WNP. We intend to illustrate the specific characteristics of the surrounding steering flow affecting the particular group of TC abrupt turning. The data and methods used are described in section “Data and methodology.” Section “Case classification and statistical characteristics” presents the identification and classification of sudden change of TC tracks and the definition of “the dominant wave” affecting the sudden change of TC tracks, along with the statistics of different TC track categories. In section “Composite analysis of the Influence of environmental flows,” we examine the impacts of the composite multiple time-scale flows and the relative contributions of different dominant wave patterns. Finally, section “Summary” gives the summary.



DATA AND METHODOLOGY

In this study, TC data is derived from the best-track datasets of the Regional Specialized Meteorological Center (RSMC) Tokyo-Typhoon Center, which contains the information of TC position and intensity over the WNP at 6-h intervals. The large-scale environmental fields with a 1° × 1° resolution at every 6 h are obtained from the National Centers for Environmental Prediction (NCEP) Final (FNL) Operational Global Analysis data. Moreover, the daily National Oceanic and Atmospheric Administration (NOAA) Interpolated Outgoing Longwave Radiation (OLR) data on a 2.5° × 2.5° global grid is used as a proxy of the tropical convection associated with TC movement. The period of interest in this study is May–November from 2000 to 2019.

As mentioned in the introduction, a certain fraction of TC movements over the WNP is associated with multi-timescale waves, ranging from synoptic-scale disturbances (3–10 day) to ISOs (10–90 day). In this study, the meteorological fields are decomposed into the synoptic (10-day high-pass filter), sub-monthly (10–30-day bandpass filter), MJO-scale (30–90-day bandpass filter), and mean background components (90-day low-pass filter) using the Lanczos filtering (Duchon, 1979). Besides, because the TC-related cyclonic circulations may contaminate the synoptic-scale or low-frequency wave patterns, a TC-removal algorithm proposed by Kurihara et al. (1993, 1995) is implemented to subtract TC-related component from the total fields before the Lanczos filtering. The TC-removal procedure proposed by Kurihara et al. (1993, 1995) is adopted, in which the asymmetric filter radius related to tangential disturbed winds and the reposition of the filtered storm center are the two key factors in the removal of the vortex circulation. This approach has also proved valid to remove the main TC vortex and retain the realistic background wave modes in many previous studies (Wu et al., 2002; Hsu et al., 2008; Ko and Hsu, 2009).

TC motion is mainly steered by the large-scale environmental flows in the vicinity of TC center. Gray (1989) documented that the deep-layer averaged winds within a smaller radius was a good indicator for the movement of TC. However, TC intensity generally determines the vertical penetration depth of a TC and thus the steering layers would vary in different cases. The Cooperative Institute for Meteorological Satellite Studies (CIMSS) relied on the minimum central pressure to ascertain the intensity-dependent steering layers (Table 1). According to this standard, Shi et al. (2014) identified the steering layer mean wind within the 4-degree radius from the TC center as the steering flow of Typhoon Megi (2010). This study also adopted this method.


TABLE 1. TC central pressures and its corresponding steering layers.

[image: Table 1]Environmental steering winds are calculated as follows:
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Where N represents the number of the steering layers for each TC case, r, and theta mean TC radius and azimuthal angle, respectively. The weight (wn) for each pressure (pn) level is given in Table 2:


TABLE 2. The weight for each pressure level.

[image: Table 2]After the TC-removal and filtering processes, to quantitatively assess the relative contribution of the different timescale wave modes to TC abrupt track turning, a metric called along-track component (AT) was quantified as the normalized projection of steering flow associated with the different waves into the TC movement vector (Wu et al., 2003), which is defined as follows:
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where d represents one given wave mode, [image: image] is the steering vector associated with each wave mode, [image: image] is the best-track movement vector. The value of AT(d) becomes large if the given steering flow is strong and aligned with the best-track vector. The AT values associated with the different waves are averaged from 12 h before to 12 h after the turning time in such a way that the steering flow changes in both along-track and cross-track direction can be captured well. The detailed AT values for the cases with sudden right-turning tracks (SRT) and sudden left-turning tracks (SLT) are displayed in Tables 3, 4, respectively. The dominant wave mode affecting the sudden turning of each TC can be identified by seeking maximum AT among the given wave modes.


TABLE 3. The mean AT value for the SRT cases associated with each wave mode averaging within the sudden track period.

[image: Table 3]
TABLE 4. The mean AT value for the SLT cases associated with each wave mode averaging within the sudden track period.

[image: Table 4]The statistical significance test for the composite analysis is conducted following a Monte Carlo test (Camargo et al., 2007a). The Monte Carlo test uses data resampling with replacement to estimate the properties of statistics. It is particularly effective in dealing with small sample sizes.



CASE CLASSIFICATION AND STATISTICAL CHARACTERISTICS

Chan et al. (1980) proposed a criterion to identify the abrupt right-turning and left-turning TC tracks in the West Indies. In their study, the left-turning (right-turning) tracks are identified once the change in TC movement direction exceeds 20° clockwise (anti-clockwise) within 12 h. Based on the standard derivation of direction changes for all TCs in the WNP basin during 1970–2010, Wu et al. (2013) identified the SRT and SLT cases as those with the direction change greater than 40° (37°) within 12 (6) h in a clockwise way and larger than 25° (25°) within 12 (6) h in a counter-clockwise way, respectively.

Following the definition of Wu et al. (2013), the SLT, and SRT cases during 2000–2019 are identified in this study. Meanwhile, the selected TCs are required to reach the tropical storm intensity or higher and have no looping track. A total of 52 TCs experiencing sudden track change are selected, including 32 SRT and 20 SLT cases (Figure 1), accounting for about 10.5% of the total TCs during the 20-year period over the WNP. Figure 1 shows that a large majority of SRT TCs occur to the east of 120°E. In contrast, the two key basins for the SLT track are located to the south and north of 20°N, respectively. As shown in Figure 1B, of interest is that the SLT cases to the south (north) of 20°N are basically dominated by mean background wave mode (ISO including the 10–30-day and 30–90-day wave modes). Considering the similar wave patterns, the 10–30-day, and 30–90-day wave modes are combined into an ISO. It is also noted that the synoptic-scale fluctuation has no dominant role in the SLT cases (Figure 2A). Therefore, we will focus on five main categories in the following analysis depending on the track type and the quantitative contribution of dominant fluctuation: the SRT cases dominated by the synoptic-scale wave, the ISO wave and the background flow, and the SLT cases dominated by the ISO wave and the background flow, which are referred to as R10, R1090, R90, L1090, and L90, respectively.


[image: image]

FIGURE 1. The track segments of (A) SRT and (B) SLT cases around the turning time during the period of 2000–2019. Here each track segment is connected by three points which representing the TC positions before/at/after turning time, respectively. The dominant waves related to each sudden turning process are shown with the different symbols.
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FIGURE 2. The number of the SRT and SLT cases dominated by the different wave modes (A) and the monthly distribution (B). Blue and red bars represent the numbers of SRT and SLT, respectively.


Figure 2A displays the number of the SRT and SLT cases related to the different dominant wave modes. It is clear that the number of R10 type is largest among the SRT cases, consistent with the findings of Wu et al. (2013). The number of the L90 cases is almost equal to that of L1090 cases associated with the ISOs. In terms of monthly distribution (Figure 2B), the cases with sudden track change associated with the active multi-timescale wave are frequently observed in July-October (Ko and Hsu, 2006, 2009; Chen et al., 2009), with around 75% SRT cases occurring from August to October. The frequency of the SRT cases peaks in September and October but drops in other months. In contrast, the SLT cases have a relatively even distribution from July to October, similar to the results of Gong et al. (2018).

Figure 3 exhibits the distribution of mean latitude and longitude of TC abrupt turning points in the different categories. The mean locations in the three SRT categories have no distinct difference, with an average latitude (longitude) of about 20°N (122°E). Besides, half of the R10 (R1090) cases occur between 17°N (18°N), and 25° N (22°N) where tropical waves are active and vital for TC unusual motion (Figure 3A). Figure 3B shows that most of the TC sudden turning positions in the R10/R90 category are concentrated within a narrowest longitudinal band between 120°E and 125°E. It is also clear in Figure 3B that 75% R90 TCs are distributed to the east of 120°E where the climatological mean flow could exert a more significant influence. In contrast, the mean latitudes are obviously distinct between the two SLT categories and proved to be significant at 95% confidence level by a t-test. Consistent with the dash line shown in Figure 1B, the TCs in L1090 occur in higher latitude (>20°N) than the L90 cases.


[image: image]

FIGURE 3. Box-and-whisker plots of the mean (A) latitude and (B) longitude of the five-category sudden TC cases. The vertical bar displays the interquartile range of 25–75% of the all cases. The middle horizontal line denotes the mean.




COMPOSITE ANALYSIS OF THE INFLUENCE OF ENVIRONMENTAL FLOWS


Composite Steering-Flow Patterns for the SRT and SLT TCs

It is widely known that the large-scale environmental flows in the vicinity of TC center can considerably impact on TC movement. First of all, the composite analysis is performed to obtain the detailed structural and temporal evolution of the large-scale circulation associated with the SRT and SLT cases.

Figure 4 shows the composite unfiltered wind and geopotential height for the SRT cases at three different levels for three days centered on the turning time. On one day before the SRT occurrence, TC generally maintains a westward or northwestward track, which is steered by the southeasterly flows primarily induced by a wider range of anti-cyclonic circulation to the north or northeast over the entire troposphere (Figures 4A,D,G). At the time of SRT, the northern westerly trough at the mid-upper troposphere commences to deepen, and the anticyclonic high to the south is separated into two parts (Figures 4B,E). As a result, the enhancement of trough and the eastward withdrawing of SH jointly lead to a strengthened northward steering flow. In addition, the low-level cyclonic circulation around TC becomes more asymmetric arising from the stronger southwesterly jet on the southeast side of the TC and also contributes to the sharply northward deflection (Figure 4H), which may be related to the southwesterly monsoon surge as previous studies (Guard, 1983; Carr and Elsberry, 1995). In the subsequent day, the upper-level westerly trough continues to deepen as the TC moves to the northwestern flank of the SH, evidently affected by the southwesterly steering flow in the middle and upper troposphere (Figures 4C,F). Meanwhile, the asymmetry related to the lower-level southwesterly flows around TC center keeps sustained to facilitate the northeastward track (Figure 4I).


[image: image]

FIGURE 4. Composite unfiltered winds (vectors, m s–1) and geopotential height (contour, gpm) for the SRT cases (left) 1 day before, (middle) at and (right) 1 day after the turning time. Pressure levels are (A–C) 300 hPa; (D–F) 500 hPa; and (G–I) 850 hPa, respectively. The areas larger than 9700, 5870, and 1510 gpm at respective level are shaded. Red vectors represent wind speeds larger than 8 m s–1. The coordinates are the latitudes and longitudes centered on TC center. The brown vector means the composite steering flow averaged in the brown circle.


The above composite environmental patterns reveal that the SRT process is usually accompanied by the deepened upper-tropospheric westerly trough and the eastward-retreating SH in the middle-upper troposphere, along with the strengthened lower-level asymmetric southwesterlies in the vicinity of TC center, consistent with the observation for individual TCs (Carr and Elsberry, 1995; Wu et al., 2009).

In contrast, the SLT tracks experience abrupt directional change from the northwestward to the westward first. Figure 5 exhibits the composite environmental fields for the SLT cases. Compared with the SRT process, the deepened westerly trough at the upper troposphere is absent, and thus the zonally elongated anticyclone to the northwest of TC maintains the strength with more asymmetric northeasterly around TC center, favorable for the TC left deflection (Figures 5A–C). At the lower-to-mid troposphere, the strong anticyclonic circulation associated with the SH is persistent to the northeast of TC. Moreover, the eastward extension of the lower-level monsoon trough can enhance the pressure meridional gradient to the north of TC, leading to the strengthening of the easterly flows. Overall, in contrast the counterparts in the SRT cases, the asymmetric southwesterly flows around TC center are significantly weakened while the westward components of the steering flows are increased. As a result, this upper-to-lower tropospheric configuration is more conducive to the TC sudden left turning.


[image: image]

FIGURE 5. Composite unfiltered winds (vectors, m s–1) and geopotential height (contour, gpm) for the SLT cases (left) 1 day before, (middle) at and (right) 1 day after the turning time. Pressure levels are (A–C) 300 hPa; (D–F) 500 hPa; and (G–I) 850 hPa, respectively. The areas larger than 9700, 5870, and 1510 gpm at respective level are shaded. Red vectors represent wind speeds larger than 8 m s–1. The coordinates are the latitudes and longitudes centered on TC center. The brown vector means the composite steering flow averaged in the brown circle.


It is obvious that TCs with abrupt track changes are usually surrounded and steered by specific environmental field with deep circulation structure. As indicated by Elsberry (2004) and Luo et al. (2011), each of the surrounding environmental factors varies in time and the complex atmospheric variability impacts TC movement in a non-linear manner. Therefore, the next section will continue to explore the dynamic process of TC sudden track change from the viewpoint of multiple timescale flows.



Roles of the Different Dominant Wave Modes

As described in section “Case classification and statistical characteristics,” the sudden TC track turnings in the WNP can be grouped into the five dominant wave categories. The composite analysis is performed to explain the individual roles of the five major waves. To conduct the Monte Carlo test, the additional 59 TC cases with straight track were selected as the normal samples to check the statistical significance of circulation pattern in the SRT and SLT samples (Figure 6). Referring to the definition in previous studies (Chan et al., 1980; Miller et al., 1988; Chen et al., 2009), the straight TC cases are identified as those in which the TC movement direction varies less than 10° within any 24 h and the general direction of movement need to head between the southwest and northwest throughout the lifespan of the TC.


[image: image]

FIGURE 6. The best tracks of the straight track cases of 2000–2019.


The statistical results in Figure 2A indicates that the synoptic wave mode with the removal of TC-related circulation can be responsible for almost half of the SRT cases. Figure 7A gives the composite 10-day-highpass filtered wind and OLR for the R10 cases. It is evident that the filtered deep-layer averaged wind field exhibits a northwest-southwest-oriented wave train to the northeast of the TC center (depicted by the red line in Figure 7A). The TC is sandwiched by the anticyclonic circulation in the wave train and the cyclonic circulation to the southwest. As a result, the vigorous southerly flows pass across the TC center, responsible for the sudden northward turning in the R10 cases. Meanwhile, the negative OLR anomaly is southwest-northeast-oriented, basically aligned with the SRT direction.


[image: image]

FIGURE 7. (A) The composite filtered deep-layer averaged winds (vector, m s–1) with the dotted area exceeding 95% significance, overlaid by the corresponding OLR field (shaded, W m–2) and (B) Unfiltered 700-hPa winds (vector, m s–1), and 500-hPa geopotential height (contour, gpm) for the R10 cases at the turning time. Red line denotes the orientation of synoptic-scale wave train. Red vectors in (B) represent wind speeds larger than 8 m s–1 and areas more than 5870 (gpm) in (B) are shaded. The coordinates are the latitudes and longitudes based on TC center.


Similar synoptic wave train feature is also found by the idealized simulation in Luo et al. (2011), who demonstrated the influence from the Rossby energy dispersion at a synoptic scale. Their results documented that, for a TC located at the southern flank of SH, the anticyclonic anomaly formed by the Rossby energy dispersion may connect with the SH system and thus increase the meridional extent of SH allowing for a poleward TC track deflection. Verified by the unfiltered large-scale environmental field in the R10 category as displayed in Figure 7B, the west Pacific SH presents an abnormal north-south extension to the east of TC circulation, producing the asymmetric southerly steering flows at 700 hPa.

In addition, previous studies also pointed out that a considerable fraction of TC movement changes can be attributed to monsoon activity and lower-frequency oscillations (Carr and Elsberry, 1995; Liang et al., 2011; Bi et al., 2015; Liang and Wu, 2015; Ge et al., 2018; Liu et al., 2019). Therefore, it is necessary to investigate the differences in ISO mode patterns affecting the SRT and SLT cases, respectively. In the R1090 category, the ISO circulation around the TC is characterized by the alternating northwest-southeast-oriented cyclonic and anticyclonic vortices (Figure 8A). The composite TC center is sandwiched by the ISO cyclonic circulation to the northwest and the ISO anticyclonic circulation to the southeast, where the strong southwesterly flows favor the TC right turning track. Corresponding to the robust southwesterly flows, the active ISO convective anomaly represented by OLR is oriented southwest-northeastward, matching the direction of TC track change. Moreover, the unfiltered circulation field shows that the SH is located on the southeastern side of the TC, and the relevant anticyclonic circulation have a considerable poleward component (Figure 8C). At the same time, the TC is embedded in a well-developed cyclonic circulation related to the deep-layer trough with the strong asymmetric southwesterlies. Such a typical circulation pattern is analogous to the MG type as described in Liang and Wu (2015) and Ge et al. (2018). As a smaller TC approaches gradually a huge MG, the energy dispersion is strengthened, and an anticyclonic anomaly is established in the southeast side of the TC. As a result, the southwesterly steering flows associated with the MG make the TC suddenly turn right.
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FIGURE 8. (A,B) The composite filtered deep-layer averaged winds (vector, m s–1) with the dotted area exceeding 95% significance, overlaid by the corresponding OLR field (shaded, W m–2) and (C,D) unfiltered 700-hPa winds (vector, m s–1), and 500-hPa geopotential height (contour, gpm) for the R1090 and L1090 cases at the turning time respectively. Red vectors in (C) and (D) represent wind speeds larger than 8 m s–1 and areas more than 5870 (gpm) in (C) and (D) are shaded. The coordinates are the latitudes and longitudes based on TC center.


Composite analysis for the ISO wave mode affecting the SLT cases is also conducted. It is clear that the TC center is situated in the northwest of ISO-related cyclonic circulation that is zonally elongated, where the northeasterly flows are predominant (Figure 8B). The unfiltered fields in the SLT cases are distinct from those in the SRT (c.f., Figures 8C,D). To the east of TC, the SH takes on a more zonal pattern in the SLT cases compared with that in the SRT cases. The southwesterly flows are weakened while the easterly flows to the north of TC center become enhanced, in good agreement with the track left turning.

To sum up, a southeast-northwest-oriented circulation dipole characterizes the ISO pattern for R1090 cases. The TC located between the two dipole components encounters the uniform southwesterly anomalies, which are more likely to turn TC track right. In contrast, the SLT events in the L1090 category tend to occur on the northwest flank of a zonally-elongated ISO cyclonic circulation. During the period of track change, the different orientations of R1090 and L1090 TCs relative to the ISO circulation are in good agreement with the statistics of TC turning latitude shown in Figure 3A, in which about 75% SRT (SLT) cases dominated by ISO wave mode turn abruptly to the south (north) of 21°N. In addition, the southeast-northwest-oriented circulation dipole for R1090 cases is similar with the northwestward-propagating bi-weekly oscillation (BWO) and the large zonally-elongated ISO cyclone for L1090 shows one more eastward-propagating MJO-scale pattern, as mentioned in the previous research (Gao and Li, 2011; Liang et al., 2011; Wu et al., 2011). It reveals that a TC experiencing more influence from the BWO (MJO) wave mode lead to a northward (westward) deflection.

The statistics also showed that about 33% of sudden track events over the WNP can be affected by the background flows with the timescale more than 90 days (Figure 2A). Therefore, the background patterns responsible for the R90 and L90 cases are further explored, respectively. Figure 9 performs a composite analysis for the cases with abrupt track changes dominated by the background field. The TCs in the R90 group tend to be situated in the region where the southwesterly flows in the western flank of the large-scale anticyclonic circulation are confluent with the westerly flows to the north. As a result, the SRT tracks are more likely to occur due to the vigorous southwesterly steering flows (Figure 9A). Moreover, the unfiltered environmental field illustrates that TC is anchored to the northwest of a large anticyclone, and the lower-level flows are enhanced between them, leading to the TC subsequent northeastward movement (Figure 9C). As found in Liu et al. (2018), the seasonal mean steering flows associated with the northward-moving tracks are primarily dependent on the location and intensity of the SH. The strengthened northerly steering flows east of 120°E and weakened easterly steering flows due to the eastward retreat SH favor more frequent northward tracks, similar to the atmospheric background pattern at the turning time as shown in Figures 9A,C.
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FIGURE 9. (A,B) The composite filtered deep-layer averaged winds (vector, m s–1) with the dotted area exceeding 95% significance, overlaid by the corresponding OLR field (shaded, W m–2) and (C,D) unfiltered 700-hPa winds (vector, m s–1), and 500-hPa geopotential height (contour, gpm) for the R90 and L90 cases at the turning time respectively. The gray areas in (A) and (B) indicate the corresponding filtered OLR less than 220 W m–2. Red vectors in (C) and (D) represent wind speeds larger than 8 m s–1 and areas more than 5870 (gpm) in (C) and (D) are shaded. The coordinates are the latitudes and longitudes based on TC center.


However, in the L90 cases, TC is mainly guided by the statistically significant easterly flows from the bottom of a zonally elongated anticyclonic circulation to the north (Figure 9B). Besides, the unfiltered atmospheric pattern features a zonal extension of the SH to the north of TC and hence the northerly winds on the north side of TC are enhanced, contributing to the SLT tracks (Figure 9D). It is noted that the TCs in L90 group generally occur to the south of 20°N (Figures 1B, 3A). Therefore, the mean background flow in this circumstance dominates the TC track anti-clockwise deflection mainly by the uniform trade easterlies at the lower latitudes and a stable westward extended anti-cyclonic circulation on the northern side of the TC.



SUMMARY

In this study, the statistics of the TCs with sudden track changes during the period of May to November in 2000–2019 over the WNP are investigated. On the basis of the different sudden track types and dominant wave modes, five main categories are classified including three types of SRT cases dominated by the synoptic-scale, ISO, and background wave modes and two kinds of SLT cases dominated by the ISO and background wave modes. Composite analysis was performed to explore the influences of multi-timescale waves on the TC sudden track changes.

The comparison of the composite unfiltered fields of the SRT and SLT track types indicates that the SRT track is generally accompanied by the continuous deepening of the mid-to-upper tropospheric trough, the weakening and eastward retreat of the SH, which results in the strengthening of the asymmetric southwesterly jet around TC center and thus promotes the SRT track. In contrast, the SLT cases have the stronger easterly steering flows to the north of TC center, which is due to the increased meridional pressure gradient between the monsoon trough and the SH.

The composite analysis of filtered and unfiltered environmental fields for the five TC categories is carried out to investigate the individual roles of five types of waves during the abrupt TC track changes. For the R10 cases, the composite field features a synoptic-scale northwest-southeast-oriented wave train to the northeast of the TC, inducing the significant southerly flows in the vicinity of TC center accounting for the TC sudden northward turning. The orientation of active convection is basically aligned with the movement of the TC and the direction of the steering flow.

In terms of the ISO wave mode, it is found that the large-scale ISO wave mode takes quite different effects on the SRT and SLT cases. For the SRT cases, there exists a southeast-northwest-oriented circulation dipole at the turning period, the TC of R1090 group located between the two dipole components is steered by the uniform southwesterly anomalies, which may be related to the enhanced energy dispersion in the southeastern side. In contrast, the SLT events in the L1090 group are more likely to occur on the northwest flank of a zonally-elongated ISO cyclonic circulation and be steered by the strengthen northeasterly flows.

Finally, for the R90 cases dominated by the basic background flows, the TCs are situated on the western flank of the broad anticyclonic flows related to the eastward retreat of the SH and have the tendency to turn northward. For the L90 cases, the TCs are located to the south of the zonally-extended SH and the uniformly trade easterly steering flows exist around the TC center. Besides, the L90 TCs tend to occur at the lower latitude than the L1090 cases.

In conclusion, no matter what sudden track changing type, there are multiple timescale wave modes pose the influences on TC motion over the WNP. By the identification of dominant wave mode during the TC sudden turning process, the linkage between the historical TC sudden tracks and the distinct time-scale tropical wave modes become more direct and clearer. However, the results in this study root from the observational statistical analysis and need be confirmed by the diagnosis analysis and the sensitivity experiments in the numerical model.

It is indispensable to provide an insightful explanation for the sudden track changes affected by different dominant wave modes occurring in different region of WNP. There are a number of previous studies focusing on the interaction between TC motion and baroclinic environment, in which TC movement is explained by PV tendency (Wu and Wang, 2000; Chan et al., 2002; Sun et al., 2015; Wu and Chen, 2016). The PV tendency diagnoses generally emphasize the contribution of the horizonal advection and diabatic heating. Hence, further diagnosis analysis and model stimulation need to be applied to find out the baroclinic interaction associated with TC unusual motion and different wave modes, especially for the SLT cases, which are rare and less concerned in previous studies.
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Based on the monthly air temperature data from 11 national meteorological stations of Shanghai, the construction land areas derived from the Landsat Thematic Mapper (TM) data and population density data, the migration of urban warming centers in different decades since 1980s and their possible causes were analyzed, and the temporal and spatial variation characters of urban heat island (UHI) were investigated. The location of warming centers migrated from Baoshan to Pudong and then moved toward Songjiang and Nanhui. The shifting of the location of the warming center mainly depends on the growth of metropolitan construction land area and population density. The intensity of UHI displayed three stages successively: slow growth stage (1961–1986) with a growth rate of 0.13°C/10a, rapid growth (1987–2204) stage with a growth rate of 0.60°C/10a, and obvious deceleration stage (2005–2017) with a decline rate 0.43°C/10a. In the past 57 years, the intensity of UHI in the nighttime was 0.4°C greater than that of the daytime. With the accelerating process of urbanization, the UHI in Shanghai gradually expanded from the urban areas to the surrounding suburbs and even began to expand radially toward the southwest of the rural regions in the 21st century. The results can provide references for urban heatwave prediction and mitigation of the UHI effect in Shanghai.
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INTRODUCTION

Since the 1960s, especially after reform and opening-up in 1978, the environment and climate in many parts of China have undergone significant change with the rapid urbanization and the intensification of human activities. Urbanization has changed the weather and climate events in and around cities (Baik et al., 2001; Liang et al., 2011; Bahi et al., 2016; Founda and Santamouris, 2017; Rizvia et al., 2019). Studies show that urbanization contributes to more than one-third of the increase of intensity of extreme heat events in the urban agglomeration of the Yangtze River Delta, which was comparable to the contribution of greenhouse gases during 1971–2013 (Yang et al., 2017). Urban development also has a serious impact on the urban thermal environment (Bailing and Brazell, 1988; Shi et al., 2011; Chen Y. et al., 2019). Urban heat island (UHI) is the main and the most typical impact of urbanization on urban climate (Su et al., 2005). With the development of urbanization, the natural vegetation coverage is greatly reduced, and the construction land area is enlarged, which changes the surface albedo, roughness, and overall heat capacity (Quattrochi et al., 2000; Miao et al., 2020). Over east China, UHI effects contributed 24.2% to regional average warming trends, and the strongest effect of urbanization on annual mean surface air temperature trends occurred over the metropolis and large city stations, with corresponding contributions of about 44% and 35% to total warming, respectively (Yang et al., 2011). In addition, the rapid increase of the urban population leads to a large amount of anthropologic heat release, which caused a significant rise in high temperature in the urban center and a strong UHI (Chen et al., 2016; Chen B. et al., 2019). While there are potential benefits from such heating in energy saving for buildings in cold seasons for northern countries like Canada (Ewing and Rong, 2008), UHI has a profound impact on urban comfort, residents’ health, urban air quality, and energy consumption (Quattrochi et al., 2000; Stone and Norman, 2006).

The UHI effect has obvious annual, seasonal, and diurnal variations (Rizvi et al., 2019). Unusual seasonal variation patterns of UHI intensity were reported in different cities. For China’s capital city Beijing, the strongest UHI intensity generally occurs in winter, and the weakest UHI intensity occurs in spring (Yan-Ling and Shang-Yin, 2003; Yang et al., 2013). For Birmingham from the United Kingdom, the largest urban-rural difference is in autumn while the weakest difference is in winter (Unwin, 1980). For Fairbanks from the United States, the strongest UHI intensity is in winter and the smallest UHI is in autumn (Magee et al., 1999). On a diurnal variation basis, the UHI intensity is strongest at night (Unwin, 1980; Yang et al., 2013), and may disappear during the day or the city may be cooler than the rural environs (Arnfiled, 2003). Urban expansion plays a dominant role in UHI formation. Previous researches have shown that the rapidly expanding urban area is closely related to UHI effect (Adebayo, 1987; Nasrallah et al., 1990; Lemonsu et al., 2015; Wang et al., 2016; Feng et al., 2018). The migration direction of the heat island center in Hohhot was consistent with the shift of urban gravity center, indicating that urban expansion had spatial coherence with the diffusion trend of UHI (Magee et al., 1999). The UHI intensity in Beijing increased along with the urban sprawl continuously in the early stage, but it might stable or even descend under a certain condition (Cui et al., 2015). The spatial variation of the UHI region in Hangzhou was almost consistent with the expansion trend of the construction area in 1989–2010, and the area of heat island increased with the expansion of urban area (Li and Xu, 2014).

Shanghai is the most developed megacity in China, located in a subtropical climate zone. Since 1990, Shanghai has experienced substantial economic growth during the process of shaping a globalizing metropolis with an excellent investment environment and international competition (Li et al., 2009). In recent decades, urbanization in Shanghai has developed rapidly, and the UHI effect is prominent. The annual UHI occurrence frequency was 87.8%, and the monthly mean UHI intensity was larger than 0.8°C based on the temperature observations of six Davis automatic stations in urban and suburban areas (Deng et al., 2001). The increasing rate of UHI intensity was 0.21°C/10a from 1959 to 2005 (Cui et al., 2007). Based on temperature observation data of 59 automatic weather stations from 2006 to 2013, the study indicated that there were three heat island centers in Shanghai, that is, in addition to the main heat island center in the urban area, there were also two sub-heat island centers in the northern part of Minhang and the southern part of Songjiang (Shen et al., 2017). However, few studies have researched the migration process of warming centers and the spatial characteristics of heat island expansion in Shanghai as well as its causes.

In this paper, based on the climate observation data, satellite data, and social statistic data, the migration of warming centers in Shanghai and its relationship with two urbanization factors (the construction land area and population density) was analyzed as a typical case in China. Furthermore, we analyzed the annual and seasonal variation characteristics of the UHI intensity since the 1960s, and the spatial characteristics of UHI expansion process, which can provide a reference for the improvement of urban thermal environment and urban constructions in Shanghai.



DATA AND METHODS


Data

The monthly average temperature data of 11 national meteorological stations in Shanghai from 1961 to 2017 were applied in this paper. These data were provided by Shanghai Climate Center of Shanghai Meteorological Bureau and data quality control and homogeneity assessment were employed (Ren et al., 2015). According to the population density, the distance to the urban area, and the development degree, we classified the whole Shanghai region into urban, suburban, and rural areas. The meteorological station in urban area is Xujiahui; the meteorological stations in the suburban area includes Pudong, Minhang, Jiading, and Baoshan; and the meteorological stations in the rural area includes Fengxian, Songjiang, Jinshan, Qingpu, Nanhui, and Chongming. The elevation difference of 11 stations was very small (with the highest elevation 6.0 m and the lowest elevation 3.8 m), therefore the vertical correction of temperature can be ignored. The population density in each district was calculated by population and administrative area which were downloaded from the official website of Shanghai Municipal Statistical Bureau1. We also utilized the satellite Landsat Thematic Mapper (TM) data to obtain the construction land areas in each district of Shanghai in 1980, 1995, 2005, and 2015. These data were provided by Shanghai Ecological Forecasting and Remote Sensing Center of Shanghai Meteorological Bureau. Figure 1 shows the geographical distribution of the 11 national meteorological stations and the corresponding population density in 2005. The distribution of population gradually reduces from urban to rural region, which is almost consistent with the process of urbanization.


[image: image]

FIGURE 1. Distribution of 11 meteorological stations in Shanghai and the population density in each district in 2005 (unit: persons per square kilometers).




Method

The UHI intensity was usually defined as the difference in mean temperature between the urban and rural stations, here it is calculated by the following equation:

[image: image]

where UHII is the urban heat island intensity, TU is observed the annual/seasonal mean temperature of the respective urban station, and TR is the annual/seasonal mean temperature of the respective rural station.

The Xujiahui station was established in 1873 and had data records of 147 years. The other 10 meteorological stations were established in 1961. With the development of urbanization, Xujiahui station was now located in the Xujiahui commercial circle and was a typical urban meteorological station. Based on the data of total road area, population density, energy consumption, and cultivated land area during 1961–2017, it is found that Shanghai had experienced a period of rapid urbanization after 1983. Therefore, the urbanization process of Shanghai was divided into two stages: the slow growth period (1961–1983) and the rapid growth period (1984–2017). In order to identify the representative rural station, the heating rates of all national meteorological stations in Shanghai were calculated in the above two urbanization stages. Table 1 showed the increasing rate of annual mean temperature at 11 national meteorological stations in Shanghai during two different periods of urbanization. It can be seen that except Xujiahui station, the annual mean temperatures of the other 10 meteorological stations in Shanghai displayed a decreasing trend in the slow growth period of urbanization. It is also the only station with a rising temperature rate in the slow growth period and a high heating rate in the rapid growth period. Both Fengxian station and Chongming station showed the highest cooling rate of −0.12°C/10a, but only Fengxian station had the lowest increasing rate of temperature in the rapid growth period. Therefore, Fengxian station can be identified as a representative rural station.


TABLE 1. The increasing rate of annual mean temperature in different urbanization stages at 11 national meteorological stations in Shanghai (unit: °C/10a).
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RESULTS


Interannual Variations of Temperature in Different Regions in Shanghai

We defined the stations with the greatest heating rate in a given period as the warming centers. Figure 2 shows the annual mean temperature in urban areas, suburban, and the rural areas of Shanghai since records began. The temperature observation at Xujiahui Station in Shanghai started in 1873, and the temperature observation at the other 10 stations began around 1960. During 1960–1978, the cooling rates in urban, suburban, and rural regions were −0.10°C/10a, −0.15°C/10a, and −0.14°C/10a, respectively, and all passed the significance level of 0.05. It means that the difference in mean temperatures in the three regions (urban, suburban, and rural areas) was very small, and they all showed a consistent trend. Therefore, the air temperature at Xujiahui station represents the air temperature in the whole of Shanghai before the reform and opening-up in 1978. After 1978, the temperature in urban areas became significantly higher than that of suburban and rural areas. But there was still little difference between suburban and rural areas until the 1990s. With the rapid urbanization in suburban areas after the 1990s, the temperature difference between the suburb and the rural areas began to increase.
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FIGURE 2. Annual mean temperature of the urban, suburban, and rural areas since records began.




Interdecadal Variations in the Locations of the Urban Warming Center

The temperature of 11 stations in Shanghai all showed a downward trend in the 1960s, and the cooling rates were between −0.82°C/10a (Xujiahui) and −1.17°C/10a (Songjiang). Figure 3 shows the location and changing rate of the warming center in each decade from 1971 to 2017. In the 1970s, the temperature of 11 stations in Shanghai had generally increased. The most considerable heating rate occurred in the urban area, which was 0.36°C/10a. In the 1980s, the heating rate was accelerated, especially in Baoshan, with a maximum heating rate of 0.94°C/10a. In the early 1990s, the government decided to develop the Pudong district. Rapid urbanization had led to a rapid increase in temperature in Pudong, and the heating rate was as high as 1.74°C/10a. In the first 10 years of this century, accompanied by the construction of Songjiang New Town, Songjiang became the warming center with a maximum heating rate of 0.74°C/10a. From 2011 to 2017, Shanghai vigorously developed the outer suburbs. With the construction of the Free Trade Zone and the Disneyland, Nanhui had become another new warming center, with a heating rate of 2.00°C/10a.
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FIGURE 3. Locations and rates of the warming centers in Shanghai from 1971 to 2017 (unit: °C/10a).




Causes of the Migration of Warming Centers

Since the 1980s, the pace of urbanization in Shanghai has accelerated. The expansion of urban land caused the surface to absorb more heat, and largely prevented the way of heat dissipation through water vapor transpiration. Eventually, the regional surface temperature and air temperature rise. Besides, the urbanization process can also cause the temperature rising by greenhouse gas emissions and anthropogenic heat release. The urbanization contribution rates should be calculated to illustrate the warming effect caused by urbanization. The urbanization contribution rates is defined as follows (Zhou and Ren, 2005):

[image: image]

where CW is the urbanization contribution rate to temperature increasing, HRW is the heating rate of the warming center, and HRR is the heating rate of the respective rural station (Fengxian station).

Table 2 shows the maximum heating rates, the urbanization contribution rates, the maximum growth rates of the construction area, and population density in each decade compared to the previous decade. It is found that the migration of warming centers was closely related to the growth of construction land area and population density. The warming center in each decade was exactly located in the district where the construction land area and population density increased fastest. In the 1990s, the construction land area and the population density of Pudong increases by 66.7% and 128.5%, respectively, compared with the 1980s. Thus, Pudong becomes a center of urban warming with a maximum heating rate of 0.67°C/10a, 38.5% of which was caused by urbanization. After 10 years of development, the construction land area of Songjiang increased by 106.6%, and the population density increased by 146.8% compared with those in the 1990s. Also, Songjiang became a new warming center with a maximum heating rate of 0.50°C/10a in the 2000s, with the urbanization contribution rates of 68.2%. Since 2011, relying on the industrial upgrading and the construction of Nanhui New City and Disneyland, the construction land area of Nanhui increased by 86.3%, and the population density increased by 36.4%. Thus Nanhui became another new warming center with a maximum heating rate of 2.0°C/10a, 15.0% of which was caused by urbanization. It can be seen that the location of the warming center mainly depends on the growth of metropolitan construction land area and population density.


TABLE 2. The maximum heating rate, urbanization contribution rate, the maximum growth rates of the construction area and population density in each decade.
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Interannual Variation in Urban Heat Island Intensity

Figure 4A shows the variation of the annual mean UHI intensity in Shanghai from 1961 to 2017. It can be seen that since the 1960s, the intensity of UHI in Shanghai had shown three distinct stages successively: slow growth period (1961–1986), rapid growth period (1987–2004), and obvious deceleration period (2005–2017). During the slow growth period, the intensity of UHI increased slowly, with a growth rate of 0.13°C/10a. From 1987 to 2004, it rose rapidly with a growth rate of 0.60°C/10a and reached a peak (1.5°C) in 2004. Since 2005, the intensity of UHI decreased significantly, and the decline rate of UHI intensity was 0.43°C/10a.
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FIGURE 4. The annual (A), summer (B), and winter (C) UHI intensities in Shanghai from 1961 to 2017.


Figures 4B,C shows the annual variation of the UHI intensity in summer and winter from 1961 to 2017. It can be seen that the variation trends of UHI in summer and winter were similar to that of the annual UHI intensity, and both reached a peak in 2004. During the rapid growth period, the growth rate of UHI was faster in winter than that in summer, which was 0.66°C/10a and 0.54°C/10a, respectively. However, in the obvious slowdown period, the decline rate of UHI was slower in winter than that in summer, which was 0.32°C/10a and 0.44°C/10a, respectively.

Table 3 shows the UHI intensities for the four seasons during different periods. The annual mean UHI intensity is 0.61°C. During the slow growth period and the rapid growth period, the largest UHI intensity both occurred in autumn, which was 0.28°C and 1.07°C, respectively; and the intensity of UHI in spring ranked the second with 0.25°C and 0.89°C, respectively. In the obvious deceleration period, the UHI intensity in spring, summer, and winter was all greater than those in the period of rapid growth. However, in autumn, the UHI intensity decreased, and the largest UHI intensity occurred in spring, which was 1.23°C, the second-largest occurred in autumn, which was 0.97°C. In the past 57 years, the UHI intensity in autumn and spring was relatively strong, with the intensity of 0.69°C and 0.67°C, respectively, while the UHI intensity of winter and summer was relatively weak, with the intensity of 0.55°C and 0.53°C, respectively.


TABLE 3. The UHI intensity in spring, summer, autumn, and winter during different periods (unit: °C).

[image: Table 3]The seasonal variation of UHI intensity was related to weather and climate conditions (Montavez et al., 2000; Unger et al., 2001; Kim and Baik, 2002). Shanghai has the least amount of clouds and the lowest wind speed in autumn, which is conducive to the formation of heat islands. However, in summer, there is more unstable weather. After precipitation, the soil moisture in rural areas is close to saturation, and the difference in heat capacity between urban and rural areas is reduced, which is not conducive to the formation of heat islands (Deng et al., 2001).

The daily maximum temperature generally appears in the afternoon, while the daily minimum temperature appears at night. Therefore, the difference of the mean daily maximum temperature between Xujiahui and Fengxian stations was defined as the daytime heat island intensity, and the difference of the mean daily minimum temperature between these two stations was defined as the nighttime heat island intensity in this paper.

Figure 5 shows the daytime and nighttime heat island intensity in Shanghai from 1961 to 2017. Overall, both trends of the annual variations were the same as those of the annual mean heat island intensity in Figure 4A, and they all displayed a pattern of “slow growth – rapid growth – obvious deceleration.” The difference is that the growth rate and decline rate of the night heat island intensity in the rising and falling period were higher than those of the daytime heat island intensity, which indicated that the night heat island had more significant impacts on the UHI intensity in Shanghai. In the past 57 years, the average UHI intensity in nighttime was 0.40°C higher than that in the daytime. The most considerable night heat island intensity was 2.64°C, which appeared in 2004, while the most considerable daytime heat island intensity was 1.49°C, which appeared in 2001.
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FIGURE 5. The annual mean UHI intensity in nighttime (A) and daytime (B) in Shanghai from 1961 to 2017.




Spatial Expansion of Urban Heat Islands

To display the spatial expansion of UHI clearly, the distribution of different levels of UHI intensity from the 1960s to the present is discussed in this section. Figures 6A,B show the distribution of different levels of UHI intensity from the 1960s to 1990s and from the 2000s to the present, respectively. It can be seen from Figure 6A that from the 1960s to the 1990s, the strength of the heat island in Shanghai continued to increase and the heat island area gradually expanded from the central urban to the surrounding area. Between the 1960s and 1980s, the 0.1°C heat island line migrated from urban areas to Baoshan, Jiading, Minhang, and Pudong successively. In the 1990s, the heat island range and its intensity developed rapidly. The 0.1°C heat island line extended to the majority of Qingpu, northern Songjiang, and northeastern Fengxian, while the urban and suburban areas were located within the 0.3°C heat island line. Since the beginning of this century, the heat island area of Shanghai had gradually expanded to the southwest (Figure 6B). By the first decade of this century, it extended to almost the entire Shanghai area except for Chongming Island, Nanhui, and Fengxian. However, since 2011, the UHI intensity weakened, and the heat island area also reduced correspondingly. The region with heat island intensity larger than 0.5°C had generally retreated. In general, the heat island developed from the urban to the surrounding suburbs before the 21st century and then began to expand toward the southwest since the 2000s.
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FIGURE 6. The distribution of different levels of heat islands intensity (unit: °C) from the 1960s to 1990s (A) and from 2000s to the present (B).





DISCUSSION

It is estimated that 55% of the global population lives in urban areas in 2018, and this percentage will reach 68% by 2050 [United Nations, Department of Economic and Social Affairs, Population Division (UN-DESA), 2019]. Owing to increasing population densities and impervious surface areas, heat island effects increasingly dominate urban environments (Guo et al., 2020). Before the 21st century, the UHI of Shanghai expanded to the surrounding suburbs in circles and then began to expand radially toward the southwest. This result is consistent with the previous study (Shen et al., 2017), who concluded that the Shanghai heat island extended from the urban to the surroundings and the southwest based on the automatic meteorological station data. It is worth to mention that this paper is based on the historical data of the national meteorological stations with a longer time scale, which reveals the expansion of the decadal variations in warming centers and heat island in Shanghai in more details.

After the 1980s, Shanghai’s warming center experienced a transition from the urban to Baoshan, Pudong, Songjiang, and Nanhui (Figure 3). Through the statistical analysis of the increase of construction land area and population density in the warming center, it is found that the warming centers in all decades are located in the areas with the fastest development of construction land area and population density for decades. This shows that urbanization has the most direct and important impact on the location of the warming center. Changes in land use/land cover (LULC) and population shifts resulted in significant variation in the spatiotemporal patterns of the UHIs due to the loss of water bodies and vegetated surfaces (Zhang et al., 2013). The annual average heat island intensity in Shanghai decreased significantly at the rate of 0.43°C/10a after 2005 (Figure 4A), which is consistent with the result of Zhou et al. (2008). They discovered the weakening phenomenon of Shanghai heat island intensity after 2004 based on remote sensing dynamic monitoring and GIS multi-element spatial analysis technology. The rapid outward expansion of the extent of the developed area has led to considerable changes in the surface energy balance and heat flux, in particular increasing the sensible heat flux due to the loss of water bodies and vegetated surfaces, and thus, the LST difference between the city proper and the urban fringe is less than before (Zhang et al., 2013). Meanwhile, in responding to the overall arrangement of industries, well-developed satellite towns emerged around the central urban area, and great efforts were made to improve the overall thermal environment in the central urban area, including removing the residences to the satellite towns and rebuild the water bodies and green space in the inner part of the central urban area (Li et al., 2009).

It was found that recently the increasing green space can partly help to mitigate the UHI effect in the central urban area (Ge et al., 2005). The mitigation of the UHI effect after 2005 is associated with the construction of large parks or the expansion of urban green space. Figure 7 shows the mean annual NDVI during 2001–2005 and 2011–2015 based on the SPOT VGT–NDVI data (Cui and Shi, 2010). During these two periods, the areas with higher NDVI (NDVI > 0.40) and lower NDVI (NDVI ≤ 0.20) have both decreased, but the area with middle NDVI (0.21 ≤ NDVI ≤ 0.40) has increased significantly in Shanghai. During 2001–2005 and 2011–2015, the area of higher mean annual NDVI accounted for 63.8% and 53.5% of the total area, respectively, and the area of lower mean annual NDVI accounted for 8.3% and 5.8%, respectively. The area of middle mean annual NDVI accounted for 27.9% and 40.7% of the total area, respectively, during 2001–2005 and 2011–2015. During 2001–2005, the urban areas are mainly with lower NDVI. However, the area of middle NDVI in the urban areas increased obviously during 2011–2015. Figure 8 presents the annual change of NDVI in the urban areas of Shanghai. It indicates that NDVI has increased significantly. The mean annual NDVI has increased at a rate of 0.06/10a from 2001 to 2018, with the highest mean annual NDVI of 0.26 in 2017 and the lowest mean annual NDVI of 0.16 in 2001. The increased green space may result in a decrease of UHI during 2005–2017.
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FIGURE 7. Mean annual NDVI in Shanghai during 2001–2005 (A) and during 2011–2015 (B).
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FIGURE 8. The annual change of NDVI in the urban areas of Shanghai.


The regional development and construction not only change the state of the underlying surface but also cause the influx of a large number of people and more artificial heat, eventually leading to the increase of urban temperatures. The influences of human migration on urban climate are complex, which are often intertwined with local background climate, weather conditions, city size, and the characteristics and pattern of human migration (Huang and Lu, 2017). In addition to the urban construction land area and population density, the influence of grassland, forest, and water areas, and other factors on temperature should also be considered, and the relationships between the heating rates and these impact factors should be further explored. The relevant models are also needed to provide scientific guidance for mitigating the UHI effect. In the near future, we will use the method of information flow (Liang, 2014; Xiao et al., 2020) and reconstruction of driving forces (Zhang et al., 2017) to analyse thecauses of the temporal and spatial variation characters of UHI.



CONCLUSION

Due to global warming and regional urbanization, temperature changes in Shanghai present significant regional characteristics. Before the reform and opening up in 1978, the temperature in the urban, suburban, and rural areas showed a consistent trend. After 1978, the temperature in urban areas became significantly higher than that of suburban and rural areas. But there was still little difference between suburban and rural areas until the 1990s. With the rapid urbanization in suburban areas after the 1990s, the temperature difference between the suburb and the rural areas began to increase.

Since the 1980s, the warming center in Shanghai experienced a process of change from Baoshan to Pudong, Songjiang, and Nanhui, with a heating rate of 0.94°C/10a, 1.74°C/10a, 0.74°C/10a, and 2.00°C/10a, respectively. The shifting of the location of the warming center mainly depends on the growth of metropolitan construction land area and population density. The evolution of the urban warming center was closely related to the increase in construction land area and population density. The warming centers in all decades were located in the areas with the fastest growth of construction land and population density.

From 1961 to 2017, the intensity of UHI in Shanghai showed three stages successively: slow growth stage (1961–1986) with the growth rate of 0.13°C/10a, rapid growth (1987–2204) stage with the growth rate of 0.60°C/10a, and obvious deceleration stage (2005–2017) with the decline rate 0.43°C/10a. The annual mean UHI intensity is 0.61°C. In spring and autumn, the range of UHI intensity was stronger, while it was weaker in winter and summer. The intensity of UHI in the nighttime was 0.4°C greater than that of the daytime. The heat island area extended from the urban area to the surrounding suburbs and the southwestern rural area, but after 2011, the range of heat island showed a decreasing trend.
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An unusual heat wave was observed at 83% of all recording stations in northeastern China, North China, and Inner Mongolia from mid-July to early August 2018. The local maximum temperatures exceeded 40°C and brought great impacts to people's lives and the social economy. Using NCEP/NCAR reanalysis data and station data from the China Meteorological Administration, we study the characteristics and formation of this high-temperature event. The results show that a stable, deep, local, anomalous high over northern China was the main reason for this high-temperature event. A silk-road teleconnection circulation appeared in the upstream part at the midlatitudes of Eurasia and was accompanied by clear energy dispersion of an eastward midlatitude Rossby wave, which favored the divergence of wave energy over Northeast China and led to an increase in geopotential heights and the formation and maintenance of the local anomalous high in North China. Simultaneously, the northern typhoons “Ampil” and “Jongdari” had connections with the local anomalous high, generated obvious secondary meridional circulations, and amplified the downdrafts in the region of the high and the maintenance and intensification of high temperatures. Further analysis revealed that the sea surface temperature anomalies (SSTAs) in the middle of the North Atlantic Ocean in earlier periods would initiate negative vorticity sources on the northwestern side in the high-level troposphere and have a great impact on the generation and maintenance of the high-level silk-road teleconnection.

Keywords: heat wave, silk-road teleconnection, Rossby wave, Typhoon, North China


INTRODUCTION

The fifth report of the Intergovernmental Panel on Climate Change (IPCC) pointed out that global warming has been obvious over the past 100 years (Pachauri et al., 2014). With this background, the substantial increasing mean temperature lead to high risks of extreme high-temperature events (Stocker et al., 2013). Especially since the late 20th century, the frequency and strength of extreme high-temperature events have increased (Frich et al., 2002; Grotjahn et al., 2014). The heat wave that swept across Europe in 2003 caused nearly 25,000 deaths (Garcaí-Herrera et al., 2010). Additionally, Moscow experienced extremely high temperatures exceeding 30°C for 33 days in 2010, and more than 15,000 people died, the accompanying fires and drought caused 15 billion USD losses (Alexander, 2010).

Due to global warming, the number of heat wave events in China has increased since the middle of the 20th century (Ding et al., 2010; Wei and Chen, 2011; Wang et al., 2012). Since 1999, extremely hot periods lasting more than 10 days have appeared nearly every year (Li et al., 2013). In North China, located at higher latitudes, the summertime temperatures are lower than those of the southern regions such as the southwestern, Jianghuai, and South China regions. The strength of high-temperature events has clearly increased since the 1960s, and the rate of increase has reached 5°C/10 years (Li et al., 2017).

Research has revealed that general circulation anomalies are the direct cause of the high-temperature events in North China. Sun et al. (2011) indicated that the persistent extremely high temperatures in North China in the period from mid-July to late August are related to positive geopotential height anomalies in the mid/high levels of the troposphere. Positive geopotential height anomalies favor solar radiation reaching the ground and lead to local high temperatures. The interannual variations in the Okhotsk High (Sato and Takahashi, 2005) and polar vortex (Gu and Yang, 2006) as well as the Eurasian teleconnection (Li and Ruan, 2018) are closely associated with summertime temperatures in North China. In addition, mid-latitude teleconnections like the silk road pattern (Enomoto et al., 2003), contributing to the formation of the Bonin high, the West Pacific Subtropical high during summer, may also influencing the air temperature and precipitation around the Asian jet regions (Enomoto et al., 2009; Ye and Lu, 2011). Wakabayashi and Kawamura (2004) also noted that the western Asia-Japan teleconnection is an important teleconnection that affects summertime temperatures in Japan. Besides, external forcing, such as the snow cover on the Tibetan Plateau (Wu et al., 2012) and El Nino events (Niu and Guo, 1998), are related to summertime heat waves in North China.

In the midsummer of 2018 (July 18th to August 5th), heat waves dominated the northeastern, northern part, and Inner Mongolia in China; the number of days with high temperatures and maximum temperatures broke records in many places and exerted great effects on the local economy and people's lives (Wang et al., 2019; Xu et al., 2019). However, the dynamical formation mechanism for these persistent high-temperature events and its possible extremal forcing factors are still unclear. We will focus on these regional high-temperature events in North China. Through analyzing the characteristics of the general circulation anomalies and the abnormal activities of Rossby waves at midlatitudes, as well as the sea surface temperatures in the North Atlantic, we will further study the mechanisms and forcing.



DATA AND METHODOLOGY


Data

The data used in this study were as follows: (1) daily surface observations from 160 stations from 1959 to 2018 supplied by the National Meteorological Information Center, including daily maximum and mean temperatures; (2) the paths and the strengths of typhoons Ampil and Jongdari supplied by the website of Weather China for typhoons; (3) National Centers for Environmental Prediction/National Center for Atmospheric Research(NCEP/NCAR) reanalysis 1 (Kalnay et al., 1996) of daily data from 1959 to 2018 with a horizontal resolution of 2.5 × 2.5° and 17 vertical levels. The variables contained in these data are: 2 m temperatures, horizontal winds, geopotential heights, vertical velocities, and radiation fluxes. The climatic means of these variables use the 30-year (1979–2008) mean data from the NCEP/NCAR website; and (4) National Oceanic and Atmospheric Administration (NOAA) high resolution SSTs (Reynolds et al., 2007) from 1982 to 2018 with a horizontal resolution of 0.25 × 0.25°.



Definitions

(1) To define extreme high-temperature events, we use percentile-based extreme high- temperature thresholds, with one threshold for each calendar day, which is calculated as the 95th percentile (TX95p) of the distribution of daily maximum temperatures on that calendar day and across all years in the baseline period 1981–2010. A day when daily maximum temperatures (TX) >TX95p was defined as being an extremely high-temperature day.

(2) The definition of a heat wave: According to the latitude and threshold for historic extreme high temperatures, we used the World Meteorological Organization (WMO) definition of a station heat wave. When the station daily maximum temperatures exceed 32°C and last for 3 days or more, then these conditions are defined as a heat wave event (Qian and Wang, 2017), which can be discussed in the context of a persistent extreme high-temperature process.



Methodology

(1) Rossby flux: To investigate the characteristics of Rossby wave propagation during the studying period, we used the TN wave activity flux (Takaya and Nakamura, 2001) to diagnose the wave energy propagations. Assuming the wave is stationary, the formula of horizontal T-N Wave-Activity Flux could yield as followed:

[image: image]

where ψ′ designates compute perturbation stream-function represented by geopotential anomalies in Quasi-Geostrophic assumption.

(2) SRI index: Enomoto et al. (2003) called the wave train in the midlatitudes the silk-road pattern. We used the silk-road pattern teleconnection index SRI (Wakabayashi and Kawamura, 2004; Wang L. et al., 2018) to describe the characteristics of the geopotential height teleconnection in the atmosphere from western Asia to eastern Asia.
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[image: image] denotes the normalized geopotential height at 200 hPa.




THE 2018 EXTREME HIGH-TEMPERATURE EVENTS IN NORTHEAST AND NORTH CHINA


The Characteristics of Extremely High-Temperature Events

In midsummer, 2018, a persistent regional high temperature events affected Northeast China, part of North China and the eastern parts of Inner Mongolia. According to Table 1, from July 18th to August 5th, heat wave was observed at 25 of 30 selected stations (83.3%), the mean maximum temperature reached 36°C, and the local maximum temperatures exceeded 40°C, which were 2–3°C higher than those in the corresponding period and formed the largest anomaly in this area since 1959. Meanwhile, most stations experienced two heat wave events that exhibited two fluctuating processes in this period.


Table 1. Showing the statistics of heat wave events (July 18th to August 5th).

[image: Table 1]

As shown in Figure 1 the ratios of extremely high-temperature days to the total days during July 18th - August 5th in most of North China (25 stations) are higher than 60%, including 5 stations experienced an extremely persistent hot condition during the whole study period. This indicates a regional and long-lasting hot midsummer occurred in North China.


[image: Figure 1]
FIGURE 1. The distribution of the 30 selected stations and the high-temperature characteristics (solid dots indicate the stations that experienced heat wave events; shading represents the ratio of the number of days with extremely high temperatures to the total number of days; the dots denote stations with no heat wave events).




The Effects of Anomalous Local High Temperatures

In late July 2018, a ridge of subtropical high abnormally crossed to the north of 40°N (figure not shown). Figure 2 shows the mean anomalies of the geopotential height at 500 hPa and the 2 m temperatures from July 18th to August 5th, 2018. When the subtropical high was north of its normal position, there was an anomalous local upper high in North China and the heat wave-affected regions including Inner Mongolia, Shanxi, North China and most parts of Northeast China were covered by this abnormal local high.


[image: Figure 2]
FIGURE 2. July 18th-August 5th mean anomalies of the geopotential heights (contours, gpm) and 2 m temperatures (shaded, °C); the rectangle denotes the region that was primarily affected by this high-temperature process.


Using the main region (e.g., 110–130°E, 35–47.5°N) that was influenced by this high-temperature process, we show the regional mean geopotential heights and temperatures in Figure 3. Figure 3A shows the time series of the normalized high-temperature regional mean 2 m temperatures and 500 hPa geopotential heights from July 18th to August 5th. The regional mean geopotential heights and temperatures evolved with each other. Both exhibited two fluctuations and the correlation coefficient reached 0.81. Figure 3B shows the normalized geopotential heights and temperatures for the corresponding period averaged from 1959 to 2018. On an interannual timescale, the geopotential heights were in phase with the temperatures, and the correlation coefficient reached 0.69, which was significant at 99% confidence level. The temperatures and geopotential height anomalies in this region were significantly positively related. The geopotential height anomalies for the corresponding period in 2018 reached the maximum values for these 60 years (e.g., 1959 to 2018) (Figure 3B), thus showing that the 2018 anomalous high in North China was stronger than that in normal years (Figure 2). Through the above analysis, the anomalous local high in North China may be a key cause leading to the persistent high-temperature events in North and Northeast China.


[image: Figure 3]
FIGURE 3. High-temperature regional means (110–130°E, 35–47.5°N) of (A) daily normalized 2 m temperatures and 500 hPa geopotential heights from July 10th to August 10th, 2018; (B) normalized 2 m temperatures and 500 hPa geopotential heights in the multiyear mean daily data from July 18th to August 5th from 1959 to 2018.


Figure 4 shows the longitude-height section for 35–47.5°N for the averaged geopotential heights and vertical velocities from July 18th to August 5th. An abnormal high existed in the troposphere in the region from North China to the middle part of Japan (120–140°E); the center of this high was located near 200 hPa and exhibited a deep quasibarotropic structure (Figure 4A). In the vertical velocity section (Figure 4B), downdrafts appeared from the surface to 200 hPa in North China from 120 to 130°E; the center of the maximum was near 300 hPa in the troposphere. The vertical velocity anomalies in this region were positive, i.e., in this high-temperature process, there were strong downdrafts in North China that were consistent with the results shown in Figure 4A. All suggested that the dynamic effect may be an important cause for the formation and maintenance of this anomalous local high.


[image: Figure 4]
FIGURE 4. Longitude-height section of 35–47.5°N mean from July 18th to August 5th in 2018 (A) geopotential heights (contours) and geopotential height anomalies (shading), latitudinal mean subtracted, units: gpm; (B) vertical velocities (contours) and vertical velocity anomalies (shading), multiplied by 100, units: Pas-1.


Figure 5 shows the OLR anomalies and downward shortwave radiation anomalies averaged from July 18th to August 5th. Positive centers of OLR (Figure 5A) and downward shortwave radiation (Figure 5B) anomalies existed in the region of the anomalous high over North China. Notable positive OLR anomalies displayed in North China suggests dominant downdrafts and decrease of clouds in the anomalous high region. These explain the downward shortwave radiation increased and heated the surface leading to local temperature increases. Therefore, it is evident from Figure 2 that the positions of the positive 2 m temperature anomalies and local anomalous high were close to each other.


[image: Figure 5]
FIGURE 5. July 18th-August 5th averaged (A) OLR anomalies; (B) downward shortwave radiation anomalies in 2018 units: Wm−2.




The Effects of Typhoons Ampil and Jongdari

During the high-temperature period, Typhoons Ampil, and Jongdari prevailed over the western Pacific to the south of the anomalous high (Figure 6). In particular, Typhoon Jongdari followed an anomalous track: after its generation on July 25th, it turned around twice to the south of Japan and the East China Sea in sequence and made landfall in Shanghai on August 3rd. During the emergence of Typhoon Jongdari, the intensity of the local anomalous high reached its maximum in North China. As shown in Figure 6, the track of Typhoon Jongdari coincided with the outer flow of the anomalous high after the westward turn of Jongdari. Along a line connecting the center of the anomalous high and typhoon low (Figure 7A), we constructed a vertical section of the divergent winds (Figure 7B). A strong, closed secondary circulation was located between the anomalous high and the typhoon and induced local low anomalies, whose centers were in the mid-troposphere and the wide sinking branch was on the southeastern side of the anomalous high. As shown in Figure 2, the center of the positive temperature anomalies was on the southeastern side of the anomalous high. This indicates that the secondary circulation formed by the anomalous high and typhoon strengthened the downdrafts in northeastern Asia and further contributed to the maintenance of local high temperatures.


[image: Figure 6]
FIGURE 6. Tracks of typhoons Ampil and Jongdari. The shaded areas are the 850 hPa geopotential height anomalies averaged from July 18th to August 5th in 2018 (gpm).



[image: Figure 7]
FIGURE 7. The values averaged from July 18th to August 5th of 2018 for (A) the 500 hPa geopotential height anomalies (gpm) where the straight line runs between the center of the local high and typhoon and (B) the secondary vertical circulation over the local high and typhoon centers, where the streamlines denote the vertical circulation formed by horizontal divergent winds and by vertical motion over the line connecting the centers. Shading represents the vertical velocity (Pa.s−1).





POSSIBLE DYNAMIC MECHANISMS FOR THE ANOMALOUS HIGH


The Characteristics of the Upstream Rossby Wave

From the analysis above, the anomalous high in North China exhibited a deep vertical structure, whose maximum center was near the top of the troposphere ~200 hPa and indicated the leading role of upper level circulation on the lower level circulation as well as its role on the abnormal weather. Rossby wave activity at midlatitudes may have great effects on the formation and maintenance of local highs at midlatitudes (e.g., Enomoto et al., 2009). The distribution of the relative vorticity anomalies (60°W−180°E, 20–80°N) averaged between July 18th and August 5th at 200 hPa (Figure 8A) shows that a region of strong negative vorticity stretched from North China to mid-Japan and that the anticyclonic system was obvious at 200 hPa. From investigating the upstream circulations of the anomalous high at 200 hPa (Figure 8A), we see that a zonal wave train with vorticity anomalies in the western North Atlantic (–)—Mediterranean (+)—Caspian Sea (–)—Balkhash Lake (+)—northern China (–) was located at the mid/high latitudes. This pattern resembles that of a “silk-road” wave train (Enomoto et al., 2009; Kosaka et al., 2009).


[image: Figure 8]
FIGURE 8. (A) The distribution of anomalous vorticity (shaded; s−1); (B) wave activity fluxes (vector; m2.s−2) and divergence of wave activity fluxes (shaded; m.s−2); both were averaged between 18 July and 05 Auguest at 200 hPa.


To further investigate the possible effects of the anomalous Rossby wave activity at mid/high latitudes by using the T-N wave activity fluxes described by Takaya and Nakamura (2001), we calculated the wave activity fluxes (WAFs) from the North Atlantic to Japan; their spatial distributions are shown in Figure 8B. The midlatitude Rossby wave train arose near 60°W in the North Atlantic, propagated to the east, passed the Caspian Sea and Balkhash Lake and reached China. Meanwhile, the wave fluxes converged in Northeast China, North China and mid-Japan and indicated that, through dispersion, the upstream midlatitude wave train favored the intensification and the maintenance of the local anomalous high over North China.

To study the effects of the silk-road teleconnection and midlatitude Rossby wave activity on the local anomalous high, the interannual variations in the regional mean normalized temperatures, geopotential heights, and the SRI index are investigated (Figure 9). The year-to-year evolution of the high-temperature region, temperature anomalies, and SRI exhibit high consistency, and the correlation coefficient among them reached 0.617, which was significant at 99% confidence level. This indicated that the intensification of the silk-road teleconnection favored temperature increases in northern China and increased the probability of the emergence of local heat wave events. Meanwhile, the regional mean geopotential heights were positively correlated with the SRI, and their correlation coefficients reached 0.704. In particular, the SRI index, regional temperature anomalies, and geopotential heights all presented increasing tendencies after 2000 and all reached their maxima in 2018. These factors indicated that the midlatitude Rossby-related SRI exhibited an intensifying trend that resulted in increasing geopotential heights over North China and mid-Japan, followed by intensified downdrafts and increases in surface shortwave radiation, thus bringing local extreme high-temperature events in recent years such as those in 2018.


[image: Figure 9]
FIGURE 9. Interannual series of the regional mean (high-temperature region 110–130°E, 35–47.5°N) normalized 2 m temperatures, 500 hPa geopotential heights and SRI.




The Effects of the Atlantic SSTA on Rossby Wave Activity

The thermodynamic effects of oceans on the atmosphere above cause anomalies in geopotential heights and divergent winds in high level of the troposphere and hence, the rotation initiated can be the Rossby wave source (Held et al., 2002; Li et al., 2019). To study the relationship between SSTA and the “silk-road” midlatitude Rossby wave, we analyzed the correlations between SRI indexes in the study period and SSTA during the preceding 2 weeks (Figure 10). The previous SSTA in the middle of the North Atlantic and the Black Sea were positively and significantly correlated with the SRIs and were significant at the 0.05 level. This indicates that when there were positive SSTA in the middle part of the North Atlantic in previous periods, it may have been easier to initiate a “silk-road” Rossby wave, which leads to higher temperatures in North China and Northeast China.


[image: Figure 10]
FIGURE 10. The distribution of correlation coefficients between SSTA (July 1st-July 15th averaged) and SRIs (July 18th-August 5th averaged) (the dots are significant regions at 95% confidence level and the rectangle denotes the chosen key SST region).


Based on the SSTA variations in the North Atlantic in June and July 2018 (Figure 11A) and before the emergence of the heat wave in Northeast China, the SSTs in the North Atlantic increased significantly and lasted from July 1st. It can be seen from the averaged SSTA in early July 2018 (Figure 11B) that the SSTA in the North Atlantic exhibited a tripolar pattern with positive anomalies in the middle of the North Atlantic (e.g., 30–45°N). The summertime positive SSTA in the North Atlantic could have induced the low-level anomalous cyclonic circulation and the high-level divergent field to its northwestern side through the Gill response (Gill, 1980). Correspondingly, the anomalies generated anticyclonic circulation in the high-level troposphere on the northwestern side of the SSTA, which would be consistent with the negative vorticity source in the high-level troposphere in this process (Figure 8). The vorticity source, which was forced by the positive SSTA, stimulated a downstream silk-road Rossby wave train pattern. The geopotential heights increased in North China and led to high temperatures. The North Atlantic tripolar SSTA index exhibited an intense positive phase (figure omitted). Before the emergence of the high-temperature event, the SSTA had a positive-negative distribution from south to north (Figure 11B), which may be related to the maintenance of the springtime tripolar SSTA in the North Atlantic (Sun, 2014).


[image: Figure 11]
FIGURE 11. (A) Longitude-time section of SSTA (32.5°N-42.5°N averaged); (B) SSTA in North Atlantic in the previous period (01 July-15 July).





CONCLUSION AND DISCUSSION

Based on NCEP/NCAR reanalysis and daily data from the National Meteorological Information Center of the China Meteorological Administration, we discussed the mechanisms leading to the 2018 mid-summer heat wave in North China. In addition, we analyzed the generation of the local anomalous high in North China through Rossby wave dispersion and by oceanic thermodynamic forcing.

This high-temperature process in North China lasted from July 18th to August 5th. The region impacted covered Liaoning and Jilin Provinces, and neighboring provinces such as Inner Mongolia and Hebei were also affected to some extent. The mean maximum temperature reached 36°C, which was 2–3°C higher than that of the corresponding period and was the maximum high temperature in this region in nearly 60 years. Analyzing the anomalous circulations during the same period, the strongest deep anomalous high since 1959 appeared over North China. The maintenance of this local anomalous high was the main cause of the high-temperature event in North China. Under the control of this anomalous high, extremely strong downdrafts prevailed in North China, leading to fewer clouds and more shortwave radiation arriving at the surface. As a result, local temperatures increased. Meanwhile, with the interaction between the northward typhoon and the local anomalous high, strong secondary circulation formed, and intensified the downdrafts over the region being influenced by high temperatures, thus causing the high-temperature events to persist and become more intense.

The Rossby wave activity in the midlatitudes of Eurasia played an important role in the generation and maintenance of the local anomalous high. From the calculation of wave activity fluxes, we found an anomalous wave train similar to the “silk-road” teleconnection at the midlatitudes of Eurasia during this period. This wave train originated from the North Atlantic at the midlatitudes and propagated eastward. Due to downward energy dispersion, the local anomalous high in North China intensified and persisted.

During the previous period of this heat wave event, the SSTs in the middle of the North Atlantic Ocean displayed pronounced positive anomalies, resulting in a negative vorticity source on the northwestern side of the North Atlantic in the high-level troposphere and initiated a “silk-road” teleconnection wave train, finally leading to the local anomalous high in North China and the generation of high temperatures.

The results of this study indicate that this high-temperature event is attributed to the stable and persistent local anomalous high in North China and to the “silk-road” teleconnection wave train, which was initiated by the upstream North Atlantic SSTA. In addition, studies of the causes of the 2018 extreme high-temperature event rely on correlation analyses and dynamic diagnostic methods; we will verify these results through numerical tests and build a physical model in our future work.
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Understanding the spatiotemporal characteristics of drought at the river basin scale is vital for water resources management. In this study, the interdecadal variation of drought characteristics over the Mahaweli River Basin (MRB) in Sri Lanka was investigated for the 1985–2015 period, using the Standardized Precipitation Evapotranspiration Index (SPEI). Remarkable interdecadal change of yearly drought characteristics between 1985–1999 and 2000–2015 periods in the wet region of MRB can be found for medium-term and long-term drought, with indications of that more frequent and severer drought events as well as longer duration of total drought months, occurred during 2000–2015 period. Furthermore, interdecadal enhancement of yearly drought in the wet region can be attributed to changes of seasonal drought in Southwest Monsoon (SWM) season, and this is coherent with the interdecadal shift of the SWM rainfall amount from wet to dry situations since the year 2000. However, no significant interdecadal change of drought was found in the intermediate and dry regions of MRB, as well as the short-term drought in the wet region. The interdecadal difference of atmospheric circulation demonstrates that the South Asian monsoon was weakened after 2000, which is accompanied by the weakening of monsoon trough, reduced cross-equatorial flow from the southern hemisphere from wind circulation at 850 hPa, and positive anomalies of geopotential height at 500 hPa over South Asian region. The weakening of South Asian monsoon leads to lesser moisture transport from the northwest Indian Ocean to Sri Lanka, inducing net moisture divergence anomalies in Sri Lanka, and ultimately results in more drought events during SWM season in the region since the year 2000.
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INTRODUCTION

In recent years, nearly one-quarter of all damages and losses in the agricultural sector in developing countries are caused by climate-related disasters such as floods and droughts (FAO, 2015). As one of the devastating natural hazards, prolonged drought with higher severity has a substantial impact on food production, which endangers local and global food security (Lesk et al., 2016). In addition, the associated water scarcity (Sheffield et al., 2012), an increase in the risk of wildfires (Littell et al., 2016), intensified land degradation, and desertification are some of the significant issues associated with prolonged drought in a different part of the world. Furthermore, the severe drought can invigorate a significant reduction in water reserves available in the dam and reservoir, which adversely affects hydropower generation. As a result of negative consequences, severe droughts have gained more attention from the scientific community.

Observation studies suggest that more frequent and intensified droughts have occurred in many regions of the world during the last few decades (e.g., Mishra and Singh, 2011; Wang et al., 2014; Mallya et al., 2016; Spinoni et al., 2017). Particularly in the tropics and subtropics, the probabilities of occurrence of persistent droughts increased over extensive areas since the 1970s (IPCC, 2014). However, identification of drought characteristics such as intensity, magnitude, duration, and spatial extent, and quantifying their related mechanisms are challenging tasks among the climate community, because the drought is associated with complex interactions amongst the climate system, including atmospheric processes, land-based processes such as precipitation, evaporation, runoff, and also ocean processes (Dai, 2011; Vicente-Serrano et al., 2016; Spinoni et al., 2017).

Even though quantifying the drought characteristics and the related mechanisms is a challenging task, understanding the spatial and temporal variation of drought characteristics is the crucial component of drought research. For this purpose, different drought indices with different complexities are successively developed, which can be considered as a function of rainfall, and other hydro-meteorological variables such as evapotranspiration, temperature, etc (Morid et al., 2006). Among these indices, the Palmer Drought Severity Index (PDSI) (Palmer, 1965), the Standardized Precipitation Index (SPI) (McKee et al., 1993), the Reconnaissance Drought Index (RDI) (Tsakiris, 2004), and the Standardized Precipitation Evapotranspiration Index (SPEI) (Vicente-Serrano et al., 2010) have been proposed and widely used in drought studies for different application purpose. These drought indices can be calculated in multiple time scales, which is useful to monitor and identify the characteristic of meteorological, agricultural, hydrological, and social drought (Wang et al., 2011; Maskey and Trambauer, 2015).

According to the IPCC fifth assessment report (IPCC, 2014), the South Asian region is vulnerable to drought, food shortages, and heat-related mortality. Aadhar and Mishra (2017) suggest that Sri Lanka and other South Asian countries have experienced a long-lasting drought once every 3 years, which is one of the main reasons for the reduction in agricultural yield in Sri Lanka. In recent decades, Sri Lanka is adversely affected by droughts, due to the decreasing effect of monsoon rainfall. In addition, low water storage capacities and increasing demand of water for economic development further intensify the influence of drought on agriculture production over the country. So drought has been regarded as one of the most significant climate hazards in Sri Lanka, especially in the dry and intermediate climate zones of Sri Lanka (Zubair et al., 2006).

However, there are very few numbers of studies conducted to investigate the variation of drought characteristics and the associated mechanism. Among the previous drought-related studies in Sri Lanka, Gunda et al. (2016) used PDSI and SPI to identify the spatial-temporal distribution of drought over Sri Lanka. Few studies have focused on the impact of drought and possible mitigation strategies. For example, Gunda et al. (2017) evaluated the potential impacts of drought on soil moisture regimes in Sri Lanka. While Lyon et al. (2009) studied the relationship between drought relief payments and meteorological drought in Sri Lanka for the period of 1960–2000, and Burchfield and Gilligan (2016) investigated the farming strategies adopted to under drought and water stress in the dry zone of Sri Lanka. Consequently, drought management over Sri Lanka is largely limited to relief provisions. Robust insight into the variability and the mechanism of drought at basin scale still lacks which is critical for the drought prediction from seasonal to decadal time scales.

Mahaweli River Basin (hereafter “MRB”) is the largest river basin in Sri Lanka, with 15% of the Sri Lankan population (2.8 million people) inhabits in the basin. It accounts for one-sixth of Sri Lanka territory (55% of the dry zone) (Withanachchi et al., 2014) and irrigates 3650 km2 of rice fields in lowlands, with 1493 km2 paddy fields producing 21.3% out of total paddy production in Sri Lanka. In addition to agricultural development, seven major hydropower stations in MRB, with a capacity of 775 MWs (40% of the island-wide hydropower potential), supply around 17% electrical energy to the national grid annually (Hewawasam, 2010). However, less focus has been given by previous researches to identify drought’s characteristics and variation of drought over MRB.

Hence, this study will use station observation data to investigate the drought characteristics in the MRB with a focus on its decadal variability and associated atmospheric circulation changes. This will be of great importance for the prediction of drought variability, and further providing the scientific information for drought management and mitigation in the MRB. The paper is organized as follows, the study site of MRB is described in section “Data and Methodology,” which is followed by the datasets and methodology. In section “Results,” main analysis results are shown. The discussion and conclusion will be presented in Sections “Discussion” and “Conclusions,” respectively.



DATA AND METHODOLOGY


Study Region

Sri Lanka is located in the South Asian monsoon region; its annual rainfall is largely influenced by both the Southwest monsoon (SWM) and Northeast monsoon (NEM) systems. There are three climate regions, namely wet, intermediate, and dry regions in Sri Lanka, based on long-term climatology and geographical distribution of annual rainfall amount. The wet region is mostly located in the southwest part of the country, and the dry region is located in the northeast part of the country, with the intermediate lying between the wet and dry regions (Malmgren et al., 2003; Wickramagamage, 2010; Burt and Weerasinghe, 2014). Mahaweli River Basin, the selected study area, is mainly located in the central part of the country, with its drainage area of 10,448 km2 covering about 16% of the total landmass of the country. The southern and southwestern parts of the MRB are characterized by ridges, peaks, plateaus, basins, valleys, and escarpments, while the northern part of the basin show flat terrain with few isolated hills (Shelton and Lin, 2019). Generally, the MRB receives precipitation of 28 × 109 m3 annually (Zubair et al., 2003), with enhanced rainfall during the SWM season in the western and south-western parts of the basin (Zubair, 2002; Rubasinghe et al., 2015; Shelton and Lin, 2019), and rainy season for the eastern part of the basin is the NEM season. As shown in Figure 1, three climate regions, i.e., wet, intermediate, and dry region, can also be identified in MRB based on the annual rainfall amount received.
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FIGURE 1. Country location and topographic map of the Mahaweli River Basin (MRB). The spatial distribution of selected rain gauge stations in MRB are shown in red dots. The red lines indicate boundaries for wet, intermediate, and dry sub-regions in the MRB, while the blue line represents the main channel of the Mahaweli River.




Data

Monthly rainfall data from 43 meteorological stations for the period 1985–2015, along with temperature data from 7 meteorological stations, are provided by the Department of Meteorology, Sri Lanka. However, only those stations with less than 3% missing data from 1985 to 2015 are selected for analysis, following the data quality control methodology by Vincent et al. (2011). It turns out that 34 rainfall stations data can be used for this analysis, with 16 rainfall stations in the wet region, 11 stations in the intermediate region, and 7 stations in the dry region. For temperature data, all 7 stations data are used, with 3 stations in the wet region, and 2 stations in both intermediate and dry regions. Figure 1 shows the spatial distributions of the selected meteorological stations.

Combining the Thiessen polygon method with the elevation regression method, the area average rainfall over wet, intermediate, and dry regions of MRB has been obtained, following the methodology by Jacquin and Soto-Sandoval (2013). This method has already been proved to be suitable for calculating the area average rainfall in the mountainous catchment (Limin et al., 2015; Shelton and Lin, 2019). The regional average rainfall and temperature are then used for calculating the SPI and SPEI indices in this study.

In addition to observation data, the monthly mean water vapor flux and divergence, horizontal (u) and meridional (v) wind at 850 hPa and geopotential height (z) at 500 hPa from ERA-Interim data from European Centre for Medium-Range Weather Forecasts (ECMWF), with the spatial resolution of 0.5°× 0.5° (Dee et al., 2011), are used for the analysis of atmospheric circulation anomalies and moist flux anomalies associated with the drought variations.

Furthermore, in this study, we divide the 1985–2015 period into two sub-periods in order for interdecadal analysis. The period after 2000, i.e., from 2000 to 2015, will be referred to as “P2,” and the period of 1985–1999 will be referred to as “P1” for simplicity.



Methodology


Standardized Precipitation Evapotranspiration Index (SPEI)

It is well known that Standardized Precipitation Evapotranspiration Index (SPEI) (Chen and Sun, 2015; Potopová et al., 2015; Yao et al., 2018) and Standardized Precipitation Index (SPI) (Mallya et al., 2016; Spinoni et al., 2017) are two most widely used indices for the monitoring, forecast and early warning of drought or drought impact over the world. When considering the difference between SPI and SPEI, precipitation is the only metrological parameter used to calculate the SPI, which can monitor both wet and dry conditions. However, potential evapotranspiration can also contribute to drought occurrence frequency, intensity, and severity (Sheffield and Wood, 2008b; Dai, 2011; Sheffield et al., 2012), this leads to the proposition of SPEI index, which can incorporate the effect of potential evapotranspiration on drought characteristics (Vicente-Serrano et al., 2010).

In the calculation of the SPEI, Potential evapotranspiration (PET) is a crucial factor (Vicente-Serrano et al., 2010; Yao et al., 2018), and it is suggested the calculated SPEI values are similar when using both simple Thornthwaite (Thornthwaite, 1948) and complex PET calculation methods (Mavromatis, 2007; Abatzoglou et al., 2014). For complex PET calculation, meteorological parameters such as maximum temperature, minimum temperature, surface pressure, wind speed, and relative humidity are needed to derive the PET (Allan et al., 1998). As found by van der Schrier et al. (2011), in the South Asian region, the Palmer drought severity index using PET from Penman-Monteith and Thornthwait methods depicted a robust correlation, which indicates that the calculated PET using both methods is highly close with each other. Meanwhile, as there are also lack of other meteorological variables except for rainfall and temperature in the MRB basin, the Thornthwaite method has been employed to derive PET for the SPEI calculation in this study.

For the Thornthwaite method (Yao et al., 2018), the monthly PET (mm) is dependent on the temperature and Sunshine duration, and is calculated as in Eq (1),
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Where T is the monthly mean temperature (°C), N is the maximum number of sun hours, NDM is the number of days in the month, and I is heat index. The heat index is calculated as the sum of 12 monthly index values i: the latter being derived from mean monthly temperature using Eq. (2):
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m is a coefficient which depends on I (Eq. 3):
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The SPEI is calculated through the following steps: (a) calculating the PET using above-mentioned equations; (b) identifying the deficit or surplus accumulation of a climate-water balance by getting the difference between Precipitation (P) and potential evapotranspiration (PET) at different time scales; and (c) normalizing the water balance into a log-logistic probability distribution to obtain the SPEI series. A detailed description of the calculation of the SPEI can be referred to Vicente-Serrano et al. (2010). In addition, SPI is calculated based on the methodology by McKee et al. (1993).

The SPEI and SPI were calculated for each month of the year, with time scales of 1–12 months selected for analysis. In order to represent short-term, medium-term, and long-term droughts in wet intermediate and dry regions, SPEI at 3-month (SPEI-3), 6-month (SPEI-6), and 12-month (SPEI-12) timescales were selected. The 3, 6, and 12-month timescale is also used to calculate SPI-3, SPI-6, and SPI-12, respectively. As SWM season in South Asian region covers 4 months, i.e., June, July, August, and September, in order to consider the drought over this season, SPEI-4 at September (SPEI-4_Sep) is calculated, so rainfall and potential evapotranspiration from June to September can all be taken into consideration for deriving the SPEI-4_Sep. The NEM season in the South Asian region covers 3 months spanning from December to February in order to represent the drought over this season, SPEI-3 at February (SPEI-3_Feb) was calculated using the rainfall and evapotranspiration for December to February period.

Generally, the threshold value of “–1” for SPEI and SPI is used for drought identification as suggested by previous studies (Wu et al., 2017; Bae et al., 2018; Guo et al., 2018), and short-term drought is defined when SPEI-3 < –1.0, medium-term drought for SPEI-6 < –1.0, and long-term drought for SPEI-12 < –1.0 (e.g., Guo et al., 2018). Furthermore, the drought is classified into extreme, severe, and moderate drought based on the SPEI and SPI values. The drought classification is given in Table 1.


TABLE 1. Drought categories in terms of Standardized Precipitation Evapotranspiration Index (SPEI) and Standardized Precipitation Index (SPI) values.
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Identification of Drought Characteristics Using Run Theory

There are several properties in terms of the drought characteristics, including drought severity, duration and frequency (Wetterhall et al., 2015; Hao et al., 2018), and run theory has been used to calculate the drought characteristics (Wu et al., 2017; Bae et al., 2018; Deng et al., 2018). The definition of a drought event and its characteristics can be schematically illustrated in Figure 2:
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FIGURE 2. Schematic diagram for drought characteristics based on run theory. For the drought event E1, E2, E3, and E4, the relevant doughty duration (D) and severity (M) are D1, M1; D2, M2; D3, M3; and D4, M4, respectively. The black line represents the threshold limit (–1) for identifying the drought event. For drought event E3 with interruption period (d1) less than or equal to 2 months, the duration (severity) of subdivisions of the E3 is d0, d1, d2 (m0, m1, m2), respectively. Then duration of drought event E3 is obtained as: D3 = d0 + d1 + d2; Severity is obtained as: M3 = m0 + m2. This Figure is redrawn according to the Yevjevich et al. (1967).



(a)If the SPEI values are below –1 for at least 1 month, or more than two consecutive months, they are all considered as a single drought event. For example, E1 is one drought event with SPEI < –1 for several consecutive months; However, E2 and E4 are also one drought, but with SPEI < –1 for 1 month.

(b)If the interruption period (–1 < SPEI < 1) between the two drought events (SPEI < –1) lasts less than or equal to 2 months, these two events are considered as one single drought event. For example, E3 is one drought event with a combination of two drought episodes, but the intermittent period of two drought episodes is only 1 month.



Drought duration (D, unit: month) is defined as the period for one specific drought event when SPEI is continuously below –1 threshold level. The duration for drought event E1, E2, and E4 are D1, D2, and D4, respectively, as shown in Figure 2. If one drought event (E3 in Figure 2) consists of two drought episodes (d0 and d2) and one interruption period (d1), but with d1 less then or equal to 2 months, then the duration of drought event E3 is regarded as the summation of these periods, i.e., D3 = d0 + d1 + d2.

As shown in Eq. (4), drought severity (Me) is defined as the accumulation of SPEI value for a given drought event (SPEI < –1).

[image: image]

Where e is a drought event; j is month index; D and Me, are the duration and severity, respectively. For drought event with an intermittent period, for example, drought event E3, the severity (M3) is obtained as the summation of severity for two drought episodes d0 and d2, so M3 = m0 + m2.




RESULTS


Comparison of Drought Characteristics Over MRB With SPEI and SPI Indies

In order to investigate the year to year variation of drought characteristics over the basin, the time evolutions of the drought index, i.e., SPEI or SPI, are presented for analysis and comparison. Taking medium-term drought as an example, the time series of SPEI-6 and SPI-6 with a time scale of 6-months, over three different regions in MRB during 1985–2015, are shown in Figure 3. Strong interannual variations of drought activities can be seen, both from SPI and SPEI time series. Generally, the time evolutions of SPEI are highly correlated with those of SPI in different regions; the correlation coefficient is about 0.98 between SPEI-6 and SPI-6 in the wet region, 0.96 for the dry region and 0.98 in the intermediate region. Most drought events in whole MRB, as reported by the Central Bank of Sri Lanka (Central Bank, 2015), are all well reproduced by both SPI-6 and SPEI-6 drought indices, such as drought events with a longer period, as it occurred during 1987, 1998, 2004, and 2012. For those drought events with the shorter periods, such as drought events that occurred at the beginning of 1992, 1996, and 2014, or the end of 1999, 2001, and 2003, they are also well reproduced in Figure 3. In some years, droughts are only witnessed in one to two regions of the MRB, for instance, droughts in 2008 only occurred in the wet region (Figure 3A), and drought episodes in 1991, 1993–1995, and 2009 occurred in only dry and intermediate regions (see Figures 3B,C). The spatial distribution of droughts events within the MRB can be ascribed to the fact that rainfall in sub-regions of MRB is influenced by different monsoon systems in different seasons of the year, with wet region influenced by southwest monsoon system and dry region mostly affected by the northeast monsoon system. Another feature we can find from Figure 3 is the decadal changes in drought activities, particularly in the wet region of MRB, where there are more severe drought events (SPEI < –1.0) after 2000.
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FIGURE 3. Time series of SPEI-6 (shaded) and SPI-6 (thin black line) for (A) wet, (B) intermediate, and (C) dry regions in Mahaweli river basin (MRB) from 1985 to 2015. The difference between the two indices (SPEI-6 minus SPI-6) is depicted by the thick black line. The drought event is defined when SPEI-6 or SPI-6 value is smaller than –1, and the wet event is defined when SPEI-6 or SPI-6 value is larger than 1. The positive and negative anomalies of cumulative 6-months temperature are displayed by red and blue bars, respectively. The letter Wet, Int, and Dry represent wet, intermediate, and dry regions in MRB, respectively.


The differences of drought characteristics using SPEI-6 and SPI-6 are also shown in Figure 3, we can find that the difference between SPEI and SPI is relatively small over intermediate and wet regions, but it is larger in the dry region. The difference between SPEI-6 and SPI-6 is between –0.7 and 0.4 in the wet region (Figure 3A), and the largest negative difference (–0.7) is observed in 1998, with SPEI-6 value for 1998 as –1.46 and –0.76 for SPI-6. As the most severe drought year in the wet region, the SPEI-6 for 2004 is –2.6, while it is –2.1 for SPI-6, the difference between SPEI and SPI is –0.5. The negative differences between SPEI and SPI suggest the drought intensity be underestimated by the SPI index as compared with the SPEI index. These underestimated differences by SPI index can be ascribed to the impact of evapotranspiration, as SPI index is only dependent on precipitation anomalies without consideration of evapotranspiration. Relatively larger positive temperature anomalies can be found in Figure 3 during this said period could be one of the reasons for this drought index underestimation, as the higher temperature is favorable for strong evapotranspiration.

In the intermediate region (Figure 3B), the difference between SPEI-6 and SPI-6 is found between –0.7 and 0.6, with the largest negative difference (–0.7) observed in 1998 when the severe drought occurred in the intermediate region, SPEI-6 for 1998 is –1.99, but the SPI-6 value is –1.3. In the dry zone, the difference between SPEI-6 and SPI-6 is comparatively larger. The largest negative difference can be found in the year 1998, with the magnitude of –0.9 between SPEI-6 (–2.16) and SPI-6 (–1.07). The observed large negative difference could be explained by large evapotranspiration due to the positive temperature anomaly (2.87°C) in 1998 (Figure 3C).

As shown in Figure 3, we can also find that there are more years with the negative difference between SPEI and SPI after 2000 for wet and dry regions; this could be explained by the increasing temperature trend over the regions, as the higher temperatures can enhance the potential evaporation significantly. This result is consistent with that over other parts of the world (e.g., Potop et al., 2012; Vicente-Serrano et al., 2014).

Similar to the temporal correlation between SPEI-6 and SPI-6, a strong correlation between SPEI-3 and SPI-3 (i.e., short-term drought) for all three regions in MRB are observed, the correlation coefficient for the wet, intermediate, and dry regions is 0.99, 0.98, and 0.95, respectively. The same is true for long-term droughts in terms of SPEI-12 and SPI-12.

For both SPEI-3 and SPI-3, it’s found that the short-term droughts occurred more frequently in the dry and intermediate region than in the wet region during the 1985–2015 period, and droughts (SPEI-3 < –1) in the wet region occurred with a large magnitude and a long duration since 2000. In contrast, dry region experiences short-term drought with a large magnitude for the 1985–2000 period. Furthermore, the difference between SPEI-3 and SPI-3 over the dry region depicts large differences compared to the other two regions. The same is true for the difference between SPEI-12 and SPI-12. For instance, the largest difference (–0.99) is observed in 2014, with SPEI-3 value for 2014 is –1.23 and –0.24 for SPI-3.



Decadal Variation of Frequency and Number of Drought Events in MRB

As SPEI index can take into account the evapotranspiration effect, it is adopted for the analysis of drought characteristics in this study. Figure 4 shows the temporal variation of SPEI in MRB at all months (January–December) during 1985–2015, with a timescale from 1 to 12 months. The number of short-term (SPEI-3 < –1), medium-term (SPEI-6 < –1.0), and long-term (SPEI-12 < –1.0) drought events are also shown in Table 2. From Figure 4, we can find that variations of drought occurrence frequencies differ significantly with time scales (from short-term to long-term drought), regions (from wet to dry region of MRB), and the different periods during 1985–2015. For example, the period of 2000–2005 is the dry period for all regions in MRB, and the period of 2010–2015 is characterized by the strong interannual variability of drought/flood events with intensifying amplitudes.


TABLE 2. The number of the short-term (SPEI-3 < –1), medium-term (SPEI-6 < –1), and long-term (SPEI-12 < –1) droughts event over the wet, intermediate, and dry region of MRB for early period (P1;1985–1999) and late period (P2; 2000–2015).
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FIGURE 4. Hovmoller-type diagram for the temporal variation of the SPEI at different timescales (from 1 to 12 months) for (A) wet (B) intermediate, and (C) dry regions in Mahaweli river basin (MRB) from 1985 to 2015. The black dash line separates early (P1;1985–1999) and late (P2;2000–2015) periods. The letter Wet, Int, and Dry represent wet, intermediate, and dry regions in MRB, respectively.


For the wet region (Figure 4A), we can find that more prolonged droughts occur after 2000, as recorded in 2001, 2004–2005, 2009, 2012, and 2014, but before 2000, prolonged drought was only found in 1987. The total number of long-term drought events is 8 during 2000–2015 (Period P2), but only one event during 1985–1999 (Period P1). For medium-term drought events, the frequency is also higher between 2000 and 2015 compared with that during 1985–1999, with the total number of 7 medium-term drought events during 2000–2015, but only 4 during 1985–1999. However, for droughts with a shorter time scale, in terms of SPEI-3, no remarkable difference can be found before and after 2000 (Table 2). Meanwhile, there are more extended wet events before 2000 in the wet region, but the number of wet events decreases after 2000, with only two extreme wet events found in 2011 and 2013 with strengthened amplitude.

As shown in Figure 4B, the intermediate region records more drought conditions during 1990–2005 except for 1994 and 1997, with prolonged droughts found in 1993, 1996, 1998, and 2004. The period of 2000–2005 is characterized by more dry episodes, and wet events are dominant after 2005. Meanwhile, significant year-to-year variation between drought and wet episodes can be found after 2010, which can also be observed for wet and dry regions. For the comparison of the number of drought events between P1 and P2, it is found that there is no significant decadal difference, although drought event numbers in P1 are a little more than that in P2 for all time scales.

In the dry region of MRB, the interannual variation is the dominant feature for short-term and medium-term drought events. Eight medium-term drought events can be found in the P2 period, and the number is 9 for the P1 period. As for short-term drought, the number of drought events is 14 in the P2 period and 12 in the P1 period. These suggest that there is no significant decadal change of the occurrence frequency of short and medium-term drought during 1985–2015. However, in terms of long-term drought events, it occurs more frequently during 1985–1999, compared with that in 2000–2015, as shown in Figure 4C, with long-term drought events number of 8 in the P1 period, but only 3 drought events in P2 period.

To further investigate the decadal changes of drought occurrence for different time scales, we calculate the accumulative probability distributions of SPEI-3, SPEI-6, and SPEI-12 for all three sub-regions of MRB, as shown in Figure 5. SPEI value of –1 is selected as the threshold level for identifying drought events. The remarkable difference of accumulative drought frequency (Hereafter “ADF”) for P1 (1985–1999) and P2 (2000–2015) period can be found for the wet region, with a larger difference for longer time scale drought. For long-term drought (SPEI-12 < –1.0), the ADF is 27.8% during the P2 period, but it is only 4.4% for the P1 period, with more than a 6-fold increase from P1 to P2 period. For medium-term drought (SPEI-6 < –1.0), the ADF increases from 5.6% in the P1 period to 26.7% in the P2 period, with an about 5-fold increase in the later period. However, for short-term drought (SPEI-3 < –1.0), it only increases from 13.9% in P1 to 22.8% in P2 period, the magnitude of the increase is much smaller than that for medium and long-term drought (Figures 5A,D,G).
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FIGURE 5. Accumulative frequency distributions of short-term drought (SPEI-3 < –1) for (A) wet, (B) intermediate, and (C) dry regions in Mahaweli river basin (MRB) during early (P1;1985–1999; Blue line) and late (P2; 2000–2015; Red line). The middle (D–F) and lower (G–I) panels are the same as top panels but for the medium-term (SPEI-6 < –1), and long-term (SPEI-12 < –1) droughts, respectively. The value below –1 (above + 1) is selected as the threshold level for the drought (wet) event.


For the intermediate region, the ADF is unchanged for medium and long-term drought between P1 and P2 period, and only a slight decrease of short-term drought (SPEI-3 < –1.0) frequency is found with ADF of 19% in period P1, and 14% in P2 period (Figures 5B,E,H). For the dry region, the ADF for short-term drought is very close between P1 and P2 periods, but we can see the slight decrease of long-term drought ADF from 20% in the P1 period to 12% in P2 period (Figures 5C,F,I).

Based on the accumulative probability distribution of wet events, which is defined when SPEI value is larger than 1.0, we can find that there is a remarkable decrease of occurrence frequency of wet episodes (SPEI > 1.0) from 21.7% in P1 to 8.9% in P2 in terms of SPEI-12 in the wet region of MRB, a decrease of frequency for SPEI-6 and SPEI-3 can also be found, but with much smaller magnitude. However, a large increase in the occurrence frequency of long-term wet-episode can be witnessed for intermediate and dry regions, with the probability of SPEI > 1.0 increased from 8.9% (8%) to 27.8% (23.3%) in the intermediate (dry) region. In general, the wet region experiences more drought events in the late period (2000–2015) compare to the early period (1985–1999), but on the contrary, dry, and intermediate regions witness more wet events in the later period.



Variations of Drought Duration and Severity in MRB

Besides the drought number events and occurrence frequency, drought duration (D), and severity (M) are another two important indices for understanding drought characteristics. The total drought durations for different time scales are shown in Figure 6 for P1 and P2 periods, and Table 3 also gives the duration and severity of short-term, medium-term, and long-term droughts events over MRB for P1, P2 period, and the entire study period, respectively.


TABLE 3. The average drought duration (months) and severity of short-term (SPEI-3 < −1), medium-term (SPEI-6 < −1), and long-term (SPEI-12 < −1) droughts events over the wet, intermediate, and dry region in MRB for the early (P1; 1985–1999), late (P2; 2000–2015), and whole study (PT; 1985–2015) periods.
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FIGURE 6. Total duration (Unit: Months) of (A) short-term (SPEI-3 < –1), (B) medium-term (SPEI-6 < –1), and (C) long-term (SPEI-12 < –1) droughts events over the wet, intermediate and dry region in Mahaweli river basin (MRB) for early (P1; 1985–1999) and late (P2; 2000–2015) periods. The normal bars represent the early period, while black hatched bars for the late period. The letter Wet, Int, and Dry represent wet, intermediate, and dry regions in MRB, respectively.


In the wet region, the difference of total drought duration between P1 and P2 periods is very large for each drought category (Figure 6A). For long-term drought, the number of months of SPEI-12 < –1.0 is only 7 months during the 1985–1999 period but increases to 60 months during 2000–2015, which is 8-folds longer than that in P1. The much longer duration of long-term drought can be largely explained by the increased number of drought events in the P2, as the average duration in the P2 period is about 7.5 months, and only half months longer than that in P1 period (Table 3). However, the maximum duration of each event can reach 23 months in the P2 period; this is much longer than 7 months in the P1 period. For the maximum severity of each drought event, it can reach –9.2 in the P2 period, but the maximum value is –2.0 for the P1 period.

For medium-term drought, the duration is 53 months in the P2 period, but only 10 months in the P1 period. The longer total duration in the P2 period could be mainly attributed to the increase of averaged drought duration from 2.5 months in P1 to 7.5 months in P2, as the drought event number in P2 is only 1.75 times than that in P1. Meanwhile, drought severity is significantly enhanced in the P2 period compared with the P1 period, with the average severity increased from –0.7 to –3.2, and maximum severity increased from –1.0 to –9.0. All 4 medium-term droughts are ranked moderate (–1.5 < SPEI-6 < –1.0) in P1, but there are 5 severe droughts (–2 < SPEI-6 < –1.5) out of the 7 drought events in P2 period.

For short-term drought, the total duration in P2 is about twice as that in the P1 period, with 48 months during 2000–2015 and 22 months during 1985–1999. From Table 3, we can find that the average duration of short-term drought is 3.7 months in P2, and 1.8 months in P1 period, so the decadal difference in total duration is mainly because of the increased average duration, as the number of drought events is almost the same in P1 and P2 period. The longer averaged duration also leads to the enhanced average severity, which increases from –0.6 in P1 to –1.4 in the P2 period. The intensified maximum severity can also be observed from –2.0 in P1 to –4.5 in P2. Generally, the long-term and medium-term drought are all getting more frequent, long-standing, and severer in the wet region during 2000–2015, compared with that in 1985–1999, but the short-term drought is only getting longer and severer, which invigorates longer total drought duration during 2000–2015.

For the intermediate region, the total duration of all drought categories is quite close between P1 and P2 periods, with a difference of less than 30% (Figure 6B). Even the numbers of medium and long-term drought events are more in P1 than that in P2; the total duration of medium and long-term droughts are relatively less in P1 than in P2. This is because of the longer average duration of medium and long-term droughts in the P2 period. For example, the average duration of long-term drought is 8.5 months in P2, but it is only 5 months in the P1 period, as can be found in Table 3. The average and maximum accumulative severity are also relatively higher in the P2 period, with average accumulative severity of –3.4 in P2, but –2.0 in the P1 period.

In the dry region, the large difference of total drought duration can be found for long-term drought, with a total duration of 40 months during 1985–1999 and 22 months during the 2000–2015 period, as shown in Figure 6C. This can be explained by the decrease of long-term drought event numbers from 8 during 1985–1999 to only 3 during 2000–2015. As for short and medium-term drought, there is no significant difference in total drought duration between the P1 and P2 periods. However, for the drought severity, we can find that the averaged and maximum severity is all higher in P2 than P1 for both medium and long-term droughts, but they are quite close for short-term drought.



Decadal Variation of Drought in SWM and NEM Season

In general, the drought/flood variation in MRB is mainly moderated by SWM and NEM which are important components of the South Asian monsoon system, with rainfall anomalies in the wet region of MRB mainly influenced by the SWM, and dry region affected by NEM (e.g., Shelton and Lin, 2019). To understand whether decadal change signals in SWM and NEM seasons are associated with the decadal change of drought in wet and dry regions of the MRB, the temporal variations of drought characteristics in SWM and NEM seasons are here investigated.

Figure 7 shows the evolution of SPEI in SWM and NEM season, in terms of SPEI-4 in September (hereafter SPEI-4SWM) and SPEI-3 in February (hereafter SPEI-3NEM), in wet and dry regions during 1985–2015 period. We can find that, in the wet region of MRB, there are 10 out of 15 years with positive SPEI-4SWM value during 1985–1999, and negative SPEI-4SWM are found only in 1987, 1990, and 1999 respectively, this suggested that wet events dominate during southwest monsoon season in P1 period. From 2000 to 2015, we can find there are more dry years, with 11 out of 17 years showing negative SPEI-4SWM. A significant decadal shift from wet to dry situation in the wet region of MRB during the SWM season can be observed from the 9-year running mean of SPEI-4 value, as shown in Figure 7A. However, for the SPEI-3 during the NEM season (Figure 7C), the dominant feature of SPEI variation is interannual variation, no decadal change signal can be observed. This suggested that the observed decadal changes of drought characteristics in the wet region, as depicted in the first two result sections, could be largely explained by its decadal shift in the SWM season.
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FIGURE 7. Time series of SPEI and SPI during the southwest monsoon season (SPEI-4/SPI-4 at September) for (A) the wet and (B) dry regions in Mahaweli river basin (MRB) from 1985 to 2015. The lower panels (C,D) are the same as top panels, but for the northeast monsoon season (SPEI-3/SPI-3 at February). The positive and negative SPEI (SPI) values are shown by blue (light blue) and pink (light pink) colored bars, respectively. The red (black) line indicates a 9-year running mean of the seasonal SPEI (SPI) time series.


For the dry region in MRB, the interdecadal change of SPEI-4SWM is similar to that in the wet region (Figure 7B), suggesting that it also turns to the dry situation during the SWM season in the later period of 1985–2015. As indicated in Shelton and Lin (2019), rainfall in the dry region is largely influenced by the northeast monsoon system, and the NEM season is the rainy season for the dry region of MRB. Figure 7D shows the variation of SPEI-3 in the NEM season, a weak interdecadal change of SPEI-3NEM from the dry situation in P1 to wet situation in P2 periods can be found. Based on the analysis results in first two result sections, it is noted that there is a weak increased occurrence frequency of long-term wet-episodes and decreased probability and duration of drought events after 2000, and this might suggest that SPEI variations in the NEM season, instead of the SWM season, dominate the interdecadal change of drought characteristics in the dry region after 2000.

For comparison, the rainfall based SPI drought index for the same season and regions is presented in Figure 7. In wet region of MRB, the 9-year running mean for SPEI and SPI time series match very well with each other for SWM season (SPEI-4_Sep) (Figure 7A) and NEM season (SPEI-3_Feb) (Figure 7C) during 1985–2015, both in phase of variation and magnitude of the index. For the year to year variation of SPEI and SPI, we can also find that SPEI and SPI are in the same sign for all study years. This suggests that drought in wet region of MRB can be totally explained by the rainfall deficit.

For the dry region of MRB, we can find in NEM season (Figure 7D), the 9-year running mean for SPEI and SPI time series match very well with each other, and SPEI and SPI are in the same sign for all study years. This suggests that the NEM season drought in the dry region of MRB can also be totally explained by the rainfall deficit. However, for the SWM season (Figure 7B), the difference between SPEI-4_Sep and SPI-4_Sep can be found, with SPEI and SPI value in the reverse sign for 5 years. However, for all SPEI drought years (SPEI < -1), the SPI values are all negative, suggesting that deficit of rainfall is still the controlling factor for SPEI-based drought.



Influence of Rainfall and Temperature Change on Interdecadal Difference of Droughts

It is well known that drought is mostly initiated by rainfall deficit or extreme low precipitation (e.g., Mo and Lettenmaier, 2016; Schubert et al., 2016). Therefore, in each drought year, the contribution of rainfall anomalies in different seasons may differ significantly. For example, Thomas and Prasannakumar (2016) observed that the decreasing rainfall during SWM in Kerala India contributes to short-term meteorological droughts, however, the increase of NEM rainfall aids the reduction of drought severity in the region. Meanwhile, in specific years, drought severity can also be affected by the anomaly of temperature or evapotranspiration (e.g., Livneh and Hoerling, 2016; Luo et al., 2017; Amrit et al., 2018).

To understand the possible reason why SPEI-3NEM exceeds SPEI-4SWM in its contribution to the interdecadal variation of drought characteristics in the dry region, while in the wet region SPEI-4SWM dominates the interdecadal variation, we present the temporal variation of total rainfall anomalies for SWM and NEM seasons in the wet and dry regions (Figures 8A–D). The relevant temperature anomalies during the two monsoon season for 1985–2015 periods are also shown in Figures 8E,F.
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FIGURE 8. Temporal evolution of total rainfall anomalies (Unit: mm) during the southwest monsoon (SWM) season for (A) wet, and (B) dry regions in Mahaweli River Basin from the 1985 to 2015 period, the middle panel is same as a top panel but for the northeast monsoon (NEM) season for (C) wet, and (D) dry regions, and the red line indicates a 9-year running mean. The temperature anomaly in SWM and NEM seasons in the wet and dry region and their trends (TSWM, TNEM) are depicted in (E,F), respectively. **and *marks represent the statistically significant trend at 95 and 99% confidence level. The μ and σ represent the long-term mean and standard deviation of rainfall and temperature.


In Figure 8, we can find that the averaged seasonal total of rainfall amount in the wet region of MRB is 914 mm in the SWM season and 355 mm in the NEM season. Besides the much larger total rainfall amount in the SWM season, the rainfall variability is also stronger in the SWM season for the wet region, with a standard deviation of total rainfall being 244 mm as compared with 107 mm in NEM season. The remarkable interdecadal change of SWM rainfall is elucidated in Figure 8A, with more positive (negative) rainfall anomalies occurring before (after) 2000, this is consistent with previous findings of decadal weakening of South Asian monsoon and the resultant weakening of rainfall in SWM season (e.g., Guhathakurta et al., 2015). However, there is no interdecadal change signal can be found for the rainfall amount during the NEM season (Figure 8C). So the interdecadal change from wet to the drought situation in the wet region can be attributed to the phase change of SWM rainfall anomalies.

In contrast with the wet region, the main rainy season in the dry region is the NEM season, with the averaged seasonal rainfall total of 617 mm in this season, but it is only 171 mm during SWM season (Figure 8B). The rainfall variability is also much stronger in NEM when compared with that of the SWM season, with a standard deviation of total rainfall amount being 207 mm in NEM and 70 mm in the SWM season. So the seasonal rainfall variability in NEM is much stronger in the dry region than other seasons of the year, this is also true for the interdecadal changes of drought characteristics in the dry region. As shown in Figure 8D, negative (positive) NEM rainfall anomalies occurred in most years in the dry region before (after) 2000, this interdecadal shift from less rainfall in P1 to more rainfall in P2 is consistent with the observed interdecadal change of yearly drought features. Conversely, the interdecadal shift of rainfall anomalies is opposite during the SWM season, with negative (positive) rainfall anomalies occurred in most years after (before) 2000.

Nonetheless, an increase in temperatures can intensify evaporation, thereby increasing overall drought severity and its impact, especially in the agricultural sectors (Dai, 2012). Therefore, to understand whether the regional temperature change contributed to the above-mentioned decadal difference of drought characteristics, we illustrate in Figures 8E,F the temporal evolution of temperature anomalies during SWM and NEM seasons for the 1985–2015 period. The long-term temperature trend and its statistical significance have also been shown using Sen’s slope estimator and Non-parametric Mann-Kendall test (Sen, 1968).

Notably, Figures 8E,F show strong interannual variability of seasonal mean temperature, and there are no interdecadal changes that can be found. Meanwhile, a significant increasing trend of temperature can only be found in the SWM season, with 0.16°C/decade in the wet region, and 0.27°C/decade in the dry region, but the temperature trend during NEM season is almost negligible.

Considering the mechanism of temperature impact on drought development and evolution, the foregoing suggests that temperature variation in the NEM season does not significantly contribute to the interdecadal change of drought characteristics in both wet and dry regions of MRB. However, the increased temperature trend in SWM tends to enhance the drought characteristics after 2000, with a large contribution in the dry region than in the wet region. This can also partly explain why an interdecadal change of drought characteristics in the wet region is much more significant, compared with that in the dry region. In the wet region, both rainfall and temperature changes are consistently favorable for drier conditions after 2000. However, in a dry region, the contribution of decadal enhancement of rainfall amount in NEM season to the decadal increase of SPEI characteristics is opposite to that from increasing temperature trend and decadal weakening of rainfall amount in SWM season, so the interdecadal weakening of drought characteristics is relatively weak in the dry region.



Atmospheric Water Vapour Transport and Associated Circulation Difference

As pointed out by previous studies, there is a notable interdecadal change of South Asian monsoon around 2000, which is linked to the decadal oscillation of sea surface temperature (SST) in different ocean basins (e.g., Krishnamurthy and Goswami, 2000; Ma et al., 2019). Mahaweli river basin of Sri Lanka is located in the South Asian monsoon region, with its south western part, i.e., wet region, strongly affected by the South Asian summer monsoon, so the interdecadal decrease of rainfall amount in the wet region of MRB during SWM could probably be ascribed to the interdecadal weakening of South Asian monsoon system. Here we investigate the interdecadal difference of atmospheric circulations to further explain the changes in rainfall and drought characteristics.

It’s well known that large scale atmospheric water vapor transport is the moisture source for monsoon rainfall, and changes in water vapor transport have a direct influence on the variability of rainfall at different time scales (e.g., Wei et al., 2005; Li et al., 2009; Pathak et al., 2014). For example, Pathak et al. (2014) pointed out that the summer monsoon rainfall is modulated by the strength of moisture transport from the ocean; consequently, the total amount of monsoon rainfall on subcontinental lands is depended on the strength of moisture transport.

Figure 9 shows the mean water vapor transport and convergence over Sri Lanka and surrounding regions, along with their anomalies for the P2/P1 periods. It can be seen that the vertically integrated moisture flux divergence (VIMD) is negative in western and south western parts of Sri Lanka, suggesting there is net water vapor convergence during the South Asian summer monsoon season, with an amplitude of about 20 × 10–6 kg m–2 s–1 over large areas. In the eastern part of Sri Lanka, there is net water vapor divergence during the SWM season, with a similar amplitude as in the western and Southwestern part of Sri Lanka. The eastward moisture transportation from the northwest Indian Ocean to Sri Lanka is dominant in the SWM season, while the moisture transportation from the south Indian ocean to Sri Lanka is relatively weak (see Figure 9A).
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FIGURE 9. Vertically integrated moisture flux divergence (VIMD, shaded, Unit: 10– 6 kg m– 2 s– 1), superimposed with vertically integrated moisture transportation vector (Arrows, Unit: kg m– 1s– 1) during southwest monsoon season (A) Climatology averaged over 1985–2015; (B) Anomalies for P1 period (1985–1999) and (C) Anomalies for P2 period (2000–2015) from the climatology. The reference arrow for moisture transport vector is 400 kg m– 1s– 1 for the climatology and 12 kg m– 1s– 1 for anomalies.


The interdecadal difference of VIMD and moisture flux between P1 and P2 period can be seen by comparing the anomalous VIMD and moisture transportation. During 1985–1999, there are negative anomalies for VIMD over most parts of Sri Lanka, with the maximum center located in the western part of Sri Lanka, which includes the wet region of MRB; this suggests that there is more water vapor convergence in the region in P1 period as shown in Figure 9B. It is also clear that there are northwesterly moisture transport anomalies in the Arabian Sea to the west of Sri Lanka. Meanwhile, northerly and northeasterly moisture transport anomalies can be found to the east of Sri Lanka, all these indicate that the water vapor transported into Sri Lanka from the northwest Indian Ocean is enhanced, and moisture that comes out of eastern part of Sri Lanka is weakened. Both effects of water vapor transportation in the west and east boundaries of Sri Lanka are favorable for the enhanced water vapor convergence in Sri Lanka during the P1 period. To the south of Sri Lanka, the northeasterly anomalies can be found, which is unfavorable for the moisture transportation from the ocean to the south boundary of the country. However, the moisture transportation from the Indian ocean to the south of Sri Lanka is quite small, as shown in Figure 9B; as such, the anomalous moisture transport in the south boundary will not make a significant contribution to the total moisture budget in Sri Lanka during SWM season.

Between 2000 and 2015, the patterns of the anomalies are opposite to the features in the P1 period. The weakened moisture transport from the Arabian Sea to the west of Sri Lanka can be found, along with the enhanced moisture transported out of the eastern boundary of Sri Lanka. The net water vapor divergence anomalies in Sri Lanka, including the wet region of MRB, is shown in Figure 9C, which is illustrated by the positive VIMD anomalies. In general, the interdecadal difference of atmospheric moisture transport can be seen and subsequently applied to explain the interdecadal weakening of the SWM rainfall amount, hence the enhanced drought over the wet region of MRB, which is strongly influenced by the South Asian monsoon system. Similar to these findings, Li et al. (2009) identify the close relationship between the decadal changes of water vapor transport and observed decadal changes of precipitation over South China.

In order to understand the large scale atmospheric circulation patterns responsible for this decadal difference, the climatology of low-level wind circulation at 850 hPa during 1985–2015 and the anomalies for the early (P1; 1985–1999) and late period (P2; 2000–2015) are illustrated in Figure 10. It shows that the monsoon trough is located to the east of the South Asian subcontinent at around 85°E, with westerly and northwesterly dominant in the South Asian region and northwest Indian ocean during SWM season. The wind circulation can bring moisture from the Arabian Sea direction toward Sri Lanka and the South Asian continent. Meanwhile, as an important component of the South Asian monsoon system, the cross-equatorial flow from the Southern Hemisphere is also favorable for the transportation of water vapor to Sri Lanka and the South Asian region (Figure 10A). During the P1 period, the South Asian monsoon circulation is relatively stronger with monsoon trough intensified, the westerly anomalies of monsoon flow in the northwest Indian Ocean and the Arabian Sea can also be identified, along with the strengthened cross-equatorial flow (Figure 10B).
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FIGURE 10. The wind climatology and anomalies at 850 hPa (colored shading; Unit: ms– 1) superimposed with wind vector (Unit: ms– 1) during southwest monsoon season (A) Climatology averaged over 1985–2015; (B) Anomalies for P1 period (1985–1999) and (C) Anomalies for P2 period (2000–2015) from the climatology.


However, the low-level monsoon circulation is generally weaker in the P2 period especially during 2010–2015, with easterly anomalies found over Sri Lanka and South Asian subcontinent, the cross-equatorial circulation is also weakened in P2 period (Figure 10C). The interdecadal change of low-level monsoon circulation from the stronger phase in P1 period to weaker phase in P2 period will cause less water vapor transportation from Southern Hemisphere and the northwest Indian ocean to Sri Lanka, and hence induce less rainfall during SWM season and enhance frequent and intensified drought characteristics during 2000–2015. This is consistent with the findings by Roxy et al. (2015), which revealed that weakened mean south-westerly winds could reduce Indian summer monsoon rainfall over the Indian subcontinent.

Furthermore, the anomalous 500 hPa geopotential height (Hereafter “H500”) in southwest monsoon season for P1 and P2 period during 1985–2015 are shown in Figure 11. For P1 period, the negative H500 anomalies can be found in most parts of the South Asian region, with large anomalies centered over Sri Lanka and surrounding areas and positive H500 anomalies can be found from the northern Arabian Sea to Central Asia between 45 and 75°E (Figure 11A). The spatial pattern of H500 anomalies is favorable for the deepening of South Asian monsoon trough, as can be seen in low-level circulation, and hence leads to stronger South Asian monsoon and consequently more rainfall in the wet region of MRB during 1985–1999.
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FIGURE 11. The anomalous geopotential height at 500 hPa (Unit:gpm) in southwest monsoon season for the (A) P1 (1985–1999) and (B) P2 (2000–2015) periods from the climatology. The climatology of geopotential height at 500 hPa (H500Clim) is calculated for the 1985–2015 period.


The geopotential height anomalies at 500 hPa in the P2 period are opposite to that in the P1 period, which is corresponding to the weakening of the South Asian monsoon system during 2000–2015. The positive H500 anomalies centered over Sri Lanka and surrounding areas can induce anomalous downward motion, which is favorable for deficient rainfall conditions (Figure 11B). In general, the interdecadal difference of geopotential height anomalies is also consistent with the decadal change of rainfall anomalies during the southwest monsoon season in Sri Lankan, where there are more frequent and severe drought events occurred during the period from 2000 to 2015.




DISCUSSION

In this paper, we mainly focus on the understanding of the spatial-temporal variation of drought characteristics in the MRB river basin on interdecadal time scale and the associated circulation changes during the southwest monsoon season. The reason why we concentrate on SWM season, it’s because the wet region of MRB experiences much more remarkable interdecadal enhancement of droughts in SWM, compared with other seasons and other sub-regions of MRB. The results show that the wet region of MRB experiences more frequent, prolonged and intensified droughts during 2000–2015, compared with that in 1985–1999. On the contrary, the interdecadal weakening of drought activities from 1985–1999 to 2010–2015 can be found for the dry region of MRB. As for the intermediate region of MRB, there is no remarkable interdecadal change of drought characteristics that can be found. As suggested by previous studies, drought is one of the important climate hazards in the dry and intermediate zones of Sri Lanka (e.g., Zubair et al., 2006). Taking into consideration of interdecadal shift of drought characteristics in the wet region of MRB as found in this study, it was suggested that drought situations in Sri Lanka, MRB in particular, would extend to large areas of the country, including the wet region which is influenced by southwest monsoon system. This is consistent with the decadal changes of drought activities found in other parts of the South Asian region, as described by Mallya et al. (2016). They reported the increased frequency of South Asian summer monsoon droughts with increasing drought duration and intensity over the Indo-Gangetic Plain during recent decades.

However, it is found that the weakening of South Asian monsoon did not affect the intermediate and dry regions, as there is no interdecadal increasinge of drought conditions in these two regions. This could be explained by the topography effects in the study region. During the SWM season, water vapor is transported from the Indian Ocean to the South and Southwestern part of Sri Lanka and then penetrates further to the north and northeast parts of the country. However, due to the blocking effect of central mountains which is situated in the central of the country and Mahaweli River Basin (As shown in Figure 1), the moisture couldn’t transport easily to the intermediate and dry regions, so the rainfall and drought situation in the intermediate and dry regions is not significantly influenced by the SWM and associated moisture transport.

It is well understood that rainfall over the South Asian region is mostly affected by the South Asian monsoon system, which consists of the southwest monsoon subsystem from June to September and northeast monsoon subsystem from December to February (Shelton and Lin, 2019). In the SWM season, drought characteristics experience a remarkable interdecadal shift from wet to dry situation over the wet region of MRB, whereas no interdecadal change of drought can be found in NEM season. This is consistent with the interdecadal decrease of total precipitation during the SWM season in wet region during 2000–2015. For the dry region, the interdecadal increase of wet episodes is found during the NEM season, whereas the interdecadal enhancement of drought can be found during the SWM season; these are consistent with the decadal changes of rainfall amount in SWM and NEM season respectively. The compensation effects from the two opposite interdecadal change signals lead to the interdecadal weakening of the yearly drought situations during the period of 2000–2015, but with relatively weak amplitude. Mallya et al. (2016) ever points out there exists decadal variation of droughts over the Indian monsoon region, and Ma et al. (2019) finds that significant interdecadal change of South Asian summer monsoon rainfall occurred in around the year 2000. Based on the observation data in MRB of Sri Lanka, our findings are also consistent with their results.

The importance of atmospheric moist transport for the rainfall variation and drought evolution has already been demonstrated by many previous studies. For instance, Li et al. (2009) reveals that the decadal changes of water vapor transport are closely associated with observed changes of precipitation over South China and Herrera-Estrada et al. (2019) suggests that the reduced moisture transport can amplify the agricultural droughts in North America. By analysing the moisture transport and monsoon circulation during the SWM season, it’s suggested that the decadal weakening of southwest monsoon is the key reason for the enhancement of drought in the wet region of MRB. Furthermore, we found that the weakened South Asian monsoon trough, reduced cross-equatorial flow from the southern hemisphere, and positive anomalies of geopotential height at 500 hPa over Sri Lanka and South Asian region contribute to the weakened moisture transport from the northwest Indian Ocean to Sri Lanka. As a result, net moisture divergence anomalies in Sri Lanka are prominent in the 2000–2015 period, which promotes the frequent occurrence of drought events during the SWM season since 2000.

It is well known that El Niño-Southern Oscillation (ENSO) is a major driver for climate variability over the Indo-Northwest Pacific through atmospheric teleconnections (Xie et al., 2015) and closely associated with the interannual basin−wide warming/cooling in the tropical Indian Ocean (TIO) (Xie et al., 2015). Many previous studies have demonstrated that sea surface temperature anomalies (SSTA) would play a crucial role in the observed interannual and interdecadal variability of Asian monsoon circulation and the associated rainfall and drought situations (e.g., Zubair, 2003; Niranjan Kumar et al., 2013; Xie et al., 2015; Shelton and Lin, 2019; Sun et al., 2019). However, the impact of SSTA on drought variation in MRB has not yet been investigated. In order to figure out the dominant SSTA signals on interdecadal change of drought characteristics in the Mahaweli river basin, further statistical analysis and numerical simulations with a climate system model will be needed. These precursory oceanic signals will be very important for the skillful seasonal and decadal drought prediction in the basin, in order for better and more efficient drought management and preparedness, as prolonged and severe drought can exert an adverse impact on the crop yield and water resource-related issues (Sheffield and Wood, 2008a; Potop et al., 2012; Niranjan Kumar et al., 2013; Wu et al., 2017; Kuwayama et al., 2018).

It is noted that the potential evapotranspiration (PET) is important for the drought development and evolution, which is not only affected by temperature, but also by other factors, like wind speed, humidity, and sunshine duration or solar radiation, etc. In this study, the Thornthwait method is adopted for PET calculation due to the lack of observed station data, as previous studies suggested that different PET calculation methods will not change the observed variation of drought characteristics in the South Asian region. However, it is still suggested that the more complicated PET calculation method, like FAO-56 Penman-Monteith (Valiantzas, 2013) can be applied, especially for the further projections of drought changes in the region. Meanwhile, as revealed by many previous studies, increasing temperature trend can amplify the drought severity in different regions (e.g., Amrit et al., 2018). In this study, we found that temperature increased significantly in SWM season and suggested the increasing trend of temperature might also contribute to the decadal enhancement of drought characteristics in the wet region of MRB. However, the quantitative contribution of temperature trend has not yet been identified, although the contribution could be relatively small. It’s suggested that the contribution from temperature trend could be distinguished by recalculating the SPEI time series with temperature trend removed, and then comparing with the SPEI time series used in this study. Moreover, the contribution of wind velocity, humidity and solar radiation to the variation and future changes of drought characteristics can also been quantified with more complicated PET calculation method.



CONCLUSION

Using the station observation data and reanalysis data, the interdecadal variation of drought characteristics in the Mahaweli river basin of Sri Lanka was investigated, and the associated monsoon circulation and atmospheric moisture transport were further demonstrated. It’s found that there exists remarkable interdecadal strengthening of droughts from short to long time scales in the wet region of MRB during 2000–2015, compared with that in 1985–1999. The interdecadal enhancement of drought characteristics is more prominent for long and medium-term drought than that for short-term drought. The accumulative probability of long-term drought increases from 4.4% during 1985–1999 to 27.8% during 2000–2015, the increase of frequency for medium-term drought is from 5.6 to 26.7%. The total drought duration of long-term drought events is 7 months from 1985 to 1999, but it increases to 60 months during 2000–2015, and the total duration for medium-term drought increases from 10 months in the early period to 53 months in the later period. Meanwhile, the stronger severity of drought events can be found, with averaged severity of –2.0 for long-term drought in the P1 period, but –3.0 in the P2 period. The averaged severity of the medium-term drought is also enhanced from –0.7 in the P1 period to –3.2 in the P2 period. For short-term drought, the drought frequency increases from 13.9% in P1 to 22.8% in P2, the total drought duration increases from 22 months to 48 months, and averaged drought severity increases from –0.6 to –1.4. This suggested that the interdecadal enhancement of drought characteristics in the wet region varies with the drought time scales, with a longer-term drought, a stronger interdecadal difference of drought frequency, duration, and severity.

Compared to the wet region, there is no interdecadal change of drought characteristics over the intermediate region of MRB. For the dry region of MRB, the interdecadal weakening of drought characteristics can be found after 2000, with the accumulative probability of long-term drought decreases from 20% in the P1 period to 12% in the P2 period, along with the decrease of the total duration of long-term drought from 40 months to 22 months. However, the averaged severity of long-term drought during 2010–2015 was still much stronger than that during 1985–1999, with –4.3 for the P2 period and –1.8 for the P1 period. The interdecadal weakening of drought characteristics is accompanied by the corresponding enhancement of wet events, the occurrence frequency of long-term wet-episode can be found to increase from 8% in P1 period to 23.3% in P2 period for dry regions of MRB.

It’s found that the observed interdecadal enhancement of drought characteristics in wet region of MRB is coherent with the interdecadal decrease of total precipitation during the SWM season in the region during 2000–2015, and the interdecadal change of yearly drought in the wet region of MRB is largely attributed to the drought variations in SWM season. Meanwhile, the interdecadal difference of atmospheric circulation demonstrates that the South Asian monsoon was weakened after 2000, which is accompanied by the weakening of monsoon trough, reduced cross-equatorial flow from the southern hemisphere from wind circulation at 850 hPa, and positive anomalies of geopotential height at 500 hPa over South Asian region. The weakening of South Asian monsoon leads to lesser moisture transport from the northwest Indian Ocean to Sri Lanka, inducing net moisture divergence anomalies in Sri Lanka, and ultimately results in more drought events during SWM season in the wet region of MRB since the year 2000.
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The eastern coastal areas of China span multiple climatic zones, and the impacts of climate warming on their ecological environment show regional differences. In this research, the Normalized Difference Vegetation Index (NDVI) was used as the indicator to characterize the ecological environment, and selected Guangdong, Jiangsu, and Liaoning as its typical research areas. The authors selected the NDVI, average temperature, and precipitation data of the yearly growth season, respectively, from 1982 to 2016. This study adopted the copula functions model based on Markov Chain Monte Carlo to carry out the research of bivariate joint distribution so as to calculate the joint probability, the joint exceedance probability, the joint return period and the co-occurrence return period. The results showed that 1) the temperature and precipitation in the three regions were respectively related to the NDVI sequence showing the characteristic that was correlated at the upper tail and asymptotically independent at the lower tail, which demonstrated that the temperature and precipitation had little effect on NDVI when they reached their minimum values, and the temperature and precipitation had obvious effect on NDVI when they reached their maximum values. 2) The shorter the return period was, the wider the ranges of the climate factor and the NDVI were, showing that when the climate factor was constant, the probability of the NDVI having a shorter return period was higher. The greater the climate factor was, the longer the return period was, indicating that the probability of plant growth inhibition was higher when the climate factor exceeded a certain threshold. 3) The suitable temperature and precipitation for vegetation growth in the three regions gradually decreased from south to north. These results provide some theoretical guidance and scientific foundation for the protection of regional ecological environment and enhance the understanding of the impact of climate change on the ecosystem.
Keywords: temperature, precipitation, normalized difference vegetation index, copula function, joint probability distribution
INTRODUCTION
As the main body of the terrestrial ecosystem, vegetation is an important part connecting the atmosphere, soil water, and energy cycle (Huryna and Pokorný, 2016; Jin et al., 2017), and thus has great significance to regional climate regulation, surface energy balance and soil and water conservation, etc. (Li et al., 2016; Duveiller et al., 2018; He et al., 2018). Climate resources such as light, heat, and water are the basis of vegetation growth, and a vegetation variation is a key indicator to measure a regional environment and a climate change (Li et al., 2017; Zewdie et al., 2017; Wan et al., 2018). The interaction between the climate change and the vegetation has aroused widespread interest of scholars and become a research hotspot in recent years (Huete, 2016; Seidl et al., 2017).
There is a bidirectional feedback mechanism between the climate and the terrestrial ecosystem: a variation of a hydrothermal condition causes a change in a temporal and spatial distribution pattern of the terrestrial ecosystem (Huang et al., 2016; Huang et al., 2019); and the change of the ecosystem patterns affects a regional carbon cycle and water cycle process, which in turn reacts on the regional climate (Sippel et al., 2018; Quan et al., 2019). Under the background of climate warming, temperature, precipitation, radiation, and other factors in different regions are obviously different, and the influence of the climate change on the vegetation in different regions varies. The study held that the changes in factors such as temperature, water, and light affect the vegetation by participating in photosynthesis, respiration, and transpiration of the vegetation (Zandalinas et al., 2018; Dusenge et al., 2019). Meanwhile, the vegetation is sensitive and adaptable to the climate, resulting in differences in response rules of the regional vegetation to the climate change. Therefore, the interaction between the regional climate and the vegetation belongs to a nonlinear category (Wen et al., 2017).
Normalized difference vegetation index (NDVI), as an important representative indicator of the growth of surface vegetation, is widely used in the study on dynamic changes of the vegetation (Xu et al., 2016). China’s climate resources show obvious regional differences, vegetation types are diverse, and a relationship between the vegetation changes and the regional climate is heterogeneous. Existing researches on the relationship between the climate changes and the NDVI mainly focused on the overall correlation between various elements and the NDVI on the regional scale, or the interrelationship between them on the multi-time scale; while a relationship between different action subintervals of climate elements and their corresponding NDVI has not been excavated. Thus, the dynamic correlation analysis of climate factors and the NDVI cannot be achieved, nor can the optimal hydrothermal condition for the NDVI-based growth under the conditions of the regional climate and climate variability differences be described. Besides, no zoning discussion has been done according to the differences in the climatic zones.
Traditional correlation coefficients have been adopted as a popular method to study the correlation between variables, but cannot distinguish the dynamic correlation between the variables in different intervals or exclude the possibility of “pseudo correlation” between the variables (Ramos-Cordoba et al., 2016). In addition, although linear regression fitting is also commonly used in the modeling of multi-element interaction, the application prerequisite of such method is to assume that there is a linear relationship between the variables, which requires the data distribution to conform to the stationarity. In the context of climate warming, the temperature, precipitation, and NDVI all have the changing trend, and the data no longer meet the precondition of the hypothesis of the stationarity. These problems can be effectively solved by Copula function theory (Abdi et al., 2017). The Copula function can reflect a correlation structure of random variables independently from the marginal distribution of random variables. Any marginal distribution can be constructed into a joint distribution through the Copula function. There will be no information distortion and loss as the information of a single variable is included in the marginal distribution (Lee, 2018; Papalexiou and Serinaldi, 2020). The multi-dimensional joint distribution was built on the basis of the marginal distribution and correlation of the variables, and a probability distribution function was established through the Copula function theory to depict in detail the dependence of temperature-NDVI and precipitation-NDVI in different value ranges, and the probability of was obtained. This research has studied the influence of hydrothermal condition variations on an NDVI, explored the spatial differentiation rule of temperature, precipitation, and NDVI changes in different temperature zones and quantified the effect of hydrothermal combination to the vegetation growth, which can provide a theoretical basis for a deep understanding of the interaction between regional scale climate and its ecosystem. And this will be conducive to an active response to the climate changes, and serving environmental protection and decision-making plan of coping with the climate warming better.
This research consisted of five sections: Materialsand Methods presented an outline introduction to the research areas and the used data and method. Through the establishment of joint probability distribution and exceedance probability distribution, ResultsAnalysis analyzed the interaction relationship among the NDVI, the average temperature and the precipitation, and calculate the corresponding joint return period. Discussion section focused on the causes of NDVI dynamic change, and analyzed the response of NDVI to temperature and precipitation in detail. Finally, the conclusions were presented in Conclusion.
MATERIALS AND METHODS
An Outline Introduction to the Research Areas
Figure 1 shows the geographical location of the study area. Guangdong is a southern province of China with a tropical and subtropical monsoon climate. Therefore, it has long summers and warm winters. The average annual temperature is from 20.4 to 23.1°C. Jiangsu is an eastern-central province of China and is situated in a transitional area between the temperate and subtropical zone. Generally, toward the south of the Huaihe River and sub-northern irrigation canal, humid subtropical climate zone is experienced, whereas, warm temperate climate zone is experienced toward the north. The annual mean temperature is from 13 to 16°C, increasing from the northeast to southwest area. Liaoning is a northern coastal province in Northeast of China and is located in temperate monsoon climate zone. The temperature in this area is characterized by uneven spatial distributions, decreasing from the plain to the mountain area. The annual average temperature in Liaoning is from 7 to 11°C (Figure 1).
[image: Figure 1]FIGURE 1 | Schematic diagram of (A) Liaoning, (B) Jiangsu, and (C) Guangdong research areas.
Data and Preprocessing
Meteorological Data and Preprocessing
The daily temperature records from January 1, 1982 to December 31, 2016 were collected for the three provinces from 90 meteorological stations provided by the China Meteorological Administration (https://data.cma.cn/site/index.html). The stations were selected on the basis of the length of the time series, data completeness (missing values less than 5%), and spatial coverage. A series of quality control tests were applied to identify outliers at all stations and were marked with a quality control flag. The average daily temperatures were then extracted. It should be noted that the level of data completeness in the study exceeded the minimum requirement of 95%. At this level, scaling indices and scaling behaviors of the time series were not affected. The monthly regional average temperatures and precipitations of Guangdong, Jiangsu, and Liaoning provinces were calculated respectively according to the daily average air temperature and precipitation.
Normalized Difference Vegetation Index Data and Preprocessing
Two kinds of NDVI datasets including the latest updated version of the third generation Global Inventory Monitoring and Modeling System (GIMMS, available at https://ecocast.arc.nasa.gov/data/pub/gimms/3g.v1/ as nc4 files) and MODIS NDVI were both used in the study. The GIMMS NDVI 3g.v1 is generated from National Oceanic and Atmospheric Administration’s Advanced Very High Resolution Radiometer data, and the spatial resolution is 1/12°. Its temporal resolution is 15-days intervals with span from 1982 to 2013. This data set eliminates the effects of volcanic eruption, solar altitude angle, and sensor sensitivity changes over time, making the quality of the GIMMS data set superior to other NDVI data sets. The GIMMS data is the longest time series of NDVI data at present. It has a better correlation with other high-resolution data sets and has been extensively used in the world. The MODIS NDVI data (available at https://ladsweb.modaps.eosdis.nasa.gov/) is derived from the MODIS vegetation index product developed by NASA MODIS Land Product Team according to the unified algorithm. The MODIS NDVI used in the study is MOD13A2, i.e., the vegetation index with a resolution of 1 km and temporal resolution of 16 days.
The data sets of GIMMS NDVI and MODIS NDVI in Guangdong, Jiangsu, and Liaoning were obtained respectively after NDVI data were preprocessed through quality inspection, image mosaic, subset extraction, cropping, format, and projection conversion and so on. In order to get rid of the differences in temporal resolution there between, the Maximum Value Composite (MVC) was used to obtain monthly scale NDVI data, so as to further remove the impact of clouds and aerosols (Liu, 2017; Seong et al., 2020), and reduce the effect of the phenological cycle in the month (Fensholt and Proud, 2012). The averaged NDVI for growing season was calculated for analysis. The pixel values with an average of growing season NDVI <0.1 were masked as non-vegetated areas.
Due to the different spatial resolutions of the GIMMS data and the MODIS data, this research has adopted the GIMMS data with the time span from 1982 to 2013, and the MODIS data with the time series from 2001 to 2016. The correlation analysis of the monthly NDVI data was carried out in terms of data in overlapping periods. The correlation coefficient of the two data is 0.927, and the linear regression equation is NDVIGIMMS = 0.781 * NDVIMODIS − 0.0469(r2 = 0.9016, p-value < 0.05). Using the regression equation and combining MODIS-NDVI data from 2014 to 2016 to interpolate monthly GIMMS-NDVI data, the time span of GIMMS NDVI data set was extended to 1982–2016.
Methods
Maximum Value Composites
The MVC was proposed by Holben (1986). The specific formula of MVC (Kundu et al., 2018) is as follows:
[image: image]
where NDVIi refers to the NDVI in the ith month or the ith year; and NDVIij refers to the NDVI data on the jth 15-day in the ith month or on the jth month in the ith year.
Copula Function Theory
The Copula function raised by Sklar (Li et al., 2018) can use the marginal distribution and correlation framework to build a multi-dimensional joint distribution Copula function model (Salvadori and De Michele, 2007). The study selected eight Copula function clusters (Clayton, 1978; Genest and Favre, 2007; Li et al., 2013; Sraj et al., 2015), including 1) BB1, 2) Clayton, 3) Frank, 4) Gaussian, 5) Gumbel, 6) Joe, 7) t, and 8) Tawn. These eight forms of the Copula functions have always been common choices for related models due to their performances. The selected Copula functions were used to establish a two-dimensional joint distribution of climate elements and NDVI.
Parameter Estimation
The parameters of the Copula function were calculated by the non-parametric estimation method (Genest and Rivest, 1993). This technique is mainly related to the parameter θ of the Copula. See Table 1 for various Copula function forms.
TABLE 1 | Copula families and their closed-form mathematical description.
[image: Table 1]Formula (2) shows the relationship between θ and τ (Kendall correlation coefficient). By calculating τ from the measured data, the corresponding joint distribution parameters can be obtained
[image: image]
Verification and Evaluation
To quantitatively evaluate the fitting error and select the appropriate Copula function, Akaike information criterion (AIC), Bayesian information criterion (BIC) (Pho et al., 2019), and root mean square error (Dodangeh et al., 2017) were employed as the criteria for selecting the Copula function clusters.
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K was the number of estimated parameters in the model including the intercept and [image: image] was a log-likelihood at its maximum point of the estimated model; n was a sample size. The rule of selection was that the smaller the value of AIC was, the better the model was, and so did the BIC.
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where n is the number of observations, Xc is the theoretical probability of copula, and Xo is the empirical probabilities of observations.
Correlation Analysis and Establishment of Marginal Distribution Function
In order to determine whether there was a correlation between the NDVI and monthly mean temperature and monthly precipitation, this paper established a joint distribution function and adopted Kendall, Pearson, and Spearman rank correlation coefficients to analyze the correlation between the climate elements and the NDVI.
Multivariate Copula Analysis Toolbox, as a general software toolbox, uses Markov Chain Monte Carlo simulations to estimate Copula parameters (Sadegh et al., 2017). It was adopted to study the dependency structure between variables and select the optimal marginal distribution function for each variable. Distribution functions include 1) Beta, 2) Birnbaum-Saunders, 3) exponential, 4) extreme value, 5) Gamma, 6) generalized extreme value, 7) generalized Pareto, 8) inverse Gaussian, 9) logistic, 10) log-logistic, 11) lognormal, 12) Nakagami, 13) normal, 14) Rayleigh, 15) Rician, 16) T location scale, and 17) Weibull distributions. The parameters are estimated by the maximum likelihood approach. Detailed descriptions about these distributions refer to Sadegh et al. (2018).
Joint Probability Distribution
For the sake of the study of the joint probability of Tavg-NDVI and Pre-NDVI, the marginal distributions of Tavg, Pre, and NDVI were calculated respectively, and the parameters of this function were obtained. The comparison between a fitting result of the function and the actual data was evaluated by Quantile-Quantile plot. Based on the univariate marginal function, a two-dimensional Copula function was constructed, and three goodness-of-fit evaluation indexes of AIC, BIC, and root mean square error were used to select the optimal Copula function type from the Copula function clusters (Chen and Sun, 2015).
The Return Period of Normalized Difference Vegetation Index and Mean Temperature/Precipitation
The return period refers to the time when the value of the random variable appears in a longer period (Singh and Zhang, 2018). Calculating the return periods of the NDVI under different temperature and precipitation conditions can provide valuable information for a more meticulous study of how heat and water affect the NDVI. This paper calculates a bivariate joint return period and conditional return period because the univariate recurrence interval or return period often leads to overestimation or underestimation of the risk rate of an event (Shiau, 2006). It is defined that in the joint return period, X ≥ x and Y ≥ y, and in the conditional return period, X ≥ x or Y ≥ y.
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In the above formulas, Tjoint represented the joint return period for X ≥ x and Y ≥ y; Tconditional indicated the conditional return period for X ≥ x or Y ≥ y; and E(L) showed an expected value of the time interval at which continuous events start. Detailed discussions on the relationships between univariate, bivariate, and conditional return periods could be found in Shiau (2006).
RESULTS ANALYSIS
Trend Analysis of Mean Temperature, Precipitation, and Normalized Difference Vegetation Index
From Guangdong to Liaoning, it spanned tropical, subtropical, and temperate zones, and climate and NDVI change rates in different regions vary markedly. Figure 2 showed the variation trends of mean temperature (Tavg), precipitation (Pre), and NDVI in Guangdong, Jiangsu, and Liaoning.
[image: Figure 2]FIGURE 2 | The historical trend variations of mean temperature (Tavg), precipitation (Pre), and NDVI in Guangdong, Jiangsu, and Liaoning provinces. (A) The mean temperature, (B) the precipitation, and (C) the normalized difference vegetation index (NDVI).
It can be seen from Figure 2A that Tavg in Guangdong, Jiangsu, and Liaoning provinces showed an obvious rising trend from 1982 to 2016 and displayed a larger regional difference in a descending order as follows: GuangDong > JiangSu > Liaoning. However, the mean temperature change rate was the smallest in Guangzhou and the largest in Jiangsu, which may be caused by the fact that climate regulation of sea surface temperature enhanced the stability of a climate system of Guangdong greatly influenced by marine factors. Located at the junction of subtropical monsoon climate zone and temperate continental monsoon climate zone, serving as the junction of China’s zero isotherm, Jiangsu was affected by alternating cold and warm air masses. Factors capable of changing the Jiangsu’s climate were complex and changeable, resulting in a large temperature change rate. In Figure 2B, the descending order of precipitations in the three regions was the same as the mean temperature, but the precipitation change rates were as follows: GuangDong > JiangSu > Liaoning. Here, the precipitation in Liaoning Province showed a significant downward trend, which was due to the law that the annual precipitation in Liaoning Province decreases from southeast to northwest at almost equal intervals, and the significant decrease of the precipitation mainly arose from dramatically reduced summer precipitation in southeast and winter precipitation in southern Liaoning. Figure 2C showed the variation trends of the NDVI in the three provinces. The NDVI of the three regions showed a highly consistent increase trend during the growing season. The NDVI change rate in Guangdong was notably higher than that in the other two provinces, and the NDVI of each of the three regions had a huge transition around 1998.
Joint Probability Distribution of Mean Temperature, Precipitation, and Normalized Difference Vegetation Index
The mean temperature and precipitation provide necessary heat and water conditions for vegetation growth. There are regional differences in the influence of internal hydrothermal conditions on NDVI-based growth in different temperature zones. Correlation analysis was conducted on Tavg, Pre, and NDVI during the growing season in Guangdong, Jiangsu, and Liaoning. Kendall rank correlation coefficients, Pearson correlation coefficients, and Spearman rank correlation coefficients were used to measure the correlation of two-dimensional variables. The calculation results are shown in Table 2.
TABLE 2 | The Kendall, Spearman, and Pearson correlation between the mean temperature (Tavg), precipitation (Pre), and its corresponding normalized difference vegetation index (NDVI) during the growing season (April–October) in Guangdong, Jiangsu, and Liaoning provinces.
[image: Table 2]According to Table 2, the Tavg and the NDVI had a relatively obvious positive correlation during the growing season in the three regions, and all had passed the hypothesis test (p < 0.01). The correlation intensity was Liaoning > Jiangsu > Guangdong. There was a comparatively pronounced positive correlation between the Pre and the NDVI in Jiangsu and Liaoning, and the correlation in Liaoning was greater than that in Jiangsu. The monthly Pre and NDVI in Guangdong showed a relatively remarkable negative correlation, and both had passed the hypothesis test (p < 0.05). The correlation between the mean temperature and the precipitation decreased from north to south with the decrease of latitude, while the absolute value of a correlation coefficient corresponding to the precipitation was less than the value of the mean temperature in the same region, which indicated that the influence of the mean temperature on vegetation growth was notably higher than that of the precipitation in various temperature zones along the east coast of China.
As it could be seen from Tables 3 and 4, the optimal Copula functions for the Tavg-NDVI Copulas in Guangdong, Jiangsu, and Liaoning were BB1, Tawn, and BB1, respectively, and their corresponding three evaluation index values were all less than those of the other seven Copula functions. Similarly, the optimal Copula functions for the Pre-NDVI Copulas in the three provinces were Gaussian, Tawn, and Gaussian, respectively. It indicated that these Copula functions had the best fitting effect and were more suitable to describe the joint distribution characteristics of Tavg-NDVI and Pre-NDVI. Therefore, this paper chose BB1 Copula, Tawn Copula, and BB1 Copula as well as Gaussian Copula, Tawn Copula, Gaussian Copula functions to establish two-dimensional joint probability distribution models of the mean temperature, precipitation, and NDVI in the three regions, respectively.
TABLE 3 | Copula function cluster selection criteria for mean temperature-normalized difference vegetation index (NDVI) in Guangdong, Jiangsu, and Liaoning.
[image: Table 3]TABLE 4 | Copula function cluster selection criteria for precipitation-normalized difference vegetation index (NDVI) in Guangdong, Jiangsu, and Liaoning.
[image: Table 4]Climate Response of Normalized Difference Vegetation Index to Mean Temperature and Precipitation
Figure 3 showed the joint probability distribution relationship between the monthly mean temperatures and the NDVI in the growing season from 1982 to 2016 in Guangdong (Figure 3A), Jiangsu (Figure 3B) and Liaoning (Figure 3C). The joint probability of the mean temperature and the NDVI at any point could be obtained from the figure. The joint probability distribution function could clearly reflect the correlation between the mean temperatures and the NDVI in different ranges. The most prominent feature in the figure was an asymmetric and inclined dependency structure of monthly scale data. Guangdong probability isoline had the smallest inclination, and Liaoning’s probability isoline had the largest inclination, indicating that the correlation between the mean temperature and the NDVI increased from south to north. The limit change of the tail intervals of the commonly used two-dimensional Copula distribution was very small, and the tail interval mainly presented a characteristic of approximately independent distribution or relatively intensive asymptotic correlation. The probability distribution function of the mean temperature and the NDVI in the figure showed the characteristics that the upper tail was higher than the lower tail. That is, the mean temperature was correlated with the upper tail on the NDVI sequence, and the lower tail was gradually independent, demonstrating that the minimum mean temperature had little influence on the NDVI, while the maximum mean temperature had significant influence on the NDVI. According to the isogram, the interval distribution of the mean temperature and the NDVI could be obtained when the joint probability is 0.1–0.9.
[image: Figure 3]FIGURE 3 | Analysis of joint copulas of mean temperature-normalized difference vegetation index (NDVI) in (A) Guangdong, (B) Jiangsu, and (C) Liaoning.
From the isogram, it could be seen that the greater the NDVI was when the mean temperature took a fixed value or the greater the mean temperature was when the NDVI was fixed, the greater the joint probability was. The joint probabilities of the mean temperatures and the NDVI in different intervals on the same isoline were also obviously different. The joint scenario occurrence probability of the mean temperature and the NDVI in the middle of the isoline was greater than that at either end of the isoline. It could be seen from Figure 3 that the joint probability of three scenarios of the minimum temperature and the minimum NDVI, the minimum temperature and the maximum NDVI, and the maximum temperature and the minimum NDVI was lower. However, the joint probability of the maximum temperature and the maximum NDVI was higher. When the monthly mean temperature in Guangdong was lower than 23°C, Jiangsu was lower than 17°C, and Liaoning is lower than 7°C, the probability of a lower NDVI was higher, which is not conducive to plant growth. However, when the mean temperature was between 27 and 30°C, 23 and 27°C, and 20 and 24°C, the probability of a larger NDVI (greater than 0.6) was higher and was greater than 0.7, which indicated that the vegetation in the three regions grew well.
Figure 4 showed isograms of the joint exceedance probabilities of mean temperature-NDVI in Guangdong, Jiangsu, and Liaoning. According to the joint exceedance probability graph, the joint exceedance probabilities when the mean temperature and NDVI were arbitrary values could be obtained. The figure showed different combinations of the mean temperatures and the NDVI which were both greater than or equal to a specific value when the joint exceedance probabilities are 0.1–0.9, respectively. The smaller the values of the mean temperature and the NDVI were, the greater the joint exceedance probability was and vice versa. This indicated that the occurrence probability that both the mean temperature and the NDVI exceeded a smaller value was greater than the occurrence probability that both exceeded a larger value.
[image: Figure 4]FIGURE 4 | Analysis of survival copulas of mean temperature-normalized difference vegetation index (NDVI) in (A) Guangdong, (B) Jiangsu, and (C) Liaoning.
Figure 5 showed two-dimensional isolines for joint return periods of mean temperatures and NDVI in Guangdong, Jiangsu, and Liaoning. By using the joint return period diagram, the return period corresponding to the mean temperature or NDVI greater than or equal to a specific value could be calculated. Figure 5 reflected the combinations of mean temperatures or NDVI greater than or equal to a specific value when the return periods are 2, 5, 10, 25, and 50 years, respectively. The shorter the joint return period was, the larger the value range of the mean temperature and the NDVI was, which indicated that when the mean temperature was fixed, the probability of the NDVI having a shorter return period was higher. When the mean temperature was in a higher range like 25–30°C (Guangdong), 22–26°C (Jiangsu), and 17–22°C (Liaoning), the probability of the NDVI having the shorter return period is maximum. The values of the NDVI in the above temperature ranges were all greater than 0.5, stating that the occurrence frequency of excellent plant growth was the highest. The difference in heat conditions among the three regions led to a gradual decrease of the suitable growth temperature of plants from south to north.
[image: Figure 5]FIGURE 5 | Joint copula return periods of mean temperature-normalized difference vegetation index (NDVI) in (A) Guangdong, (B) Jiangsu, and (C) Liaoning.
Figure 6 showed the co-occurrence return periods of the mean temperatures and NDVI in Guangdong, Jiangsu, and Liaoning. From the co-occurrence return period diagram, return periods where the mean temperature and NDVI were both greater than or equal to a specific value are known. Figure 6 demonstrated the combinations of the mean temperatures and NDVI which were both greater than or equal to a specific value when the return periods were 2, 5, 10, 25, and 50 years. For the case that the values of the mean temperature and the NDVI were fixed, their co-occurrence return period was obviously longer than the joint return period. For the co-occurrence return period, the longer the given return period was, the greater the values of the mean temperature and the NDVI were. Even when the values of the mean temperature and the NDVI were large enough, the co-occurrence return period exceeds 50 years. Accordingly, under the background of climate warming, the increase of the mean temperature in the historical period spurred the growth of vegetation in the three regions. However, with the further increase of the temperature in the future, it may not necessarily promote the growth of plants, or even the temperature exceeded a certain threshold, the probability of inhibiting the growth of plants was higher.
[image: Figure 6]FIGURE 6 | Survival copula return periods of mean temperature-normalized difference vegetation index (NDVI) in (A) Guangdong, (B) Jiangsu, and (C) Liaoning.
Figure 7 showed a dependency between monthly precipitations and NDVI in the growing season from 1982 to 2016 in Guangdong (Figure 7A), Jiangsu (Figure 7B), and Liaoning (Figure 7C), reflecting values of the precipitations and the NDVI when the joint probability was 0.1–0.9. The most prominent feature in the figure was an asymmetric and inclined dependency structure of monthly scale data. Guangdong’s probability isoline had the smallest inclination, and Liaoning’s probability isoline had the largest inclination, which reflected that the correlation between the precipitation and the NDVI gradually increases from south to north.
[image: Figure 7]FIGURE 7 | Joint copulas of precipitation-normalized difference vegetation index (NDVI) in (A) Guangdong, (B) Jiangsu, and (C) Liaoning.
The greater the NDVI was when the precipitation took a fixed value or the greater the precipitation was when the NDVI was fixed, the greater the joint probability was. The probability distribution function of the precipitation and the NDVI showed the characteristics that the upper tail was higher than the lower tail. That is, the precipitation was correlated with the upper tail on the NDVI sequence, and the lower tail was gradually independent, demonstrating that the minimum precipitation had little influence on the NDVI, while the maximum precipitation had significant influence on the NDVI. When the monthly precipitation was higher than a threshold: 200 mm (Guangdong), 110 mm (Jiangsu), and 60 mm (Liaoning), NDVI values in the three regions were all greater than 0.5, and each of the joint probabilities of the two was greater than 0.5, indicating that these precipitation intervals had a greater impact on the NDVI. When the monthly precipitations in Guangdong, Jiangsu, and Liaoning were in the ranges of 250–700, 160–400, and 110–350 mm, respectively, the probability of a higher NDVI (>0.6) in each region was more than 0.7. When the precipitations in the three regions were located in the above-mentioned intervals, the precipitations enhanced the plant growth, wherein on the probability isolines at 0.7, when the precipitations in the three regions were located in the intervals of 250–550, 150–170, and 110–280 mm, the occurrence number of well vegetation growth (NDVI> 0.6) was larger than that in other intervals.
Figure 8 showed isograms of the joint exceedance probabilities of precipitation-NDVI in Guangdong, Jiangsu, and Liaoning. It showed a variety of combinations of the precipitations and NDVI which were both greater than or equal to a specific value when the joint exceedance probabilities are 0.1–0.9, respectively. The smaller the values of the precipitation and the NDVI were, the greater the joint exceedance probability was and vice versa. This indicated that the occurrence probability that both the precipitation and the NDVI exceeded a smaller value was greater than the occurrence probability that both exceeded a larger value.
[image: Figure 8]FIGURE 8 | Survival copulas of precipitation-normalized difference vegetation index (NDVI) in Guangdong, Jiangsu, and Liaoning.
Figure 9 showed two-dimensional isolines for joint return periods of precipitations and NDVI in Guangdong, Jiangsu, and Liaoning. Figure 9 reflected the combinations of the precipitations or NDVI greater than or equal to a specific value when the return periods were 2, 5, 10, 25 and, 50 years, respectively. The shorter the joint return period was, the larger the value range of the precipitation and the NDVI was, which indicated that when the precipitation was fixed, the probability of the NDVI having a shorter return period was higher.
[image: Figure 9]FIGURE 9 | Joint copula return periods of precipitation-normalized difference vegetation index (NDVI) in (A) Guangdong, (B) Jiangsu, and (C) Liaoning.
Figure 10 showed the co-occurrence return periods of the precipitations and NDVI in Guangdong, Jiangsu, and Liaoning. Figure 10 demonstrated the combinations of the precipitations and NDVI which are both greater than or equal to a specific value when the return periods were 2, 5, 10, 25, and 50 years. Under the same combination, the co-occurrence return period of the precipitation and the NDVI was obviously longer than the joint return period. For the co-occurrence return period, the longer the given return period was, the greater the values of the precipitation and the NDVI were. Even when the values of the precipitation and the NDVI were large enough, the co-occurrence return period exceeded 50 years. Therefore, if the precipitation continued to increase, it may not necessarily promote the growth of plants. When the precipitation exceeded a certain threshold, it was more likely to inhibit the growth of the plants.
[image: Figure 10]FIGURE 10 | Survival copula return periods of precipitation-normalized difference vegetation index (NDVI) in (A) Guangdong, (B) Jiangsu, and (C) Liaoning.
DISCUSSION
Dynamic Change of Normalized Difference Vegetation Index
The monthly NDVI in Guangdong, Jiangsu, and Liaoning showed an overall upward trend during the growing season from 1982 to 2016. This result was consistent with the research results of the NDVI change trends on different spatial scales such as global (Yang et al., 2019), Eurasia (Piao et al., 2011), China (Peng et al., 2011), and eastern China (Jiang et al., 2014). The change rates of the NDVI in the three regions showed a law of increasing from north to south. However, the NDVI experienced a huge jump around 1998, which may be related to the intensified warming and strong El Nino around 1998. Climate warming leads to an increase in the daily temperature range (Ma et al., 2019). Photosynthesis of plants increased with the rise of temperature in daytime, and respiration (consumption) of the plants decreased with the reduction of temperature at night, resulting in a higher net photosynthetic accumulation of the plants, which was conducive to the growth and development of vegetation and vice versa (Wen et al., 2018). Although the vegetation in Liaoning was generally on the rise, the rising rate was lower, which could be related to the gradual warming and drying of Liaoning. Guangdong and Jiangsu were relatively rich in water resources, and the evapotranspiration caused by temperature rise would take away excess water, which in turn promoted the growth of vegetation.
Response of Normalized Difference Vegetation Index to Climate Change
Compared with the correlation study of NDVI with mean temperature and precipitation on the annual scale, the response of the NDVI to the temperature and precipitation on the monthly scale could reveal the influence of hydrothermal changes on the NDVI more deeply (Pei et al., 2019; Guo et al., 2020). On the one hand, the annual-scale dependency between the NDVI and climate factors reflects the long-term change trend relationship between the two, which failed to “peel off” other factors, such as urbanization, land utilization/change, and solar radiation in the course of the year, which affect vegetation. On the other hand, the monthly scale time series removed seasonal signals, and to some extent, eliminated the interference of signals having seasonal variation characteristics like the temperature, precipitation, solar radiation and agricultural production, etc., on the research results. It was more scientific to explore the response mechanism of the NDVIs to the climate factors (Van Gelder et al., 2008). Therefore, this paper discussed the response characteristics of monthly scale NDVI to the temperature and precipitation.
Response of Normalized Difference Vegetation Index to Mean Temperature
The difference in latitudes among Guangdong, Jiangsu, and Liaoning caused unbalanced heat. The suitable growth temperature of plants in the three regions decreases from south to north. When the mean temperature was in an appropriate range, the sufficient heat and accelerated physiological activities of plants were bringing the plants on nicely, making the NDVI higher. When the mean temperature was in a lower range, insufficient heat would slow down the physiological activities of the plants, resulting in slower growth even stop and wither of the plants. When the temperature was in a higher range, evapotranspiration of trees was intensified by the increased temperature, which would lead to the excessive consumption of soil water and eventually affect the normal growth of vegetation (Kong et al., 2017; Zhang et al., 2019). It could be seen from Table 2 that there was a relatively obvious positive correlation between the mean temperatures and NDVI in the three regions; and the correlation intensity was Liaoning > Jiangsu > Guangdong; while the heat condition in the three regions was Liaoning < Jiangsu < Guangdong; and the demand of plant growth for heat: LiaoNing > JiangSu > Guangdong. The effect of the mean temperature on the plant growth in Liaoning was greater than that in either of Jiangsu and Guangdong, showing that the positive correlation between the mean temperature and the NDVI in Liaoning was higher than that in either of the other two regions.
Response of Normalized Difference Vegetation Index to Precipitation
Water conditions in Guangdong, Jiangsu, and Liaoning were also significantly different. The correlation coefficients in Table 2 reveal that monthly precipitation and NDVI in Jiangsu and Liaoning have obvious positive correlation, and the correlation in Liaoning was greater than that in Jiangsu; while there was an obvious negative correlation between the precipitation and the NDVI in Guangdong. Guangdong and Jiangsu were sufficient in water and higher in soil water content, and thus, generally avoids shortage of water during the plant growing season. Even if the precipitation was less, the inhibition effect on plant growth was weak, which was manifested in that the smaller precipitation and the NDVI were gradually independent of each other, and have a lower correlation. When the precipitation was excessive, the plant roots carried out oxygen-free respiration, which directly adversely affected the absorption efficiency of nutrients and water of vegetation, and inhibited the growth and development of vegetation. Meanwhile, the increased precipitation reduced light, bringing an adverse influence on the photosynthesis of vegetation, and stunting the growth of vegetation (Ye et al., 2016). Here, a negative correlation existed between the precipitations and the NDVI. Liaoning was relatively short in water resources and was lower in the soil water content, so that the precipitation increase was beneficial to the growth of vegetation.
Climate warming was asymmetric in diurnal variations, which had a significant impact on vegetation growth (Peng et al., 2013; Du et al., 2019). The physiological effects of day-and-night temperature on plants were different, and the responses of the plants to round-the-clock asymmetric temperature rise would also be different. Therefore, it is necessary to further study the effect of asymmetric circadian warming on vegetation and the impact of continuous precipitation events on the NDVI. In addition, the precipitation events also include precipitation intensity, precipitation days, precipitation frequency, etc. In order to have a deeper and clearer understanding of the response mechanism of the NDVI to precipitation changes, in-depth research on the NDVI and more precipitation events is needed.
CONCLUSION
This paper uses the Copula function theory to discuss the response characteristics of the NDVI in typical climate zones along the east coastal areas of China to monthly mean temperature and monthly precipitation. The main conclusions are as follows.
(1) The mean temperatures in Guangdong, Jiangsu, and Liaoning all showed a rising trend, with a rising rate of Jiangsu > Liaoning > Guangdong. The precipitations in Guangdong and Jiangsu showed an increasing trend, with an increasing rate of Guangzhou > Jiangsu; and the precipitation in Liaoning showed a significant downward trend. The NDVI of the three regions were all increased significantly in an ascending order of Guangdong > Jiangsu > Liaoning.
(2) The joint probability distribution functions of the monthly mean temperatures and the NDVI as well as the monthly mean precipitations and the NDVI in Guangdong, Jiangsu, and Liaoning all showed the characteristics that the upper tail was higher than the lower tail. That is, the temperature and precipitation were correlated with the upper tail of the NDVI, and the lower tail was gradually independent, demonstrating that the minimum temperature and precipitation had a little influence on the NDVI, while the maximum temperature and precipitation had a significant influence on the NDVI.
(3) The shorter the return period was, the wider the ranges of the climate factor and the NDVI were, showing that when the climate factor was constant, the probability of the NDVI having a shorter return period was higher. The greater the climate factor was, the longer the return period was, indicating that the probability of plant growth inhibition was higher when the climate factor exceeded a certain threshold.
(4) The hydrothermal combination conditions required for plant growth in different regions were significantly different. Plant growth had an optimal temperature interval and an optimal precipitation interval, and would be inhibited above or below these thresholds.
(5) The subsystem composed of vegetation and climate elements had the characteristics of complexity and nonlinearity. The Copula function is utilized to quantitatively explain the relationship between different hydrothermal conditions and the NDVI through the probabilities, so that its uncertainty was studied, and the return period was calculated.
Vegetation was affected by both climate change and human activities. De-seasonal changes may eliminate signals with seasonal characteristics such as temperature, precipitation, and regular agricultural production to some extent, but the impact of the human activities on the NDVI had not been separated and quantified. In addition, the low spatial resolution of NDVI data may also affect the response degree of climate elements. Further research will be devoted to the construction of high-resolution vegetation index data sets, and the attribution of regional vegetation cover changes would be further explored, concentrating on quantitative research of influencing factors of the vegetation cover changes. It was worth noting that the rate of global warming was uneven on the spatial scale and asymmetric in time. This asymmetrical diurnal warming trend would have a major impact on the growth of global vegetation. Therefore, further studies are necessary to determine the effects of asymmetric day-and-night warming on natural ecosystems.
DATA AVAILABILITY STATEMENT
The meteorological datasets analyzed for this study can be found in the China Meteorological Administration (https://data.cma.cn/site/index.html). The GIMMS NDVI 3g.v1 (the latest updated version of the third generation Global Inventory Monitoring and Modeling System) datasets for this study can be found at https://ecocast.arc.nasa.gov/data/pub/gimms/3g.v1/ as nc4 files. The MODIS (Moderate Resolution Imaging Spectroradiometer) NDVI dataset for this study can be found at https://ladsweb.modaps.eosdis.nasa.gov/.
AUTHOR CONTRIBUTIONS
GH led the conception and design of the paper. XZ and RZ led the literature review. GH, ZL, and JH led the description and analysis of the case studies. LZ provided funding acquisition for the article. WS and XL led the review and editing of the paper.
FUNDING
This research was supported by the National Key Research and Development Project under Grant 2018YFC1506900 (2018YFC1506904), under the “The Pearl River Talent Recruitment Program of Guangdong” (2019ZT08G669), in part by the National Science Foundation of China under Grant Nos. 41875027 and 4166144039, in part by the Key Laboratory of South China Sea Meteorological Disaster Prevention and Mitigation of Hainan Province (Grant Nos. SCSF201804 and 419QN330), in part by the Research Program for Key Laboratory of Meteorology and Ecological Environment of Hebei Province (Z201603Z), and in part by the Research Program for science and technology project of Hebei Province (18964201H).
ACKNOWLEDGMENTS
The authors gratefully thank the Nanjing Meteorological Bureau and Nanjing Institute of Environmental Science, Ministry of Environmental Protection, for providing the facilities during this research work and for supporting the related research.
REFERENCES
 Abdi, A., Hassanzadeh, Y., Talatahari, S., Fakheri-Fard, A., and Mirabbasi, R. (2017). Parameter estimation of copula functions using an optimization-based method. Theor. Appl. Climatol. 129, 21–32. doi:10.1007/s00704-016-1757-2
 Chen, H., and Sun, J. (2015). Changes in drought characteristics over China using the standardized precipitation evapotranspiration index. J. Clim. 28, 5430–5447. doi:10.1175/jcli-d-14-00707.1
 Clayton, D. G. (1978). A model for association in bivariate life tables and its application in epidemiological studies of familial tendency in chronic disease incidence. Biometrika 65, 141–151. doi:10.1093/biomet/65.1.141
 Dodangeh, E., Shahedi, K., Shiau, J.-T., and Mirakbari, M. (2017). Spatial hydrological drought characteristics in Karkheh River basin, southwest Iran using copulas. J. Earth Syst. Sci. 126, 80. doi:10.1007/s12040-017-0863-6
 Du, Z., Zhao, J., Pan, H., Wu, Z., and Zhang, H. (2019). Responses of vegetation activity to the daytime and nighttime warming in Northwest China. Environ. Monit. Assess. 191, 721. doi:10.1007/s10661-019-7855-8
 Dusenge, M. E., Duarte, A. G., and Way, D. A. (2019). Plant carbon metabolism and climate change: elevated CO2 and temperature impacts on photosynthesis, photorespiration and respiration. New Phytol. 221, 32–49. doi:10.1111/nph.15283
 Duveiller, G., Hooker, J., and Cescatti, A. (2018). The mark of vegetation change on Earth’s surface energy balance. Nat. Commun. 9, 679. doi:10.1038/s41467-017-02810-8
 Fensholt, R., and Proud, S. R. (2012). Evaluation of Earth observation based global long term vegetation trends-comparing GIMMS and MODIS global NDVI time series. Remote Sens. Environ. 119, 131–147. doi:10.1016/j.rse.2011.12.015
 Genest, C., and Favre, A.-C. (2007). Everything you always wanted to know about copula modeling but were afraid to ask. J. Hydrol. Eng. 12, 347–368. doi:10.1061/(asce)1084-0699(2007)12:4(347)
 Genest, C., and Rivest, L.-P. (1993). Statistical inference procedures for bivariate archimedean copulas. J. Am. Stat. Assoc. 88, 1034–1043. doi:10.1080/01621459.1993.10476372
 Guo, L., Zuo, L., Gao, J., Jiang, Y., Zhang, Y., Ma, S., et al. (2020). Revealing the fingerprint of climate change in interannual NDVI variability among biomes in inner Mongolia, China. Remote Sens. 12, 1332. doi:10.3390/rs12081332
 He, G., Zhao, Y., Wang, J., Wang, Q., and Zhu, Y. (2018). Impact of large-scale vegetation restoration project on summer land surface temperature on the Loess Plateau, China. J. Arid Land 10, 892–904. doi:10.1007/s40333-018-0105-z
 Holben, B. N. (1986). Characteristics of maximum-value composite images from temporal AVHRR data. Int. J. Remote Sens. 7, 1417–1434. doi:10.1080/01431168608948945
 Huang, M., Piao, S., Zeng, Z., Peng, S., Ciais, P., Cheng, L., et al. (2016). Seasonal responses of terrestrial ecosystem water-use efficiency to climate change. Global Change Biol. 22, 2165–2177. doi:10.1111/gcb.13180
 Huang, M., Xu, Y., Longo, M., Keller, M., Knox, R., Koven, C., et al. (2019). Assessing impacts of selective logging on water, energy, and carbon budgets and ecosystem dynamics in amazon forests using the functionally assembled terrestrial ecosystem simulator. Biogeosci. Discuss. 2019, 1–46. doi:10.5194/bg-2019-129
 Huete, A. (2016). Vegetation’s responses to climate variability. Nature 531, 181–182. doi:10.1038/nature17301
 Huryna, H., and Pokorný, J. (2016). The role of water and vegetation in the distribution of solar energy and local climate: a review. Folia Geobot. 51, 191–208. doi:10.1007/s12224-016-9261-0
 Jiang, D., Zhang, H., Zhang, Y., and Wang, K. (2014). Interannual variability and correlation of vegetation cover and precipitation in Eastern China. Theor. Appl. Climatol. 118, 93–105. doi:10.1007/s00704-013-1054-2
 Jin, Z., Liang, W., Yang, Y., Zhang, W., Yan, J., Chen, X., et al. (2017). Separating vegetation greening and climate change controls on evapotranspiration trend over the loess plateau. Sci. Rep. 7, 8191. doi:10.1038/s41598-017-08477-x
 Kong, D., Zhang, Q., Singh, V. P., and Shi, P. (2017). Seasonal vegetation response to climate change in the Northern Hemisphere (1982-2013). Global Planet. Change 148, 1–8. doi:10.1016/j.gloplacha.2016.10.020
 Kundu, A., Denis, D. M., Patel, N. R., and Dutta, D. (2018). "Long-term trend of vegetation in bundelkhand region (India): an assessment through SPOT-VGT NDVI datasets," in Climate change, extreme events and disaster risk reduction: towards sustainable development goals. Editors S. Mal, R. B. Singh, and C. Huggel (Cham, Switzerland: Springer International Publishing), 89–99.
 Lee, T. (2018). Multisite stochastic simulation of daily precipitation from copula modeling with a gamma marginal distribution. Theor. Appl. Climatol. 132, 1089–1098. doi:10.1007/s00704-017-2147-0
 Li, C., Singh, V. P., and Mishra, A. K. (2013). A bivariate mixed distribution with a heavy-tailed component and its application to single-site daily rainfall simulation. Water Resour. Res. 49, 767–789. doi:10.1002/wrcr.20063
 Li, D., Gui, Y., Li, Y., and Xiong, L. (2018). A method for constructing asymmetric pair-copula and its application. Commun. Stat. Theor. Methods 47, 4202–4214. doi:10.1080/03610926.2017.1371755
 Li, S., Liang, W., Fu, B., Lü, Y., Fu, S., Wang, S., et al. (2016). Vegetation changes in recent large-scale ecological restoration projects and subsequent impact on water resources in China's Loess Plateau. Sci. Total Environ. 569-570, 1032–1039. doi:10.1016/j.scitotenv.2016.06.141
 Li, Z., Wu, W., Liu, X., Fath, B. D., Sun, H., Liu, X., et al. (2017). Land use/cover change and regional climate change in an arid grassland ecosystem of Inner Mongolia, China. Ecol. Model. 353, 86–94. doi:10.1016/j.ecolmodel.2016.07.019
 Liu, R. (2017). Compositing the minimum NDVI for MODIS data. IEEE Trans. Geosci. Remote Sens. 55, 1396–1406. doi:10.1109/tgrs.2016.2623746
 Ma, L., Qin, F., Wang, H., Qin, Y., and Xia, H. (2019). Asymmetric seasonal daytime and nighttime warming and its effects on vegetation in the Loess Plateau. PloS One 14, e0218480. doi:10.1371/journal.pone.0218480
 Papalexiou, S. M., and Serinaldi, F. (2020). Random fields simplified: preserving marginal distributions, correlations, and intermittency, with applications from rainfall to humidity. Water Resour. Res. 56, e2019WR026331. doi:10.1029/2019wr026331
 Pei, Z., Fang, S., Yang, W., Wang, L., Wu, M., Zhang, Q., et al. (2019). The relationship between NDVI and climate factors at different monthly time scales: a case study of grasslands in inner Mongolia, China (1982–2015). Sustainability 11, 7243. doi:10.3390/su11247243
 Peng, S., Chen, A., Xu, L., Cao, C., Fang, J., Myneni, R. B., et al. (2011). Recent change of vegetation growth trend in China. Environ. Res. Lett. 6, 044027. doi:10.1088/1748-9326/6/4/044027
 Peng, S., Piao, S., Ciais, P., Myneni, R. B., Chen, A., Chevallier, F., et al. (2013). Asymmetric effects of daytime and night-time warming on Northern Hemisphere vegetation. Nature 501, 88–92. doi:10.1038/nature12434
 Pho, K. H., Ly, S., Ly, S., and Lukusa, T. M. (2019). Comparison among Akaike information criterion, Bayesian information criterion and Vuong's test in model selection: a case study of violated speed regulation in Taiwan. J. Adv. Eng. Comput. 3, 293–303. doi:10.25073/jaec.201931.220
 Piao, S., Wang, X., Ciais, P., Zhu, B., Wang, T., and Liu, J. (2011). Changes in satellite-derived vegetation growth trend in temperate and boreal Eurasia from 1982 to 2006. Global Change Biol. 17, 3228–3239. doi:10.1111/j.1365-2486.2011.02419.x
 Quan, Q., Tian, D., Luo, Y., Zhang, F., Crowther, T. W., Zhu, K., et al. (2019). Water scaling of ecosystem carbon cycle feedback to climate warming. Sci. Adv. 5, eaav1131. doi:10.1126/sciadv.aav1131
 Ramos-Cordoba, E., Salvador, P., and Matito, E. (2016). Separation of dynamic and nondynamic correlation. Phys. Chem. Chem. Phys. 18, 24015–24023. doi:10.1039/c6cp03072f
 Sadegh, M., Moftakhari, H., Gupta, H. V., Ragno, E., Mazdiyasni, O., Sanders, B., et al. (2018). Multihazard scenarios for analysis of compound extreme events. Geophys. Res. Lett. 45, 5470–5480. doi:10.1029/2018gl077317
 Sadegh, M., Ragno, E., and Aghakouchak, A. (2017). Multivariate copula analysis toolbox (MvCAT): describing dependence and underlying uncertainty using a bayesian framework. Water Resour. Res. 53, 5166–5183. doi:10.1002/2016wr020242
 Salvadori, G., and De Michele, C. (2007). On the use of copulas in hydrology: theory and practice. J. Hydrol. Eng. 12, 369–380. doi:10.1061/(asce)1084-0699(2007)12:4(369)
 Seidl, R., Thom, D., Kautz, M., Martin-Benito, D., Peltoniemi, M., Vacchiano, G., et al. (2017). Forest disturbances under climate change. Nat. Clim. Change 7, 395–402. doi:10.1038/nclimate3303
 Seong, N. H., Jung, D., Kim, J., and Han, K. S. (2020). Evaluation of NDVI estimation considering atmospheric and BRDF correction through himawari-8/AHI. Asia-Pac. J. Atmos. Sci. 56, 265–274. doi:10.1007/s13143-019-00167-0
 Shiau, J. T. (2006). Fitting drought duration and severity with two-dimensional copulas. Water Resour. Manag. 20, 795–815. doi:10.1007/s11269-005-9008-9
 Singh, V. P., and Zhang, L. (2018). Copula–entropy theory for multivariate stochastic modeling in water engineering. Geosci. Lett. 5, 6. doi:10.1186/s40562-018-0105-z
 Sippel, S., Reichstein, M., Ma, X., Mahecha, M. D., Lange, H., Flach, M., et al. (2018). Drought, heat, and the carbon cycle: a review. Curr. Clim. Change Rep. 4, 266–286. doi:10.1007/s40641-018-0103-4
 Sraj, M., Bezak, N., and Brilly, M. (2015). Bivariate flood frequency analysis using the copula function: a case study of the Litija station on the Sava River. Hydrol. Process. 29, 225–238. doi:10.1002/hyp.10145
 Van Gelder, P. H. A. J. M., Mai, C. V., Wang, W., Shams, G., Rajabalinejad, M., and Burgmeijer, M. (2008). Data management of extreme marine and coastal hydro-meteorological events. J. Hydraul. Res. 46, 191–210. doi:10.1080/00221686.2008.9521954
 Wan, J. Z., Wang, C. J., Qu, H., Liu, R., and Zhang, Z. X. (2018). Vulnerability of forest vegetation to anthropogenic climate change in China. Sci. Total Environ. 621, 1633–1641. doi:10.1016/j.scitotenv.2017.10.065
 Wen, Y., Liu, X., and Du, G. (2018). Nonuniform time-lag effects of asymmetric warming on net primary productivity across global terrestrial biomes. Earth Interact. 22, 1–26. doi:10.1175/ei-d-17-0032.1
 Wen, Z., Wu, S., Chen, J., and Lü, M. (2017). NDVI indicated long-term interannual changes in vegetation activities and their responses to climatic and anthropogenic factors in the Three Gorges Reservoir Region, China. Sci. Total Environ. 574, 947–959. doi:10.1016/j.scitotenv.2016.09.049
 Xu, Y., Yang, J., and Chen, Y. (2016). NDVI-based vegetation responses to climate change in an arid area of China. Theor. Appl. Climatol. 126, 213–222. doi:10.1007/s00704-015-1572-1
 Yang, Y., Wang, S., Bai, X., Tan, Q., Li, Q., Wu, L., et al. (2019). Factors affecting long-term trends in global NDVI. Forests 10, 372. doi:10.3390/f10050372
 Ye, J.-S., Reynolds, J. F., Maestre, F. T., and Li, F.-M. (2016). Hydrological and ecological responses of ecosystems to extreme precipitation regimes: a test of empirical-based hypotheses with an ecosystem model. Perspect. Plant Ecol. Evol. Syst. 22, 36–46. doi:10.1016/j.ppees.2016.08.001
 Zandalinas, S. I., Mittler, R., Balfagón, D., Arbona, V., and Gómez-Cadenas, A. (2018). Plant adaptations to the combination of drought and high temperatures. Physiol. Plant. 162, 2–12. doi:10.1111/ppl.12540
 Zewdie, W., Csaplovics, E., and Inostroza, L. (2017). Monitoring ecosystem dynamics in northwestern Ethiopia using NDVI and climate variables to assess long term trends in dryland vegetation variability. Appl. Geogr. 79, 167–178. doi:10.1016/j.apgeog.2016.12.019
 Zhang, Q., Yang, Z., Hao, X., and Yue, P. (2019). Conversion features of evapotranspiration responding to climate warming in transitional climate regions in northern China. Clim. Dyn. 52, 3891–3903. doi:10.1007/s00382-018-4364-3
Conflict of Interest: The authors declare that the research was conducted in the absence of any commercial or financial relationships that could be construed as a potential conflict of interest.
Copyright © 2020 He, Li, Zhen, Shen, Han, Zhang, Li and Zhang. This is an open-access article distributed under the terms of the Creative Commons Attribution License (CC BY). The use, distribution or reproduction in other forums is permitted, provided the original author(s) and the copyright owner(s) are credited and that the original publication in this journal is cited, in accordance with accepted academic practice. No use, distribution or reproduction is permitted which does not comply with these terms. 
		ORIGINAL RESEARCH
published: 16 September 2020
doi: 10.3389/feart.2020.578132


[image: image2]
Drought Impacts on Hydropower Capacity Over the Yangtze River Basin and Their Future Projections under 1.5/2°C Warming Scenarios
Yu Wang1,2, Huixin Li1,3*, Bo Sun1,3*, Huopo Chen3, Hua Li1,3 and Yinxue Luo4
1Collaborative Innovation Center on Forecast and Evaluation of Meteorological Disasters/Key Laboratory of Meteorological Disasters, Ministry of Education/Joint International Research Laboratory of Climate and Environment Change, Nanjing University of Information Science and Technology, Nanjing, China
2College of Atmospheric Science, Nanjing University of Information Science and Technology, Nanjing, China
3Nansen Zhu International Research Centre, Institute of Atmospheric Physics, Chinese Academy of Sciences, Beijing, China
4School of Applied Meteorology, Nanjing University of Information Science and Technology, Nanjing, China
Edited by:
Lei Zhang, University of Colorado Boulder, United States
Reviewed by:
Maoqiu Jian, Sun Yat-sen University, China
Ana Cristina Russo, University of Lisbon, Portugal
*Correspondence: Huixin Li, lihuixin@nuist.edu.cn, Bo Sun, sunb@nuist.edu.cn
Specialty section: This article was submitted to Atmospheric Science, a section of the journal Frontiers in Earth Science
Received: 30 June 2020
Accepted: 25 August 2020
Published: 16 September 2020
Citation: Wang Y, Li H, Sun B, Chen H, Li H and Luo Y (2020) Drought Impacts on Hydropower Capacity Over the Yangtze River Basin and Their Future Projections under 1.5/2°C Warming Scenarios. Front. Earth Sci. 8:578132. doi: 10.3389/feart.2020.578132

This study aims to reveal the historical and future relationship between droughts in the Yangtze River basin and hydropower capacity in Zhejiang Province. Generally, the interannual variation of hydropower capacity is positively correlated with the 12-month timescale of the Standardized Precipitation Evapotranspiration Index (SPEI) over the Yangtze River basin during 1999–2018, so a more severe drought event in the Yangtze River basin leads to lower hydropower capacity in Zhejiang Province. Therefore, a linear regression model is constructed based on their year-to-year incremental relationship, which is significant at the 99% confidence level. Using five global climate models that are good simulations of the interannual variability of precipitation/surface air temperature over the Yangtze River basin, the results suggest that the severity and the frequency of drought would increase relative to 1999–2018, with a drought event (SPEI < −0.5) happening once every 2.7 and 2.2 years under 1.5 and 2.0°C warming scenarios, respectively. Based on the interannual incremental relationship between hydropower capacity and SPEI, the hydropower capacity in Zhejiang Province will decrease by 0.34 (1.23) billion kWh under the 1.5°C (2.0°C) warming target when only the meteorological conditions are considered. When further development of hydropower stations in the future is also considered, the hydropower capacity would increase by −0.28 (1.11) billion kWh under 1.5°C (2.0°C) warming using the logistic growth model. Consequently, the drought events and the development of the hydroelectric system would jointly influence the hydropower capacity in the Yangtze River basin, and the meteorological conditions of a drying trend would contribute to lower hydropower capacity in Zhejiang Province in the future.
Keywords: drought, hydropower capacity, Yangtze River basin, 1.5°C/2°C warming scenarios, interannual increment
INTRODUCTION
Drought is a major natural hazard that has important impacts on the ecosystem (Soloman et al., 2007), agriculture (Wang et al., 2018), water resources (Zhang et al., 2018), tourism (Wang et al., 2016), energy (Bartos and Chester, 2015), and so on. Generally, drought often features a deficiency in precipitation and conditions of increased evaporation (Nicholls, 2004; Sheffield et al., 2012). Under global warming, drought has become more frequent and severe across the world in recent decades (Dai, 2013).
Recently, nationwide droughts have occurred almost every year in China (Zhai et al., 2010). For the Yangtze River basin, drought coverage has shown an upward trend in recent decades, especially in its southeastern part (Tao et al., 2018). Besides, the occurrences of droughts in spring and autumn are becoming more frequent in the middle reaches of the Yangtze River basin (Gemmer et al., 2008), whereas both their frequency and severity have intensified in the lower reaches (Cao et al., 2018). In the future, the variation in drought events will become more complicated at regional scales (Knutti and Sedláček, 2012; Li et al., 2018), and Liu et al. (2019) found that droughts would occur more frequently and affect more regions in the Yangtze River basin in 2020–2050. In terms of the corresponding physical mechanisms, previous studies indicated that numerous influential factors such as ENSO phases (Wang et al., 2000; Wu et al., 2003; Zhang et al., 2014), the concentration of sea ice over the Arctic Ocean and Greenland (Wu et al., 2009), Pacific decadal oscillation (Yang et al., 2016; Yao et al., 2018; Zhu et al., 2019; Gao et al., 2020), and tropical surface sea temperature (Sun and Wang, 2014) may regulate the conditions of surface air temperature (SAT) and precipitation over the Yangtze River basin, which will further influence the occurrence of drought events.
In general, hydropower capacity is vulnerable to climate change (especially drought events) across the world (Cherry et al., 2017). For example, hydropower potential will reduce by 25% due to climate change in European countries (Lehner et al., 2005), and it will drop by 10–49% in southern Spain by the end of the century as a result of global warming (Solaun and Cerdá, 2017). In Brazil, severe droughts caused hydropower production to be 15% below average during the period 2012–2015 (Renato et al., 2016). By the middle of the 21st century, a 10-year drought event would reduce the hydropower potential by 7.2–8.8% in the Western United States because of climate change (Bartos and Chester, 2015). As an emission-free and sustainable source of energy (Edenhofer et al., 2012; Savelsberg et al., 2018), hydropower dominates sources of renewable energy in the electricity sector (Edenhofer et al., 2012; International Energy Agency, 2017). A previous study indicated that the generation of hydropower has been growing steadily since 1980 across the world (Hamududu and Killingtveit, 2012), with the global mean growth rates estimated to be 2.4–3.6% per year between the 1990s and the 2030s (U. S. Energy Information Administration, 2011). In China, hydropower capacity accounts for more than 90% of the total generation of national renewable energy (China National Bureau of Statistics, 2019). However, limited by the temporal coverage of datasets, only a few studies have focused on the impact of drought events on hydropower capacity in China.
Generally, the Yangtze River basin is densely populated and economically developed, so it is of great importance to investigate the potential relationship between droughts and hydropower capacity in the Yangtze River basin. However, the influence of historical and future climate changes in the Yangtze River basin on hydropower capacity remains unknown. In 2015, the Paris Climate Agreement proposed the goal of limiting global mean surface warming below 2.0°C and pursuing a 1.5°C target in comparison with the preindustrial level (UNFCCC, 2015). Thus, the impacts of 1.5°C/2.0°C warming on hydropower generation capacity also deserve attention. Consequently, the focuses of this study can be listed as follows: What is the historical relationship between drought events and hydropower capacity in the Yangtze River basin? How will the drought events and the corresponding hydropower capacity change in the future under different warming scenarios? What will the hydropower capacity be when economic development is also considered?
The outline of this study is as follows. The section entitled Data and Methods briefly describes the datasets and methods used in this research. The section Results first illustrates the variations in the Standardized Precipitation Evapotranspiration Index (SPEI) over the Yangtze River basin from 1961 to 2018 at different timescales and then analyzes the year-to-year incremental relationship between hydropower and the SPEI. After that, the performance of different global climate models (GCMs) from Coupled Model Intercomparison Project Phase 5 in simulating the interannual variability of precipitation/SAT over the Yangtze River basin is analyzed, denoted by the corresponding interannual standard deviation, which better reflects the interannual variations of the meteorological elements than the average mean. Then, the projections of hydropower capacity under the 1.5°C/2°C warming scenarios are discussed when only the meteorological conditions are considered and when the development of the hydroelectric system is also considered. A discussion and a summary are given in the section entitled Discussion and Conclusion.
DATA AND METHODS
Data
In this study, the observed gridded monthly accumulated precipitation and monthly mean SAT datasets (referred to as CN05.1) are employed (Wu and Gao, 2013). CN05.1 was constructed based on the “anomaly approach” method by interpolating 2,416 observation stations across China during the period from 1961 to 2018 (Xu et al., 2009). The horizontal resolution of CN05.1 is 1° × 1°.
The monthly accumulated precipitation and mean SAT datasets of 14 GCMs (Li et al., 2020) under the RCP4.5 and RCP8.5 scenarios from Coupled Model Intercomparison Project Phase 5 are used to evaluate the correlations with the observed meteorological data and drought index, and the models with good simulations are selected from the 14 GCMs (Li et al., 2017). The multi-model ensemble (MME) consists of the mean of selected models with equal weight. The hydropower capacity in the Yangtze River basin was obtained from the China National Bureau of Statistics (2019). To simplify the study, we opt Zhejiang Province as an example in our study, where the hydropower capacity is highly correlated with that in the Yangtze River basin (0.86, 99% confidence level). Given that only the data from 1999 to 2018 are available, the period of 1999–2018 is regarded as the historical level over which to select models with good simulations. To quantify the impacts of climate change on droughts, the SPEI is calculated using the outputs from GCMs in the period 1961–2100. Detailed information on these models is listed in Table 1.
TABLE 1 | Basic information for the 14 Coupled Model Intercomparison Project Phase 5 global climate models.
[image: Table 1]Calculation of the SPEI
In this study, the SPEI is applied to quantify drought events (Vicente-Serrano et al., 2010). The greatest advantage of the SPEI is its multiple timescales, which can reflect different types of droughts (Chen and Sun, 2015). Besides, the effect of potential evapotranspiration (PET) can be considered (Touma et al., 2015). When calculating different timescales of SPEI, the weights for each month are calculated based on the probability-weighted moments.
First, the PET is calculated using [image: image] (Thornthwaite, 1948), where T is the monthly mean SAT (°C), K is a correction coefficient, I is a heat index that is calculated as the sum of 12 monthly index values, and m is a coefficient depending on I and K. Then, the difference between the precipitation P and PET for month i is calculated as [image: image]. After that, the probability distribution function of the D series is given by [image: image] according to the log-logistic distribution, where α, β, and γ are calculated from [image: image] where Γ(β) is the gamma function of β and [image: image] are probability-weighted moments. Finally, the value of SPEI can be given as [image: image], where W is calculated as [image: image], where P is the probability of exceeding a determined D value. Here, C0, C1, C2, d1, d2, and d3 are constants, [image: image], [image: image], [image: image], [image: image], [image: image], and [image: image].
In this study, the reference period is defined as the historical climatological period of 1961–1990. Also, the annual mean SPEI is applied, which is the average for each month (Chen et al., 2013).
[image: image]
Taylor Diagram
The Taylor diagram is widely used to evaluate model performance in a single diagram, and it shows the correlation, root-mean-square difference, and the ratio of the variance between the models and observation (Taylor, 2001).
In this study, the Taylor diagram is employed to choose the models with good simulations among the 14 GCMs.
Future Projections of Hydropower Capacity
The interannual increment approach is applied in this study to project hydropower capacity (Fan et al., 2012). Considering that the hydroelectric system in China is still under development, two cases are discussed in our study, as follows:
Case 1: Only the meteorological conditions are considered.
In this case, the SPEI is applied to stand for the drought conditions as the regression factor. To simplify the calculation of projection, the linear regression is used:
[image: image]
where HPC is the hydropower capacity, βs is the regression coefficient, and βs0 is the intercept.
Case 2: The joint effects of meteorological conditions and the development of the hydroelectric system are both considered.
In this case, the logistic growth model is applied to project the development of the hydroelectric system, which has been used to forecast growth in numerous applications (Clark et al., 2013). The model is given as follows:
[image: image]
where K is the maximum hydropower potential, N0 is the initial amount of hydropower capacity, r is the growth rate, and t denotes the year.
Thus, the equation for hydropower capacity can be altered to
[image: image]
where i denotes the year, βs is the regression coefficient, βs0 and β0 are the intercepts, and βy is the coefficient of the logistic growth model.
The Year of 1.5°C (2.0°C) Warming
In this study, the 1.5°C (2.0°C) warming is defined as the 11-year filtered series of SAT increases by 1.5°C (2.0°C) in comparison with the preindustrial mean of 1861–1900.
RESULTS
Interannual Variation in Drought and its Relationship With Hydropower Capacity
The Yangtze River basin is defined within the region of 107.75–120.75°E, 26.75–32.75°N in this research. As the two key elements relevant to drought events, the interannual variation of the annual mean precipitation and SAT over the Yangtze River basin from 1961 to 2018 is shown in Figure 1. Both the trends of precipitation and SAT increased significantly at the 95% confidence level.
[image: Figure 1]FIGURE 1 | Temporal series of the observed interannual variation of accumulated precipitation (blue) and mean surface air temperature (red) over the Yangtze River basin from 1961 to 2018 based on CN05.1. Straight lines indicate the trends in precipitation (blue) and surface air temperature (red). Both trends are significant at the 95% confidence level based on Student’s t-test.
Figures 2A–C show the variation in the SPEI at the 3-, 6-, and 12-month timescales over the Yangtze River basin from 1961 to 2018, respectively, because they are the most commonly used timescales in many articles focusing on climate change (Gao et al., 2017), drying trend (Li et al., 2015), drought characteristics of hydrology (Liu et al., 2016), and so on. There has been a dry period since 2004 according to the 6- and 12-month timescale SPEI. Extreme drought events (SPEI < −1.5) happened at a 3-month timescale in 2012, and there was a persistent drought at the 12-month timescale in 2007 and 2012, when the SPEI reached low points. Generally, the hydropower capacity in Zhejiang Province is highly correlated with that in the Yangtze River basin (with the correlation coefficient (CC) of 0.86, which is significant at the 99% confidence level). Besides, the CCs between hydropower of different provinces and the annual mean SPEI in the Yangtze River basin are calculated, and the hydropower capacity in Zhejiang Province has the highest CCs with the annual mean SPEI in the Yangtze River basin (0.65) when compared to that of other provinces (0.06, 0.23, 0.33, −0.13, and 0.20 for Jiangsu, Anhui, Hunan, Hubei, and Jiangxi, respectively). Therefore, Zhejiang Province is chosen for further investigation. Figure 2D shows the annual mean SPEI at different timescales in the Yangtze River basin and the standardized hydropower output in Zhejiang Province during 1999–2018, and different timescales of the SPEI and hydropower capacity are generally positively correlated. Table 2 gives their CCs based on the interannual increment. The results show that the annual mean 12-month SPEI has the highest CC with hydropower capacity (0.65, significant at the 95% confidence level), suggesting that the 12-month SPEI is highly correlated with hydropower capacity in the Yangtze River basin. Consequently, the annual mean 12-month SPEI is used in the following analyses.
[image: Figure 2]FIGURE 2 | Standardized Precipitation Evapotranspiration Index SPEI) at (A) 3-month, (B) 6-month, (C) 12-month timescales over the Yangtze River basin from 1961 to 2018 based on CN05.1. (D) Annual mean SPEI (left) at different timescales over the Yangtze River basin from 1999 to 2018 and the standardized hydropower output (right) in Zhejiang Province from 1999 to 2018.
TABLE 2 | Correlation coefficients between year-to-year increments in hydropower and the year-to-year increments in the annual mean Standardized Precipitation Evapotranspiration Index at different timescales.
[image: Table 2]Figure 3A shows the linear relationship between hydropower capacity and the annual mean 12-month SPEI based on the interannual increment approach when only the meteorological conditions are considered. The scattered points are evenly distributed on both sides of the fitting line that is significant at the 95% confidence level. The hydropower capacity and SPEI are synchronized; that is, the hydropower has tended to decrease when drought events have become severe. Figure 3B shows the fitting results based on the above regression model. Compared with the observed hydropower capacity, the result suggests that the model is robust for simulation of hydropower capacity. In addition to the influence of meteorological conditions, the development of the hydroelectric system is also considered in Case 2. Figure 3C illustrates the historical fitting of hydropower development using a logistic growth model. According to the facts that hydropower began in the 1920s in China and is nowadays half-developed (Chang et al., 2010), the growth rate (r) is determined to be 15.9 using the least-squares method, passing the 90% confidence level. Consequently, two factors can jointly influence hydropower capacity: hydropower capacity is negatively correlated with drought severity, whereas the hydropower development favors an increase in hydropower capacity.
[image: Figure 3]FIGURE 3 | (A) Linear regression of the hydropower capacity vs. the annual mean 12-month SPEI based on interannual increment. The regressions are significant at a 95% confidence level based on Student’s t-test. (B) Time series of the original hydropower capacity (blue) and the regression model–based hydropower capacity (orange) during 1999–2018. (C) Historical development of hydropower capacity (blue) and the applied logistic growth model (orange).
Performance Evaluation of Simulation
Figure 4 shows the observed interannual variability of SAT and precipitation from 1999 to 2018 over the Yangtze River basin based on CN05.1. In general, the interannual variability of SAT reflects a slight variation over the Yangtze River basin. Meanwhile, the interannual variability of precipitation displays an uneven spatial pattern. The individual historical simulations of the interannual variability of SAT and precipitation during 1999–2018 are shown in Figure 5. In general, most of the models have good performances for SAT (Figure 5A), except for BNU-ESM and GFDL-CM3. For precipitation, only a few models exhibit similar patterns to the observed results (Figure 5B). Here, the Taylor diagram is introduced to select the models that simulate well the interannual variability in the SPEI (Figure 6). Based on the following criteria (with spatial correlations significant at the 90% confidence level, root-mean-square differences less than 1.0, and the ratio of variance within 0.5–1.5), five GCMs (BBC-CSM1-1, BNU-ESM, MIROC-ESM, MIROC-ESM-CHEM, and NorESM1-M) were eventually chosen for further analyses.
[image: Figure 4]FIGURE 4 | Observed interannual variability of annual (A) mean surface air temperature and (B) accumulated precipitation over the Yangtze River basin during the period 1999–2018 based on CN05.1.
[image: Figure 5]FIGURE 5 | Plots of the interannual variability of the annual (A) mean surface air temperature and (B) accumulated precipitation over the Yangtze River basin from 1999 to 2018. The 14 global climate models are all shown.
[image: Figure 6]FIGURE 6 | Taylor diagram of the interannual variability of the annual mean 12-month Standardized Precipitation Evapotranspiration Index. All of the GCMs are shown, except for two global climate models (CanESM2 and CNRM-CM5) with large standard deviations.
Figure 7 shows the interannual variability of the observed and simulated SPEI based on the five chosen models and their MME on annual mean 12-month SPEI in the historical period (1999–2018), and the spatial CCs of the five chosen models are all >0.2, which is significant at the 95% confidence level. Moreover, the spatial CC of MME is 0.38. Hereafter, results based on the five chosen models and their MME are used to investigate the changes in drought over the Yangtze River basin and to project future changes in hydropower capacity.
[image: Figure 7]FIGURE 7 | Plots of interannual variability of the annual mean 12-month SPEI based on observation, multi-model ensemble (MME) median, and five chosen models (BBC-CSM1-1, BNU-ESM, MIROC-ESM, MIROC-ESM-CHEM, and NorESM1-M) over the Yangtze River basin during 1999–2018.
Future Changes in SPEI and Projections of Hydropower
Based on the five chosen GCMs, Figure 8 shows the temporal series of annual mean SAT, accumulated precipitation, and annual mean 12-month SPEI over the Yangtze River basin during the period 1961–2100 under RCP4.5. For SAT (Figure 8A), the MME simulates well the interannual and long-term trends of the observed SAT in the historical period. In addition, all of the individual models present the same increasing trend in SAT in the historical period that continues to increase into the future. However, the simulation performances of MME and the five individual models are relatively poor for precipitation (Figure 8B) when compared to SAT. Besides, there is no obvious increase in precipitation over the Yangtze River basin in the future. As for the annual mean 12-month SPEI (Figure 8C), the MME also simulates well the historical temporal variations. However, influenced by a large deviation in simulated precipitation in 2018, the SPEI exhibited an obvious deviation compared to the observed results. For the future, the annual mean 12-month SPEI generally presents a slightly drying trend. For the MME, SAT will increase by 1.5°C (2.0°C) from approximately 2013 to 2023 (2045–2055) via the RCP4.5. Under the 1.5°C (2.0°C) warming target, a drought event (SPEI < −0.5) will happen once every two to three years, with historical (1999–2018) drought events occurring once every 4 years. As SAT continues to increase, more drought events will occur in the future. A moderate drought event (SPEI < −1.0) will occur once every 1.6 years in 2080–2099, and extreme droughts will occur (SPEI < −1.5) once every 6.7 years, neither of which occurred during the period 1999–2018.
[image: Figure 8]FIGURE 8 | Time series of the annual (A) mean surface air temperature, (B) accumulated precipitation, (C) mean 12-month Standardized Precipitation Evapotranspiration Index over the Yangtze River basin during 1960–2100 under RCP4.5. Black lines indicate the observed results, and colored lines indicate the simulated multi-model ensemble mean. The shadings indicate the model spreads.
Figure 9 shows the spatial distribution of annual mean SAT, accumulated precipitation, and annual mean 12-month SPEI under different warming targets in comparison with the historical mean (1999–2018), and their differences (Figure 9). Under RCP4.5, for SAT, the Yangtze River basin generally displays a slightly (obvious) warming pattern under the 1.5°C (2.0°C) warming target. The additional 0.5°C warming will lead to an increase in spatially averaged SAT over the Yangtze River basin (Figure 9A). For precipitation, the Yangtze River basin will experience more precipitation than the period of 1999–2018 under both warming targets, and it will continue to increase due to the additional 0.5°C warming (Figure 9B). However, the spatial pattern of the SPEI will be unevenly distributed, with large discrepancies among the different models under the 1.5°C warming target (Figure 9C), whereas the drought events in the eastern Yangtze River basin will be intensified under the 2.0°C warming target. Further analyses indicate that the additional 0.5°C warming will result in drought conditions over the Yangtze River basin.
[image: Figure 9]FIGURE 9 | (A) Surface air temperature, (B) precipitation, (C) annual mean 12-month (SPEI) changes over the Yangtze River basin based on multi-model ensemble mean under RCP4.5 for the 1.5°C warming target (the left column) and 2.0°C warming target (the middle column), in comparison with the historical mean (1999–2018), and the differences between the 2.0 and 1.5°C warming (the right column). The dotted regions represent that more than three models are showing the same sign.
Based on the linear regression model and the logistic growth model between the annual mean 12-month SPEI and hydropower capacity, future hydropower capacity in Zhejiang Province is projected using the five chosen GCMs. Figure 10A shows the projection of hydropower capacity during the period 2020–2100 under RCP4.5 when only the meteorological conditions are considered. The hydropower capacity will reduce significantly compared to the historical period of 1999–2018 under drying conditions in the future. However, there are large discrepancies when considering the joint effect of the meteorological conditions and the development of hydropower stations (Figure 10B). Compared to Figure 10A, few differences can be observed before the 2040s in Figure 10B, except for the larger interannual variability, suggesting that the hydropower capacity relies primarily on the meteorological conditions. After the 2040s, the development of the hydroelectric system mainly modulates the hydropower capacity. In detail, the Yangtze River basin would be in a drying condition in the 2060s, while the hydropower output would reach roughly the average level during 1999–2018. When it comes to the end of the 21st century, the hydropower capacity is evidently above the average level and it is approximately twice that when only meteorological conditions are considered.
[image: Figure 10]FIGURE 10 | Projections of hydropower capacity in Zhejiang Province during 2020–2100 under RCP4.5 when (A) considering only the meteorological condition and (B) considering the joint effects of the meteorological condition and the development of the hydropower station. (C) Projections of hydropower capacity in Zhejiang Province under the 1.5 and 2°C warming target when only the meteorological conditions are considered (blue) and considering the joint effects of the meteorological condition and the development of the hydropower station (pink). (D) Differences between the 2 and 1.5°C warming target (blue) and the effects of considering the development of hydropower stations (pink). The red lines indicate the historical mean (1999–2018) of hydropower capacity in Zhejiang Province in (A–C) and indicate the zero lines in (D). Open circles indicate abnormal data, color rectangles denote the spread of the 25th and the 75th quartiles, and the short orange line represents the median condition.
Figure 10C shows the projection of hydropower capacity under the 1.5°C/2°C warming targets in two cases. When only the meteorological conditions are considered, the hydropower capacity will decrease by 0.34 (1.23) billion kWh under the 1.5°C (2°C) warming targets compared to the average level of 1999–2018. However, the hydropower capacity will increase by −0.28 and 1.11 billion kWh when the joint effects of meteorological conditions and the development of the hydropower stations are considered. Furthermore, Figure 10D shows the differences between the 1.5 and 2°C warming targets (blue) and when the effects of the development of the hydropower station are considered (pink). Concerning the additional 0.5°C warming, the hydropower capacity will reduce by 0.90 billion kWh when only the meteorological conditions are considered, but it will increase by 1.40 billion kWh when the development of the hydropower stations is also considered. Additionally, the development of hydropower stations will lead to an increase in hydropower capacity to 0.06 (2.34) billion kWh under the 1.5°C (2.0°C ) warming target compared to meteorological conditions alone. Consequently, both the meteorological conditions and the development of hydropower stations are essential in influencing the future hydropower capacity, but they may cause opposite effects in the future.
DISCUSSION AND CONCLUSION
Owing to the differences between multiple timescale droughts (Van Loon, 2015), it is important to choose a drought index with a suitable timescale that matches the scope of the investigation. For example, Tornros and Menzel (2014) found that the 6-month SPEI is the most appropriate to address vegetation growth in the semiarid region. However, the 12-month SPEI is highly correlated with water total storage in eastern China (Zhang et al., 2018) since the hydrological droughts develop slowly to store water (Dai, 2011), which supports our findings. For the hydropower capacity in the future, it will reduce over the United States (Bartos and Chester, 2015), Brazil (de Queiroz et al., 2019), and the Upper Danube basin (Koch et al., 2011), which is similar to the Yangtze River basin. By contrast, increasing hydropower capacities may occur over the Far North (Cherry et al., 2017) and the Lule River basin in Sweden (Graham et al., 2007) under climate change.
In addition to future projections under the 1.5°C/2.0°C warming targets, the hydropower capacities in the near future (2030–2049) and late in the 21st century (2080–2099) are discussed further (Supplementary Figure S1). The results suggest that hydropower capacity in Zhejiang Province will reduce by 2.29 (3.23) billion kWh during 2030–2049 (2080–2099) compared to the period 1999–2018 when only the meteorological conditions are considered (Supplementary Figures S2A,S2B). However, the hydropower capacity will increase by −0.73 (4.92) billion kWh during the period 2030–2049 (2080–2099) when the development of hydropower stations is also considered (Supplementary Figures S2C,S2D). These findings are generally consistent with the above results under different warming scenarios.
In addition, the spatial distribution of the annual SAT, precipitation, and 12-month SPEI under the RCP8.5 scenario are also investigated (Supplementary Figure S3) in comparison with the historical mean (1999–2018). The SAT under the 1.5°C/2.0°C warming targets for the RCP8.5 scenario resembles that of the RCP4.5 scenario, but that is not the case for precipitation. Precipitation under the RCP8.5 scenario presents an opposite pattern with RCP4.5 under the 1.5°C/2.0°C warming. Despite it, the additional 0.5°C warming yields more precipitation over the Yangtze River basin under both RCPs. Influenced by precipitation and SAT, the annual 12-month SPEI under the RCP8.5 scenario presents an overall drier pattern than the historical period under the 1.5°C/2.0°C warming scenarios, which are opposite to the RCP4.5 scenario under the 1.5°C warming. However, the additional 0.5°C warming would result in drier conditions over most regions of the Yangtze River basin under both RCPs. Based on the projected SPEI series, the projection of hydropower capacity under RCP8.5 in two cases is further investigated (Supplementary Figure S4). When only the meteorological conditions are considered, the hydropower capacity will decrease by 2.83 (5.16) billion kWh under the 1.5°C (2°C) warming targets compared to the average level during 1999–2018, which is much severe than that under the RCP4.5 scenario. Besides, the hydropower capacity will decrease by 1.78 and 3.33 billion kWh when the joint effects of meteorological conditions and the development of the hydropower stations are considered, respectively. Further analyses indicate that the additional 0.5°C warming will result in the hydropower capacity reducing by 2.33 billion kWh when only the meteorological conditions are considered, but it will decrease by 1.55 billion kWh when the development of the hydropower stations is also considered. The development of hydropower stations will lead to an increase in hydropower capacity to 0.05 (1.45) billion kWh under the 1.5°C (2.0°C) warming target compared to meteorological conditions alone. Based on the five chosen models, the 1.5°C (2.0°C) warming targets will occur in 2020 (2033) under the RCP8.5 scenario, which is much earlier than 2022 (2050) under the RCP4.5 scenario. Therefore, the development of the hydropower system for the RCP8.5 scenario is weaker under the 1.5°C (2.0°C) warming targets than that under the RCP4.5 scenario. Overall, the above results suggest that the meteorological conditions of the increased drought events might lead to less hydropower capacity in the future, while the development of the hydropower stations can alleviate the influence of warming, and it is determined by the year, reaching 1.5°C (2.0°C) warming target under different scenarios.
However, this study has several potential uncertainties and limitations. The major uncertainties are model deviations owing to the resolution of GCMs and the precipitation simulations. Also, different weights for different models can be applied in future studies. Besides, the growth rate of the hydroelectric system is vague because the hydropower capacity accounts for only 50% of the total usable power in Zhejiang Province, and the costs of electricity generation and electric energy will also limit the speed of hydroelectric development (Chang et al., 2010). These limitations deserve more attention and improvement in future studies.
In conclusion, this study investigated drought variation and its relationship with hydropower capacity over the Yangtze River basin and further projected their future changes based on different regression models under 1.5°C/2°C warming targets. Based on their interannual increment relationship, a linear regression model was constructed when only meteorological conditions were considered, and the development of the hydroelectric system was also considered by using a logistic growth model. The results indicate that drought events are negatively correlated with hydropower capacity, whereas the development of hydropower stations plays the opposite role. In the future, under RCP4.5, drought events are projected to occur every 2.7 (2.2) years in the Yangtze River basin under 1.5°C (2.0°C) warming scenarios, and they will be much more severe under the 2.0°C warming target. Influenced by the drying trend over the Yangtze River basin, the hydropower capacity would decrease by 0.34 (1.23) billion kWh under 1.5°C (2.0°C) warming targets. However, when using the logistic growth model, the hydropower capacity would increase by −0.28 (1.11) billion kWh under 1.5°C (2.0°C) warming targets. Consequently, the drought events in the Yangtze River basin would contribute to lower hydropower capacity in Zhejiang Province, and it is important to reduce additional warming to avoid severe drought events in the future.
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In the original article, there is a mistake in Figure 10 as published. The figure was an old version mistakenly submitted by the authors. The corrected figure appears below.
[image: Figure 10]FIGURE 10 | Projections of hydropower capacity in Zhejiang Province during 2020–2100 under RCP4.5 when (A) considering only the meteorological condition and (B) considering the joint effects of the meteorological condition and the development of the hydropower station. (C) Projections of hydropower capacity in Zhejiang Province under the 1.5 and 2 °C warming target when only the meteorological conditions are considered (blue) and considering the joint effects of the meteorological condition and the development of the hydropower station (pink). (D) Differences between the 2 and 1.5 °C warming target (blue) and the effects of considering the development of hydropower stations (pink). The red lines indicate the historical mean (1999–2018) of hydropower capacity in Zhejiang Province in (A–C) and indicate the zero lines in (D). Open circles indicate abnormal data, color rectangles denote the spread of the 25th and the 75th quartiles, and the short orange line represents the median condition.
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We used a High-Resolution Assimilation Dataset of the water-energy cycle in China (HRADC) to study the land-atmosphere interactions and meteorological characteristics in inhomogeneous underlying surface of the Qinghai-Tibet Plateau (QTP). Three different underlying surfaces (i.e., grassland, open shrubland, and barren or sparsely vegetated) of the QTP are selected and the meteorological elements on each underlying surface grid are averaged. We compared and analyzed the Green Vegetation Fraction, precipitation, soil moisture and soil temperature, and energy fluxes for three different land-use types in QTP. The results showed that the vegetation coverage of HRADC showed a gradual decrease trend from southeast to northwest throughout the Qinghai-Tibet Plateau. The Green Vegetation Fraction of the grassland in the southeast can reach more than 60% in summer, and only about 20% in sparse vegetation areas. HRADC can well reproduce the seasonal change trend of soil temperature and soil moisture in different underlying surfaces. The annual variation trend of soil temperature shows that the time of the deep soil temperature reaching the peak value lags behind the shallow layer. The annual averaged soil moisture over grassland is higher than that of open shrubland and barren land, which is consistent with the plateau precipitation distribution. The peak value of sensible heat flux over grassland is only 80 W·m−2 in April, and the latent heat flux can reach 90 W·m−2, and the net radiation of the barren land can reach 210 W·m−2 in July. This study is important to discover the water-energy cycle characteristics of QTP.
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INTRODUCTION
High-elevation areas are the most susceptible to the effects of climate change (Salerno et al., 2008). The Qinghai-Tibet Plateau (QTP), which has been called “the third pole” and “the world’s water tower” has its unique terrain height and land use types plays an important role in the global climate change and water-energy cycle (Xu et al., 2008b; Zhao et al., 2011). Owing to the effects of changing climate and frequent human activities, the ecosystem and climate of the QTP have undergone great changes since the 1980s. Therefore, the study of QTP is very important, especially the study of its land surface processes (Zhang et al., 2005; Tian et al., 2015; Chen et al., 2018).
The land surface processes are the exchange of heat, water, and momentum between the land surface and the atmosphere. These processes are including water and heat transfer process, ecological process, energy and material exchange process, and water and heat transfer process in soil, etc. (Dickinson, 1983; Noilhan and Planton, 1989; Nicholson, 2000). The transport of heat and water in the soil complicates the interaction between land and atmosphere. Albedo, heat capacity, and vegetation growth conditions are all related to soil moisture, which affects short-term climate change (Cahill and Parlange, 1998; Hansson et al., 2004). The soil temperature represents the thermal state of the underlying surface, and its change will affect the soil moisture transfer process, thereby affecting the energy and moisture exchange of the underlying surface (Lawrence and Slater, 2010; Naranjo-Mendoza et al., 2018). Some studies have used soil moisture and soil temperature observations to study water and heat transfer in soil (Choudhury et al., 1982; Hinkel et al., 2001; Novák and Hlaváčiková, 2019), numerical models (Peng et al., 2016; Zhang et al., 2016), and satellite data (Muzylev et al., 2018; Corbari et al., 2019). The condition of the underlying surface of the Qinghai-Tibet Plateau is more complicated, as the land surface is covered by different types of vegetation and soil types (Xie et al., 2017; Zhang et al., 2019). The vegetation type leads to differences in surface energy distribution, which in turn leads to differences in surface energy flux, affecting the lower QTP and even East Asia Climate change (Duveiller et al., 2018). The change of latent heat flux and sensible heat flux between land surface and atmosphere affects the formation and evolution of the East Asian monsoon, and also plays a vital role in the water and energy cycle of the global climate system (Zuo and Zhang, 2016). Soil moisture and climate variation using observation data and found that soil moisture in spring has an impact on the East Asia summer monsoon circulation and precipitation in East China area (Zhang and Zuo, 2011; Feng et al., 2015a, Feng et al., 2015b). Since the soil temperature, humidity, latent heat, and sensible heat flux are all affected by the underlying surface, studying the characteristics of meteorological elements on different underlying surfaces of the Qinghai-Tibet Plateau has certain reference significance for researching the land surface process and climate change in QTP (Ma et al., 2017; Chen et al., 2020; Zhan et al., 2020).
Because there are few meteorological observatories on the Qinghai-Tibet Plateau, surface observation is very difficult, and there are few studies on water and energy transfer on different underlying surfaces (Liu et al., 2006). Ge et al. (2017) used the observation data from Beiliuhe observation station (degraded alpine meadow) and Maqu flux station (alpine steppe) of the QTP in 2014 to compare the surface energy distribution characteristics of the two different types of underlying surfaces, and found that precipitation and air temperature are the main factors affecting the latent heat of degraded alpine meadow and alpine steppe, respectively. Yang and Ma (2012) analyzed the spatial and temporal distribution characteristics of soil temperature and moisture on the three different types of underlying surfaces using observation data in QTP, and found the annual trend of soil temperature is basically consistent with the characteristics of solar radiation. There are also some studies using NCEP reanalysis data to study the energy and water circulation and soil heat transfer on different underlying surfaces on QTP (Frauenfeld et al., 2005; Xie et al., 2007; Cui and Wang, 2009; Wang et al., 2012; Zhu et al., 2012; Bao and Zhang, 2013; Shi and Liang, 2014). Due to the difference in vegetation coverage on different underlying surfaces in plateau region, the soil water content will be different (Wang et al., 2008; Guo et al., 2011), and soil water content conditions can affect soil temperature changes and trends. The difference in hydrothermal properties of different underlying surfaces will cause differences in land-atmosphere interactions (Hu et al., 2018). Therefore, differences in underlying surfaces will lead to differences in surface radiation and energy exchange processes (Li et al., 2012). This difference is of great significance to the surface energy distribution (Gu et al., 2015).
In view of that different underlying surfaces of the QTP have different energy and water transport characteristics and water-energy transport processes. In this paper, we use meteorological observation data and High-Resolution Assimilation Data in China (HRADC) to compare the Green Vegetation Fraction (GVF), soil temperature and moisture, precipitation, and surface energy fluxes over the three main types of underlying surfaces (grassland, open shrubland, and barren or sparsely vegetated) in QTP. The problem to be solved in this study is to evaluate and analyze whether the mesoscale regional meteorological model that has assimilated meteorological data and improved the underlying surface vegetation coverage and terrain height is carried out for long-term simulation, and whether the simulation results correctly reflect the land-atmosphere interaction and energy-water cycle process in three main different underlying surfaces in the QTP. Moreover, from the long-term data series, it is found that how vegetation and soil temperature and moisture on different underlying surfaces and in different seasons affect the energy flux, which is the problem to be solved in this paper. The characteristics of these meteorological elements were compared and analyzed to reveal the characteristics and differences of water-energy circulation on different underlying surfaces in QTP.
MATERIALS AND METHODS
High-Resolution Assimilation Dataset of the Water-Energy Cycle in China Description
In this paper, The HRADC data are derived from scientific and technological achievements of the National High Technology Research Development Program (863 program), “Study of Remote Sensing Technology System for Carbon Verification” (Wen et al., 2015). The HRADC data are generated by weather Research and Forecast (WRF) Model version 3.4.1 and three-dimensional variation Data Assimilation System (WRF-3Dvar). WRF-3Dvar was used to assimilate meteorological data from 824 automatic weather stations at fixed time in China from 2005 to 2012.
The meteorological data assimilated into the WRF-3Dvar system include surface pressure, 2-m temperature, 2-m relative humidity, wind speed and direction. GVF is calculated by MODIS monthly normalized difference vegetation index (NDVI), and topographic height data in the model initial field is obtained from Digital Elevation Model (DEM) data generated by the Space Shuttle Radar topography Mission (SRTM). Finally, WRF-3Dvar generated the assimilation re-analyzed data and supporting documents from 2005 to 2012.
In the numerical model, the terrain height of the underlying surface will affect the thermal and dynamic processes of local weather processes, and will also affect the water-energy cycle process between land surface and atmosphere. The static terrain height data used in the initial field of the default WRF model uses GTOPO 30 data from the US Geological Survey (USGS), which contains global terrain height data of different resolutions (10, 5, 2 min, and 30 s) (Moya-Álvarez et al., 2019). The accuracy of the GTOPO 30 usually is not uniform because they use various data sources in their construction without a universally accepted standard. The error of the GTOPO is less than 30 m (Nikolakopoulos et al., 2006). In this study, we use the SRTM DEM data in WRF mode. The SRTM data is mainly measured jointly by National Aeronautics and Space Administration, the National Surveying and Mapping Agency, the German Space Agency, and the Italian Space Agency (Reuter et al., 2007). Although SRTM data is more and more widely used in terrain geography (Gorokhovich and Voustianiouk, 2006), vegetation (Walker et al., 2007) and tsunami assessment (Dall’Osso et al., 2010), there is a lack of research in the field of meteorology. SRTM data has undergone various verifications, including various altimetry (Gorokhovich and Voustianiouk, 2006; Potts et al., 2008) and digital elevation models (Carabajal and Harding, 2005; Ludwig and Schneider, 2006). The absolute horizontal accuracy of SRTM is 20 m, which has passed the 90% confidence test (Kiamehr and Sjöberg, 2005). The SRTM data set can be downloaded on the server: ftp://edcsgs9.cr.usgs.gov/pub/data/srtm/.
The multi-source data for generating HRADC includes satellite data and in-situ observation data, which are combined with WRF models for simulation and assimilation. HRADC was compared with the observation data in the semi-arid Northeast China, and the verification results showed that HRADC can better reproduce the energy-water cycle process on grassland and cropland underlying surfaces, and the simulated results were in good agreement with the observation values (Ruan et al., 2017; Yan et al., 2020). In this paper, we selected for analysis data from 0000 UTC, January 1, 2005, to 1800 UTC, December 31, 2012. The spatial range is from 73°E to 105°E in longitude, 27.7°N–40°N in latitude, and the spatial resolution of the study area is 25 km. Figure 1 shows the distribution of terrain height and automatic weather stations in the QTP, and Figure 2 shows the distribution of land use types/vegetation types in the QTP.
[image: Figure 1]FIGURE 1 | The location of the Qinghai-Tibet Plateau (QTP) in China, and the distribution of Elevation (Unit: m). The 824 automatic weather stations (symbol) in China including 80 automatic weather stations in the QTP.
[image: Figure 2]FIGURE 2 | The distribution of land use types in Qinghai-Tibet Plateau.
Changes in land use types in the numerical model can lead to changes in related static parameters, such as reflectivity, surface roughness, emissivity, and soil moisture (Schicker et al., 2016). This ultimately leads to changes in surface energy balance, turbulent kinetic energy, latent heat flux, and temperature. The WRF model provides land use data obtained from MODIS satellite sensors (Terra and Aqua satellites). For the classification of MODIS land-use data, 8-day composites for one one-year normalized bidirectional reflectance distribution function adjusted reflectance and land surface temperature were used. MODIS land use type data includes five different classification data sets: IGBP data set (Friedl et al., 2010), University of Maryland data set, 10 types of MODIS LAI/FPAR algorithm data set (Lotsch et al., 2003a; Lotsch et al., 2003b), a dataset of eight biomes (Running et al., 1995) and 12 types of plant functional classification (Bonan et al., 2002). The version used here and provided by WRF is based on the 20-class IGBP 1 km grid resolution database (Bhati and Mohan, 2016). Schicker et al. (2016) used the WRF model and different underlying land use data sets (USGS, MODIS and a reclassified European dataset based on the CORINE CLC06 data) to simulate the meteorological elements of European mountainous areas. The results show that classification errors were found in both MODIS and USGS land use data, but if there are only built-in land use data available, MODIS data should be preferred. The MODIS classification land use data used in this paper may be misclassified in the QTP region, but the WRF model results can reproduce the land-atmosphere interaction process in the QTP region.
Observation Data and ERA-5 Data
In this paper, the observed 2-m temperature, relative humidity, and precipitation data are using “The gridded dataset of near surface temperature and precipitation of China” dataset, from China Meteorological Administration (Zhao et al., 2019). The digital elevation terrain data and thin-plate spline method are used to reduce the effect of elevation on the accuracy of spatial interpolation. This 0.5° × 0.5° grid dataset includes daily and monthly temperature, humidity and precipitation in China from 1961 to the present. The assessment of this dataset indicates that: The gridded observations have a high correlation relationship with the original data sequence, and the root-mean-square error (RMSE) is reduced (Zhao et al., 2014). This gridded data can be found at http://www.escience.gov.cn/metdata/page/index.html.
A long-term (2005–2016) dataset of integrated land-atmosphere interaction observations on the Tibetan Plateau has been used to validate the HRADC results. This dataset including the South-East Tibetan plateau Station for integrated observation and research of alpine environment (SETORS), NAQU cold climate environment observation station (NAQU), Nam Co Station for Multisphere Observation and Research (NAMORS), Ngari Station for Desert Environment Observation and Research (ALI) by hourly meteorological data, radiation data, soil data, and flux heat data from 2005 to 2016 (Ma, 2020). These data can be widely used in the analysis of meteorological features of the QTP, the evaluation of remote sensing products and the evaluation and development of numerical models. This data can be found at https://data.tpdc.ac.cn/.
In this study, we use high-resolution (0.25° × 0.25°) global latent heat flux, sensible heat flux, and net radiation data at the Earth’s surface released by the European Center for Medium and Long-Term Weather Forecasting (ERA5 grid data) to obtain regional distribution and time series maps in QTP for January 2005 to December 2012. ERA5 reanalysis data combine vast amounts of historical observations into global estimates using advanced modeling and data assimilation systems and provide hourly to monthly estimates of a large number of atmospheric, land and oceanic climate variables (Dragani et al., 2015; Urraca et al., 2018). The data cover the Earth on a 30 km grid and resolve the atmosphere using 137 levels from the surface up to a height of 80 km (Hersbach et al., 2020).
Research Methods and Verification
Three main types of underlying surfaces in QTP (Grassland, Open Shrubland and Barren or Sparsely Vegetated) are selected and the characteristics of land-atmosphere transmission on different underlying surfaces are analyzed. Table 1 shows the three main types of underlying surfaces in the study area and their percentages ratio. The averaged values of the same underlying surface grids were selected and used to represent each underlying surface.
TABLE 1 | The grid points and percentages of the main types of underlying surfaces in Qinghai-Tibet Plateau.
[image: Table 1]Although the HRADC data used in this paper have been verified and compared (Wen et al., 2014; Wen et al., 2015), they have not been carefully verified in the QTP region, which is also the purpose of this paper. The applicability of HRADC in northeast China is verified. It shows that the simulation results of near-surface temperature and relative humidity are in good agreement with the observed data and can be applied to the analysis of semi-arid areas in northeast China (Ruan et al., 2017). In this paper, in order to verify the applicability of HRADC in QTP, we compared the average 2-m temperature and relative humidity on the three underlying surfaces between HRADC and “The gridded dataset of near surface temperature and precipitation of China” data set, and the results showed that the HRADC data were agree well with the observation data, as shown in Figure 3. The error statistics of 2-m temperature and 2-m relative humidity between observations and HRADC of the QTP are listed in Table 2.
[image: Figure 3]FIGURE 3 | Comparison of observations and High-Resolution Assimilation Dataset of the Water-Energy Cycle in China simulations, from three different underlying surfaces in Qinghai-Tibet Plateau, of the average daily value of 2-m temperature (°C) and relative humidity (%) during 2005–2012.
TABLE 2 | Root-mean-square error (RMSE), bias and correlation coefficient (r) of the daily averaged value of 2-m temperature (°C) and 2-m relative humidity (%) between observations and High-Resolution Assimilation Dataset of the Water-Energy Cycle in China simulated results over Qinghai-Tibet Plateau, * indicates result passed the significance level t-test of α = 0.01.
[image: Table 2]RESULTS AND DISCUSSION
Seasonal Variation Characteristics of Green Vegetation Fraction
GVF is a key land-surface parameter in land-surface processes, and is defined as the fraction of the grid cell for which midday downward solar is intercepted by a photosynthetically active green canopy (Vahmani and Ban-Weiss, 2016). In Noah Land Surface Model (LSM), seasonal variation of GVF also defines seasonal variation in other surface physical characteristics, such as albedo, LAI, surface emissivity, and roughness length (Chen and Dudhia, 2001).
Figure 4 shows the spatial distribution characteristics of GVF in HRADC in the four seasons of the QTP. The distribution of GVF in the plateau gradually decreases from the southeast to the northwest throughout the year. The underlying surface of the southeastern QTP is mainly forests and alpine grasslands. Due to the impact of precipitation and temperature, the vegetation coverage in this area is high throughout the year, especially in summer. The vegetation coverage can reach more than 60%. The underlying surface types in the middle of the QTP are mainly open shrublands. GVF has a clear seasonal change trend. The GVF in summer and autumn is appropriately 30–40%, while the GVF in winter and spring is reduced, below 20%. The northwest part of the QTP is mainly covered with bare ground or sparsely vegetated, so the GVF is relatively low throughout the year, which is basically less than 10%. The spatial distribution of vegetation coverage on the plateau throughout the year shows a trend of higher vegetation coverage in the southeast region and less in the northwest region. In recent years, on the southern ridge of the QTP, warming trends contribute to humid weather and conditions conducive to vegetation growth. In contrast, high temperature lead to drought and lack of rainfall in the northern part of the TP, leading to drought which are not conducive to increased vegetation cover (Xu et al., 2008a).
[image: Figure 4]FIGURE 4 | The spatial distribution characteristics of Green Vegetation Fraction in different seasons of High-Resolution Assimilation Dataset of the Water-Energy Cycle in China in Qinghai-Tibet Plateau (Unit: %). (A) MAM, (B) JJA, (C) SON, (D) DJF.
Precipitation is a key factor for vegetation growth. Ruan et al. (2017) found that precipitation has a positive correlation with vegetation coverage and has a significant correlation with surface albedo. In the QTP, precipitation and air temperature are also the main factors of water and heat that determine the growth status of vegetation (Nielsen et al., 2013). As shown in Figure 5A, the GVF on different types of underlying surfaces shows an obvious trend of a single peak variation. From January to May, there is no obvious change, and the GVF for grassland, Open shrubland and Barren land is approximately 18%, 9%, 2%, respectively. After May, the GVF increases continuously, and reach to its peak value in August, which is 65%, 20%, and 5%, respectively. Then it started to decline again in the next few months. On different underlying surfaces, vegetation began to grow only when the precipitation reached its highest value within a year, and after the end of the rainy season on the plateau in August, GVF began to decrease, and GVF lags behind precipitation by 3 months. After July, the monthly averaged precipitation on the open shrubland is not much different with the grassland, but the GVF of the open shrubland is only 1/3 of the grassland. After July, the precipitation on the barren land can reach 40 mm/m, but the GVF has not increased rapidly, which shows that precipitation is not the only factor affecting the change of GVF. It indicates that the combined effects of vegetation type, temperature and soil water content of the underlying surface may be a comprehensive factor affecting the growth of vegetation. In the QTP region, vegetation growth lags behind precipitation by two months. Precipitation on the grassland surface peaked in June (63 mm), while vegetation coverage peaked in August (60%). The peak value of GVF on the grassland is three times that of open shrubland, while the barren or sparsely vegetated underlying surface has the lowest GVF, with a peak value of only about 5% in August throughout the year. It can be seen from Figure 5B that the albedo of the grassland has been higher than the barren land and open shrubland throughout the year. It is lower in summer and higher in winter. We also plotted the snow cover image of QTP in four seasons according to the snow cover data of ERA5, and found that the snow cover in spring and winter on the grassland is more than 80%, and the snow cover in autumn is about 50% (figure omitted). This may be the main reason for the high albedo of the underlying surface of the grassland. The increase in the albedo of the grassland led to a decrease in the soil temperature, making the average annual soil temperature in grassland lower than that of the barren land in shallow layer (0–10 and 40–40 cm). Due to the snow cover impact, the higher surface albedo results in lower net radiation and lower surface sensible heat transfer, and increase the surface latent heat flux during the soil complete freezing period and the melt period, reduce the heat transfer from the soil to the atmosphere during the complete freezing period, and reduce the heat transfer from the atmosphere to the soil during the melt period. Snow had a cooling effect during the freezing period, and the soil temperature was lower than that under the barren land. In winter and spring, the area under the grassland has a higher snow cover, which leads to the water retention effect on the shallow soil.
[image: Figure 5]FIGURE 5 | The monthly averaged variation of (A) Green Vegetation Fraction (Unit: %), (B) Albedo and (C) precipitation (Unit: mm) over Grassland, Open shrublands, and Barren or sparsely vegetated in Qinghai-Tibet Plateau.
[image: Figure 6]FIGURE 6 | Comparison of monthly averaged observations and High-Resolution Assimilation Dataset of the Water-Energy Cycle in China simulations, from four observation stations in Qinghai-Tibet Plateau, (A) soil temperature (°C) and (B) soil moisture (cm3·cm−3) from 2010–2012.
Characteristics of Soil Temperature and Moisture
Soil temperature can directly affect the surface energy flux, and thus play a vital role in feedback of climate change. Soil temperature and surface temperature directly or indirectly restrict upward long-wave radiation, net radiation, and sensible heat flux between soil and atmosphere, and soil temperature anomalies will affect energy balance, which in turn will affect atmospheric circulation (Wang and Bras, 1999; Yang and Wang, 2008; Luo et al., 2017). By analyzing the change trend of soil temperature on different underlying surfaces of the QTP, we can have a deeper understanding of the feedback of different underlying surfaces to the atmosphere. Soil moisture is the most important factor of water-energy circulation process. In the LSM model, the main factors affecting soil moisture include runoff, gradient and vertical diffusion, water absorption and gravity (Niu et al., 2011; Wen et al., 2012; Zhang et al., 2012).
The observations data of soil temperature and moisture at four stations on the QTP are selected and compared with the HRADC. The four observation stations represent the barren land [ALI (79.7°E, 33.4°N)] and open shrubland [NAQU (92.1°E, 31.5°N)] and the grassland [MAQU (102.1°E, 33.9°N] and PALI (27.5°N, 88.9°E), respectively. We found that the observed soil temperature of the bare underground surface is higher in summer, and the soil temperature of HRADC on the barren land surface is also higher than that of grassland and shrub land, this is more consistent with the observed value. The soil temperature of HRADC is overall lower than the observed value. It can be seen from the comparison of the annual change of soil moisture, except for the higher soil moisture value in MAQU (0.4 cm3·cm−3), the soil moisture of the other three stations is lower than 0.2 cm3·cm−3, and the soil moisture value of the barren land is only about 0.1 cm3·cm−3 in summer. The soil moisture in barren land of HRADC is also lower than the other two underlying surfaces, but the soil moisture of HRADC is overall higher than the observed values (range from 0.2 to 0.3 cm3·cm−3). By comparing with the observed values, we can conclude that HRADC can simulate the variation characteristics of soil temperature and moisture more accurately over different underlying surfaces in the QTP, but the simulated higher soil moisture may overestimate the latent heat flux and net radiation simulations.
The soil temperature in different underlying surfaces shows a gradually decreasing trend from shallow to deep layers (Table 3). This is because with the increase of solar radiation in summer, the surface skin temperature begins to increase, and heat is transferred from the land surface to deep soil layer, lead to forms a vertical soil temperature gradient. The annual averaged soil temperature decreases from the land surface to deep soil layer, and the peak value gradually lags behind. The peak value of soil temperature in first layer appears in July, while the deep layer appears in August. The time for the soil temperature in deep layer to reach the annual peak is about one or two months behind the surface and shallow layers, indicating the lag of soil heat storage.
TABLE 3 | Comparison of the annual averaged soil temperature and soil moisture data on different underlying surfaces in Qinghai-Tibet Plateau.
[image: Table 3]We can see that the peak and valley value of soil temperature in upper layer occurred in July and January, respectively (Figures 7A,B). The HRADC can well reproduce the annual change trend of the soil temperature of each layer on the three different underlying surfaces in the QTP. The intra-annual change of the soil temperature in the QTP is affected by solar radiation and is consistent with the annual change of solar radiation (Fu and Rich, 2002). The soil temperature of all four layers is higher than that of the grassland begore 100 days and lower than that of the grassland after 280 days. The daily average annual variation range of soil temperature on the three different underlying surfaces was the highest on barren or sparsely vegetated, followed by open shrubland and grassland. This may be because the plateau snow began to melt in spring, and the vegetation on the underlying surface gradually began to grow. Due to the scarcity of vegetation on the barren ground surface, the soil was affected by solar radiation, and the temperature increased more quickly than open shrubs and grasslands. In autumn, because the vegetation coverage of open shrubs and grass underlays is higher than that of bare land, the vegetation coverage of grass underlays is around 50%. The heat preservation effect of the vegetation makes it difficult to lost heat in the soil of open shrubs and grass underlays. In the winter, the solar radiation gradually decreases, and the soil temperature of the barren ground surface decreases more rapidly, followed by open shrubs, and the grass ground surface is the slowest. It can be seen from Figures 7C,D that the variation of daily mean soil temperature has strong mutagenicity, which is not similar to other soil levels. This is because we use the piecewise-integration method in the WRF mode (Shao et al., 2015). The piecewise-integration method is significantly superior to the conventional continuous integration method. It can effectively reduce the accumulation errors caused by long-term continuous integration and improve the simulation accuracy of the reference state and the perturbed state (Zhang et al., 2008). However, it may take a long time for the temperature and humidity of the deep soil to reach the water and energy balance state due to the re-use of the initial field and boundary conditions for the piecewise-integration every month. In the process of integrating HRADC data, we used 5 days to spin-up, but it seems that it may take longer for the deep soil temperature and moisture to reach balance.
[image: Figure 7]FIGURE 7 | The daily averaged variation of soil temperature (°C) and soil moisture (cm3·cm−3) over Grassland (red line), Open shrubland (black line), and Barren or sparsely vegetated (blue line) in the Qinghai-Tibet Plateau.
In general, the annual change trend of soil temperature on different underlying surfaces of the QTP is closely related to the GVF. In the southeast grassland area with higher GVF, the soil temperature in winter and spring is higher than that in open shrubs and barren land, while in the lush vegetation growing season in summer, the soil temperature over the barren land is higher than that of open shrubland and grassland; the soil temperature in four soil layers all gradually decreases with increasing depth, and the annual averaged soil temperature of open shrubs in each layer is below 0°C. The soil temperature of the three underlying surfaces shows that the fluctuation of soil temperature gradually decreases with the increase of soil depth. In addition, the time for the deep soil temperature to reach the peak value lags behind the shallow layer by about one or two months.
It can be seen from Table 3 that the soil moisture over the different underlying surfaces in HRADC is the highest in the grassland, followed by open shrubs, and the lowest in the barren or sparsely vegetated. The averaged values of soil temperature over grassland, open shrubland and barren land are 0.25, 0.23, and 0.16 cm3·cm−3 respectively. Since the precipitation over grassland began to increase gradually in March, and reach the peak value (65 mm/m) in June, so the soil moisture of 0–10 cm began to increase slowly on the 90th day, and reach a peak value (0.29 cm3·cm−3 in about 180th days), and then showed a downward trend of fluctuations (Figure 7E). The soil moisture over the open shrubland remained at 0.23 cm3·cm−3 from 0 to 160 days. After 160 days, the 0–10 cm soil moisture increased to 0.26 cm3·cm−3, which may be due to increased precipitation after June, and vegetation began to grow, and water retention by vegetation roots increases soil moisture. Since there is sparsely vegetation growth over barren land, the 0–10 cm soil moisture has almost no obvious increase from April to September with more precipitation. The 10–40 and 40–100 cm layers soil moisture over barren land began to increase after 150 days. It may be due to the lack of water retention of the vegetation root system. The upper layer soil water will reach the deep soil layer through infiltration (Figures 7F,G). The peak value of soil moisture in the deep layer (40–100 and 100–200 cm) over three underlying surfaces is one or two months behind the upper layer (0–10 cm). The annual averaged 100–200 cm soil moisture over the three underlying surfaces is 0.24, 0.22, and 0.13 cm3·cm−3 respectively, with grassland being the highest value and barren land being the lowest value. It is worth noting that there is no obvious peak value of soil moisture over barren land. This may be due to less precipitation in the northwest of the QTP, and it is difficult for the shallow soil moisture to reach deep layer through infiltration after precipitation (Figure 7H). In our study, the soil moisture value of grasslands is closed to other studies. In the northeast QTP, at Tuouohe, Anduo, and Tanggula (ranging from 0.1 to 0.25 cm3·cm−3) (Cuo et al., 2015) and approximately equal to that of the Loess Plateau in middle north China (range from 0.15 to 0.35 cm3·cm−3) (Jia et al., 2017).
The soil moisture in the QTP has obvious seasonal variation. As the spring warms up, the frozen soil begins to melt and the soil moisture is increasing, while in winter the soil begins to freeze and the soil moisture decreases. In spring, the snow begins to melt, and vegetation gradually begins to grow. At this time, the soil temperature is above 0°C. The southwestern plateau area with high vegetation coverage has better soil water retention and higher soil water content, which is beneficial to the growth of grass. However, the soil water content in the western and northern regions of the plateau is lower. After the frozen water melts, the soil water provided for vegetation growth is not enough, and the vegetation grows slowly, which lead to the vegetation types in this area are mainly open shrubland and barren land. In winter, the soil water begins to freeze gradually, and the soil moisture decreases and the GVF begins to decreases.
In general, the distribution characteristics of the annual averaged soil moisture are simulated well by HRADC over grassland, open shrubland and barren land of the QTP. For grassland, the GVF increases rapidly after April, and reaching about 60% in August, and the precipitation exceeds 60 mm/m from May to July, which is beneficial to increase the soil water content of the underlying surface, especially the shallow soil water content. The peak value of GVF over open shrubland and barren land is only about 20 and 5%, respectively. Because of the precipitation is only half of the grassland underlying surface in May and June, the soil moisture is much lower than the grassland. The spatial distribution of soil moisture on different underlying surfaces in the QTP is also similar to the spatial distribution of land use types and vegetation types in Figure 2. The soil moisture gradually decreases from the southeast to the northwest in the QTP (figure omitted), which is consistent with Xia et al. (2019)’s results. It can be seen from Figure 7 that the annual daily averaged soil moisture of the three underlying surfaces in the QTP fluctuate more drastically and gradually increase from the 150 day of the year, which is due to the increase in spring precipitation. The variation of the shallow layer soil moisture is more acutely than that in the deep layer, and the fluctuation of soil moisture tends to be stable and begins to decrease after about 250 days. Since the soil moisture is also affected by the amount of evaporation, the area with a large vegetation coverage has a small amount of evaporation (Martens et al., 2017). Since April, the vegetation on the plateau is in the growing period, the vegetation coverage continues to increase, and the evaporation continues to decrease, so the soil moisture will also remain high, resulting in the difference in the shallow soil moisture of the three different underlying surfaces. The data used to analyze soil temperature, moisture and GVF in this study are from HRADC, which only indicates that WRF can reproduce the impacts of different underlying surface on soil temperature and moisture.
Characteristics of Energy Flux and Net Radiation
The observed flux data of ALI (79.7°E, 33.4°N), NAMORS (91.0°E, 30.8°N), and SETORS (94.7°E, 29.7°N) are compared with HRADC. The flux stations of ALI, NAMORS and SETORS represent the typical barren land surface, open shrub land and grassland/forest in the QTP, respectively. It is found that the observed value of latent heat flux is agree well with the simulated value, but the simulated value of sensible heat flux over the barren land is over 150 W·m−2 in summer in ALI flux station. The observed peak value of sensible heat flux is only 70 W·m−2, and the simulated value is more than twice of observation (Figure 8). The sensible heat flux in HRADC is generally higher in barren land region over the western QTP, resulting in a higher net radiation in this region. Wang and Shi (2007) also found that in the western QTP, the sensible heat flux dominates the heat energy balance in summer, followed by the latent heat fluxes. But during the rainy season, the latent heat flux cannot be ignored. Chen and Sun (2005) analyzed the energy balance of the grassland at Qamdo in the eastern QTP, and found that the peak value of latent heat, sensible heat flux and net radiation reached 300, 200, and 600 W·m−2 in August, respectively, and which were consistent with the results of HRADC.
[image: Figure 8]FIGURE 8 | Comparison of monthly averaged observations and High-Resolution Assimilation Dataset of the Water-Energy Cycle in China simulations, from three flux stations in Qinghai-Tibet Plateau, (A) latent heat flux and (B) sensible heat flux (Unit: W·m−2).
The values of latent heat flux in HRADC are higher during the vegetation growing season and the values over grassland, open shrubland, and barren or sparsely vegetated are 89.6, 81.3, and 28.1 W·m−2, respectively. The latent heat flux over the grassland is the highest in each month throughout the year, followed by open shrubland and barren land. There is less GVF over the barren land in the central and northern QTP, which leads to a decrease in vegetation evapotranspiration and a decrease in latent heat transport. An increase in surface temperature leads to an increase in sensible heat transport and an increase in soil energy transfer to the atmosphere, indicating a significant change in GVF changed the distribution ratio of energy transmission between land surface and atmosphere (Chu et al., 2005; Pan et al., 2012). The value of latent heat flux over the open shrubland is higher than that of grassland and barren land throughout the year, and the latent heat flux gradually decreases from southeast to northwest, which is consistent with the regional distribution of simulated latent heat flux of the QTP by Lv and Ji (2002). Due to differences in precipitation and vegetation distribution, there are differences in latent heat fluxes on different underlying surfaces. The vegetation on the grassland is lush in the growth period, and has more precipitation in summer, so the latent heat flux is higher, while the latent heat over open shrubland and barren land is lower. The peak values of latent heat flux from HRADC and ERA5 are very similar on the grassland, but the peak value of latent heat flux in ERA5 (70 W·m−2) is much higher than that of HRADC (28 W·m−2) over the barren ground, and the peak value in HRADC (81 W·m−2) was higher than ERA5 (55 W·m−2) over the open shrubland. Since the 0–10 cm layer soil moisture over the barren land is only 0.18 cm3·cm−3 in HRADC, which is lower than that of grassland and open shrubland, this may be the reason for the lower latent heat flux over the barren land.
The peak value of sensible heat flux over grassland, open shrubland, and barren or sparsely vegetated in HRADC are 90.4, 133.2, and 123.5 W·m−2, respectively (Figure 9B). Li et al. (2002) analyzed the observed surface sensible heat flux at the four flux stations in Lhasa, Shigatse, Naqu and Nyingchi, and pointed out that the maximum value of sensible heat is from May to June, and the minimum value occurs in December. This is similar to the variation of sensible heat flux found in this study: the sensible heat flux over three different underlying surfaces reaches its maximum value from April to June, and gradually decreases after June, and reaches its minimum value in December. It also can be seen from Figure 9B that the sensible heat flux over grassland and open shrubland has a rapid downward trend from June to September after reaching the peak value. This may be due to the vegetation growth period of the plateau and the rainy season from June to September. Increased GVF will increase latent heat transport, reduce the temperature difference between land surface and atmosphere, and reduce the sensible heat flux (Chen et al., 2016). Over the three different underlying surfaces, the peak value of the sensible heat flux in HRADC is higher than in ERA5 in summer, and the sensible heat flux in ERA5 is almost the same (range from 10 to 40 W·m−2). This may be caused by overestimation of soil moisture in ERA5. The 0–7 cm layer soil moisture can reach about 0.4 cm3·cm−3 over the grassland in ERA5, and the peak value over the barren land also reaches about 0.25 cm3·cm−3 in summer (figure omitted). Higher soil moisture will cause a decrease in sensible heat flux.
[image: Figure 9]FIGURE 9 | The comparison of surface energy flux and net radiation between High-Resolution Assimilation Dataset of the Water-Energy Cycle in China and ERA5 over Grassland (red line), Open shrubland (black line), and Barren or sparsely vegetated (blue line) in the Qinghai-Tibet Plateau (Unit: W·m−2). (A) latent heat flux, (B) sensible heat flux, (C) ground heat flux, (D) net radiation, and the histogram of energy distribution proportion (E,F).
Figure 9C shows the variation trend of ground heat flux on different underlying surfaces. Positive values indicate the heat transfer from the ground surface to the soil, and vice versa. The ground heat flux on different underlying surfaces range from -20 to 20 W·m−2 throughout the year, and reaches the peak value from May to July. The ground heat flux during April to September is positive, which indicating the soil obtains heat from the ground in growing season, and the energy heat transfers from soil to the ground surface from October to March in the non-growing season. The changes of ground heat flux would be affected by the freezing-thawing cycle of frozen soil. As seen in Figure 9C, the maximum positive value of ground heat flux is from April to June, which is the main thawing period of the frozen soil on the TP, while the maximum negative value is from October to December, which is the freezing period of the frozen soil on the TP. The main reason is that the ground heat flux from the atmosphere to the soil is increased in thawing period due to the absorption of phase change energy of thawing soil, while the ground heat flux from the soil to the atmosphere is also increased (negative decreasing) in freezing period due to the release of phase change energy of freezing soil. Similar results were found in numerical simulations (Chen et al., 2014; Chen et al., 2017).
Figure 9D shows the variation trend of net radiation on different underlying surfaces. The net radiation value over the open shrubland was the highest throughout the year, followed by grassland and barren land. The annual averaged net radiation values over grassland, open shrubland and barren land in HRADC are 113.8, 128.7, and 100 W·m−2, respectively. The peak value of net radiation on different underlying surfaces is from May to July, and showed a clear single peak shape. The variation trend of net radiation is closely related to the surface albedo. Some studies have shown that the peak value of net radiation over the Oasis is about 150 W·m−2 higher than that of the Gobi through numerical simulation in the northwest arid region in China (Meng et al., 2009; Wen et al., 2012). The above studies shows that the areas with more GVF have lower surface albedo, and the more surface energy income. In areas with less GVF, the surface albedo is higher, and the energy of the surface income will be less, which is the energy loss area. Figure 9E is a histogram of energy distribution proportion of different underlying surfaces. It can be seen that over the three types of underlying surfaces show that the ratio of sensible heat flux to net radiation (50.5%, 64.2%, and 74.8%, respectively) is higher than the ratio of latent heat flux to net radiation (37.3%, 25.3%, and 11.2%, respectively). However, there is a slight difference over different underlying surfaces. The proportion of latent heat flux over grassland (37.3%) is higher than that of open shrubs (25.3%) and barren ground (11.2%). The three types of underlying surfaces have the highest proportion of sensible heat flux (all above 50%), which indicating that the heat transfer between surface and atmosphere over different underlying surfaces in the QTP is dominated by sensible heat, and in areas with scarce vegetation, the more proportion of sensible heat.
Figure 10 shows the regional distribution of the monthly mean values of latent heat, sensible heat, surface heat flux, and net radiation in HRADC and ERA5. It can be seen that the sensible heat flux can reach more than 100 W·m−2 in the western QTP with scarce vegetation, but only about 50 W·m−2 in the eastern QTP with more GVF (Figure 10B); while the latent heat flux is below 200 W·m−2 in the northern part of the QTP, and the latent heat can reach more than 60 W·m−2 in the southeastern QTP (Figure 10A), indicating that the area with higher GVF also has higher latent heat transmission, while with the lower GVF and lower soil moisture, the energy transmission is mainly sensible heat flux between land surface and atmosphere. As can be seen from the distribution of ground heat flux (Figure 10C), the ground heat flux in the southern part in the QTP is positive, while the northern part is negative, indicating that the soil in the southern part mainly absorbs surface energy throughout the year, while soil in the northern part releases energy to the land surface. The regional distribution of net radiation is also the same. The net radiation value in the southern part of the QTP is larger than the northern part, indicating that the southern plateau receives more energy than the northern part. The latent heat flux in HRADC over the southeastern part of the QTP is significantly higher than ERA5, and much lower than ERA5 over the northern part of the plateau. The sensible heat flux in the central and western parts of the plateau is less than 50 W·m−2 in ERA5, almost only half of that in HRADC. The spatial distribution of net radiation also shows that the net radiation of the entire plateau region in ERA5 is almost only about half that of HRADC, which is consistent with Figure 9. As the soil moisture in QTP may be overestimated in ERA5, it will cause a decrease in sensible heat flux and net radiation.
[image: Figure 10]FIGURE 10 | The comparison of spatial distribution of heat fluxes between High-Resolution Assimilation Dataset of the Water-Energy Cycle in China and ERA5 in the Qinghai-Tibet Plateau (Unit: W·m−2). (A,E) latent heat flux, (B,F) sensible heat flux, (C,G) ground heat flux, and (D,H) net radiation.
Figure 11 is a schematic diagram of the water-energy cycle over process on different underlying surfaces. Although there is the highest albedo on the grassland, since the entire grassland area is in the southeast of the QTP, it receives more downward shortwave radiation, so it has acquired the medium net radiation. The grassland also acquires the maximum precipitation, GVF and soil moisture, so there is the maximum latent heat flux on grassland. Since there is a minimum albedo on the open shrubland, the net radiation is the maximum. However, due to the open shrubland has acquired the medium precipitation, soil moisture and GVF, the latent heat flux value is medium. As the entire area of the barren land is over the northern part of the QTP, it has acquired the lowest net radiation, and the minimum precipitation, GVF and soil moisture, so the latent heat flux is the lowest and the sensible heat flux is the highest.
[image: Figure 11]FIGURE 11 | The physical processes schematic diagram of water-energy cycle over different underlying surfaces.
CONCLUSION
The multi-source data of different spatial and temporal scales are added into the WRF model initial field, and the observations of surface weather stations are assimilated into the WRF model. The HRADC generated by WRF model can effectively improve the water and energy cycle process on the inhomogeneous underlying surfaces. HRADC outputs can applied to research of climate change and monitoring of arid environments in the QTP in China. The main conclusions are as follows:
(1) The GVF of HRADC shows a decreasing trend from southeast to northwest on the QTP. The vegetation of the plateau entered the growth period in May and reached its peak in August. The GVF of the grassland in the southeastern QTP can reach more than 60% in summer, about 20% in open shrubland, and only 5% in barren or sparsely vegetated areas. Although the precipitation over the open shrubland can reach about 50 mm from July to September, the GVF has not increased rapidly, indicating that precipitation is not the only factor affecting GVF, and may also be related to temperature and soil moisture.
(2) The soil temperature showed a gradual decrease trend from the shallow layer to the deep layer. The time for the deep soil temperature to reach the peak lags behind the shallow layer by one or two months, indicating that the soil has a significant heat storage effect. In winter and spring, the soil temperature over grassland is higher than that in shrubland and barren land, while in summer when vegetation is flourishing, the soil temperature over barren land is higher than that in open shrubland and grassland.
(3) The annual averaged soil moisture value in four layers over grassland is higher than that of open shrubland and barren land, and the soil moisture in shallow layers (0–10 cm) in three different underlying surfaces is 0.26, 0.23, and 0.18 cm3·cm−3, respectively. The variation trend of soil moisture is consistent with the precipitation, which decreasing from the southeast to the northwest of the plateau.
(4) The surface energy and radiation characteristics in different underlying surfaces in HRADC are as follows: the sensible heat flux over the grassland is lower than shrubland and barren land, and the peak value in April is only 80 W·m−2, and the latent heat flux is up to 90 W·m−2 in July. The net radiation value over barren land is the highest, which is up to 210 W·m−2. The latent heat transport at the barren land over the central and northern QTP is low, while the sensible heat transport is high, and the energy transfers from land surface to the atmosphere.
(5) The latent heat flux in HRADC over the southeastern part of QTP was significantly higher than that in ERA5, and in the northern part of the plateau was significantly lower than in ERA5. The sensible heat flux in the Midwest of the plateau was less than 50 W·m−2 in ERA5, almost half of that in HRADC. The net radiation in ERA5 of the entire QTP region is almost half in HRADC.
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To study the variation trend of potential evapotranspiration (PET) in the Three-River Headwaters (TRH) region of the Qinghai-Tibet Plateau in China, we use 2-m temperature and surface pressure observation data from 14 meteorological weather stations in the TRH region, and the surface PET is calculated by the Penman-Monteith formula. The global land surface data assimilation system from 2000 to 2018 were used to compare and verify the accuracy and applicability of the calculated PET in the THR region. The results show that in the past 20 years, the PET of 14 weather stations in the TRH region has shown an increasing trend, with annual averaged growth rate of 1.4 ± 1.2 mm·a−1, and the spatial distribution of the annual variation rate of PET has obvious difference. PET is higher in the eastern area of TRH region, and lower in the western area. The drought in this area increased from southeast to northwest, which was consistent with the spatial distribution of precipitation. The aridity index K has fluctuated and increased before 2015, but there was a sudden change in 2018, and the aridity index K in the TRH began to decline after 2018, and the climate changed from dry to wet.
Keywords: Three-River Headwaters, global land surface data assimilation system, potential evapotranspiration, aridity index K, precipitation, Penman-Monteith method
INTRODUCTION
The Qinghai-Tibetan Plateau (QTP) and the adjacent high mountain regions of the Himalayas play an important role in the global climate dynamic through its impact on the Asian monsoon system, which in turn is impacting the water resources of this extremely vulnerable region (Krause et al., 2010). The QTP is in southwest China, which is known as the “roof of the world.” The unique regional combination of water and heat makes it change from dry and cold in the northwest to warm and wet in the southeast (Li et al., 2010). In the past 50 years, the annual averaged temperature in the QTP has increased significantly higher than that of the whole country, and the phenomenon of ecological degradation and reduction of water resources has become more serious (Ding et al., 2019), which has caused an inestimable impact on local and even the country’s economic and social development. A series of changes have taken place in the ecological environment of the plateau in recent years. The surrounding glacier mountain of the QTP has shrunk by 15% and the permafrost has decreased by 16%; the number of lakes larger than 1 km2 has increased from 1,081 to 1,236, and the lake area has increased from 40,000 km2 to 47,400 km2, and all the runoffs show an increasing pattern (Liu et al., 2019).
As the “Asian Water Tower,” the Three-River Headwaters (TRH), which contains 25% water of the Yangtze River, 49% of the Yellow River, and 15% of the Lancang River, is an important water source for China and east Asia. The exchange of energy and water between the atmosphere and the land surface plays an important role in regional water resources dynamics and climate change (Xu et al., 2008a). The topography of the TRH region is complex, with a wide variety of underlying surfaces, including glaciers, lakes, frozen soil, and vegetation (Kang et al., 2010). Global warming changes the energy and water cycle of the underlying surface through evaporation, precipitation, and changing soil moisture, and the changes of energy and water cycles on different underlying surfaces are very sensitive to the response of global climate change (Liu and Chen, 2000). Wang et al. (2020) combined meteorological and satellite data to explore the average evaporation of 75 lakes on the QTP from 2003 to 2016. The lakes evaporation showed great variation in spatial distribution, and the evaporation was higher in the south of the plateau. Changes in the spatial distribution of precipitation play an important role in determining the response of runoffs to precipitation in the source area (Zhou and Huang, 2012). Gravity Recovery and Climate Experiment data shows that the water storage in the TRH area increased by an average of 0.5 mm per month from 2003 to 2008, indicating that the water storage capacity of the source area has increased significantly, but the overall water utilization rate has shown a downward trend (Xu et al., 2013). At the same time, under future climate scenarios, total precipitation and extreme precipitation values in the TRH will also increase with interannual changes (Team, 2007; Hu et al., 2013a).
Potential evapotranspiration (PET) refers to the maximum evapotranspiration that can be achieved on the land surface under certain meteorological conditions when the water supply is not restricted (Milly and Dunne, 2016; Valipour, 2017). As an important part of hydrological cycle and energy cycle, together with precipitation, it determines the regional dry and wet conditions (Gu et al., 2017), which plays an important role in the global water cycle and climate evolution. The wind may have weakened water vapor exchange between the Asia monsoon region and the Plateau and thus led to less precipitation in the monsoon-impacted southern and eastern Plateau, but the warming enhanced land evaporation. Their overlap resulted in runoff reduction in the southern and eastern Plateau regions (Yang et al., 2014). The simulation results of Coupled Model Intercomparison Project 5 indicate rising temperature to cause the ablation of ice (or snow) cover and increasing leaf area index, with reduced snowfall, together with a series of other changes, resulting in increasing upward and downward long-wave radiation and changes in soil moisture, evaporation, latent heat flux, and water vapor in the air (Li et al., 2014). Chen et al. (2006) has analyzed Penman-Monteith PET estimates for 101 stations on the QTP and surrounding areas from 1961 to 2000, and found that the PET has decreased in all seasons in the whole QTP. The average annual evapotranspiration rate decreased by 13.1 mm·decade−1 or 2.0% of the annual total. In recent years, many researchers focus on the characteristics of climate change in the TRH Region, and found that the near surface temperature from meteorological stations has gradually increased in recent decades. Under the global warming background, affected by greenhouse gases, the warming trend of the TRH Region will continue in the future (Lan et al., 2010; Hu et al., 2013b). The spatial distribution characteristics of temperature in this region is: the temperature gradually increase from west to east and from south to north, and the precipitation in the TRH region Will increase (Hu et al., 2013a).
At present, there are nearly 50 methods or models used to estimate PET in the world, which can be divided into the following four categories (Singh and Xu, 1997): 1) temperature method; 2) mass transfer method; 3) radiation method; 4) comprehensive method. Since the 1990s, many studies have been carried out on the applicability of PET, focusing on more than a dozen commonly used methods for estimating PET. In practical applications, less than ten kind of methods for estimating PET (Shi et al., 2008; Valipour, 2014). Tabari et al. (2013) and Valipour et al. (2017) evaluated the estimation effects of the three types of PET estimation methods including mass transfer method, radiation method and temperature method. They found that the radiation method has the best estimation, followed by the temperature method, and the mass transfer method is inferior, which is consistent with the conclusions of most studies.
In this paper, the Food and Agriculture Organization (FAO) Penman-Monteith method was chosen as the standard method to estimate PET because it was very close to PET of short grass (Allen et al., 1989; Pereira et al., 2002; Xing et al., 2008). This method is physics-based and explicitly combines physiological and aerodynamic parameters. In some cases, the lack of input variables limits the use of this methods. On this point, Allen et al. (1989) was developed procedures for estimating missing climate parameters such as net radiation, vapor pressure deficit and wind speed and these procedures need to be evaluated in different countries and regions to test their feasibility (Stöckle et al., 2004; Popova et al., 2006; Jabloun and Sahli, 2008). Li et al. (2012) used the evapotranspiration model to evaluate the annual average PET in alpine regions, analyzed the response of annual evapotranspiration to land use changes, and used the Vegetation Temperature Condition Index to modify the plant effective water coefficient (w). The results show that the relative error between the simulated ET and calculated by using water balance equation is 3.81%, and the consistency index is 0.69. Zhang et al. (2007b) examined Penman-Monteith evapotranspiration and 20-cm pan evaporation using 75 meteorological stations data on the Qinghai-Tibet Plateau from 1966 to 2003, and found that during the period 1966 to 2001, the reference evapotranspiration and pan evaporation decreased by 47% and 38%, respectively. Although the temperature in most stations increased significantly (P < 0.05), wind speed and sunshine hours were significantly reduced (P < 0.05). Gu et al. (2008) used the vorticity covariance method to analyze the evapotranspiration of meadows on the Qinghai-Tibet Plateau from 2002 to 2004. The annual precipitation changed greatly, with 554, 706, and 666 mm·a−1 in three consecutive calendar years. The annual ET is 341, 407, and 426 mm·a−1. The annual ET is constant at about 60% of the annual precipitation. During the growing season from May to September, about 85% of ET occurs, and the average ET during this period was 1.90, 2.23, and 2.22 mm·d−1 for three consecutive years. However, during the non-growing season from October to April, the average ET is very low (<0.40 mm·d−1).
Many studies have pointed out that since the 1990s, the climate of the TRH region in the QTP has been warming, and the dry and wet conditions have changed significantly, these characteristics are more prominent after the 21st century (Jin et al., 2004; Liu et al., 2008; Xu et al., 2008b; Zhang et al., 2011). However, most of the current research has focused on the beginning of the 21st century, and there are few analyses on the changes over the past decade. Therefore, it is necessary and urgent to study the characteristics of energy and water cycle changes in the TRH region.
OVERVIEW OF THE STUDY AREA
The TRH region is in the southern part of Qinghai Province, the hinterland of the QTP, which generally refers to the area between 89°–103°E and 31°–36°N, with a total area of 325,000 km2 (Li et al., 2012). Most areas are at least 4,000 m above mean sea level, with the high terrain and the cold climate. The average annual temperature is between −5.4 and 4.2°C. The annual precipitation gradually decreases from 770 mm·a−1 in the southeast to 260 mm·a−1 in the northwest, so the climatic showed significant regional differences (Xiong et al., 2019). Alpine meadows and alpine grasslands are the main vegetation types in TRH region (Liu et al., 2008). TRH region is a typical ecological and climatic transition zone, with surface vegetation sensitive to climate change and responsive rapidly (Zhang et al., 2007a).
DATE AND ANALYSIS METHODS
Global Land Data Assimilation System (GLDAS) is a global land surface data assimilation system jointly developed by National Aeronautics and Space Administration and National Oceanic and Atmospheric Administration. GLDAS is unique in that it is a global, high-resolution, offline modeling system that combines land surface and satellite observations. GLDAS includes five land surface models: The Community Land Model, NOAH, Mosaic, Variable Infiltration Capacity, and Catchment land surface models (Rodell et al., 2004; Reichle and Koster, 2005). GLDAS data is used in this paper because it has advantages. Firstly, GLDAS is a global land assimilation data system with a higher spatial and temporal resolution (0.25° × 0.25° and 3 h). Secondly, GLDAS is a grid data generated by the offline land surface models, which are driven by observational data. The biases in atmospheric model-based forcing can be avoided and by employing data assimilation techniques, observations of land surface states can be used to curb unrealistic model states (Rodell et al., 2004). The GLDAS output including soil temperature, moisture, latent heat flux, sensible heat flux, ground heat flux, and upward/downward radiation. The assimilation results of land surface data generated by surface variables such as precipitation and latent heat flux may be more applicable in the QTP. GLDAS can provide effective and efficient support to various types of continuous high resolution data sets and has accordingly gained wide applications in numerous fields, such as climate change research (Trenberth and Guillemot, 1998). In this paper, the GLDAS derived monthly products with 0.25° spatial resolution with NOAH models are used to compare with observations in this paper. The GLDAS gridded results is interpolated from the grid scale to the point scale to match the in-situ observations. The bilinear interpolation method has been used to interpolate from a rectilinear grid to an unstructured grid (https://www.ncl.ucar.edu/Document/Functions/Built-in/linint2_points.shtml). This interpolation method has been proved to be reliable and wildly used to simulate the QTP climate (Gao et al., 2015), the Heihe River Basin (Pan et al., 2012), India (Kumar et al., 2017), in Europe (Giannaros et al., 2013) and other parts of the world. More details about this gridded data can be found at https://ldas.gsfc.nasa.gov/gldas/gldas-get-data.
In order to study the spatial and temporal distribution characteristics of the energy-water cycle of the TRH, the observation data used are “Surface Daily Climate Data in China” from the China Meteorological Administration. The observation data used in this study include daily near surface 2-m temperature (°C), surface pressure (hPa), relative humidity (%), wind speed (m·s−1) of 14 weather stations [Wudaoliang (WDL) and Tuotuohe (TTH), Qumalai (QML), Zhiduo (ZD), Nangqian (NQ), Qingshuihe (QSH), Yushu (YS), Maduo (MD), Xinghai (XH), Dari (DR), Henan (HN), Jiuzhi (JZ) and Guoluo (GL)] from January 2000 to December 2018. The locations of these weather stations are shown in Figure 1. These data are subjected to quality control and inspection by the China Meteorological Administration prior to use (Zhao et al., 2014).
[image: Figure 1]FIGURE 1 | Scope of the source regions of Three-River Headwaters (TRH) and location of weather stations (unit: m).
At present, there are dozens of drought indexes commonly used all over the world, such as Standardized precipitation index (SPI) (Zarch et al., 2015), Reconnaissance drought index, Palmer Drought Severity Index (Vicente-Serrano et al., 2010b), Z index (Karl, 1986), meteorological comprehensive drought index (Jia et al., 2018), etc. Standardized precipitation index has a wide range of applications due to its multiple time scales, and has become one of the operational drought monitoring indicators in many countries and regions. Palmer Drought Severity Index comprehensively considers rainfall, soil moisture, evapotranspiration, runoff and other information, and combining surface dry and wet conditions and moisture abnormalities to monitor drought (Vicente-Serrano et al., 2010a). The common feature of these comprehensive drought indexes is that they require more data and are complicated to calculate. The drought index K is defined as the ratio of evaporation to precipitation (Ghulam et al., 2007), which has been recommended by the FAO (Fu and Feng, 2014) and has seen widespread used by the United Nations educational, scientific and cultural organization, Global environment monitor system , Global resource information database and Desert cure and prevention activity center. When there is less precipitation and more evaporation, the K value is higher, indicating more arid, and vice versa. Since the K is a univariate drought index, the advantage is that it requires less data to calculate, and has a clear meaning. In order to simply represent the relationship between precipitation and evaporation in TRH region, aridity index K is adopted in this paper.
Firstly, we use the Penman-Monteith method (Allen et al., 1998) to calculate the PET in the TRH area from 2000 to 2018, and compare with GLDAS products. Secondly, the PET variation trend in four seasons of 14 weather stations in the TRH region has been analyzed. Finally, we use the precipitation and latent heat flux data of GLDAS to analyze the regional distribution characteristics of precipitation and PET in the TRH region from 2000 to 2018, and use the Manner-Kendall non-parametric test method (Libiseller and Grimvall, 2002; Yue and Wang, 2004) to evaluate the variation trend of PET, precipitation, and aridity index K.
The following FAO Penman–Monteith method have been chosen for this research because of their wide acceptance for estimating PET in many regions (Cai et al., 2007):
[image: image_1.gif]
where PET is the daily potential evapotranspiration (mm·d−1), Δ is the slope of the water vapor curve (kPa·°C−1), Rn is the net solar radiation at the surface (MJ·m−2), G is the soil heat flux density (MJ·m−2), γ is the thermometer constant (0.66 kPa·°C−1), T is 2-m air temperature (°C), U2 is the 2-m wind speed, es is the saturated water vapor (kPa), and ea is the actual water vapor (kPa). The Rn is calculated as follow:
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Ra is the incoming solar radiation (MJ·m−2·d−1), a and b are empirical coefficients (a = 0.4 and b = 0.5). Since the empirical coefficient recommended by FAO has a large error from the measured value, Zhou et al. (2014) to fit the a and b values using the observed radiation data from Qinghai Province. In this paper, we use this empirical coefficient making the calculation results more applicable in the TRH region. n is the actual sunshine duration (h), and N is the maximum possible sunshine duration (h). σ is Stefan-Boltzmann constant for a day (4.903 × 10−9 MJ·K−4·m−2·d−1), Tmax,K and Tmin,K are the maximum and minimum 2-m air temperature (K).
RESULT
Temporal and Spatial Variation Characteristics of Potential Evapotranspiration in the Three-River Headwaters Region
Since the 21st century, the calculated PET of 14 weather stations in the TRH region has shown an increasing trend, with annual average growth rate of 1.4 ± 1.2 mm·a−1. Chi-square (χ2) test (McHugh, 2013) was used to test the increasing trend of PET from 2000 to 2018, and it was found that the PET shows a statistically significant upward trend in QML (Z = 4.07, p = 0.043) and GL (Z = 7.05, p = 0.008), respectively, and the growing rate in GL, reaching 3.4 ± 1.0 mm·a−1, and the following 2.3 ± 1.0 mm·a−1 in QML, respectively. The PET shows a decrease trend in XH and YS, and the annual average descent rate of −1.5 ± 1.4 and −0.6 ± 1.6 mm·a−1, respectively. In the other weather stations, the increasing trend of PET had no statistical significance, and not passed the significance chi-squared-test (p > 0.05). Many studies have indicated that the change of PET is positively correlated with temperature (Taconet et al., 1986; Trajkovic, 2005). The increasing trend of PET in the TRH region may be related to the significant increase in temperature in recent decades, and the increase rate of temperature in the TRH region is obviously higher than the global averaged increase rate (Duan et al., 2006) (Figure 2).
[image: Figure 2]FIGURE 2 | The annual variation of potential evapotranspiration (PET) with 14 weather stations in the TRH from 2000 to 2018.
Figure 3 shows the spatial distribution of PET based on the observation data of 14 weather stations in different seasons and annual averaged values in TRH region. The value of PET in all weather stations is higher in spring and summer, but lower in autumn and winter. The PET has obvious regional difference with seasonal change. The PET in the eastern area of the TRH is higher, while in the western area is lower in all seasons. In spring and summer, the XH and GL weather station, located in the eastern part of TRH region, has a higher value of PET over 350 mm·m−1, and less than 150 mm·m−1 in winter. In the western part of TRH region, the value of PET in WDL and TTH is lower all over the year, reaching about 200 to 300 mm·m−1 in summer and below 100 mm·m−1 in winter.
[image: Figure 3]FIGURE 3 | PET variation trend in four seasons and annual mean of 14 weather stations in the TRH region. (A) MAM, (B) JJA, (C) SON, (D) DJF, and (E) annual mean.
In general, in the TRH region, the local climate is a typical plateau mountain climate, which is also a typical plateau continental climate, showing seasonal alternating cold-hot and dry-wet alternating (Cheng and Wu, 2007). We use the Penman-Monteith method to estimate the average annual PET is 1,107.1 mm·a−1 in TRH region, and the spatial distribution has obvious regional differences. PET is higher in the eastern area of the TRH region, while lower in the western and southern area. PET ranges from 799.9 mm·a−1 (ZD) to 1,352.6 mm·a−1 (NQ) throughout the year. The areas with higher PET are in XH, YS, NQ and BM with annual mean value above 1,200 mm·a−1, and in the western area, the PET is approximately 960 mm·a−1 in WDL. The PET reaches the highest value in summer, while in winter is the lowest throughout the year. The multi-year averaged PET and its spatial distribution characteristics are consistent with the results calculated by Zhou et al. (2014).
Comparison and Verification of Potential Evapotranspiration With Global land Surface Data Assimilation System Output
Due to the sparse weather stations in the QTP, it is difficult to analyze the PET accurately in the entire TRH region. Therefore, it is necessary to use the high spatial and temporal resolution numerical model data to analyze the PET in this region. We have compared and verified the calculated monthly PET of the 14 weather stations with the GLDAS simulations in the TRH region, and the error statistics is listed in Table 1. Based on verifying the applicability of GLDAS data, the precipitation, evaporation, and the aridity index K in TRH region are analyzed and discussed in detail by using the high spatial resolution GLDAS data.
TABLE 1 | RMSE, bias and correlation coefficient (r) of PET between calculated monthly averaged value and GLDAS simulations in the TRH region.
[image: Table 1]Figure 4 shows the comparison between calculated PET using the Penman-Monteith method and GLDAS products from 2000 to 2018. Four weather stations of XH, QML, YS, and GL were selected to represent the eastern and central area of the TRH region. It can be seen from Figure 4 that the calculated PET is in good agreement with simulated GLDAS values, which can reflect the annual change trend. The peak value of calculated PET in summer is about 6 mm·d−1, while the peak value of GLDAS products can exceed 8 mm·d−1 at most, and it is below 1 mm·d−1 in winter. This indicates that the evaporation on the underlying surface is intense in summer, the water vapor exchange between land and atmosphere is sufficient, and the atmosphere-land interaction is obvious. However, due to the low temperature in winter, the saturated water pressure in the atmosphere is low, and the water vapor content is less in the atmosphere, which lead to a lower PET. It can be seen from the scatter plots that the value of PET in GLDAS simulations is almost higher than the calculated throughout the year, and most of the scattered points are distributed on the upper left of the 1:1 line, indicating that the results of GLDAS are higher throughout the year.
[image: Figure 4]FIGURE 4 | Comparison of calculated daily average PET and Global Land Data Assimilation System (GLDAS) simulations from four weather stations in TRH region during 2000–2018.
The root mean square error (RMSE), bias and correlation coefficient (r) of PET between calculated monthly averaged value and GLDAS simulations in the TRH region is show in Table1. The calculated PET from the 14 stations is less than the result of GLDAS, and the Bias is between −0.85 mm·d−1 in JZ and −2.09 mm·d−1 in MD, respectively. The RMSE is between 1.3 mm·d−1 in GL and 2.26 mm·d−1 in MD, respectively. The correlation coefficient ranges between 0.67 and 0.92, and it passes the significance level test of α = 0.05. In general, the calculated PET has a good correlation with GLDAS, but the calculated values are lower than the simulated values of GLDAS, and the entire Bias is negative. The average Bais of 14 stations is −1.5 mm·d−1 and RMSE is 1.8 mm·d−1. The calculated PET annual change trend is basically consistent with GLDAS, and GLDAS data can be used for evapotranspiration analysis in TRH region.
Studies have shown that the annual averaged PET of China from 1971 to 2008 showed a downward trend, mainly due to changes in wind speed and sunshine hours, while variation of relative humidity and temperature contributed little to PET (Zhou et al., 2014). The decrease in wind speed is the main reason for the decrease of annual PET in the northern temperate zone and the Tibetan Plateau (Yin et al., 2010). The reduction of wind speed and the shortening of sunshine time, resulting in an overall decrease in PET. The significant decrease in wind speed corresponds to the decreasing trend of upper-altitude zonal wind and the decrease of pressure gradient (Zhang et al., 2009). We compared and analyzed the monthly averaged wind speed of 14 meteorological stations and GLDAS output in the TRH region from 2000 to 2018, and found that the observation of wind speed at all stations were less than GLDAS output. The wind speed of GLDAS is above 4 m·s−1 in all stations, while the most observation of wind speed is below 2.5 m·s−1, except WDL, XH, TTH, and MD (4.1, 3.6, 3.6, and 2.9 m·s−1, respectively). This may be the main reason why calculated PET is less than GLDAS output in this paper. Due to the lack of observed solar radiation data, it is difficult to analyze the changes of PET caused by the radiation changes in the TRH region. This will be considered to analyze in the future work.
Spatial Distribution of Annual Averaged Precipitation, Potential Evapotranspiration and Aridity Index K of Global Land Surface Data Assimilation System Simulations
The energy-water cycle of the underlying surface is closely related to the atmospheric water cycle and precipitation (Xu et al., 2008a). Based on the evaluation and verification of the GLDAS data in the previous section, the latent heat flux (W·m−2) in the GLDAS output was used to calculate the PET, and then the aridity index K (K is the ratio of PET to precipitation) was calculated from the precipitation. It can be seen from Figure 5 that the distribution of precipitation in the TRH region decreases from southeast to northwest. The southeast area is affected by warm and moist flow. The annual precipitation is about 1,000 mm·a−1, up to 1,236 mm·a−1, and the annual precipitation in the northwest is about 200 mm·a−1. This is related to the influence of the thermal and dynamic effects caused by the terrain height of the atmospheric circulation (Guo et al., 2012). The multi-year averaged trend of the PET is higher in the east and west area (above 1,800 mm·a−1) and lower in the central area (below 1,200 mm·a−1), which is consistent with the distribution of PET calculated by the 14 weather stations in this region using the Penman-Monteith method. The distribution characteristics of aridity index K are: the areas with more annual average precipitation have lower PET, and the index K is inversely related to precipitation. In general, from 2000 to 2018, the northwestern area of the TRH region was dry (K range from 6 to 8), while the southern and eastern area were moist (K below 4). Table 2 shows the annual averaged precipitation, PET, and the aridity index K in GLDAS output and interpolated to 14 weather stations in the TRH region.
[image: Figure 5]FIGURE 5 | Spatial distribution of annual averaged (A) precipitation (unit: mm), (B) PET (unit: mm) and (C) aridity index K (dimensionless) in the TRH region from 2000 to 2018.
TABLE 2 | Annual precipitation, PET and aridity index K from GLDAS output in each weather station.
[image: Table 2]It can be seen from Table 2 that the precipitation can reach 980 mm·a−1 in JZ, which is the highest value in the area. The precipitation is only 290 mm·a−1 in WDL. However, the PET have little difference in the TRH region, between 1,384 and 1,852 mm·a−1. the index K of different stations is inversely related to the precipitation. The K value of WDL is 5.8 and that of JZ is 1.4. This shows that the area with more precipitation have lower PET, while the western area with sparse precipitation have higher aridity index K and higher PET.
Variation Trend of the Annual Precipitation, Potential Evapotranspiration and Aridity Index K of Global Land Surface Data Assimilation System Products
It can be seen from Figure 6A that the average annual precipitation in the TRH entire region shows an upward trend with a higher increase range. This is mainly due to the sharp increase in precipitation in 2018, which is1.5 times of the yearly averaged precipitation. It can also be seen from the non-parametric Mann–Kendall method (M-K) test sequence of precipitation in Figure 6D that the annual precipitation has increased from 2003 to the intersection of the two sequence lines in 2018, that is, mutation occurs. Before 2018, the two sequence lines were within the significance level of α = 0.05. After 2018, the precipitation in the TRH region began to shows an obvious upward trend. As the QTP is significantly affected by climate change, and climate change will lead to changes in the precipitation in the TRH region. Tong et al. (2014) found that after 1990, the climate over the TRH region turned from “Warm-Dry” to “Warm-Wet,” and the average temperature and precipitation increased by 0.91°C and 102 mm, respectively. From 1990 to 2012, the average humidity index increased by 0.06 and showing an upward trend. We can see that these findings are consistent with our results. The PET in the entire TRH region was abrupt around 2001 (Figure 6B), and the statistic symbol (UF) line reached a significant level of α = 0.05 in 2003, and thereafter all showed an upward trend, and reached a significant increase in 2006, 2010, and 2015, respectively, which indicating that the PET has the more obvious increase trend (Figure 6E). From 2000 to 2018, precipitation and PET showed an upward trend, and precipitation increases more significantly, resulting in a downward trend in aridity index K (Figure 6C). The statistic symbol (UF and UB) lines of the index K showed fluctuations before 2010, and abrupt changes occurred around 2018. Since then, the aridity index K in the TRH region has begun to decline (Figure 6F).
[image: Figure 6]FIGURE 6 | Variation trend and the Mann-Kendall test of annual precipitation (A,D), PET (B,E) and aridity index K (C,F) in the TRH region from 2000 to 2018.
CONCLUSION AND DISCUSSION
It is found that the calculated PET is significantly lower than the GLDAS output in the TRH region, and the wind speed observation data of meteorological stations is significantly lower than the wind speed of GLDAS, which may be the main reason why PET is lower than GLDAS. Zhang et al. (2009) studied the annual and seasonal trends of climatic factors of temperature, solar radiation, relative humidity, and wind speed at the Qinghai-Tibet Plateau meteorological station during 1971 to 2004 to determine the PET trend changes. It is found that there is a significant increase in temperature and a significant decrease in wind speed in almost the entire plateau all over the year. In JJA, SON, and MAM, the sunshine duration time decreases significantly in the south of 33°N latitude, and the relative humidity increases significantly in the south of 33°N latitude. The decrease of wind speed is the main reason for the decrease in PET in the northern plateau. Radiation reduction is the main factor in the reduction of summer PET at most sites in the southeastern plateau, which is consistent with the reduction in evaporation in the northern hemisphere, and due to the increase in cloud cover and aerosol concentration in the past 50 years (Roderick and Farquhar, 2002). From 1973 to 2007, the presence of aerosols reduced the visibility of clear sky, leading to global net dimming (Wang et al., 2009). Liu et al. (2004) found that the decrease in solar irradiance (sunshine time) caused by aerosols is most likely the driving force for the decrease in regional evaporation, which is consistent with the research of Ren and Guo (2006). So far, due to the lack of observation data of aerosols in the Tibetan Plateau, it is still difficult to determine the impact of atmospheric aerosols on sunshine duration. However, a recent study showed that in South Asia, the burning of fossil fuels and biomass produces a large number of brown clouds that are a mixture of aerosols (Ramanathan et al., 2007), it may be transported to the Qinghai-Tibet Plateau by the summer monsoon, which has led to a decrease in sunshine time in recent years. Due to the lack of observed solar radiation data, it is difficult to analyze the changes of PET caused by the radiation changes in the TRH region. This will be considered to analyze in the future work.
In this paper, we use the FAO-Penman-Monteith method to calculate the PET in the TRH area from 2000 to 2018, and use the observed surface pressure and 2-m temperature and the calculated PET in the TRH area compare with GLDAS products. Finally, the regional distribution characteristics of precipitation, PET and aridity index K in the TRH area has been analyzed. The main conclusions can be summarized as follows:
(1) From 2000 to 2018, the average annual PET of 14 weather stations in TRH region showed an upward trend, with the annual growth rate of 1.4 ± 1.2 mm·a−1, the upward trend of GL and QML passed the significance chi-squared-test (p > 0.05). The higher increase rate of PET in GL and QML reached 3.4 ± 1.0 and 2.3 ± 1.0 mm·a−1, respectively. The PET shows a decrease trend in XH and YS, and the annual average descent rate of −1.5 ± 1.4 mm·a−1 and −0.6 ± 1.6 mm·a−1, respectively. The annual mean value of PET calculated by the Penman-Monteith method is 1,107.1 mm·a−1 of 14 weather stations in the TRH region, and the spatial distribution has showed regional differences.
(2) PET is higher in spring and summer, but lower in autumn and winter. PET is higher in the eastern area of the TRH region, while lower in the western area. PET ranges from 799.9 mm·a−1 in ZD to 1,352.6 mm·a−1 in NQ. The areas with higher PET are in XH, YS, NQ and BM with annual mean value above 1,200 mm·a−1. The PET reaches the highest value in summer, while in winter is the lowest throughout the year.
(3) The observation of wind speed at all stations were less than GLDAS output. The wind speed of GLDAS is above 4 m·s−1 in all stations, while the most observation of wind speed is below 2.5 m·s−1, except WDL, XH, TTH, and MD (4.1, 3.6, 3.6, and 2.9 m·s−1, respectively). This may be the main reason why calculated PET is less than GLDAS output.
(4) High-resolution GLDAS data were used to analyze the precipitation, PET and aridity index K in TRH. It was found that PET was lower in the southern part of TRH where precipitation exceeded 1,000 mm·a−1. The spatial distribution of aridity index K of the whole area is consistent with the spatial distribution of precipitation. From 2000 to 2018, the index K of the TRH region increased from southeast to northwest gradually. The annual average precipitation and ET showed an upward trend from 2000 to 2018, and the precipitation showed an obvious upward trend after 2018, leading to a downward trend in the aridity index K of the whole region. The M-K test was carried out on precipitation, PET and aridity index K. It is found that after 2003, the average annual precipitation increased gradually, and the abrupt change occurred in 2018. The precipitation has abrupt increase in 2018, which is 1.5 times of the yearly averaged precipitation and the aridity index K also changed abruptly around 2018.
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The Northeastern China Cold Vortex (NCCV) processes during the early summer periods (June) from 1979 to 2018 were objectively identified in this study by using the daily precipitation data in Northeastern China (NEC), along with the six-hourly atmospheric circulation fields of ERA Interim/ECMWF, and the temperature field data and monthly mean sea surface temperature field data reconstructed by NOAA. Then, the NCCV processes from the objective identifications were divided into the Southern Cold Vortex (SCV) and the Northern Cold Vortex (NCV) according to the positions of their activity trajectories in the NEC geographical range. Next, an index was defined which could better represent the frequencies and intensities of the SCV and NCV. Relationships between the indices of the SCV and NCV and atmospheric circulation fields during the early summer months and the early Sea surface temperature (SST) fields were analyzed. Finally, the results of the sensitivity test of the AM2.1 model were used to verify the statistical analysis results. It was found that the SST factor impacting the intensity of the SCV was the North Atlantic Tripole in early April. The anomalies of the North Atlantic Tripole in April forced the formation of the “high-low pressure cooperation types” in early summer, which resulted in the intensity anomalies of the SCV. The SST factors impacting the intensity of the NCV were the south-north inverse SSTs of the Northwest Pacific (March) and the SSTs of the tropical Southeast Pacific (May). During the two examined periods of 1979–1999 and 2000–2018, the south-north inverse SST anomalies in the Northwest Pacific in March, as well as the SST anomalies in the tropical Southeast Pacific in May, were observed to have forced the formations of “double blocking low vortex types” and East Asia-Pacific teleconnection types during the early summer months, which resulted in anomalies in the NCV intensities. The AM2.1 model was found to have good simulation effects regarding the observed impact results of the SSTs on the early circulation types during the early summer months, which further supported the conclusions achieved from the statistical analysis results.
Keywords: Northeastern China Cold Vortex, early summer months, south-north positions of the Northeastern China Cold Vortex, Southern Cold Vortex and Northern Cold Vortex, North Atlantic Tripole, south-north inverse SSTs of the northwest Pacific, SSTs of the tropical southeast Pacific, model sensitivity testing
INTRODUCTION
The Northeastern China (NEC) region is the largest commodity grain base in China, and early summer is the growing season of the crops. Therefore, climatic anomalies which occur during the early summer months have very important impacts on the grain yields in the NEC region. During early summer seasons, the northeastern cold vortex occurs frequently. These occurrences often produce strong convective instability in the region and may cause such disastrous weather conditions as heavy rain events, low temperatures, and so on, which have potentially significant impacts on the climate anomalies of NEC. In the past, meteorologists have carried out a large number of meaningful research investigations into such aspects as identifications of the Northeastern China Cold Vortex (NCCV), climatological characteristics, influencing factors, and climate effects, and so on.
In regard to the NCCV identifications, Sun et al. (1994) put forward identification standards for the NCCV. Then using those indemnification standards, researchers designed computer objective identification methods for the NCCV processes (Wang et al., 2012; Liu et al., 2015). In addition, Gong et al. (2015) and Fang et al. (2016) carried out objective identification research which focused on the precipitation concentration periods of the NCCV. In other related studies, researchers have adopted methods which identified the maximum potential vorticity of isentropic surfaces, as well as constructing conceptual models of the physical parameters of the cutoff low pressure values, in order to identify the cutoffs of the low pressure zones in the NEC region (Wernli and Sprenger, 2007).
In addition, using different definition methods of the cold vortexes, statistical analyses of the climatological characteristics of cold vortexes have been carried out which involved examining the number of cold vortex occurrence days, variation trends, cycles, and spatial distributions, in accordance with the available data (Hu et al., 2011; Xie and Bu, 2012; Liu et al., 2015). Li et al. (2014) confirmed that the main reason for the unusually high precipitation during the early summer months of 2012 in Liaoning was the active NCCV. Liu et al. (2017) pointed out that cold vortex precipitation has significant “cumulative effects.” Gao and Gao (2018) also theorized that the NCCV played a major role in the unusually high precipitation which occurred during the early summer of 2013 in the NEC region. Liu et al. (2018) and Ding et al. (2019), respectively, analyzed the close relationships between the NCCV and the precipitation and air temperature values. In addition, many studies have also determined that the NCCV has significant impacts on the plum rains in the East Asian region, precipitation in Southern China, and precipitation in the Huai River Basin (He et al., 2007; Miao et al., 2006b; Li et al., 2015).
In terms of the influencing factors of the NCCV, many relevant research investigations have been carried out from the aspects of atmospheric circulation characteristics and SSTs. Liu et al. (2002), Miao et al. (2006a), and He et al. (2006), respectively, observed that the early North Pacific Oscillations, along with the northern annular module and the early North Pacific SSTs, were closely related to the NCCV. Lian et al. (2010) pointed out that the significant anomalies of the NCCV activities during the early summer months in the NEC region corresponded to the persistent abnormal circulation activities near the upper Ural Mountain and the lower regions of Japan. Bu and Xie (2013) summarized the deep dynamic reasons for the formations and maintenance of various NCC. Their research revealed that the Western Pacific teleconnection types were the downstream background circulation types of the NCCV activities, and the Western Pacific negative phases were conducive to the generation and maintenance of cold vortexes. Xie and Bueh (2016) analyzed the dynamic characteristics on the climate conditions of the impacts of the coordination between the NCCV and the high blocking pressure. In addition, the effects at seasonal time scales of the relationship of the aforementioned factors and the background fields of climate circulations were studied in-depth. Wang et al. (2018) and Chen et al. (2018), respectively, revealed the relationships between the surface thermal factors of Western Asia during the spring months and the downstream atmospheric circulation activities, and then investigated their impacts on the NCCV activities and precipitation values in the NEC region in early summer. Fang et al. (2018) carried out diagnostic analyses and numerical simulations of the causes of precipitation anomalies in the NEC region in early summer. It was pointed out in the aforementioned study that the anomalies of the North Atlantic Tripole (NAT) and the SSTs of the Kuroshio area were the possible factors causing the anomalies of circulation systems, such as the NCCV activities during the early summer months, as well as the high blocking pressure in the upper and lower reaches, and so on. Lu et al. (2020) analyzed the spring precipitation levels in the NEC region, and revealed the physical mechanism in which the SSTs of the tropical North Atlantic and the northwestern Pacific Ocean influenced the low value systems over the NEC region during the spring seasons with the characteristics of interannual variability. In addition, other meaningful research investigations have carried out from other relevant aspects (Fang et al., 2017a; Fang et al., 2017b; Zhao et al., 2018; Zhao et al., 2019).
In the present study, it was concluded that previous research regarding the NCCV had achieved fruitful results. However, the research experience of the climate predictions during the early summers of 2018 and 2019 indicated that only the predictions of the overall trends of the NCCV were successfully achieved. However, the more detailed research investigations regarding the precipitation characteristics in the NEC region were found to be inadequate. For example, it was observed that in 2018 and 2019, the more active trends of the NCCV than usual had been successfully predicted. However, since the actual positions were further northward during both years, this had resulted in climate prediction failures in the south sections of the NEC region. Due to the differences in the generation origins and activity paths, the positions of the NCCV in the north and south will be different. For example, such differences will be reflected in the atmospheric circulation fields, and the corresponding external forcing signals may also be different. Therefore, it has been necessary to carry out diagnoses and analyses of the causes of the position anomalies of the NCCV. From the perspective of the research progress, most of the research investigations have analyzed the anomalies of the NCCV as a whole, and none of the current research has focused on distinguishing the causes of the anomalies of the NCCV at different locations. Therefore, in the present study, by referring to the identification standards of NCCV proposed by Sun et al. (1994) and the concept of “Northern Cold Vortex (NCV), middle vortex, and Southern Cold Vortex (SCV),” a set of objective identification design methods of the NCCV were proposed. The processes of the NCCV obtained through the identification processes were divided into the SCV and NCV. Then, the influence mechanisms of the SSTs and atmospheric circulation activities on the SCV and NCV were studied, respectively, by combined statistical analysis and numerical simulation methods. The goal was to provide new information for the detailed predictions of early summer climate conditions in the NEC region.
DATA ACQUISITION AND METHODOLOGY
Data
The data used in this paper included the daily precipitation observation data of 208 meteorological stations in the NEC region from June of 1979 to June of 2018, which were provided by the National Meteorological Information Center. In addition, the 6-h ECMWF re-analyzed EAR Interim data (1°*1°) for the period ranging from 1979 to 2018, and the NOAA reconstructed monthly average SST data from 1979 to 2018, were analyzed. The geographical location of the NEC region is indicated by the circle in Figure 1A, and the spatial distribution of the 208 meteorological stations in the NEC region is shown in Figure 1B.
[image: Figure 1]FIGURE 1 | (A) Location of the Northeastern China region; and (B) distribution of the 208 meteorological stations in the Northeastern China region.
Research Methods
In this study, an objective identification method for the NCCV, along with a division method for the SCV and NCV, were successfully designed. The relationships between the SCV and NCV during the early summer months and the early SSTs and atmospheric circulation activities during the early summer months, were mainly analyzed using statistical methods, such as correlation and running correlation methods. Furthermore, based on the AM2.1 global atmospheric model, sensitivity tests were designed for the purpose of verifying this study’s statistical analysis conclusions of the relationships between the early SSTs and atmospheric circulation characteristics during the early summer months in the study area.
Objective Identification Method for the Northeastern China Cold Vortex
Step 1: The fires step in the identification process was tracing of the equipotential height line. The equipotential height line was traced within the scope of 500–600 dgpm on the 500 hPa isobaric surface at an interval of 4 dgpm using the 6-h EC re-analyzed EAR Interim data for the period ranging from June of 1979 to June of 2018. Then, its longitude and latitude values were output.
Step 2: Next, the equipotential height line was screened. The closed equipotential height line was screen out in the range of 30°–80°N and 85°–150°E using the results obtained in Step 1.
Step 3: The next step was the identification of the NCCV centers. The center of the innermost circle of isopotential height line in the same system was defined as the NCCV center. The average value of all the longitudes and latitudes of the innermost circle of the isopotential height line was determined to be the center longitude and center latitude. This study only examined the NCCV systems with centers within the range of 30°–60°N and 95°–140°E. If there was a low-pressure center on the 500 hPa isobaric surface, the center corresponding to the low-pressure center with a spatial temperature anomaly less than 0 was selected as the NCCV center. Then, the time, latitude, and longitude values of the NCCV centers were output.
Step 4: This step mainly included the identifications of the NCCV duration times. This study assumed that if two adjacent time levels had NCCV centers, and the distance between the two NCCV centers were less than 800 km, they were regarded as the same NCCV system. The duration times of NCCV centers screened in Step 3 were counted out. In addition, the NCCV systems with duration times greater than or equal to 72 h were screened out, and then the NCCV processes and related variables were output.
Division Method for the Southern Cold Vortex and Northern Cold Vortex
In accordance with the locations of the trajectory lines of the NCCV processes in the NEC region, all of the NCCV processes were divided into SCV and NCV categories, with the 45°N latitude as the threshold.
Special Case Description
In order to ensure a sufficient number of samples, if the trajectory of a cold vortex process included not only the part to the north of 45°N, but also the part to south of 45°N, then it was temporarily regarded as one NCV process and one SCV process, respectively. In those cases, such divisions could also show the influencing effects of a single cold vortex process on different locations within the NEC region.
Calculation Method of the Indexes of the Southern Cold Vortex and Northern Cold Vortex
The absolute values of the field anomaly calculations of the lowest potential height fields in the inner circles of the cold vortexes in all the SCV and NCV occurrence days from June of 1979 to June of 2018 were determined in order to obtain the SCV and NCV indexes. The adopted index calculation method was not only able to accurately reflect the number of cold vortex days, but also represented the intensities of cold vortex centers. At the same time, the cold vortex weather processes within the NEC region were transformed into a climate time scale. Among those, the spatial ranges of the SCV and NCV were: 36°–45°N, 110°–143°E and 45°–58°N, 110°–143°E, respectively.
Model Introduction and Sensitivity Test Design Method
The AM2.1 global atmospheric model [Geological Fluid Dynamics Laboratory (GFDL) Global Atmospheric Model Development Team, 2004] is an atmospheric circulation model of the Earth System model developed by GFDL, which is used for climate research and prediction processes. The model integrates the models which were previously used by GFDL, including the new grid atmospheric dynamic nucleus (GFDL Global Atmospheric Model Development Team, 2004). This model has been adopted in many studies regarding air-sea interaction processes (Stuecker et al., 2013; Li et al., 2016).
In order to confirm the correlations between the early SSTs and the 500 hPa height fields during the early summer months in the study area, three groups of tests were designed. Each group consisted of one group of control tests and one group of sensitivity tests which includes 12 ensemble members. The differences between the sensitivity tests and the control tests were that only the SST anomalies in the key areas were added to the sensitivity tests during the early stage. Otherwise, the tests were consistent in all other aspects. The results of the sensitivity tests minus the results of the control tests were considered as the influence effects of the SST anomalies in the key areas during the early stage on the 500 hPa height field in the early summer seasons. Table 1 details this study’s test design scheme.
TABLE 1 | Test design scheme.
[image: Table 1]Definition Indexes Used in This Study
The SST indices of the key areas were defined according to the regions where the correlation coefficient between the SCV and NCV indices during the early summer months in the NEC region and the SSTs in early March, April, and May passed the significance tests (see below).
North Atlantic Tripole Index
The differences between the SSTs of the North Atlantic Ocean in middle latitude areas in April (28°–38°N, 64°–36°W) and the average SST in the high latitude areas (42°–56°N, 62°–30°W) and lower latitude areas (6°S–26°N, 66°–12°W).
South-North Inverse SST Index of the Northwest Pacific Ocean
The differences in the average SSTs of the Northwest Pacific Ocean in March between the area range of 126°–152°E and 22°–38°N and the area range of 144°–164°E and 4°S–10°N.
SST Index of Southeast Pacific Ocean
The average value of the SSTs in the Southeast Pacific Ocean in May in the area range of 28°–6°S and 112°–70°W.
RELATIONSHIPS BETWEEN THE SOUTHERN COLD VORTEX AND NORTHERN COLD VORTEX AND THE TEMPERATURE VALUES OF THE NEC REGION
In accordance with the objective identification and rationality test methods for the NCCV introduced in the research method section of this study, combined with the divisions of the SCV and NCV and the index definition methods, the SCV index and NCV index were calculated, respectively. In Figure 2, the time series of the SCV and NCV indexes for the period ranging from 1979 to 2018 are shown. The following conclusions were drawn from the data shown in Figure 2. First of all, the NCV index was observed to be generally larger than the SCV index, which indicated that the NCCV system had a greater influence on the northern sections of the NEC region than on the southern sections. Secondly, the correlation coefficients of the two indexes had not passed the significance tests according to the calculation results, which indicated that they were mutually independent. In addition, it was further indicated that it was reasonable to divide the NCCV into the SCV and NCV. Finally, a trend was evident that both the SCV and NCV had failed to pass the significance tests.
[image: Figure 2]FIGURE 2 | Time series of the Southern Cold Vortex (SCV) and Northern Cold Vortex (NCV) indices for the period ranging from 1979 to 2018.
Figures 3A,B show the distribution of the correlation coefficients between the SCV and NCV, respectively, and the temperature values during the early summer months in the NEC region from 1979 to 2018. It can be seen in the figures that the negative correlations between the SCV indexes and the temperature values in the middle and southern sections of the NEC region during the early summer months had passed the significance tests. Meanwhile, those in the northern sections of the NEC region had not passed the significance tests. Among those, it was determined that the failure to pass the significance test in a small part of the southern end of the region was related to the lower activities of the cold vortex in the south sections of the NEC region. The negative correlations between the NCV indexes and the temperature values in the middle and northern part of the NEC region during the early summer months passed the significance tests. These findings indicated that that the SCV and NCV indexes could significantly affect the temperature anomalies in the southern and northern parts of the NEC region in early summer, and that the definitions of the SCV and NCV indices were basically reasonable.
[image: Figure 3]FIGURE 3 | Distribution of the correlation coefficients of the (A) Southern Cold Vortex; and (B) Northern Cold Vortex with the temperature values during the early summer months in the Northeastern China region from 1979 to 2018. Shading indicates the correlation coefficients at the 90% confidence level.
RELATIONSHIP BETWEEN THE SOUTHERN COLD VORTEX AND NORTHERN COLD VORTEX INDEXES AND THE EARLY STAGES OF THE GLOBAL SSTS
As one of the external forcing signals of atmospheric conditions, SSTs will affect the climate through air-sea interactions. In this section of the study, the focus was determining whether or not the early SST factors were related to the SCV and NCV indexes during the early summer seasons in the study area. In addition, the relationships between the SSTs and the SCV and NCV indexes in early summer were analyzed.
Relationships Between the Southern Cold Vortex Indexes and the SST Fields
Figures 4A,B show the distributions of the correlation coefficients of the SCV indexes and the SSTs in March and April, respectively, for the period ranging from 1979 to 2018. It can be seen in the figures that the most significant and sustained signals of the Global SSTs were located in the North Atlantic region, and the signals in April were slightly stronger than those in March. In March and April, there was observed to be a correlation distribution of “− + −” from north to south, and the negative correlations between the south and north had passed the significance tests. This correlation distribution pattern reflected the continuous influences of the NAT anomalies which occurred during March and April on the NCCV in the early summer months. That is to say, the positive (negative) phases of the NAT in early March and April had a strong (weak) correspondence to the SCV. Therefore, it was preliminarily considered in this study that the NAT anomalies in March and April were the SST factors causing the intensity anomalies of the SCV.
[image: Figure 4]FIGURE 4 | Distribution of the correlation coefficients between the Southern Cold Vortex index and the SSTs in (A) March; and (B) April for the period ranging from 1979 to 2018. Note: the point areas represent the locations where the correlation coefficients passed the significance tests.
Relationships Between the Northern Cold Vortex Indexes and the SSTs
Figures 5A–E show the distributions of correlations between the NCV indexes and the SSTs from January to May in the years 1979–2018. It can be seen in the figures that there were two very significant and persistent signals in global SSTs. For example, the south-north inverse SSTs of the northwest Pacific Ocean from January to March, and the SSTs of the tropical Southeast Pacific Ocean from April to May. Among those, the NCV indexes displayed significant positive correlations (positive in the north and negative in the south) with the northwest Pacific Ocean SSTs from January to March, and displayed significant positive correlations with the tropical Southeast Pacific Ocean SSTs from April to May. When the Northwest Pacific presented the trends of positive in the north and negative in the south for the SST anomalies from January to March, these were considered to be favorable conditions for the higher intensities of the NCV. They were otherwise were favorable for the lower intensities of the NCV. In addition, when the SSTs of the tropical Southeast Pacific Ocean were higher (lower) from April to May, the conditions were considered favorable for the higher (lower) intensities of the NCV. Therefore, this study preliminarily considered that the anomalies in the south-north inverse SSTs of the Northwest Pacific from January to March, and the SSTs in the tropical Southeast Pacific from April to May, were the SST factors causing the intensity anomalies of the NCV.
[image: Figure 5]FIGURE 5 | (A–E) Distributions of correlation coefficients between the Northern Cold Vortex indexes and SSTs from January to May during the period ranging from 1979 to 2018. Note: the point areas represent the areas where the correlation coefficients passed the significance tests.
In order to further verify the correlation between the intensities of the NCV during the different examined years and the key areas of SSTs in the early stages, the 21-years running correlation coefficients of the intensity indexes of the NCV from 1979 to 2018 with the south-north inverse SST indexes of the Northwest Pacific (March) and SST indexes of the tropical Southeast Pacific (May) are shown in Figures 6A,B respectively. It can be seen in Figure 6A that, roughly before the year of 2000, the coefficients of running correlations between the NCV intensity indexes and the south-north inverse SST indexes of the Northwest Pacific in March had stably passed the significance tests of 0.05 reliability. Meanwhile, after 2000, the coefficients of running correlations had failed to pass the significance tests. In addition, it can be seen in Figure 6B that, roughly after 1999, the coefficients of running correlations between the NCV intensity indexes and the SST indexes of the tropical Southeast Pacific in May had successfully passed the significance tests of 0.05 reliability. Therefore, it was observed in this study that the SST indices of the two key areas were significantly correlated with the intensity indexes of the NCV before and after 2000. Therefore, it was preliminarily assumed that the intensities of the NCV during the period ranging from 1979 to 1999 were mainly affected by the south-north inverse SSTs of the Northwest Pacific in March. Meanwhile, the intensities of the NCV from 2000 to 2018 were mainly affected by the SSTs of the tropical Southeast Pacific in May. The phase of Pacific Decadal Oscillation (PDO) exhibited an interdecadal reversed around 2000, and the influence of south-north inverse SST of the Northwest Pacific on the NCV may have been ondulated by PDO. However, the specific physical mechanism requires further study.
[image: Figure 6]FIGURE 6 | Coefficients of the 21-years running correlations of the Northern Cold Vortex intensity indexes with the (A) South-north inverse SST indexes of the Northwest Pacific in March; and (B) SST indexes of the tropical Southeast Pacific in May (1979–2018).
RELATIONSHIPS BETWEEN THE SOUTHERN COLD VORTEX AND NORTHERN COLD VORTEX INDEXES AND THE ATMOSPHERIC CIRCULATION FIELDS DURING THE EARLY SUMMER PERIODS
This section of the study focuses on revealing the relationships between the intensity indexes of the SCV and NCV and the atmospheric circulation fields within the same timeframes. The NCCV is known to be the most significant in the 500 hPa potential height field. Therefore, this study focused on the relationships between the 500 hPa potential height fields and the NCCV.
Figures 7A,B show the distributions of correlation coefficients of the intensity indexes of the SCV and NCV and the 500 hPa potential height field in the month of June during the investigated period. It can be seen in the figures that positive-negative alternating significant correlation areas existed along the latitude circle from the North Atlantic to the downstream near 60°N, which reflected the Rossby wave propagation characteristics. It can be seen in Figure 7A that the SCV intensity indexes had significant negative correlations with the height field of 500 hPa in June in the offshore area of China. However, there were significant positive correlations observed in the eastern Siberia areas. That is to say, the circulation types corresponding to the SCV intensity index anomalies during the same periods were the coordination types of the eastern Siberian high pressure and the offshore low pressure types (referred to as “high and low pressure coordination types”).
[image: Figure 7]FIGURE 7 | Distributions of the correlation coefficients between the (A) Southern Cold Vortex indexes; and (B) Northern Cold Vortex indexes, and the 500 hPa potential height fields in June. Note: the dotted areas represent the areas where the correlation coefficients passed the significance tests.
It can be seen from Figure 7B that the NCV intensity indexes displayed significant negative correlations with the height field of 500 hPa in June from Baikal Lake to the NEC region, while they displayed significant positive correlations with the areas west to the Ural Mountains, as well as the Okhotsk Sea and its northern areas. In other words, the circulation types corresponding to the NCV intensity index anomalies during the same time periods were the NEC Low Vortex types of the double-blocking high-pressure coordination of the Ural Mountains and the Okhotsk Sea (referred to as the “double-blocking low vortex types”). In addition, the results revealed a “+ − +” significant correlation distribution from the north to the south near 150°E. For example, the intensity of the NCV in the early summer months was also closely related to the East Asia-Pacific (EAP) teleconnection type during the same period.
Therefore, from this study’s comparison and analysis results of the data detailed in Figures 7A,B, it was determined that the main differences in the circulation types corresponding to the SCV and the NCV were reflected in the south-north positions of the circulation centers. In addition, the significant positive correlation centers of the high- and low-pressure coordination types corresponding to the SCV were determined to be roughly located at 55°N. The significant negative correlation centers were roughly located at 30°N; and the significant positive and negative correlation centers of the double-blocking low vortex types corresponding to the NCV were located at 60°N and 45°N, respectively.
Relationships Between the Early SSTs and the Atmospheric Circulation Fields During the Early Summer Periods
In the previous two sections, the contemporaneous circulation factors and the early SST factors related to the intensities of the SCV and NCV were determined, respectively. This section explores whether or not the correlation distribution patterns of the early SST factors and circulation fields in the early summer months were consistent with the contemporaneous circulation patterns of the SCV and NCV. It was believed that if they were found to be consistent, it could preliminarily be determined from the statistical relationships that the anomalies of SST factors in the early stage caused the anomalies in the circulation factors during the early summer months in the NEC region, which then led to the anomalies observed in the SCV and NCV.
Relationships Between the Key Areas of the SSTs of the Southern Cold Vortex and the Atmospheric Circulation Fields During the Early Summer Months
The distributions of the correlation coefficients between the NAT index in early April, and 500 hPa potential height fields in early summer are illustrated in Figure 8. It can be seen in the figure that there was also a positive-negative alternating correlation distribution near 60°N. However, the positive correlation area failed to pass the significance test. It was found that the significant negative correlation areas were located between northern China and Japan, and the eastern Siberia areas were the positive correlation areas. The distribution types and the intensity indexes of the SCV were found to be basically similar to the correlation distribution types (high- and low-pressure coordination types) of the 500 hPa height fields during the early summer months. Therefore, it was preliminarily considered that the abnormal forces of the NAT in early April formed the “high- and low-pressure coordination types” in early summer, which subsequently resulted in the abnormal intensities of the SCV. The wave activity fluxes in early summer regress from the previous NAT index show that the wave activity flux began from the North Atlantic and propagated downstream along the westerly belt of the northern hemisphere to East Asia (figure omitted), which further confirms that NAT may have had an effect on the NCCV. The specific mechanism will be studied in another paper. This conclusion was also determined to be similar to those reached by Fang et al. (2018) and Lu et al. (2020). It was indicated that the Atlantic SST anomalies can induce atmospheric diabatic heating, which stimulates quasi-barotropic mid- to high-latitude Rossby wave trains to the downstream along a parallel circle through the sea-air interactions. In addition, a cyclonic anomaly may have been caused in the NEC, which resulted in the abnormal intensities of the SCV. In addition, the distributions of the correlation coefficients between the NAT indexes in March and the 500 hPa potential height fields in early summer were similar to the results detailed in Figure 8. Therefore, since the significant correlation areas between the NAT and the intensity indexes of the SCV were more obvious in April than in March, the NAT in April was used in this study as the SST factor of the SCV.
[image: Figure 8]FIGURE 8 | Distributions of the correlation coefficients between the North Atlantic Tripole indexes in early April and 500 hPa potential height fields in early summer. Note: the dotted areas represent the areas where the correlation coefficients passed the significance tests.
Relationships Between the Key Areas of the SSTs in the Northern Cold Vortex and the Atmospheric Circulation Fields During the Early Summer Periods
Figures 9A,B illustrate the distributions of the correlation coefficients of the south-north inverse SST indexes of the Northwest Pacific in March (1979–1999), and the SST indexes of the tropical Southeast Pacific in May (2000–2018), with the 500 hPa potential height fields in the early summer during the same periods. It can be seen in the figure that, with the exception of the differences in the locations of the significant correlation areas in some of the areas, both display the positive-negative alternating wave patterns near 60°N, and reflect the contemporaneous circulation types corresponding to the intensity indexes of NCV, that is, the “double-blocking low vortex types” and EAP teleconnection types. Therefore, it was preliminarily considered in this study that during the two periods (1979–1999 and 2000–2018), the south-north inverse SST anomalies in the Northwest Pacific Ocean in March and the SST anomalies in the tropical Southeast Pacific in May, had potentially forced the formations of double-blocking low vortex types and EAP teleconnection types during the early summer months, which subsequently led to the intensity anomalies of the NCV. The SST anomalies in the Northwest Pacific Ocean in early March may have stimulated an abnormal blockade situation in the downstream, and the blocking effect on the circulation system of the westerly belt may in turn have affected the northeastern cold vortex in early summer. Previous studies have also indicated that the subtropical southeast Pacific SST anomaly can excite an cyclone-anticyclone alternating wave train from the key area to the NEC across the northern and southern hemispheres, which can cause the anomalous atmospheric circulation anomalies in the mid-high latitudes of the northern hemisphere, thus affecting the intensity anomalies of the NCV (Gao and Gao, 2015).
[image: Figure 9]FIGURE 9 | Distributions of the correlation coefficients between the (A) South-north inverse SST indexes of the Northwest Pacific in March (1979–1999); and (B) SST indexes of the tropical Southeast Pacific in May (2000–2018), and the 500 hPa potential height fields during the early summer months of the same time periods. Note: the dotted areas represent the areas where the correlation coefficients passed the significance tests.
SENSITIVITY TESTS OF THE NUMERICAL MODEL
The above-mentioned analysis results based on the observational data revealed the possible forcing effects of early SSTs on the atmospheric circulation fields during early summer seasons in the study area. In this section, the aforementioned observation results obtained using statistical methods were verified based on the sensitivity test results of AM2.1 global atmospheric model.
Testing of Sensitivity of the SST Factors of the Southern Cold Vortex Forces on the 500 hPa Height Fields During the Early Summer Months in the Study Area
The results of the first set of tests (NAT-Apr) are detailed in Figure 10. For example, the differences in the test results of the potential height fields between the sensitivity tests and the control tests. It can be seen in the figure that the overall distribution pattern of sensitivity test results were similar to those of observational results. The “high- and low-pressure coordination types” were also reflected. However, the overall positions were located north of the observational results. This indicated that NAT in early April had a certain physical significance in the forcing effects of high- and low-pressure coordination during the early summer periods. As previously mentioned, the Atlantic SST anomalies in early April can induce Rossby wave trains to the downstream through the sea-air interactions, which may result in the abnormal intensities of the SCV during the early summer.
[image: Figure 10]FIGURE 10 | Simulated 500 hPa potential height fields during the early summer months in the first set of tests (NAT-Apr). Note: the shaded areas represent the areas where the differences between the sensitivity tests and the control tests passed the significance tests.
Testing of Sensitivity of the SST Factors of the Northern Cold Vortex Forces on the 500 hPa Height Fields During the Early Summer Periods in the Study Area
Figures 11A,B display the results of the second set of test (south-north inverse SST of the Northwest Pacific-Mar) and the third set of test (SST of the tropical Southeast Pacific-May), respectively. It can be seen in the figures that the overall distribution patterns of the two sets of sensitivity test results were very similar to the observational results (Figure 7B). Moreover, the “double-blocking low vortex types” and the EAP teleconnection types were also reflected. However, the overall positions, as well as the significance levels of the differences, had varied from the observational results. These results indicated that the south-north inverse SSTs of the Northwest Pacific in March, and SSTs of the tropical Southeast Pacific in May, had displayed physical significance in relation to the forcing effects of the “double-blocking low vortex types” and the EAP teleconnection types, respectively, during the early summer months in the study area. As previously analyzed, during the period 1979–1999, the intensity anomalies of the NCV in early summer may be mainly caused by the abnormal blockade situation in the downstream of NEC that stimulated by the SST anomalies in the Northwest Pacific Ocean in March. Additionally, during the period 2000–2018, the subtropical southeast Pacific SST anomalies in May play a major role in intensity anomalies of the NCV during the early summer. It excited an cyclone-anticyclone alternating wave train to the NEC across the northern and southern hemispheres, which can cause the anomalous atmospheric circulation anomalies in the mid-high latitudes of the northern hemisphere, thus inducing the intensity anomalies of the NCV. The above conclusion is based on sensitivity test and preliminary analysis of possible causes, the specific mechanism of which requires further analysis.
[image: Figure 11]FIGURE 11 | Simulated 500 hPa potential height fields during early summer in the (A) second set; and (B) third set of tests. Note: the shaded areas represent the areas where the differences between the sensitivity tests and the control tests had passed the significance tests.
CONCLUSIONS AND DISCUSSION
In this study, the NCCV processes were objectively identified by an improved objective identification method, and then divided into SCV and NCV. This study adopted statistical analysis and numerical simulation methods in order to examine the mechanisms of the influences of the SSTs in the early stage, as well as the atmospheric circulation fields during the early summer months, on the intensities of the SCV and NCV. The following conclusions were obtained from this study’s analysis:
(1) During the period ranging from 1979 to 2018, there were no significant variation trends in the SCV and NCV indices. The NCV indexes were found to be generally larger than the SCV indexes, indicating that the impacts of the NCCV systems on the north areas of the NEC region were stronger than on the southern areas. The correlation coefficients of the SCV and NCV indices failed to pass the significance tests, which suggested that it was reasonable to divide the NCCV into the SCV and NCV for individual analysis purposes.
(2) The intensity indexes of SCV and NCV were negatively correlated with the air temperature in the south-central sections of NEC and the north-central sections of NEC, respectively. It was confirmed that the definitions of the intensity indexes of the SCV and NCV were reasonable, as the low air temperature were corresponding to the strong cold vortex.
(3) In April of the previous years during the investigated periods, the unusual force of the NAT formed “high- and low-pressure coordination types” during early summer, which resulted in abnormal intensities of the SCV. The south-north inverse SST anomalies in the Northwest Pacific in March and the SST anomalies in the tropical Southeast Pacific in May forced the formations of “double-blocking low vortex types” and EAP teleconnection types in the early summer months during the periods ranging from 1979 to 1999 and 2000 to 2018, respectively, which subsequently resulted in anomalies in the intensities of the NCV.
(4) The AM2.1 model had the ability to most effectively simulate the forces of the SSTs in the observation results on the circulation patterns in the early summer during the preliminary stage. However, the results had varied from the observational results in positions and significance degrees. These findings further verified the reliability of the statistical analysis results, and confirmed that the statistical analysis results had a certain physical significance.
Due to the fact the NCCV weather processes were dominated by east-west moving paths, this study focused on the difference in the south-north positions of the NCCV. Therefore, some differences existed between the east and west positions of the NCCV, and relevant research investigations will be carried out accordingly. In addition, the observational results and numerical simulation results of the relationships between the SCV and the influencing factors were not as good as those of the NCV. This may have been due to the relatively small number of available samples for the SCV, and the fact that it was not a typical type of cold vortex in the NCCV. Therefore, in future studies, other methods will be used to conduct classified examinations of the NCCV processes. Moreover, the influence mechanisms of the SSTA over different key areas on the SCV and NCV in early summer were only discussed based on sensitivity testing and preliminary analysis, and the factors involved will be examined in future studies. Finally, in what way does the PDO modulates the influence of South-north inverse SST of the Northwest Pacific on the NCV is a matter that will also be explored.
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In contrast to the historical forecast test which is temporally successive with a near-steady forecast skill, the real-time forecast made at any one moment produces a forecast time-series whose skill rapidly decreases as the forecast lead time increases; thus, only the leading section of the latter is adopted in practical applications. As compared with the intraseasonal filtered historical forecast, the real-time extended-range forecast has a lower skill in the absence of filtering. In addition, it is difficult to estimate the intraseasonal phases near the end of the real-time forecast time-series due to missed information afterward. The current work developed a simple but useful method to improve the real-time forecast skill from the above two aspects for an empirical extended-range forecast scheme. The scheme is devoted to predict the intraseasonal variabilities of Indian summer monsoon precipitation, in which the boreal summer intraseasonal oscillation acts as the precursor. The intraseasonal signals in the previous observations, the better forecast skills of shorter lead times, the implicit information regarding the intraseasonal phases in the forecast of longer lead times, and the data-adaptive intraseasonal filter are adopted in the improving method, so as to extract intraseasonal signals as much as possible from the currently available information at each forecast moment. A practical comparison shows that the forecast skills of the real-time forecast improved by this method are close to or even better than the intraseasonal filtered historical forecast. Even at the longest acceptable forecast lead time that the forecast after which is considered to be worthless, it helps extract useful information regarding the intraseasonal phases.
Keywords: extended-range forecast, Indian monsoon precipitation, boreal summer intraseasonal oscillation, Hilbert transform, variational mode decomposition
INTRODUCTION
Each summer, the Indian summer monsoon (ISM) brings about 80% of annual rainfall over Peninsular India and affects more than one billion people living there. While the precipitation experiences a smooth climatological seasonal cycle that onsets in late May, maximizes during July, and slowly decreases through September, in any one year it comprises several wet episodes (“active” phases) and dry episodes (“break” phases), each lasting 10–30 days (Raghavan 1973; Krishnamurti and Bhalme 1976; Hartmann and Michelsen 1989; Krishnan et al., 2000; Annamalai and Slingo 2001; Goswami and Mohan 2001; Goswami et al., 2003; Gadgil 2003; Krishnamurthy and Shukla 2007, 2008). These quasi-periodic active and break phases are generally accompanied with alternative occurrence of severe floods and droughts, and lead to a large intraseasonal variability of the ISM precipitation whose magnitude is far greater than the interannual change of seasonal mean (Webster et al., 1998; Waliser et al., 1999; Krishnamurthy and Shukla 2000; Goswami and Mohan 2001; Carvalho et al., 2016). More importantly, as discussed in Webster and Hoyos (2004), the smoothness of the mean annual cycle implies that even a perfect seasonal prediction contains no information on the intraseasonal timescale, which exerts large socioeconomic impacts. Therefore, real-time extended-range forecast of monsoon rainfall with high accuracy is of great importance.
The boreal summer intraseasonal oscillation (BSISO, Wang and Xie 1997; Lee et al., 2013; Wang et al., 2018; Wang and Li 2020; Li et al., 2020) plays a crucial role in modulating the onset and active/break cycles of the ISM (Kang et al., 1999; Annamalai and Slingo 2001; Goswami and Mohan 2001; Gadgil 2003; Hoyos and Webster 2007). Two canonical modes of the BSISO are identified. One is characterized by a northwest–southeast tilted rainband propagating northward/northeastward over the ISM region with a period of 30–60 days (Yasunari, 1979; Yasunari, 1980; Krishnamurti and Subrahmanyam 1982; Lau and Chan 1986; Annamalai and Sperber 2005). Another is mainly active over the western North Pacific/East Asian region and propagates northwestward with a relatively shorter period of 10–30 days (Krishnamurti and Ardanuy 1980; Chen and Chen 1993; Fukutomi and Yasunari 1999; Kemball-Cook and Wang 2001). Both BSISO modes have been recognized as dominant modulators of the active/break cycles of the ISM precipitation (Ding and Wang 2009; Goswami 2012; Lee et al., 2017). Therefore, the extended-range prediction of ISM precipitation in numerical models essentially relies on the forecast skills of the BSISO. For empirical predictions, the BSISO-associated variables are chosen as predominant predictors.
Numerical models’ performance in predicting BSISO has been significantly improved in recent years, particularly with coupled models (Fu et al., 2007; Fu et al., 2013; Lee et al., 2015; Lee et al., 2017). The predictability and prediction skill already exceed 6 and 3 weeks, respectively (Lee et al., 2015). However, it does not mean the real-time extended-range forecast by numerical models is near perfect. For instance, although the statistical performance seems good, the models still have difficulty in realistically representing individual BSISO events, which shows a much lower practical skill than the models’ potential predictability (Fu et al., 2013). Discrepancies between different models, and dependencies on initial conditions, phases, and seasons also exist (Fu et al., 2013; Lee et al., 2015).
On the other hand, empirical models through statistical approaches have a long history in predicting the seasonal mean ISM precipitation (Shukla and Paolino 1983; Shukla and Mooley 1987). For the extended-range forecast that aims at tropical intraseasonal variabilities, great efforts have been made since the 1990s (e.g., Storch and Xu 1990; Waliser et al., 1999; Lo and Hendon 2000; Mo 2001; Wheeler and Weickmann 2001; Webster and Hoyos 2004; Ding and Wang 2009). With carefully chosen predictors based on the BSISO and the wavelet-banding method that separates different timescales, Webster and Hoyos (2004) designed a Bayesian model for the prediction of ISM precipitation on 15- to 30-day timescales. The anomaly correlation exceeds 0.8, 0.7, and 0.5 at 2, 4, and 6-pentad forecast lead time in their test, respectively. Intended to forecast early warnings of extreme events but not successive and quantitative forecast, Ding and Wang (2009) developed an empirical method with a tropical and an ex-tropical precursor. It is able to predict 40% of extreme events in <1 week.
The empirical schemes for extend-range forecast of ISM precipitation introduced above achieved great success; however, we argue that there is still room for improvement. As a quantitative forecast, considerable high anomaly correlations were attained in Webster and Hoyos (2004), indicating that most of the local extrema in the successive time-series were captured by their prediction. However, the magnitudes are easily underestimated in the model, particularly during extreme events. When applied in practical real-time forecast, the predicted time-series for analysis is generally interrupted at the longest acceptable forecast lead time as the skill drops rapidly. In this case, less information regarding the intraseasonal phase near the end of the time-series could be obtained with an underestimated amplitude. On the contrary, Ding and Wang (2009) focused only on predicting the possible occurrence of extreme events within a few days; the other phases and the magnitudes are not addressed in their model.
As mentioned above, in contrast to a successive time-series obtained from a long-time historical forecast test (namely, each point is predicted at a fixed lead time), the real-time forecast made at any one moment produces a time-series with a rapidly decreasing skill as the forecast lead time increases. Our question is: can we get information regarding the phases at the end of such a time-series even if the predicted magnitudes have large deviations? It could still be very useful since it tells whether a peak or a valley is coming or decaying and when it will arrive. Furthermore, for extended-range forecast, there is no doubt that a significantly higher skill would be obtained after applying an intraseasonal filter to the historical forecast result. In the real-time forecast, however, the terminal effect of filtering would possibly make it even worse. Can we improve the real-time forecast quality by extracting its intraseasonal component as much as possible? The current work is devoted to improve the real-time forecast skill from the above two aspects for an empirical extended-range forecast scheme.
The rest of the article is organized as follows. The “Data and Procedures” section introduces the data and procedures. The “Empirical Prediction of Intraseasonal Variabilities of ISM Precipitation Based on Precursory BSISO Signals” section describes the empirical forecast scheme for predicting the intraseasonal variabilities of the ISM precipitation based on its relationship with the BSISO. The “Improving the Real-Time Forecast” section discusses how to improve the real-time forecast. A summary is given in the “Summary” section.
DATA AND PROCEDURES
Data
The datasets used in this study include data on the observed daily outgoing longwave radiation (OLR) from the National Oceanic and Atmospheric Administration polar-orbiting satellites (Liebmann and Smith 1996), and the Climate Prediction Center Global Unified Gauge-Based Analysis of Daily Precipitation (Xie et al., 2007; Chen et al., 2008). The OLR data have a 2.5° × 2.5° spatial resolution. The daily precipitation data have a 0.5° × 0.5° spatial resolution and cover the land areas only. The period 1979–2019 is used in the research. The historical forecast tests were conducted for 16 years from 2004 to 2019. Boreal summer refers to June, July, and August (JJA), during which the ISM precipitation is the most enhanced.
The Empirical Forecast Scheme
The empirical forecast scheme used in the current work is based on multiple linear regression, and the predictors are selected according to the lagged maximum covariance analysis [MCA, also known as singular value decomposition analysis (Bretherton et al., 1992; Wallace et al., 1992)]. The climatological annual cycles are removed first to obtain the anomalies. Then, a moving average is applied to the daily data to smooth out the synoptic-scale perturbations. The window length of the moving average is 10 days, which coincides with the typical timescale of the active/break cycles of the ISM precipitation.
With smoothed daily anomalies, a lagged MCA is applied to the precipitation over the India region and the OLR over the tropical Indian Ocean. The predictors are obtained by projecting the OLR anomalies onto the heterogeneous covariance maps of the corresponding MCA modes. These predictors are employed in constructing the multiple linear regression model, whose predictand is the precipitation and the forecast lead time agree with those in the lagged MCA. Each year for historical forecast tests, a model is constructed with the data of the previous 25 years, so that the interannual and inter-decadal variations of the precipitation–OLR relationships are taken into consideration, if they exist.
Real-Time Phase Analysis and Data-Adaptive “Variational Mode Decomposition Filter”
The Hilbert transform is utilized in identifying the instantaneous phase of the time-series. It is defined by
[image: image]
The Hilbert transform [image: image] imparts a phase shift of −90° to every Fourier component of the original function [image: image]. For instance, the Hilbert transform of [image: image] is [image: image]. For a more detailed introduction about Hilbert transform and its discrete application, refer to Marple (1999) and King (2009a, 2009b).
With the property of the phase shifting, the complex function constructed with the original function as the real part and its Hilbert transform as the imaginary part can be written in the following form according to Euler’s formula:
[image: image]
where [image: image] is the instantaneous amplitude and [image: image] is the instantaneous phase of [image: image], which is equal to the phase angle of the right-hand side of Eq. (2).
In this study, the forecast instantaneous phase [image: image] is compared with that of the observation [image: image]. The latter is computed according to Eq. (2) with the successive observational time-series. A threshold of [image: image] is chosen to determine whether they are in phase or not. Namely, if
[image: image]
the forecast phase at [image: image] is considered to be in phase with that of the observation.
It is worth pointing out that the instantaneous frequency defined by
[image: image]
is physically meaningful only when the signal is represented by an intrinsic mode function (IMF; Huang et al., 1998; Huang et al., 2009; Wang et al., 2010; Huang and Shen 2013). However, the current study is not intended to address the instantaneous frequency. For the instantaneous phase we care about, it is noticed that as long as the time-series is smooth enough, the Hilbert transform well captures its phase evolution. Namely, [image: image] has a correlation coefficient close to 1 with [image: image], where [image: image] is defined in Eq. (2).
In order to obtain a smoothed signal and to extract the intraseasonal component as well, a preprocessing that is partially equivalent to a frequency filtering based on the variational mode decomposition (VMD) is applied to the time-series before calculating its instantaneous phases. The VMD (Dragomiretskiy and Zosso, 2014) decomposes a signal [image: image] into a small number of [image: image] narrowband IMFs:
[image: image]
Each IMF [image: image] is an amplitude and frequency modulated signal of the following form:
[image: image]
where [image: image] is the envelope (amplitude function) which is positive and slowly varying, and [image: image] is the phase function whose time derivative, that is, the instantaneous frequency, is also slowly varying and concentrated around a central value [image: image]. With the knowledge of the central frequency/period of each IMF, those IMFs on the interested timescales (for instance, a 20- to 80-day period for intraseasonal timescale) are summed up to obtain the smoothed signal. Such a preprocessing is referred to as “VMD filter” in this article.
We also compared other filtering algorithms, such as the Fast Fourier Transform-based filter. Since the VMD is data adaptive, it performs better in most cases, particularly for short time-series whose length is comparable with the timescale of filtering. This is especially useful for real-time forecast.
EMPIRICAL PREDICTION OF INTRASEASONAL VARIABILITIES OF ISM PRECIPITATION BASED ON PRECURSORY BSISO SIGNALS
The intraseasonal standard deviations during boreal summer for daily OLR over the Indo-western Pacific region, and precipitation over South Asia are shown in Figures 1A,B, respectively. While higher intraseasonal variabilities are near-evenly distributed over tropical Indian Ocean and the western Pacific, the largest perturbations of precipitation are found along the Western Ghats, followed by a wide area of northern Peninsular India, and the foothills of Himalayas to the north of the Bay of Bengal.
[image: Figure 1]FIGURE 1 | Standard deviations of 20- to 80-day filtered daily anomalies of (A) OLR over the Indo-western Pacific, and (B) rainfall over South Asia during 1981–2010 summer (JJA). The contours in (B) have an interval of 4 mm/day.
The precipitation over South Asia and the large-scale tropical OLR anomalies share some common features in the power spectrum distributions. For instance, for the raw pentad anomalies of precipitation over northern Peninsular India and OLR over southwestern equatorial Indian Ocean (Figure 2A), their power spectrums are both peaked at around 40–50 days, and the secondary peak of OLR at around 20–30 days also corresponds well with one of the most significant frequency bands of the precipitation (Figure 2B). The time-series of these two variables have a maximized correlation coefficient of −0.21 when the OLR leads the precipitation by 16 days, indicating a potential intraseasonal predictability of the latter.
[image: Figure 2]FIGURE 2 | (A) Pentad anomalies of OLR over southwestern equatorial Indian Ocean (60°–85°E, 10°–2.5°S, gray area), and precipitation over northern Peninsular India (69.5°–85.5°E, 14.5°–25.5°N, blue line) during 2004–2019 JJA. (B) Power spectrums of the time-series in (A) and the corresponding red-noise spectrums at 95% confidence level (denoted by dashed lines).
As revealed in the lagged MCA (Figure 3), a large portion of the intraseasonal variabilities of precipitation over Peninsular India is connected with the precursory OLR anomalies over the tropical Indo–western Pacific. The MCA is conducted between the 10-day moving-averaged precipitation and OLR anomalies during 1986–2010 JJA, with the OLR leading by 20 days. The first two modes account for about 75% of the total square covariance. In contrast, the other modes account for <10% each. Thus, the two leading MCA modes reveal the dominant precursor signals of tropical OLR anomalies for intraseasonal precipitation over India at a lead time of 20 days in advance.
[image: Figure 3]FIGURE 3 | Heterogeneous correlation maps of the first (A, B) and second (C, D) MCA modes between daily precipitation (A, C) and OLR (B, D) anomalies during 1986–2010 JJA, with the OLR leading by 20 days. Areas for MCA are 70°–90°E, 10°–30°N (precipitation) and 60°–135°E, −10° to 7.5°N (OLR). The square covariance fractions explained by each mode is 59.9% and 14.9%, respectively. The correlation coefficient between the MCA time-series is 0.38 and 0.33 for each mode, respectively. Both modes passed the significance test at the 95% level using a Monte Carlo approach. The signs in the OLR maps are reversed so that positive (negative) anomalies correspond to enhanced (suppressed) tropical convections. Both precipitation and OLR anomalies are preprocessed by a 10-day moving average.
Essentially, these two leading MCA modes captured the northeastward-propagating BSISO1 mode and its lagged impact on precipitation (Lee et al., 2013; Lee et al., 2017). There are distinct northwest–southeast tilted band structures in the heterogeneous correlation maps of the OLR anomalies, so that precipitation over the land areas is part of such a zonally elongated rainband, which also explains the high correlations between precipitation over Peninsular India and southern coasts of the Indochina Peninsula. In addition, the precipitation and OLR anomalies (multiplied by a negative sign) are generally reversed in the same MCA mode, indicating a 30- to 40-day period oscillation. A lead–lag correlation analysis for the time-series of the OLR anomalies reveals a maximum when the first mode leads the second one by about 11 days, suggesting that they are two stages of such a propagating system with an interval of 1/4 period.
With the knowledge of the precursor signals revealed by the MCA, a multiple linear regression model is constructed, in which the predictand is the precipitation anomalies, and the predictors are the projections of the OLR anomalies onto the corresponding heterogeneous covariance maps of the MCA. The lead time of the OLR anomalies agrees with that in the lagged MCA, and so is the period for estimating the regression coefficients. For instance, based on the MCA results exhibited in Figure 3 and by utilizing the multiple linear regression model constructed with the data obtained during 1986–2010, an empirical prediction scheme for 10-day moving-averaged precipitation anomalies at a lead time of 20 days in advance is established for 2011 summer. Forecasts for the other years and different lead times require their own MCAs and regression models.
The forecast skill of the empirical scheme described above varies with the lead time and the number of MCA modes employed in the regression model. Based on 16 years of historical forecast tests from 2004 to 2019, we found that as long as the two leading MCA modes are included, introducing the other modes into the regression model does not significantly improve the forecast skill. In some cases, it could be even worse. For simplicity, only the forecast results based on the two leading MCA modes are analyzed below.
Such a simple mode with two predictors captures the dominant intraseasonal variabilities over Peninsular India 2–3 weeks in advance. Figure 4 shows how the forecast skill varies with spatial locations and lead times from the perspective of anomaly correlations. A 20- to 80-day band-pass filter has been applied in order to evaluate the forecast skill on an intraseasonal timescale. Higher (>0.5) and significant anomaly correlations are found over areas of large intraseasonal variabilities when the forecast lead time is <20 days, particularly for the Western Ghats and northern Peninsular India. The higher predictability extends to the southern Indochina Peninsula due to the elongated band-like structure of the BSISO as discussed before, although the area of precipitation anomalies in the MCA is confined to the Indian region. There is no significant anomaly correlation over the foothills of the Himalayas where the climatological intraseasonal variability is also large, implying that the area could be dominated by intraseasonal sources other than the BSISO. The forecast skill drops rapidly as the lead time increases, and there is almost no predictability after 25–30 days.
[image: Figure 4]FIGURE 4 | Anomaly correlations of the observed and forecast precipitation anomalies on the intraseasonal timescale (20- to 80-day band-pass filtered) during 2004–2009 JJA at different forecast lead times (indicated at the top-right corners). Dotted areas passed the significance test at the 95% level (Student’s t test based on the effective degree of freedom). Contours start from 0.2 with an interval of 0.2.
IMPROVING THE REAL-TIME FORECAST
The anomaly correlations shown in Figure 4 reveal the general performance of the empirical forecast scheme during a long period; however, the skills for individual forecast moments are not estimated. The latter is more important for practical real-time forecast. Thus, a wide area (72.5–87.5°E, 17.5–22.5°N) covering most parts of the Western Ghats and the rest of the northern Peninsular India with higher predictability is chosen. The area-averaged time-series of observational and forecast anomalies over this region are analyzed.
Figure 5 shows a comparison between the observational anomalies and the historical forecast made at a lead time of 15 days averaged over the particular region described above. First, we found that the forecast anomaly has a serious underestimation of the amplitude. Fortunately, such an underestimation is systematic and seems to be time-independent; hence, multiplying a fixed factor well compensates it. This factor is estimated empirically (2.0 in this case). Next, the intraseasonal components of the observational and forecast anomalies obtained by the VMD filter (see “Real-time phase analysis and data-adaptive “Variational Mode Decomposition Filter”” section) are compared. The anomaly correlation reaches 0.65 and is generally higher than those shown in Figure 4B, mainly due to the smoothing by the area-average. The circle markers in Figure 5 indicate the moments that the observational and forecast anomalies are instantaneously in phase with each other on the intraseasonal timescale. The ratio of the in-phase moments to the entire period is 66.7%, which is comparable with the anomaly correlation.
[image: Figure 5]FIGURE 5 | Time-series of 10-day moving-averaged daily precipitation over northern Peninsular India (72.5–87.5°E, 17.5–22.5°N) during 2004–2019 JJA for raw observational anomalies (thin-gray lines), 20- to 80-day VMD-filtered observational anomalies (thick-black lines), and 20- to 80-day VMD-filtered forecast anomalies made at a lead time of 15 days in advance (thick-red lines). Points marked by circles indicate that the 20- to 80-day observational and forecast anomalies are instantaneously in phase with each other. The ratio of in-phase is 66.7% over the entire period, and their anomaly correlation is 0.65 (denoted on the top-right corner by “In-phase” and “ACC,” respectively). The forecast time-series has been multiplied by a fixed factor of 2.0 to compensate the systematic underestimation of the amplitude. The discontinuities between 2 years should be ignored.
As discussed in the Introduction, a realistic problem in real-time forecast is that the successive forecast time-series like that in Figure 5 is interrupted; hence, the real-time filtering is unworkable. Figure 6A gives an example for such a circumstance, in which the forecast time-series of a fixed lead time (orange line) is unavailable (dashed style) after the current time of forecast (diamond markers). Although the intraseasonal peak at this moment is roughly captured in the historical forecast test, the real-time forecast result is very likely to be considered as a transitional phase due to the underestimated amplitude and missed information afterward.
[image: Figure 6]FIGURE 6 | An example for regular (A) and improved (B) real-time forecast. The blue lines represent the observational anomalies, and the orange lines in (A) represent the historical forecast anomalies made at a fixed lead time for each point. The dashed curves indicate the unknown parts at the initial time of making the forecast (denoted by circles). The dash-dotted line in (B) indicates the forecast anomalies of different lead times made at the same initial point, linked with the observational anomalies before that point. The purple line in (B) is the 20-day low-pass VMD-filtered result of the dash-dotted line and is used to improve the estimation of the intraseasonal phase at the time of forecast (denoted by diamond markers).
An analogous real-time forecast is shown in Figure 7, in which the forecast results are unfiltered raw anomalies. The smoothed forecast time-series from 30 days before to a particular time of forecast is used to estimate the instantaneous phase at that time, since it is supposed that the forecast after that is unavailable. Apparently, as compared with the intraseasonal filtered historical forecast (Figure 5), the anomaly correlation has dropped from 0.65 to 0.58 due to the absence of filtering. The ratio of in-phase has a larger decrease from 66.7 to 43.6%.
[image: Figure 7]FIGURE 7 | Same as in Figure 5, but the raw forecast anomalies are displayed. A forecast time-series from 30 days before to a particular moment is used to estimate the forecast instantaneous phase at that moment.
From another point of view, the significant improvement of the intraseasonal filtered historical forecast implies that the intraseasonal signal does exist in the unfiltered and interrupted real-time forecast result. It is thus speculated that for the real-time forecast, extracting intraseasonal signals as much as possible from the currently available information would be an approach to improve the forecast skill. The following facts or assumptions are thus utilized in achieving this purpose:
(1) The previous observations contain intraseasonal signals.
(2) The forecast of a shorter lead time has better skills.
(3) Even if the forecast anomalies have large deviations as the lead time increases, there could still be information regarding the intraseasonal phases.
(4) An intraseasonal filter is favorable for extracting the intraseasonal signal.
Based on the above premises, a simple but useful method is proposed for improving the real-time forecast. Figure 6B shows a schematic representation of it. First, a successive time-series (dash-dotted line) is constructed by linking up two components. One is the observational anomalies before the initial time of making the forecast (denoted by circles), whose length is “KB.” Another is the forecast made at the initial time for every day after it, which stops at “KF” days after the originally demanded time of forecast (diamond markers). Next, a 20-day low-pass VMD filter is applied to such a time-series, and the result (purple line) is used to estimate the instantaneous phase and the amplitude at the time of forecast. The low-pass filter is intended to retain the mean and trend components of the constructed time-series, since its anomaly is meaningless and introduces high-frequency perturbations into the final result. In the example shown in Figure 6B, although the forecast deviation amplifies rapidly as the lead time increases, implicit information regarding the intraseasonal phases is extracted by the VMD filter. Thus, a more accurate phase estimation can be made; namely, the diamond mark is in the vicinity of an intraseasonal peak. The above procedures are repeated at each time step of forecast.
The improved real-time forecast based on the method described above is shown in Figure 8. Notice that the forecast instantaneous phase is not calculated with the time-series shown in the figure (red line) but with the constructed and filtered time-series at each point. Both the anomaly correlation and ratio of in-phase improved significantly relative to the regular real-time forecast (Figure 7) and are even higher than those in the intraseasonal filtered historical forecast (Figure 5). Very weak high-frequency perturbations are introduced into the improved real-time forecast result mainly because different constructed time-series are applied for filtering at each point. It is also worth pointing out that the initial status of iteration in VMD could result in a slight difference in each calculation.
[image: Figure 8]FIGURE 8 | Same as in Figure 5, but the forecast anomaly and the instantaneous phase estimation at each point are obtained from the constructed time-series of KB = 15 and KF = 15, processed by a 20-day low-pass VMD filter (see the text for details).
The sensitivity of the forecast skill to different KBs and KFs in the improved real-time forecast is tested and shown in Table 1. The forecast lead time of 20 days is chosen here, since there is a sudden fall in the forecast skill after it (Figure 4). Although the intraseasonal filtered historical forecast has an anomaly correlation of 0.63 [first line, ACC (VMD)], it is only 0.51 in the regular real-time forecast [first line, ACC (Raw)]. Normally, it is the lower limit for an acceptable forecast, and the forecast of a longer lead time is ignored (interrupted) in practical applications. We would like to see if our method could make improvement in such an extreme case.
TABLE 1 | Ratio of in-phase and anomaly correlation (ACC) of improved real-time forecast at different KBs and KFs.
[image: Table 1]Table 1 shows that, generally, the increase in both KB and KF leads to a better forecast. With the same KF, a higher KB corresponds to a higher skill, possibly because the signal before the time of forecast (observations and forecast of a shorter lead time) contains more available information than the forecast after that. An upper limit of improvements is reached when KF extends to about 15 days, possibly due to the larger deviation of the forecast of a longer lead time. It is also noted that in most cases, the VMD filter on the constructed time-series improves the forecast skill (“VMD” vs. “Raw”). The highest anomaly correlation that can be reached in the improved real-time forecast is 0.55, which is still lower than that of the intraseasonal filtered historical forecast (0.63) but higher than that of the regular one (0.51). The ratio of in-phase, on the other hand, reaches 56.6%, which is close to that in the intraseasonal filtered historical forecast (57.8%). Therefore, even at the longest acceptable forecast lead time, the forecast after which is considered to be worthless, we can still extract information to improve the forecast of intraseasonal phases.
SUMMARY
In contrast to the historical forecast test which is temporally successive with a near-steady forecast skill, the real-time forecast made at any one moment produces a forecast time-series whose skill rapidly decreases as the forecast lead time increases. Generally, such a real-time forecast is interrupted and only the leading section with a relatively higher skill is adopted in practical applications. The interruption brings two problems. Due to the terminal effect, the real-time filtering is unworkable. Hence, as compared with the intraseasonal filtered historical forecast, the real-time extended-range forecast has a significantly lower skill in the absence of filtering, even though the intraseasonal signal does exist as proved by such a comparison. In addition, it is difficult to estimate the intraseasonal phases near the end of the interrupted forecast time-series due to missed information afterward, particularly when the forecast amplitudes have a large deviation. The current work developed a simple but useful method to improve the real-time forecast skill from the above two aspects for an empirical extended-range forecast scheme.
The empirical scheme used in the current work is devoted to predict the intraseasonal variabilities of the ISM precipitation, in which the BSISO acts as the precursor. A lagged MCA is applied to the 10-day moving-averaged daily anomalies of precipitation over the Indian region and the OLR over the tropical Indian Ocean for JJA. The projections of the OLR anomalies onto the heterogeneous covariance maps of the two leading MCA modes are employed in constructing the multiple linear regression model for precipitation, whose forecast lead time agrees with that in the lagged MCA.
The anomaly correlation and the ratio of in-phase on the intraseasonal timescale are applied in evaluating the forecast skill. The instantaneous phase is estimated by the phase angle of the complex function whose real part is the original signal and the imaginary part is its Hilbert transform. A VMD filter on intraseasonal timescale is applied on the time-series before estimating its instantaneous phase. As long as the phase difference between the forecast and observational anomalies is less than or equal to [image: image], they are considered to be in phase with each other. The instantaneous phase could be a useful indicator in evaluating the forecast skills for individual moments and spatial locations in addition to the magnitude, particularly when the latter has large and uncertain deviations.
For areas of large intraseasonal variabilities of ISM precipitation, the empirical scheme used in the current work has an acceptable forecast skill when the forecast lead time is <20 days. However, relative to those in the intraseasonal filtered historical forecast, both the anomaly correlation and the ratio of in-phase have a significant fall in the real-time forecast, as expected. The ratio of in-phase drops more sharply.
A method for improving the real-time forecast is developed. For each forecast moment, a successive time-series is constructed by linking up the observational anomalies before the initial time of making the forecast, and the forecast made at the initial time for every day after it. The latter is 10–20 days longer than the originally demanded forecast lead time. Next, a 20-day low-pass VMD filter is applied to such a time-series, and the result is used to estimate the instantaneous phase and the amplitude at the time of forecast. The intraseasonal signals in the previous observations, the better forecast skills of shorter lead times, the implicit information regarding the intraseasonal phases in the forecast of longer lead times, and the data-adaptive intraseasonal filter are adopted in this method so as to extract the intraseasonal signal as much as possible from the currently available information at each forecast moment.
A practical test for the method described above shows that for the forecast lead time of 15 days, both the anomaly correlation and the ratio of in-phase in the improved real-time forecast are even slightly higher than those in the intraseasonal filtered historical forecast. For the lead time of 20 days, which is normally the longest acceptable lead time of our forecast scheme and is close to the interrupting point in regular applications, the improving method increases the ratio of in-phase so that it is close to that in the intraseasonal filtered historical forecast. The anomaly correlation has also increased for the lead time of 20 days, although it is still lower than the filtered one. Hence, this method does improve the real-time forecast skill. Even at the longest acceptable forecast lead time that the forecast after which is considered to be worthless, it helps extract useful information regarding the intraseasonal phases.
The current work is not intended to design a better empirical forecast scheme than before (such as Webster and Hoyos, 2004) but is devoted to explore how to improve the quality of real-time extended-range forecast, so that it could be close to or even better than the intraseasonal filtered historical forecast. Apparently, the application of such an improving method is not confined in empirical forecast schemes. It could also be applied in numerical forecast results. The currently used empirical scheme has room to improve as well, for instance, by adopting more widely and carefully chosen predictors. These issues will be investigated in our future work.
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Global warming changes the characteristics of regional climate and crop growth environments and affects human production and life in the long term. In this study, historical snowfall observation data from 199 conventional meteorological stations in the Huaihe River Basin were analyzed with the climate trend method, the nonparametric Mann-Kendall (M-K) test and the sliding t test to determine the variability and abrupt changes in climate trends in the Huaihe River Basin during 1951–2018. Then, the Coupled Model Intercomparison Project phase 6 datasets were used to analyze the evolutionary trend of snowfall under four climate change scenarios in 2015–2065. The results show the following: 1) Due to climate warming, both the historical data and the simulated data under different climate change scenarios show declining snowfall in the Huaihe River Basin. 2) Based on the analysis of historical data from meteorological stations, the snow events had a clear latitudinal distribution—the higher the latitude, the lower the occurrence of snow events. In contrast, as shown by the analysis results obtained under different climate change scenarios, the snow mass flux had a clear longitudinal distribution—the higher the longitude, the higher the snow mass flux. 3) In Scenario SSP370, 2050 is important because the snowfall changes from decreasing to increasing, and in 2065, the snowfall in most areas of the basin is greater than that in 2050. Furthermore, the snowfall along the southeastern coast of the basin has the greatest variability.
Keywords: climate warming, snowfall, trend change, analysis of abrupt changes, climate change scenario
INTRODUCTION
Global warming and the frequent occurrences of extreme meteorological disasters and heavy snow events in the Northern Hemisphere during winter have caused large-scale traffic disruption, damage to power facilities and severe crop damage (Khattak and Knapp, 2001; Mccabe et al., 2007; Gao, 2009; Feng and Chen, 2016). Additonally, climate change alters the characteristics of the regional climate and environment and directly affects the productivity and safety of humans (Austnes et al., 2008; Johansson et al., 2011). The Huaihe River, with a total length of more than 1,000 km, is one of the seven major rivers in China and flows through the three provinces of Henan, Anhui, and Jiangsu; the occurrence and evolution trend of snowfall in the Huaihe River Basin can provide an important reference for the prevention and mitigation of local disasters.
The study of snowfall study is very important for safety and property protection, and the prediction, and modeling of the evolution of snow events are hot research fields. Previous studies on snowfall have mainly focused on the following areas: 1) the use of remote sensing images to retrieve the seasonal variability in snow cover (Pu et al., 2007; Dietz et al., 2013) and to simultaneously assess the variability in snow cover in grasslands, farmland and forests; 2) the analysis of the weather conditions during snow events and the causes and effects of snow events by investigating snowfall over large areas (Wang et al., 2009; Shi et al., 2010)—for example, Wang et al. (2008) and Gao et al. (2008) analyzed the climate characteristics, influences, and causes of heavy snowfall over large areas of South China in January 2008; 3) the investigation of the historical occurrences of snow events in an administrative region or in a mountain range—for example, Sun et al. (2010) analyzed the characteristics of snowfall variability in Northeast China during 1960–2015; 4) the exploration of the occurrence and evolution of snowfall and snow events by analyzing the records of relevant snow events based on in meteorological data (Li, 1993); and 5) the analysis of the characteristics and formation mechanism of snow events by analyzing the circulation patterns associated with snowfall (Birsan and Dumitrescu, 2014). Snowfall occurs over large areas in Central China every year and has resulted in severe traffic disruption and crop damage. However, few studies have been performed on winter snowfall in Central China, and studies on historical snow events and comprehensive analyses of snowfall evolution under climate change scenarios are lacking.
In this study, the Huaihe River Basin in Central China was selected as the study area to analyze the evolution of snowfall trends obtained from historical data and under climate change scenarios. This study finds that as more effort is made to mitigate climate change, the snowfall variability caused by climate warming gradually weakens, starting in 2050.
DATA AND METHODS
Data
In this study, the Huaihe River, one of the seven largest rivers in China, was selected as the study area. The Huaihe River Basin is located between the Yangtze River Basin and the Yellow River Basin. It has an area of 270,000 km2. The Huaihe River is in the climate transition zone between northern and southern China and is located in the warm semihumid monsoon climate zone. The Huaihe River Basin is an important grain production region in China. The snowfall variability in the basin has a great impact on the growth of winter wheat and other crops, large-scale transportation, and power facilities. This study used snowfall data and weather phenomenon data from 199 conventional meteorological stations in the Huaihe River Basin, basin elevation data and meteorological station distribution data. Figure 1 shows the topography and meteorological station distribution in the Huaihe River Basin. In addition, the Coupled Model Intercomparison Project phase 6 (CMIP6) datasets and the WATCH Forcing Data methodology applied to ERA5 (WFDE5) reanalysis data (Cucchi et al., 2020) were used to verify the applicability of multiple models in the CMIP6 datasets. The CMIP6 data of 2015–2065 were used to analyze the snowfall evolution in different scenarios.
[image: Figure 1]FIGURE 1 | Distribution of the topography and meteorological stations in the Huaihe River Basin.
Before using the multimodel data in CMIP6 for snowfall analysis, it is necessary to evaluate the applicability of multiple models and choose suitable models to analyze snowfall evolution. In this study, the WFDE5 reanalysis data were used to evaluate the multiple models in the CMIP6 data for the years 2015–2018. WFDE5 is based on the ERA5 reanalysis data published by the European Center for Medium-Range Weather Forecasts, which provides high-accuracy global snowfall data (Cucchi et al., 2020). The CMIP data are obtained from climate change reports of the Intergovernmental Panel on Climate Change and provide important references. They have been widely used in the fields of meteorology (Priestley et al., 2020; Zhu et al., 2020), hydrology (Almazroui et al., 2020), ocean research (Grise and Davis, 2020) and others. The CMIP6 datasets included 11 models obtained under four climate change scenarios in 2015–2065 (Table 1). The ensemble member r1i1p1 was run for all models. In SSP126, the lowest radiative forcing scenario, the radiative forcing is stabilized at 2.6 W/m2, and it supports studies with an objective to control the temperature rise within 2°; in SSP245, the low-to-moderate radiative forcing scenario, the radiative forcing is stabilized at 4.5 W/m2; in SSP370, the moderate-to-high radiative forcing scenario, the radiative forcing is stabilized at 7 W/m2; and SSP585, the high radiative forcing scenario, is the only scenario that can intentionally achieve a radiative forcing of 8.5 W/m2 by the end of the present century (Zhang et al., 2019). Since different spatial data have different spatial resolutions, prior to the assessment of model quality, the spatial resolutions of all models must be bilinearly interpolated to be consistent with the spatial resolution of WFDE5, i.e., a [image: image] grid.
TABLE 1 | Global climate models in CMIP6.
[image: Table 1]Research Methods
Snowfall Classification
The snow was classified with the 24-h snowfall standard of the China Meteorological Administration into severe snowstorms (24-h snowfall [image: image]), heavy snowstorms (24-h snowfall = [image: image]), snowstorms (24-h snowfall = [image: image]), heavy snow (24-h snowfall = [image: image]), moderate snow (24-h snowfall = [image: image]), light snow (24-h snowfall = [image: image]), and trace snow ([image: image]).
Introduction and Verification of Model Data
Climate simulations can provide powerful information on climate change trends. However, the quality of the information needs to be assessed before application. In this study, the mean correlation coefficient, root mean square error (RMSE), and standard deviation (STD) were used to assess the climate simulation data quality. The average correlation coefficient reflects the linear correlation between the predicted value and the reference value of the model. The higher the absolute value of the correlation coefficient is, the higher the simulation quality of the model is. The optimal value of the correlation coefficient is 1. The formula is as follows (Taylor, 2001):

[image: image]where x represents a grid point in the study area, [image: image], and [image: image] represents a time step in the evaluation period, [image: image], where n represents the total number of time steps studied. Additionally, [image: image] represents the predicted model ensemble results of grid point [image: image] at time step [image: image], and [image: image] represents the [image: image] value of grid point [image: image] at time step [image: image], which is used as the reference value. [image: image] is the covariance of the predicted value and the reference value within the same grid point.
The RMSE shows the magnitude of the error between the simulated and observed values at the station. The lower the RMSE is, the closer the response pattern is to the reference value, and the optimal value of RMSE is 0. The formula is as follows (Zhang et al., 2018):
[image: image]
The STD response model simulates its own stability. The lower the STD is, the better the model stability is. The optimal value of the STD is 1 (relative to the reference value). The formula is as follows (Rosero et al., 2009):
[image: image]
Trend Analysis Method
The climate trend can well express the long-term trends of change in meteorological elements. It is the simplest and most effective method for analyzing the relationship between snowfall and time. A positive climate trend indicates that snowfall increases over time, while a negative climate trend indicates that snowfall decreases over time. The calculation formula is as follows (Guo et al., 2018):
[image: image]
where k is determined by the least square method, [image: image] is defined as the climate trend, [image: image] is the time series, and [image: image] is the snowfall.
Mann-Kendall Test for Abrupt Changes
The nonparametric Mann-Kendall (M-K) test is mainly used to test the change trends and abrupt changes of a certain factor. In the time series test, the nonparametric M-K test was first proposed by Mann and Kendall. The advantage of the M-K test is its low requirement of samples the samples do not need to follow a specific distribution pattern and can have a small number of outliers. Therefore, the M-K test is widely used in meteorology, hydrology, and other disciplines. The calculation steps are as follows (Gocic and Trajkovic, 2013):
For a time series with n sample sizes, [image: image], let us construct an ordered series:
[image: image]
where [image: image] represents the cumulative number of times when [image: image] is greater than [image: image]. Under the assumption that the time series is random and independent, UFk is defined as follows:
[image: image]
In the formula, when [image: image], [image: image]. [image: image] and [image: image] are the mean and variance in cumulative number [image: image], respectively. When [image: image] are mutually independent and have the same continuous distribution, they can be calculated with the following formulas:
[image: image]
[image: image]
Time series [image: image] is reversed to obtain series [image: image]. The above process is repeated while making [image: image].
If the [image: image] and [image: image] curves intersect and the intersection point is between the critical lines, then the time corresponding to the intersection point is the time when an abrupt change occurs.
Sliding T-test
The sliding t test is applied to test whether there is a significant difference between the means of two subsequences in the climate factor sequence based on whether there is a significant difference in the two overall means. If the test results exceed a certain level, a sudden change is considered to have occurred.
For time series x with a sample size of n, a moment is specified as the reference point, and the samples of the two subsequences [image: image] and [image: image] before and after the reference point are [image: image] and [image: image] respectively. The average values of the two sequences are [image: image] and [image: image], and the variance is [image: image] and [image: image]. The statistic t is defined as follows (Du et al., 2019):
[image: image]
where [image: image] is:
[image: image]
ANALYSIS OF RESULTS
Characteristics of Snowfall Distribution
Spatial Distribution Characteristics of Snowfall
A spatial distribution map of snowfall in the Huaihe River Basin can be obtained using the inverse distance weighted spatial interpolation of the annual mean snowfall over 68 years from 1951 to 2018. As shown in Figure 2, the overall annual mean snowfall in the Huaihe River Basin differs significantly from south to north and gradually increases from northeast to southwest. The snowfall is lowest in the eastern Shandong Peninsula and highest in southeastern Anhui Province. The snowfall at the provincial boundaries between Shandong Province and Henan, Anhui, and Jiangsu Provinces is approximately 3.7 mm.
[image: Figure 2]FIGURE 2 | Spatial distribution of annual mean snowfall in the Huaihe River Basin.
Distribution Characteristics of the Climate-related Snowfall Trend
Using the annual mean snowfall data for the Huaihe River Basin from 1961 to 2018, we calculated the climate trend at each station. The climate distribution map was obtained using inverse distance weighted spatial interpolation (Figure 3). As shown in Figure 3, the positive changes in snowfall in the Huaihe River Basin are mainly distributed in western Shandong Province, southwestern and northwestern Jiangsu Province, central Anhui Province, and central and western Henan Province. The highest trend is 11.06 [image: image]. Negative changes in snowfall are mainly distributed in northern Hubei Province, southern Henan Province, and southwestern Anhui Province. The lowest trend is [image: image]. The mean climate trend in the basin is −0.85 [image: image], indicating that the snowfall in the basin showed an overall decrease.
[image: Figure 3]FIGURE 3 | Distribution of the climate trend for snowfall in the Huaihe River Basin.
Analysis of the Snowfall Trend
The changes in the number of snow events and changes in snowfall in the Huaihe River Basin between 1952 and 2018 were statistically analyzed. Figure 4A shows that high numbers of snow events occurred in 1956, 1969, 1985, and 2012, and the corresponding snowfall reached 147.8, 242.9, 175.9, and 129.6 mm, respectively. The number of snow events is positively correlated with the annual snowfall, and the number of snow events in a year has gradually decreased with time. Figure 4B shows that high snowfall values occurred in 1993 and 1969, and the annual snowfall gradually decreased with time. Figure 4A,B show that the number of snow events and the amound of snowfall both decrease.
[image: Figure 4]FIGURE 4 | Variation curves of the number of snow events and the total snowfall in the Huaihe River Basin (A: number of snowfalls, B: total snowfall).
According to the snow classification criteria, snow events can be divided into light snow, moderate snow, heavy snow, snowstorms, heavy snowstorms, and severe snowstorms. The time dependence of the number of days with snow of each grade in the Huaihe River Basin from 1951 to 2018 was plotted, as shown in Figure 5. Figure 5A shows that large numbers of snow days occurred in 1971, 1985, and 2012, and the number of snow days in a year gently declined overall. Figure 5B shows that large numbers of days with moderate snow occurred in 1984 and 2010, and the number of days with moderate snow in a year decreased overall. Figure 5C shows that large numbers of days with heavy snow occurred in 1974 and 2000, and the decrease in the annual number of days with heavy snow was more significant than of the decrease in the number of snow days and the number of days with moderate snow. Figure 5D shows that large numbers of days with snowstorms occurred in 1954, 1964, 1985, 1987, 1989, and 1998. Figures 5E,F show that the interannual changes in the number of days with heavy snowstorms and the number of days with severe snowstorms were not significant. Overall, the number of days with light snow, moderate snow, heavy snow, snowstorms, heavy snowstorms, and severe snowstorms decreased over time. The declines in the number of days with heavy snow and the number of days with snowstorms were the most significant.
[image: Figure 5]FIGURE 5 | Interannual trend of days with snow of each grade in the Huaihe River Basin (A: number of days with light snow; B: number of days with moderate snow; C: number of days with heavy snow; D: number of days with snowstorms; E: number of days with heavy snowstorms; f: number of days with severe snowstorms).
Figure 6 shows the changes in the annual number of snow events, the annual average of the lowest temperature and the annual lowest of the mean temperature in the Huaihe River Basin from 1951 to 2018. The annual average temperature and the annual minimum temperature show an upward trend over time, while the number of annual snowfalls shows the opposite trend, showing a downward trend. It can be seen that there is a negative correlation between temperature and snowfall times.
[image: Figure 6]FIGURE 6 | A comparative analysis of the annual number of snow events, the annual average of the lowest temperature and the annual lowest of the mean temperature.
The nonparametric M-K test and the sliding t test were used to analyze the abrupt changes in snowfall and snowfall days at weather stations in the Huaihe River Basin from 1951 to 2018, respectively, as shown in Figures 7 and 8. In the analysis of the sudden change in the number of snowfall days, Figure 7A shows a sudden change in the number of snowfall days in 1998, while the sudden change in Figure 8A occurred in the five years of 1962, 1979, 1990, 1991, and 2012. Therefore, we take the intersection of the nonparametric M-K test and the sliding t test as our final result. From 1951 to 2018, there was no obvious sudden change in the number of snowfall days. In the snowfall analysis in Figure 7B, changes occurred in 1972, 1986, and 2012, and in Figure 8B, changes occurred in 1986, 1988, and 2010. Therefore, by comparing the two analysis methods, it is found that a sudden change in snowfall occurred in 1986 and that this change in 1986 corresponded to a sudden switch from decreasing to increasing snowfall.
[image: Figure 7]FIGURE 7 | Nonparametric M-K test of snowfall days and sudden changes in snowfall in the Huaihe River Basin (a:number of snow events,b:annual mean snowfall).
[image: Figure 8]FIGURE 8 | Sliding t test of snowfall days and sudden changes in snowfall in the Huaihe River Basin (a:number of snow events,b: annual mean snowfall).
Evolutional Trend of Snow Events in Climate Change Scenarios
Quality Assessment and Ensemble of Climate Change Scenarios
The quality of the CMIP6 multiscenario data was assessed using the WFDE5 climate reanalysis dataset of 2015–2018. A Taylor diagram was used to compare the quality of the data under different scenarios. It can well describe the closeness of a model (or a group of models) to the observed values (Taylor, 2001). Figure 9 shows the quality assessment results of snowfall predicted by the models under different emission scenarios. In the Taylor diagram, the higher the correlation coefficient, the closer the ratio of the STD of the model to the STD of the observed values is to 1, and the closer the RMSE is to 0. The closer the model is to the observed values, the better the simulation capability of the model. The ratios of the STD of the values simulated by models EC-Earth3 (Figure 9A), AWI-CM-1-1-MR (Figure 9B), BCC-CSM2-MR (Figure 9B), EC-Earth3-Veg Figure 9B), EC-Earth3 (Figure 9b), GFDL-ESM4 (Figure 9B), INM-CM4-8 (Figure 9B), INM-CM5-0 (Figure 9B), MPI-ESM1-2-HR (Figure 9B), INM-CM4-8 (Figure 9C), INM-CM5-0 (Figure 9C), EC-Earth3 (Figure 9D), and GFDL-ESM4 (Figure 9D) to the STD of the observed values are less than 1. This result indicates that the changes in the snowfall predicted by these models are smaller than the reference value and that the predicted results are stable. The ratio of the STD of the values simulated by the remaining models to the STD of the observed values is greater than 1. The results indicate that the changes in snowfall predicted by these models are larger than the reference value. The ratio between the RMSE of the results simulated by these models and the RMSE of the reference value shows that models EC-Earth3-Veg, FGOALS-f3-L, and NorESM2-MM have the lowest quality in the corresponding scenarios.
[image: Figure 9]FIGURE 9 | Taylor diagram of the quality assessment of snowfall under different models in each of the climate change scenarios (A: SSP126, B: SSP245, C: SSP370, D: SSP585).
Based on the above quality assessment results, in each scenario, the model with the poorest quality performance (model GFDL-ESM4 in scenario SSP126, model GFDL-ESM4 in scenario SSP245, model GFDL-ESM4 from scenario SSP370, and model EC-Earth3 in scenario SSP585) was excluded. The remaining models in each scenario are high-quality. After the model with the worst performance is excluded from each scenario, the screened models are obtained. The selected model data are grouped according to the characteristics of the corresponding scenario. In each time step and each grid point, the median snowfall is selected and called the ensemble median, which is used for subsequent simulations of the trend of snow mass flux.
Analysis of the Evolution of Snowfall Under Climate Change Scenarios
In this study, the ensemble median method was adopted to obtain the multimodel snowfall (the snowfall under the climate change scenarios is the snow mass flux), and the interannual evolution of the annual mean snowfall of 2015–2065 was plotted, as shown in Figure 10. There are certain differences between the evolution of snowfall in different climate scenarios. In the SSP126 scenario with the lowest emissions, snowfall is expected to reach 3/4 of its current value by 2060. In the SSP545 scenario with the highest emissions, the snowfall will decrease to half of its current value by 2060. In other scenarios with intermediate emissions, the predicted snowfall is similar and somewhat lower than the current value.
[image: Figure 10]FIGURE 10 | Diagram of future changes in snowfall in the Huaihe River Basin.
Through the analysis of the four climate change scenarios, the overall trends are relatively consistent. Relevant studies mostly use SSP370 as a representative model to analyze climate change (Shao et al., 2019; Butchart et al., 2020). This study also used the SSP370 model to analyze the snowfall trend of the Huaihe River Basin. As shown in Figure 10, the annual mean snowfall will change abruptly in 2050 from decreasing to rapidly increasing and will reach approximately 125% of the value in 2015 by the end of 2065.
In the study of long-term climate change, the interdecadal variability in the climate in China is correlated with the interdecadal variability in large-scale circulation patterns. Studying the variability in meteorological elements can help reveal the changes in circulation at a large scale (Nidheesh et al., 2017). Through mean filtering for interdecadal variability, the influence of low-frequency fluctuations can be eliminated. As shown in Figure 11, the changes in the future trend of snowfall are not significant in the SSP370 scenario and reach the minimum value in 2050, and the linear trend rate is [image: image]. The snowfall increases rapidly after 2050, and the linear trend rate reaches [image: image]. In 2065, snowfall returns to the snowfall value observed in 2018.
[image: Figure 11]FIGURE 11 | Nine-year moving average trend of annual snowfall in different scenarios.
Spatial Variability Characteristics of Snowfall in the Climate Scenarios
Through the accumulation of monthly snowfall, we can obtain the snowfall distribution map of 2015–2065 in future climate scenarios, as shown in Figure 12. The snowfall gradually increases from the coastal areas to the inland mountains and differs significantly from east to west. The cumulative snowfall is highest (reaching 6 [image: image]) in the northwestern part of the basin of Tongbai Mountain, where the Huaihe River originates, and lowest (less than 1 [image: image]) in the eastern part of the basin.
[image: Figure 12]FIGURE 12 | Spatial distribution of the annual mean snowfall in the Huaihe River Basin during 2015–2065.
By calculating the climate trend of annual snowfall in each grid over time, the spatial distribution of the climate trend is obtained, as shown in Figure 13. In most areas, the snowfall tendency rate is negative, and the snowfall decreases over time. In particular, snowfall declines slowly in the eastern coastal regions, whereas the snowfall trend is especially low in the western hilly areas, where snowfall declines most significantly. The rate of annual snowfall decline in most of the plains ranges from [image: image] to [image: image].
[image: Figure 13]FIGURE 13 | Distribution of the climate trend for snowfall in the Huaihe River Basin during 2015–2065.
Based on previous studies, the percentage change in snowfall in 2050 and 2065 relative to 2015 was calculated. Figure 14 shows the spatial distribution of the percentage change in snowfall. Figure 14A shows that by 2050, the snowfall in most areas decreases, with percentage changes of −60% to −20%. Additonally, the snowfall in the southern regions, southeastern coast regions, and northern regions decreases by more than 80%, and the snowfall in other regions decreases by approximately 40%. In contrast, snowfall increases in a small portion of the central regions. Figure 14B shows that by 2065, relative to 2015, snowfall has increased greatly (approximately 175% of that in 2015) in the central and southern regions, and the areas where the snowfall has doubled are mainly concentrated in the southeastern regions. Based on Figure 14A,B, the snowfall variability in the southeastern region is more intense than that in other regions; the snowfall in the northern region decreases significantly, reaching −50%; and the snowfall in most regions in 2065 is higher than that in 2050.
[image: Figure 14]FIGURE 14 | Percentage change in snowfall in the Huaihe River Basin in 2050 and 2065 relative to 2015 (A: 2050, B: 2065).
DISCUSSION
The uncertainty in this work is mainly concentrated in the following aspects. First, the spatial resolution of WFDE5 is 0.5°. However, the spatial resolutions of different models used in the different scenarios in CMIP5 are different. The bilinear interpolation method was used to unify the spatial resolution of the above data, to match that of WFDE5, and there is uncertainty in the spatial distribution accuracy. Second, independent of whether CMIP6 or CMIP5 is selected, many assessments and comparisons of the quality of CMIP5 and CMIP6 are underway (Cucchi et al., 2020; Freund et al., 2020; Kim et al., 2020; Nie et al., 2020). Roach et al. found that compared with the previous CMIP5 models, most CMIP6 models are superior in quality in terms of characterizing the East Asian summer monsoon (EASM)-related interannual abnormal precipitation model in East China (Roach et al., 2020). The overall conclusion is that CMIP6 is better than CMIP5. Last, based on the snowfall data obtained at meteorological stations, the snowfall gradually increased from northeast to southwest, and the conclusion derived from the model data obtained under different scenarios is that the snowfall gradually increases from east to west (from coastal to inland regions). Although the two conclusions are slightly different, overall, there is less snowfall in coastal regions than in inland regions. The study found that high emissions will lead to an extreme reduction in snowfall in the basin, which is related to the reduction in snow events caused by climate warming. The underlying mechanism needs to be further investigated.
Sun et al. (2010) analyzed the characteristics of snowfall changes in Northeast China from 1960 to 2015, and found differences in the amount of snowfall in time, years in which major changes occurred, and space. In the research of this article, we not only study the historical evolution but also add the trend of snowfall in the coming decades based on climate scenario data. In snowfall research based on satellite imagery, there are numerous studies on snow cover and the changes in snow cover in middleand high-latitude areas and high-elevation areas using CMIP5 and CMIP6 data to predict snow cover in future climate scenarios (Birsan and Dumitrescu, 2014). This research method is similar to the research in this study, and the research conclusions are of great significance to regional climate change research, disaster prevention and disaster mitigation.
CONCLUSIONS
From the analysis of the climate trends based on meteorological observation data and the analysis of abrupt changes in snowfall, the total number of snow days, and the snowfall evolution in the Huaihe River Basin under climate change scenarios, the following conclusions are drawn.
	As shown by the analysis of the historical snowfall data from the meteorological stations, the snowfall amount and the number of snow events in the basin decreased over time in the period 1951–2018. Based on the analyze with the nonparametric M-K test and sliding t test, 1986 was the year in which a sudden change occurred in the average annual snowfall amount, but there was no obvious sudden change in the number of snow events.
	The analysis of snowfall evolution in the SSP370 scenario shows that 2050 is an important year because the snowfall amount will change from decreasing to increasing and that in 2065, the snowfall amount in most areas of the basin will be significantly larger than that in 2050. Additionally, the variability in snowfall is highest in the southeastern coastal region of the basin, indicating high instability in this region.

Under the background of climate change, snowfall will generally decrease over time. The snowfall shows a decline from 2015 to 2050 and reaches its lowest value in 2050. With continuous attention paid to climate change issues, the annual snowfall will be in the recovery stage in 2050–2065 and will rebound significantly.
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Based on the European Center for Medium-Range Weather Forecasts (ECMWF) reanalysis dataset (ERA5), the sea surface temperature (SST) and the outgoing longwave radiation data and the daily precipitation data, the relationship between the Meiyu anomaly in the Yangtze-Huaihe river basin (YHB) and the collaborative evolution of wave trains in the upper and lower troposphere in the mid-July of 2020 is analyzed. The results show that the key circulation background for the long-lasting Meiyu season in the summer of 2020 is the coexistence and collaborative evolution of the “− + −” Silk-Road (SR) wave train in the upper troposphere and the “+ − +” Pacific-Japan (PJ) wave train in the middle-lower troposphere, which is in favor of the movement toward each other of the South Asia high and the western Pacific subtropical high (WPSH), resulting in the upper-level divergence over the YHB where is the right side of the jet entrance area. The western Pacific subtropical high strengthens and extends westward, transporting abundant water vapor to the YHB supplied by the strong southwesterly warm-moist airflow from the Western Pacific and South China Sea. Meanwhile, the meridional circulation develops at the middle and high latitudes, steering the cold-dry air to move southward frequently. Cold-dry air and warm-moist air strongly interact over the YHB, leading to the long-lasting Meiyu season. The coordinative evolution of the SR and PJ wave trains not only affects the persistence and intensity of precipitation in the YHB, but also can be regarded as a precursor signal for the occurrence of persistent heavy rainfall to some extent. The wave-activity flux dispersing eastward along the upper-level jet is beneficial to the development and maintenance of the SR wave train, and the poleward dispersing wave-activity flux is related to the development and maintenance of the PJ wave train. Additionally, along with the weakening El Nino in 2019, the anomalous convection caused by the warm SST in the Western Pacific warm pool is conducive to the formation and maintenance of the PJ wave train. The abnormal convection caused by the warm SST in the Indian Ocean and the east coast of the tropical Atlantic may affect the SR wave train. These are also one of the reasons for the long Meiyu season in 2020.
Keywords: Jianghuai Meiyu in 2020, Silk-Road wave train, the Pacific-Japan wave train, collaborative evolution, SST anomaly
INTRODUCTION
Persistent precipitation events frequently occur during Meiyu season in the YHB in the context of global warming. The Meiyu shows some specific characteristics including uneven spatial distribution of precipitation, and increased (decreased) number of strong (weak) precipitation days (Ding et al., 2020). In 2020, the Meiyu period in the YHB is quite long, with an early onset and late ending. Moreover, there are many persistent heavy precipitation events during the Meiyu period, causing floods in many places. In the abnormal Meiyu period of 2020, the abnormal atmospheric circulation pattern was stably maintained, which is the main reason for the occurrence of persistent precipitation events in the YHB.
The SR wave train is an atmospheric circulation anomaly that frequently occurs in the upper troposphere of middle latitudes in the Northern Hemisphere in summer (Lu et al., 2002; Enomoto et al., 2003; Ambrizzi et al., 1995; Sato and Takahashi, 2006). Based on the special characteristics of the meridional wind in the upper troposphere, Lu et al. (2002) discovered the SR wave train is trapped along the upper-level westerly jet stream over the North Africa and Eurasian continent. Northerlies and southerlies appear alternatively in nearly zonal direction in the upper troposphere, which leads to the staggered distribution of precipitation anomalies. Enomoto et al. (2003) proposed that three main activity centers of the SR wave train are in the western-central Asia, the Mongolian area and the Far East. Subsequently, the truth that the atmospheric wave train moves eastward along the upper-level westerly jet over Eurasian continent has been confirmed in many studies (Ding and Wang, 2005; Kosaka et al., 2009; Yasui and Watanabe, 2010; Hong and Lu, 2016). Lu and Fu (2009) believed that the SR wave train could regulate the interactions among the members of the Eurasian circulation systems and links the East Asian summer monsoon and the Indian summer monsoon. Besides, they also believed it could significantly affect the temperature and precipitation in eastern Asia. Recent studies have shown that the annual variation of the SR wave train can lead to the wave-like cold and warm anomalies on the underlying surface. The prominent summer warming in Eurasia may be related to the regional warming caused by the SR wave train (Hong et al., 2018). The daily intense precipitation appearing only at the first half of events dominantly occur in mid-to-late spring, which are also associated with the SR wave train (Shang et al., 2020).
The main pattern of summer circulation anomalies in the middle and lower troposphere is the PJ wave train (Nitta, 1987), also known as the East Asia–Pacific pattern (EAP). It can simultaneously control several critical circulation systems, such as the WPSH, the Meiyu front and the Okhotsk blocking high (Huang and Li, 1988). The positive phase of the PJ wave train corresponds to the strengthening of the westward extension of the WPSH, the deepening of the Meiyu trough and the development of the Okhotsk blocking high, while it is just the opposite for the negative phase (Lu and Huang, 1998). The Okhotsk blocking high related to the PJ wave train contributes to the stable maintenance of the low trough from Lake Baikal to Northeast China. Thus the cold-dry air could be continuously transported to the middle latitudes of East Asia, and promotes the development and maintenance of the Meiyu front (Huang, 2004; Bueh et al., 2008). The PJ wave train could affect the summer weather and climate in East Asia through modulating the intensity and position of the westerly jet, the WPSH and the SAH (Chen and Zhai, 2015; Shang et al., 2020). Several studies used the PJ index to monitor and predict the strength of the East Asian summer monsoon and the amount of summer precipitation in the Yangtze River region, and the results show that, on an inter-seasonal scale, the positive phase of the PJ index favors the summer precipitation in the Yangtze River region, while the negative phase could inhibit the summer precipitation (Huang and Yan, 1999; Chen and Zhai, 2015).
In recent years, some studies have found that the PJ wave train sometimes accompanies with the SR wave train, enhancing the anomalies of extreme weather and causing more severe disasters, especially in June and July (Wakabayashi and Kawamura, 2004; Ogasawara and Kawamura, 2007; Ogasawara and Kawamura, 2008).Thereby, the uncertainty of monitoring and forecasting the summer precipitation in the YHB by using only the PJ index is increased. The Meiyu period in 2020 is exceptionally long. The mid-July is still in the Meiyu period when the climate mean state is the summer drought period. Then, in this period do the SR and PJ wave trains have abnormal maintenances? Are there some collaborative evolutions between them? Therefore, the main purpose of the present study is to examine the relationship between the late ending of the 2020 Meiyu and the collaborative evolutions of the SR and PJ wave trains, and to preliminary investigate the formation mechanisms of the two wave trains, so as to improve understanding of the impact of atmospheric wave trains on extreme precipitation events, as well as provide a reference basis for predicting summer drought and flood in East Asia.
DATA AND METHOD
Data
The 1979–2020 ERA5 reanalysis dataset (Hersbach et al., 2020) is provided by the European Center for Medium-Range Weather Forecasts (ECMWF) including geopotential height, horizontal wind, vertical wind field, etc., with a horizontal resolution of 2.5° × 2.5°.
The sea surface temperature (SST) data (a horizontal resolution of 2° × 2°, Huang et al., 2017) in 1979–2020 and the outgoing longwave radiation (OLR) data (a horizontal resolution of 2.5° × 2.5°) in 1979–2020 are provided by the National Oceanic and Atmospheric Administration (NOAA).
Daily precipitation data in 2020 is provided by the National Meteorological Information Center and China Meteorological Administration. To ensure that the station precipitation data and the reanalysis data have the same time series, we calculate the daily precipitation by using the total precipitation from 08:00 of the day to 08:00 Beijing time of the next day.
Method
To study the propagation of the quasi-stationary Rossby wave train, the wave-activity flux (WAF) defined by Takaya and Nakamura (2001) is adopted in this study. The WAF is calculated by using Eq. 38 of Takaya and Nakamura (2001). For simplification, only the stationary part of the WAF is calculated. Because of the quasi-stationary Rossby wave train, this simplification is a reasonable approximation. The formula is as follows:
[image: image]
where [image: image] is WAF. [image: image], [image: image], [image: image], [image: image] and [image: image] represent latitude, longitude, Coriolis parameter, earth radius and the buoyancy frequency squared, respectively, [image: image] where p = (pressure/1,000 hPa) and H is a constant scale height. [image: image] denotes basic flow, [image: image] is the stream function perturbation.
The criteria of the Meiyu in YHB is from the national criteria of Meiyu monitoring index (GB/T 33671-2017).
OVERVIEW OF THE JIANGHUAI MEIYU IN 2020
In 2020, the Meiyu season successively starts in the YHB from south to north in the first ten days of June, and the starting date is about seven days earlier than normal years. The Meiyu season ends successively from the end of July to the beginning of August, and the date is about 15 days later than normal years. The 2020 Meiyu period lasts for more than 60 days in some regions of the YHB, which is the longest since 1961. The average Meiyu rainfall in the YHB is about 759.2 mm and even nearly 1,000 mm in some areas, which is significantly more than normal and is the highest since 1961 (Figure 1A). During the 2020 Meiyu period, the heavy rainfall occurs frequently (https://mp.weixin.qq.com/s/9-57kR3fE6uCxPUlCra25g). It is worth noting that the persistent heavy rainfall occurred from July 11 to 19 with the cumulative precipitation of 200–450 mm in Hubei Province, Anhui Province and Jiangsu Province, which caused severe floods (Figure 1B). But in the climatic mean status, the ending date of the Meiyu season in the YHB is around July 10, and in the mid-July the YHB is already in the summer hot and drought period. During the early onset period from June 9 to 17, the cumulative precipitation is about 150–350 mm (Figure omitted), which is less than that during late ending period. So this paper focuses on the persistent heavy rainfall process in mid-July. What are the reasons for the late ending date of the 2020 Meiyu season? What are the atmospheric circulation backgrounds of the persistent heavy precipitation events? Do the wave trains in the upper and lower troposphere evolve collaboratively? These questions will be analyzed in the following.
[image: Figure 1]FIGURE 1 | Cumulative precipitation in the YHB (A) from June 10 to July 31 and (B) in July 11–19, 2020 (unit: mm).
THE COLLABORATIVE EVOLUTION OF WAVE TRAINS IN THE UPPER AND LOWER TROPOSPHERE AND ITS INFLUENCE ON THE PERSISTENT PRECIPITATION DURING THE MEIYU PERIOD IN THE YANGTZE-HUAIHE RIVER BASIN
Previous studies show that the SR wave train, as a stable mode of the upper-level jet area in the Northern Hemisphere, can affect the precipitation anomaly along the East Asian coastal areas by regulating the positions of the SAH and the subtropical westerly jet (Hsu and Lin, 2007; Lu and Fu, 2009). It can be seen from Figure 2 that there is a quasi-zonal “− + −” wave train over Eurasia continent in 30°N–45°N in the mid-July of 2020, which is agreement with the SR wave train analyzed in previous studies. The three anomaly centers of geopotential height are located in Central Asia (60°E–75°E), East Asia (90°E–120°E) and the Far East (130°E–150°E), respectively. The positions of the east and west centers are in 40°N–45°N. The central center is located near 35°N, which is more southerly and favors the development of the meridional circulation at the middle and high latitudes and the maintenance of upper-level jet to the south of 40°N. The YHB is located on the right side of the entrance area of the Asian upper-level jet, so the acceleration of westerly jet would lead to stronger upper-level divergence. Except for the central center, the position of the wave train is roughly consistent with the subtropical westerly jet stream. As shown in Figure 3, the strong upper-level divergence and the significant positive velocity potential center at the middle latitudes of East Asia, and the associated upper-level divergence over the YHB are conducive to the strengthening and development of the ascending movement in the YHB.
[image: Figure 2]FIGURE 2 | The geopotential height anomaly (contours, unit: gpm), the wave-activity flux (arrow, unit: m2 s−2) and wind velocity (shading, unit: m s−1) at 200 hPa during July 11–19, 2020. The red contour denotes the positive anomaly of geopotential height, the blue denotes the negative, and the black contour denotes of the SAH. The shaded area is the westerly jet with wind speed ≥30 m s−1.
[image: Figure 3]FIGURE 3 | The velocity potential (contours, unit: 106 m2 s−1) and divergent wind (arrow, unit: m s−1) at 200 hPa during July 11–19, 2020. The red contour denotes the positive values, and the blue denotes the negative.
As an atmospheric waveguide in the upper troposphere at the middle and high latitudes, the Asian westerly jet stream can transmit the wave activities from upstream to downstream, allowing the maintenance of the wave train propagating along the westerly jet （ Hoskins and Ambrizzi, 1993; Ambrizzi et al., 1995; Enomoto, 2004). It can also be found from Figure 2 that significant wave-activity flux disperses eastward along with the jet from upstream, and the alternate occurrence of the wave-activity flux’s convergence and divergence promotes the maintenance and development of the positive and negative geopotential-height-anomaly centers in East Asia and the Far East, respectively. With the development of the SR wave train, the strengthening of the central center enhances the westerly wind on the north side, thereby strengthening the upper-level divergence in the YHB.
By regulating the positions and strengths of the WPSH, the Meiyu front and the Okhotsk blocking high, the PJ wave train in the middle-lower troposphere could make the precipitation concentrate in a certain area for a long time (Chen and Zhai, 2016). As shown in Figure 4, there is a meridional “+ − +” wave train along the East Asian coast in the geopotential height anomaly field at 500-hPa in mid-July 2020. The three anomaly centers are in the tropical western Pacific (20°N, 110°E), the middle latitudes of East Asia (37.5°N, 130°E) and the Okhotsk Sea region (60°N, 130°E), respectively, showing a typical PJ pattern. Under the regulation of the PJ wave train, the WPSH strengthens and extends westward, maintaining to the west of 120°E for a long time. As a result, the strong southwesterly airflow prevails over the YHB on the northwest side of the WPSH, and abundant water vapor is transported to the YHB by the southwesterly airflow. The negative anomaly of geopotential height at the middle latitudes of East Asia corresponds to the development and maintenance of the cold trough, which is conducive to the development of the meridional circulation at the middle and high latitudes and an active cold vortex. Led by the vortex, the cold air pushes southward frequently, and meets with the warm-moist air over the YHB on the north side of the WPSH. Thus, persistent heavy precipitation events occur in the YHB. In addition, the positive anomaly area in the Okhotsk Sea area corresponds to the maintenance and strengthening of the blocking high in this area, which echoes the Ural Mountain blocking high that corresponds to the positive anomaly near 60°E. Therefore, a typical Meiyu circulation pattern of two ridges and one trough occurs at the middle and high latitudes. From Figure 4, it can be found that wave-activity fluxes in 50°N–60°N are transmitted along the westerly waveguide to the downstream areas at middle and high latitudes, providing wave energy for the development of the anomaly centers at middle and high latitudes in East Asia. This wave-activity flux branches around 105°E. One branch disperses near the Okhotsk Sea, and the other disperses southeastward and converges with the poleward dispersing wave-activity flux in the middle latitude coastal areas of East Asia. Consequently, the low trough at the middle latitudes deepens. In addition, the poleward dispersing wave-activity flux can reach around 50°N and 135°E–150°E, and converges with the upstream eastward-dispersing wave-activity flux near the Okhotsk Sea, which is in favor of the development of the Okhotsk Sea blocking high and the maintenance of the “+ − +” PJ meridional wave train along the East Asian coast.
[image: Figure 4]FIGURE 4 | Geopotential height field (contour, unit: gpm), geopotential height anomaly field (colored, unit: gpm) and wave-activity flux (arrow, unit: m2 s−2) at 500 hPa during July 11–19, 2020.
From the above analyses, it can be concluded that the critical circulation background of the Meiyu period in mid-July 2020 is the coexistence of the PJ wave train with “+ − +” pattern in the lower troposphere and the SR wave train with the “− + −” pattern propagating along the westerly jet stream in the upper troposphere. Under such configurations of wave trains, the SAH locates more south and extends eastward, and the upper westerly jet stream on the north side of the SAH is more southerly than that of the normal years (Figure 2). Due to the acceleration of the westerly jet, strong upper-level divergence is maintained over the YHB where is on the right side of the jet entrance area (Figure 2). Meanwhile, the middle-latitude East Asian coastal regions, including the YHB at 500 hPa, are in front of the developing cold trough. The positive relative-vorticity advection strengthens the divergence of the deviation wind. Along with the upper-level divergence, the ascending motion in the YHB is enhanced. In addition, the cold-dry air brought by the northerly airflow behind the cold trough interacts with the warm moist airflow in the north of the WPSH, causing the persistent heavy precipitation events (Figure 4). That is, the coordinated effect of the wave trains in the upper and lower troposphere leads to the long-lasting Meiyu period in the YHB in 2020.
During the coexistence of the SR and PJ wave trains, the persistent precipitation process in the YHB lasts for nine days. Does the phase configuration of the wave trains evolve collaboratively during this period? What are the characteristics of the coordinated evolution? What are the characteristics of precipitation in YHB under this coordinated evolution? For these questions, three centers representing the SR wave train at 200 hPa are selected in Figure 2 according to the method of Huang (2004) and Bueh et al. (2008). The three centers are located in Central Asia (42.5°N, 70°E), East Asia (35°N, 105°E) and the Far East (42.5°N, 140°E). The geopotential height anomalies of the three centers are recorded as [image: image], [image: image] and [image: image], respectively. The intensity of the daily SR wave train (ISR) at the middle and high latitudes in mid-July 2020, is calculated according to the following formula.
[image: image]
Similarly, according to Figure 4 three centers at 500 hPa are selected to represent the PJ wave train, which are located in the tropical Western Pacific (20°N, 110°E), the middle latitude of East Asia (37.5°N, 130°E) and the Okhotsk Sea area (60°N, 130°E). The geopotential height anomalies of the three centers are recorded as [image: image], [image: image] and [image: image], respectively. The intensity of the daily PJ wave train (IPJ) in mid-July 2020, is calculated according to the following formula.
[image: image]
As shown in Figure 5, all the ISR in July 10–18 is negative, indicating that the SR wave train is basically in the negative phase. From July 10, the ISR continues to decrease and reaches the minimum on July 15. Then, the ISR rises rapidly, and it turns positive on July 19. The negative phase of the SR wave train lasts for about nine days. However, all the IPJ is positive. It increases from July 10, reaches the peak on July 14, and then decreases gradually. The results show that the changes in the ISR and IPJ are virtually opposite, with a correlation coefficient of 0.715, passing the confidence test of 0.01. In addition, the dates when ISR and IPJ reach the extreme values are roughly the same.
[image: Figure 5]FIGURE 5 | Daily variation of ISR (black solid line, unit: gpm), IPJ (black dotted line, unit: gpm) and precipitation (red dot line, unit: mm) in the YHB (28°N–34°N, 105°E–120°E) from July 10 to 19, 2020.
The further analyses of the circulation configuration on July 10 (one day before the occurrence of the persistent precipitation event), July 14–15 (when the ISR and IPJ reached the extreme values, respectively), and July 19 when the ISR turned to be positive (Figure 6) are conducted. The results show that the negative phase of the SR wave train in the middle and high latitudes at 200-hPa was yet unobvious on July 10 (Figure 6A). The geopotential height anomalies were basically negative in 40°N–50°N. The westerly jet in 100°E–120°E was more north than normal and was of a narrow range. The east ridge-point of the SAH was located near 100°E. At 500-hPa, a “+ − +” PJ wave train was formed along the East Asian coast in the meridional direction, but the negative anomaly center at middle latitudes was more north than normal, and the subtropical high was distributed in blocks.
[image: Figure 6]FIGURE 6 | Evolution of the circulation configuration at 200 and 500 hPa on (A) July 10, (B) July 14, (C) July 15, and (D) July 19, 2020. The red contour denotes the positive geopotential height anomaly at 200 hPa; the blue denotes the negative; the shaded area denotes the anomaly of 500 hPa geopotential height (unit: gpm); the black dotted line denotes 12,570 gpm contour at 200 hPa; the black solid line denotes 5,880 gpm contour at 500 hPa; the point area denotes westerly jet with wind speed ≥30 m s−1 at 200 hPa.
On July 14 (Figure 6B), a positive anomaly center appeared near 200 hPa (35°N, 105°E), the “− + −” SR wave train became significant gradually, and the westerly jet within 100°E–120°E gradually moved southward. At 500 hPa, negative-anomaly at the middle latitude and positive-anomaly at the low latitude of PJ wave train were strengthened, and the subtropical high was in zonal belt distribution. It should be noted that the SAH and the 500 hPa subtropical high moved toward each other, and then met and overlapped over the East Asian coast. The WPSH covered the region south of the Yangtze River, but the region from north of the Yangtze River to Huaihe River was located to the north of WPSH, which was favorable for precipitation over the Huaihe River Basin.
On July 15 (Figure 6C), the circulation situation was similar to that on July 14, but the overlapping range of the SAH and WPSH over the East Asia coast was smaller than that on July 14. The WPSH retreated southeastward to be favorable for the water vapor transporting to the YHB and the strong precipitation.
On July 19 (Figure 6D), the positive anomaly center near 105°E at 200 hPa was replaced by the negative anomaly center, and the Far East was controlled by positive anomalies. The phase of the SR wave train began to adjust. Meanwhile, the negative anomaly center of the PJ wave train at middle latitudes is also weakened, but the"+ − +" phase still maintained. The subtropical high changed from the shape of a belt into block, and the SAH and WPSH moved against each other. Thus, under such circulation configurations, the persistent heavy precipitation process gradually ended. From the daily precipitation curve in Figure 5, it can be found that, corresponding to the inverse phase change of the SR wave train and the PJ wave train, the daily rainfall in the YHB had been above 10 mm almost every day since July 11. Especially, on July 17 and 18 the daily rainfall was more than 38 mm, reaching the magnitude of heavy rain. It is worth noting that the time when the persistent heavy rainfall reached the peak lagged behind the extreme time of ISR by 2–3 days, indicating that the coordinated evolution of SR and PJ wave trains could not only affect the persistence and intensity of precipitation in the YHB, but also serves as a precursor signal for the occurrence of persistent heavy rainfall to some extent (Wang et al., 2018).
It can be seen that the SR and PJ wave trains not only coexist, but also evolve collaboratively. The coordinative evolution between the “− + −” phase of the SR wave train in the upper troposphere and the “+ − +” phase of the PJ wave train in the middle and lower troposphere plays a crucial role in the movement toward each other and overlapping of the SAH and WPSH, which results in the rainfall amount in the YHB in 2020 far exceeding the longterm mean and leads to the late ending of the 2020 Meiyu season.
It’s remarkable that the intensity of PJ wave train in the middle and lower troposphere changed during the persistent heavy rainfall event, but the phase was not transformed. The phase transition time of SR wave train was 1 day ahead of the end time of heavy rainfall. It means that the coordinative evolution of the upper and lower troposphere wave trains is very important to the persistence and intensity of precipitation, but the phase transition of the SR wave train in the upper troposphere may play a more critical role.
The persistence of heavy rainfall depends on abundant water vapor supply. As shown in Figure 7, an abnormal “anticyclone–cyclone” (A–C) circulation occurred in the lower troposphere at the middle and lower latitudes along the East Asian coast in mid-July. The west boundary of the anticyclonic anomalous circulation reached 105°E, and the geopotential height field also reflected that the WPSH was stronger and more westward than normal. Abundant water vapor was transported to the YHB supplied by the strong southwesterly warm-moist airflow from the Western Pacific and South China Sea on the south of the abnormal anticyclone, leading to the abnormal positive water vapor flux in almost the whole YHB. However, the abnormal northeasterly airflow appeared in the Bay of Bengal, indicating that the water vapor of this persistent precipitation process in the YHB mainly comes from the Western Pacific and the South China Sea. It is should be noted that the YHB is not only the area with rich water vapor, but also the convergence area of abnormal water vapor flux. The reason for this phenomenon is that the cold-dry air led by the abnormal northerly airflow from middle and high latitudes in the north of the abnormal cyclone moved into the YHB and merged with the southwesterly warm-moist airflow from the lower latitudes, giving rise to the strong water vapor convergence in the YHB. Such a circulation background could provide abundant water vapor and ascending motion for the persistent heavy precipitation event.
[image: Figure 7]FIGURE 7 | Horizontal wind field anomaly (arrow, unit: ms−1), water vapor flux anomaly (colored, unit: kg m−1 s−1 hPa−1) and water vapor flux divergence anomaly (dotted area < −1.5, unit: 10−7 kg m−2 s−1 hPa−1) at 850 hPa during July 11–19, 2020. The black contour denotes the 850 hPa isopotential, unit: gpm. The gray shading denotes Qinghai Tibet Plateau.
The vertical meridional circulation at 110°E–120°E (Figure 8) shows that the southerly wind advanced from lower latitude to about 30°N. The YHB near 28°N–34°N was in the ascending branch of the vertical meridional circulation, and especially there was significant ascending motion near 32°N. In conjunction with the water vapor convergence, such a circulation configuration favors the occurrence, development and maintenance of the persistent heavy precipitation.
[image: Figure 8]FIGURE 8 | The mean vertical meridional circulation (arrow, unit: m s−1) and vertical velocity (colored, unit: −10−2 Pa s−1) at 110°E–120°E during July 11–19, 2020.
THE RELATIONSHIP BETWEEN THE WAVE TRAINS IN THE UPPER AND LOWER TROPOSPHERE AND THE SEA SURFACE TEMPERATURE ANOMALY
According to the monitoring data from the National Climate Center, since November 2019, the equatorial central and eastern Pacific has been warmer, and the Nino3.4 index has been greater than or equal to 0.5°C for five consecutive months, reaching the standard of the El Nino event. Although the El Nino was weak this time, the oceanic Rossby wave driven by the wind stress anomaly during the El Nino was beneficial to the warming of the tropical Southwest Indian Ocean. After the westward oceanic wave reached the west boundary, part of the wave would be reflected as oceanic Kelvin wave, which could deepen the thermocline and helps to warm the tropical Southeast Indian Ocean after propagating eastward along the equator and reaching the east boundary (Xie et al., 2009; Chen et al., 2019).
From Figure 9, it can be found that along with the weakening of El Nino, the SST in the Western Pacific warm pool and the Indian Ocean is uniformly warmer, and the abnormal distribution of warm SST continued until June since April 2020. Many studies have shown that in spring and summer, the warm basin mode in the tropical Indian Ocean can lead to the “Matsuno-Gill” mode response in the atmosphere (Matsuno, 1966; Gill, 1980; Yang et al., 2007; Xie et al., 2009). Additionally, the Kelvin wave propagating eastward can cause the abnormal anticyclonic circulation in the Northwest Pacific, which is conducive to the strengthening and the westward extension of the subtropical high (Wantanabe and Jin, 2002; Xie et al., 2009; Wu et al., 2009; Zhou et al., 2009), helping the maintenance of positive anomaly center at the lower latitude of PJ wave train.
[image: Figure 9]FIGURE 9 | Distribution of SSTA from April to June in 2020 (shaded, unit: °C). In (A) April, (B) May, and (C) June.
The formation and maintenance of the SR and PJ wave trains are related to the external forcing of SST. Figure 10 shows that the convective anomaly from the Philippine Islands to the middle latitude regions in June is in a “− + −“meridional tripole wave train structure affected by the warm SST in the Western Pacific and the Indian Ocean. The area near the maritime continent is a negative OLR anomaly area, indicating that the active convection in the region can trigger a northward propagated Rossby wave, leading to the obvious north-south PJ wave train in the Northern Hemisphere in summer (Huang and Sun, 1994; Kosaka and Nakamura, 2010). It is significant that the positive OLR anomaly area is basically consistent with the WPSH, and the negative OLR anomaly on WPSH’s north side corresponds to the strong convection on the rain belt of the Meiyu front.
[image: Figure 10]FIGURE 10 | OLR anomaly during July 11–19, 2020 (shaded, unit: W m−2). The gray shading denotes Qinghai Tibet Plateau.
In addition, the warm SST in Indian Ocean can stimulate or strengthen the SR wave train through the positive feedback of diabatic heating on the atmospheric circulation (Wu et al., 2000; Enomoto et al., 2003; Lin, 2009; Ding and Wang, 2005; Kosaka et al., 2009). Therefore, although the El Nino is far less weak than those of 1997–1998 and 2015–2016, the strong response of the atmosphere to it cannot be ignored. The coordinative evolution of wave trains in the upper and lower troposphere during the Meiyu season in 2020 may be the product of atmospheric response to SST anomalous.
It is noticeable that since the winter of 2019, the SST over the tropical Atlantic has been in a warm state, especially from February to April in 2020. The abnormal convection caused by the warm SST on the east coast of the tropical Atlantic can also trigger the northward propagating Rossby wave train, which may affect the downstream SR wave train through the waveguide effect of the subtropical westerly jet (Wang et al., 2011; Wang, 2019). However, it needs to be further studied in the future.
In summary, the relationship between the Meiyu anomaly over the YHB and the collaborative evolution of wave trains in the upper and lower troposphere in the mid-July of 2020 can be illustrated by the following schematic diagram (Figure 11).
[image: Figure 11]FIGURE 11 | Schematic illustration of the collaborative evolution of wave trains in the upper and lower troposphere during the Meiyu season in the mid July of 2020. The symbol “–” (“+”) represents the negative (positive) geopotential height anomaly. “C” (“A”) denotes the abnormal cyclone (anticyclone). “Div” in (A) denotes divergence. The purple arrows represent wave-activity flux. The black blank dashed arrows represent the movement of the key systems. The red dashed curve arrows represent the effects of SST. The black thin and thick lines denote the SAH and Jet streak in (A), respectively. In (B), the black thin lines denote WPSH and trough/ridge at the middle and high latitudes, and the brown curve represents the trough line. In (C), the blue arrow represents the northerlies from mid and high latitudes. The black triangle curve denotes the Meiyu front. The green arrow represents the water vapor flux. The pink dotted arrows denote ascending motion.
CONCLUSIONS
Based on the ERA5 reanalysis dataset, the SST and OLR data and the daily precipitation data, the relationship between the Meiyu anomaly in the YHB and the coordinative evolution of wave trains in the upper and lower troposphere in the mid-July of 2020 is analyzed. The main conclusions are as follows.
The key circulation background for the long-lasting Meiyu season in the summer of 2020 is the coexistence of the “− + −” SR wave train in the upper troposphere and the “+ − +” PJ wave train in the middle-lower troposphere. The central center of the SR wave train is more southward than normal. The SAH locates more south and extends eastward. The upper-level westerly jet is also more southward than normal, resulting in the upper-level divergence over the YHB where is the right side of the jet entrance area. Meanwhile, under the regulation of the PJ wave train in the middle-lower troposphere, the WPSH strengthens and extends westward, and it keeps stably on the west of 120°E, resulting in abundant water vapor supply from the northwest side of the WPSH to the YHB. The development and maintenance of the cold trough at the middle latitudes of East Asia are in favor of the development of meridional circulation and an active cold vortex, steering the cold air to move southward frequently, which interacts with the warm-moist air on the north side of the WPSH in the YHB. The positive relative vorticity advection in front of the trough strengthens the divergence of deviation wind. Then, together with the upper level divergence, it strengthens the ascending motion and leads to the long-lasting Meiyu season in the YHB in 2020.
The SR and PJ wave trains not only coexist, but also evolve collaboratively. The coordinative evolution between the “− + −” phase of the SR wave train in the upper troposphere and the “+ − +” phase of the PJ wave train in the middle and lower troposphere plays a crucial role in the movement toward each other and overlapping of the SAH and WPSH, which results in the rainfall amount in the YHB in 2020 far exceeding the longterm mean and leads to the late ending of the 2020 Meiyu season. The coordinative evolution of the SR and PJ wave trains not only affects the persistence and intensity of precipitation in the YHB, but also can be regarded as a precursor signal for the occurrence of persistent heavy rainfall to some extent.
The wave-activity flux dispersing eastward along the upper-level jet is beneficial to the development and maintenance of the SR wave train, and the poleward dispersing wave-activity flux is related to the development and maintenance of the PJ wave train. Along with the weakening El Nino in 2019, abnormal anticyclonic circulation was formed in the Northwest Pacific due to the warm SST in the Western Pacific warm pool and the Indian Ocean, which is conducive to the strengthening and the westward extension of the WPSH. Simultaneously, the anomalous convection caused by the warm SST in the Western Pacific warm pool is conducive to the formation and maintenance of the PJ wave train by triggering the northward propagating Rossby wave. The abnormal convection caused by the warm SST in the Indian Ocean and the east coast of the tropical Atlantic may affect the SR wave train through the positive feedback of diabatic heating on the atmospheric circulation. These are also one of the reasons for the long Meiyu season in 2020.
Actually ， the earlier onset of Meiyu contributes to the long-lasting Meiyu. Do the SR and PJ wave trains coexist during the earlier onset period of Meiyu in 2020? Is there collaborative evolution between the two wave trains? According to Czaja and Frankignoul (2002), the warm SSTA over the tropical Atlantic is beneficial to maintaining the negative phase of the Arctic Oscillation and the development of meridional circulation. Are the responses of atmosphere to SST related to the cold trough or cold vortex in association with Meiyu? These problems need to be further discussed in the future.
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Identification and understanding of persistent regional heat wave are essential for adaption and alleviation of its severe effects on human health and ecological environment, particularly under the situation of rapid global warming. Based on Climate Prediction Center global daily maximum temperature from 1979 to 2019, considering extreme, persistence and regionality of heat wave, summer regional pentad heat wave (RPHW) is defined by summer daily maximum temperature above 35°C with no less than 3 days in a pentad, which is also required to cover more than 2% grids over the eastern China. It breaks down the continuity constraints in both time and space in previous regional heat wave definitions that mainly indicate the synoptic phenomena. Besides, our RPHW is much useful in examining climatic features of regional heat wave, since it filters out the weather noises to some extend in terms of a pentad window. Three categories of RPHW are identified by K-means cluster analysis over the eastern China, i.e., North-Central China (NCC), Central China (CC), and South China (SC). Generally, intensity and area of RPHW are positively proportional to each other, and more RPHW appears in SC but with weaker intensity, whereas less RPHW locates in NCC and CC with stronger intensity. While RPHW in CC and SC mostly appears in middle-late summer, RPHW in NCC mainly occurs in early-middle summer which is transferred from the middle-late summer before the late 1990s. Most RPHW persists for one pentad and occasionally for five or six pentads at most. And both frequency and accumulated days of RPHW have been significantly increased since the late 1990s, particularly in CC and SC. Significant high-pressure anomalies are accompanied with the RPHW in China, which favor more incoming net solar radiation, increasing surface soil temperature, and more upward surface longwave radiation and sensible heat flux as well, eventually forming the RPHW. Specifically, the RPHW in NCC and SC are mainly caused by diabatic heating from the land surface and adiabatic heating due to the anomalous subsidence movement, respectively; however, both the diabatic heating and the adiabatic heating are responsible for the RPHW in CC.
Keywords: regional pentad heat wave, high-pressure anomaly, net solar radiation, diabatic heating, adiabatic heating, subsidence movement
INTRODUCTION
Heat wave (HW) is a common phenomenon in summer, manifested as continuous high temperature, which has a great impact on people’s production and life, and is likely to cause people’s physical discomfort (Hoffmann et al., 2008), and also has an impact on social economy (Cadot and Spira, 2006). HW has been very serious in the end of the 20th century, but in the future, no matter in the intensity, frequency or duration of event, HW will increase significantly (IPCC, 2013). HW disaster has become one of the hot topics of natural disaster research (Qin, 2014). Therefore, studying the distribution characteristics of HW and exploring the mechanism behind its occurrence are very important to scientific understand and reasonable prevent it.
At present, there is no uniform criterion for judging HW, and the HW definition can be either absolute or relative (Robinson, 2001). National standards for HW are also inconsistent. For instance, it requires that the daily maximum temperature (Tmax) is above 32.2°C and lasts for more than 3 days in the United States (Tamrazian et al., 2008), the daily maximum temperature is above 25°C and lasts for more than 5 days with three of these above 30°C in the Europe, and the daily maximum temperature is above 35°C and lasts for more than 3 days in China. The World Meteorological Organization (WMO) suggests a period of at least 5 consecutive days when the daily maximum temperature exceeds its climatology by 5°C. In addition, HW tends to show cluster characteristics in frequency, scope and degree of influence (Ren et al., 2012). While many studies on HW only focus on a certain point (station), which goes against their regional characteristics, this study will mainly investigate the regional HW.
HW can be characterized by its extreme high temperature (Im), accumulated high temperature intensity (Is), maximum impacted area (Am), accumulated impacted area (As), and an integrated index Z (Wang et al., 2017). The metrics generally used to evaluate HW are amplitude (HWA), number (HWN), duration (HWD) and frequency (HWF) (Fischer and Schär, 2010), and average HW magnitude (HWM) (Perkins and Alexander, 2013; Russo et al., 2014). The metrics can represent some aspects of the HW and effectively identify HW (Huang et al., 2011). These assessment indicators can give us a comprehensive understanding of HW in terms of their impact range, duration and intensity, so that we can compare the characteristics of HW in different regions and in different years. Nevertheless, there is still a lack of research on depicting the center of gravity of HW, which will be addressed to this study.
In recent years, there have been some achievements in the study of HW in China. From the perspective of HW spatial distribution characteristics, the frequency, duration and intensity of HW in China defined by relative threshold are basically consistent with each other, which mainly appear in Yangtze–Huaihe River basin, most regions in the south of the Yangtze River and eastern Sichuan Basin, among which the northwestern part of The Yangtze River and the northern part of Zhejiang province have the highest frequency, the longest duration days, and the regional variation characteristics are obvious (Ye et al., 2013). Studies have also shown that the HW defined by the absolute threshold of 35°C occurs more frequently in most regions of Zhejiang, Anhui and Jiangxi provinces in eastern and western China (Shi et al., 2009). In the past few decades, northern China has also experienced frequent heat waves, accompanied by severe drought and desertification in summer (Zhai et al., 1999). However, previous studies were basically based on administrative divisions to determine the scope and classification of HW, and to some extent, such classification of HW is kind of artificial and not rigorous enough. Rotated EOF is one of the objective methods to isolate regional HW in China (Wang et al., 2017), but it assumes the local pattern is symmetric about time. As another objective method, K-means cluster analysis has been successfully applied to group rainfall into different categories (Maxwell and Benjamin., 2020), and it could be more scientific and rigorous in HW clustering studies.
As for the temporal characteristics of HW, since 1990, most regions of China, especially Yangtze-Huaihe River basin and South China, have showed increased HW frequency, reflecting the rapid global warming since 1990 (You et al., 2017). It is found that the high temperature day starting earlier (later) in regions over China ends up relatively later (earlier), and the nationwide severe HW could last from early July to early September, but with great differences in frequency among each period of 10 days (Shen et al., 2018). If the HW is grouped into dry HW and wet HW in terms of relative humidity, the wet HW events are commonly distributed in the southeast of East Asian monsoon region and mostly occur in July and August, whereas the dry HW events are mainly located in northwestern China and North China mostly in June. Besides, the average duration of wet HW is longer than that of dry HW, while the average intensity of wet HW is weaker than that of dry HW (Ding and Ke, 2015).
Causes of HW are complicated, which may be attributed to the anomalous atmospheric circulations and surface boundary conditions. The adiabatic heating can be generated by the large-scale abnormal downdraft in the western Pacific subtropical high (WPSH) control zone, and it is the main reason for the HW formation (Xia and Xu, 2017). In particular, the stable and strong WPSH is directly responsible for the extreme HW in the middle and lower reaches of the Yangtze River in 2013 summer. And accordingly, the total amount of HW days in the middle and lower reaches of the Yangtze River are closely related to the zonal wind anomalies in mid- and high latitudes, sea surface temperature anomaly (SSTA) in the Indian Ocean and Pacific, and local dry soil conditions in spring and summer (Li et al., 2015). The decrease of soil moisture in North China and East China could result in reduction of latent heat flux and enhancement of sensible heat flux, so as to induce significant surface temperature increase over there (Wang and Zhang, 2015). Furthermore, the interannual and interdecadal HW modes in China are also due to the local high-pressure anomaly and dry soil conditions, which are closely associated with the anomalous convection activities over the tropical western Pacific (Wang et al., 2017). In addition, the atmospheric heat sources over Qinghai-Tibet Plateau in spring can be used as an early forecast factor for HW in the middle and lower reaches of Yangtze River (Luo et al., 2016).
Considering the extreme, persistence and regionality of HW, this study will define the regional pentad heat wave over China in summer at a large scale, and further analyze its climatological characteristics from the aspects of intensity, frequency, duration, area and location for three clustering regions by the K-means cluster analysis. Then, the corresponding formation mechanisms are further investigated from both dynamic and thermal sides. Only by clarifying the mechanism of HWs in different China regions, can we predict the HWs more accurately and alleviate their influences effectively.
DATA, DEFINITION AND METHODS
Data
Both daily maximum temperature and daily total of precipitation over eastern China (105–123°E, 20–43°N) are obtained from the NOAA Climate Prediction Center (CPC), and they are gridded at a 0.5 × 0.5 resolution (Fan and Van den Dool, 2008). It can capture the most common temporal and spatial characteristics in observed climatology and anomalies in the field of regional and global domains (Yang and Zhang, 2020). Other daily datasets used in this study are from National Centers for Environmental Prediction/National Center for Atmospheric Research (NCEP/NCAR) Reanalysis 1 (Kalnay et al., 1996), and the variables include geopotential height at 500 hPa, wind vector at 850 hPa, vertical velocity at 500 hPa are gridded at a 2.5 × 2.5 resolution, and the 2-m temperature, soil temperature, soil moisture, and surface radiations and fluxes including net shortwave radiation and upward longwave radiation, latent and sensible heat fluxes, are on T62 Gaussian grids. Wherein, upward surface heat fluxes are denoted as positive. All the variables are converted from daily to pentad before analysis, and their climatology and anomalies are calculated accordingly based on the period from 1979 to 2019. In this study, pentads in summer season (June, July and August, JJA) are employed for analysis.
Definitions and Indices of Heat Wave
Considering the definition of China Meteorological Administration, but different from the previous definition, which requires strict continuity in time and space, summer regional pentad heat wave (RPHW) is defined by summer daily Tmax above 35°C no less than 3 days in a pentad that covers more than 2% grids over the eastern China. Wherein, 35°C as the threshold of daily Tmax is used to indicate the extreme of RPHW, and to show the persistence, no less than 3 days with daily Tmax above 35°C in a pentad is required, which is not necessary to be consecutive. Such loose constrain on the continuity of high temperature days not only makes the definition easier, but also filters out the weather noise by examining the pentad status, which is suitable to investigate the HW from the perspective of climate. There are 26 grids for the demand of 2% land grids over the eastern China, which covers about 2.5 × 2.5 area in terms of CPC Tmax resolution and is appropriate to stand for the regional HW. Similarly, no requirement for the spatial continuity is also better to represent the large-scale regional characteristics of HW. Therefore, the definition for the RPHW in this study can reasonably reflect the extreme, persistence and regionality of HW.
According to the RPHW definition, there are 271 pentads of summer RPHW obtained over eastern China, which is 38.9% of the total 697 pentads during the summer from 1979 to 2019. The characteristics of RPHW are represented by frequency (HWF), cumulative temperature (HWCT), intensity (HWI), area (HWA), center of gravity (HWCG), duration pentad (HWP), and duration day (HWD), which are defined and calculated by the formula listed in Table1.
TABLE 1 | Details for RPHW.
[image: Table 1]Methods
K-means cluster analysis is a centroid-based cluster method, and it can efficiently group objects into several clusters, within which objects have great similarity and cluster sum of squares is minimized (Hartigan and Wong, 1979). By applying K-means cluster analysis to the above 271 RPHWs, three clusters centered in the Central China (CC) (106–122°E, 26–34°N), Northern-Central China (NCC) (108–118°E, 30–40°N) and Southern China (SC) (108–122°E, 23–31°N) are identified over eastern China (Figure 1). To ensure the selected RPHWs mainly residing in the three cluster regions, those with their HWCGs outside the corresponding regions are removed from the three specific clusters. Therefore, 234 RPHWs remain for further study, out of which, there are 55 RPHWs in CC (Table A1), 68 RPHWs in NCC (Table A2), and 111 RPHWs in SC (Table A3), respectively.
[image: Figure 1]FIGURE 1 | Spatial distributions of HWF (shaded, unit: pentad per year) and HWCG (blue dot) for cluster regions in CC (A), NCC (B), and SC (C) over eastern China. The black boxes indicate the specific cluster regions.
Composite analysis is used to reveal the common features and mechanisms of RPHW for each cluster. Furthermore, thermodynamic equation1 is diagnosed for T2m tendency to clarify the causes of RPHW in each cluster region. On the right hand side of Eq. 1, from left to right, the forcing terms are advection, adiabatic heating, and diabatic heating, respectively.
[image: image]
In this study, relative contributions of advection, adiabatic heating and diabatic heating to the temperature tendency related to RPHW are diagnosed at 925 hPa. Wherein, the diabatic heating includes solar shortwave radiation, longwave radiation and sensible heat flux.
SPATIAL AND TEMPORAL CHARACTERISTICS OF REGIONAL PENTAD HEAT WAVE
Figure 1 shows the three clusters of RPHW over eastern China based on K-means cluster analysis. It is clearly seen that RPHWs in CC, NCC, and SC are well separated, and frequency of RPHWs (HWF) in SC is the largest, and they are more concentrated in most parts of Jiangxi province (Figure 1C). In CC, the large HWFs are mainly located on the two sides of Yangtze River, whereas their centers of gravity (HWCGs) intensively lie in the middle of Yangtze River (Figure 1A). The HWFs in NCC are relatively smaller together with incompact HWCGs of the RPHWs over there (Figure 1B), which means the RPHW in NCC has stronger variance in location from case to case compared with those in CC and SC. It is also interesting to note that the HWF distributions are not homogeneous in all the three cluster regions, and the white holes embedded are due to the high mountains since the air temperature above cannot reach the 35°C threshold value at higher altitudes. Generally, the HWF occur more frequently in southern China and less in northern China, which is consistent with Wang et al. (2017) based on the relative threshold of HW.
In accordance with the HWF, the cumulative temperature of RPHW (HWCT) is also the highest in SC (Figure 2C), followed by those in CC (Figure 2A) and NCC (Figure 2B) in order since HWCT is positively proportional to HWF. However, different from HWF and HWCT, the average intensity of HW (HWI) is much stronger in CC (Figure 3A) than those in NCC (Figure 3B) and SC (Figure 3C), and the HWI in SC is the least. It indicates that in terms of the northmost location among the three cluster regions, the average intensity is rather high in NCC albeit with less HWs, whereas SC has the weakest average intensity although more HWs occur over there.
[image: Figure 2]FIGURE 2 | Same as Figure 1, but for HWCT (unit: °C).
[image: Figure 3]FIGURE 3 | Same as Figure 1, but for HWI (unit: °C per pentad).
Figures 4A–C show the distributions of area and intensity of RPHW during summer, and it can be clearly seen that RPHW mainly occurs between 39th pentad and 45th pentad (middle-late summer) in CC, between 32nd pentad and 45th pentad (early-middle summer) in NCC and between 35th pentad and 48th pentad (middle-late summer) in SC, respectively, demonstrating gradually postponed occurred time of RPHW from north to south in eastern China. In CC, the intensity of RPHW ranges mainly from 1.0 to 3.0 with the maximum in late summer (Figure 4A), followed by NCC from 1.0 to 2.5 with the maximum in early summer (Figure 4B) and SC around 1.0 with the maximum in middle summer (Figure 4C). The area of RPHW is comparable to each other in CC and SC with relatively higher values, which are above 0.25 of the CC region and around 0.25 of the SC region, separately (Figures 4A,C). However, in NCC (Figure 4B), the area of RPHW is generally below the 0.25, and they have large variations from case to case. The intensity and area of RPHW have similar distributions during summer (Figures 4A–C), and their relationship can be demonstrated more clearer according to the scatter plots (Figures 4D–F). The corresponding correlation coefficients between them are 0.89, 0.64, and 0.85 in CC, NCC, and SC, respectively, which means the increase of intensity of RPHW is often accompanied with the expansion of its area coverage, and vice versa, especially in CC and SC.
[image: Figure 4]FIGURE 4 | Temporal distributions of area (blue dot) and intensity (orange dot) (unit: °C per pentad) of RPHWs during summer (A–C) and their relationship according to scatter plots (D–F) in CC (A, D), NCC (B, E), and SC (C, F). In (A–C), the larger the dot is, the larger the area and intensity are. In (D–F), the black line and r are the linear regression line and correlation coefficient, respectively between area and intensity of RPHWs, and they are all exceed the 95% confidence level.
As for the individual RPHW in CC (Figure 5A), their occurred time is basically same as the climatology (Figure 4A), i.e., mostly from the 39th pentad to the 45th pentad. However, the frequency of RPHW is getting larger after the late 1990s, so is the consecutive RPHW, and furthermore, the HWP is becoming longer during recent decades (Figure 5A). Accordingly, the accumulated days also show an obvious increasing trend, which is also more significant since the late 1990s, with the maximum in 2013 (Figure 5D). In NCC, the occurred time of RPHW demonstrate obvious interdecadal changes, i.e., it is shifted from the middle-late summer to the early-middle summer around the late 1990s, and moreover, the RPHW seldom happens before 1990s (Figure 5B). Besides, there are more HWDs in 1990s and 2000s compared with other decades (Figure 5E), which is in accordance with many more consecutive RPHWs during those periods (Figure 5B). There is no obvious interdecadal variation in occurred time of RPHW in SC, which is mainly in middle-late summer during the whole study period (Figure 5C), consistent with the climatology (Figure 4C). However, the frequency of RPHW, especially the consecutive RPHW is significantly increased after the late 1990s (Figure 5C), so is the HWD, which has a remarkable increasing trend as well (Figure 5F). In addition, most RPHWs last for only one pentad in all the three cluster regions, accounting for about 70% in CC (Figure 5G) and SC (Figure 5I) and about 80% in NCC (Figure 5H), and some RPHWs can occasionally last for five pentads in CC (Figure 5G) during 2013 summer and six pentads in SC (Figure 5I) during 1998 summer.
[image: Figure 5]FIGURE 5 | Interannual variations of occurred time of individual RPHW (A–C) and HWD (D–F), and frequency of HWP (G–I). In (A–C), one dot indicates one RPHW, and the black line links the consecutive RPHW. In (D–F), the straight line indicates the corresponding linear trend.
MECHANISM OF REGIONAL PENTAD HEAT WAVE
To investigate the possible causes of RPHW in eastern China, composite of anomalous atmosphere and soil variables is carried out in terms of the selected RPHW in CC (Figure 6), NCC (Figure 7), and SC (Figure 8), respectively. It is expected and apparent that corresponding to the RPHW, both Tmax and T2m have significantly positive anomalies in the cluster regions (Figures 6A,B, 7A,B, 8A,B), and at the same time, precipitation anomalies are significantly reduced (Figures 6C, 7C, 8C). Therefore, there is an obvious negative relationship between HW and precipitation (Liang and Wu, 2015), which can be seen in all three clustering regions. It has been pointed out that HW is usually accompanied with high pressure anomalies (Wang et al., 2017), and we do find significant positive 500 hPa geopotential height anomalies over the three cluster regions (Figures 6D, 7D, 8D), however, different from those in NCC and SC, the high pressure anomaly in CC is closely related to the enhanced and westward extended western Pacific subtropical high (Figure 6D). On the other hand, associated with the positive geopotential height anomalies, strong anticyclone anomalies appear in the lower troposphere (Figures 6E, 7E, 8E), and 500 hPa vertical velocity shows large downward vertical motion anomalies (Figures 6F, 7F, 8F). All these atmospheric circulation anomalies are unfavorable for the local precipitation (Figures 6C, 7C, 8C) whereas favorable for the local high temperature (Figures 6A,B, 7A,B, 8A,B).
[image: Figure 6]FIGURE 6 | Composite of anomalous atmosphere and soil variables in terms of RPHWs in CC that are departures from the long-term climate mean over the whole study period, i.e., Tmax (unit: °C) (A), T2m (unit: °C) (B), precipitation (unit: mm) (C), 500 hPa geopotential height (shading, unit: gpm) and isolines of 588 (red contours), 586 and 584 (black contours) (D), 850 hPa wind vector (vector, unit: m s−1) (E), 500 hPa ω (unit: Pa s−1) (F), net shortwave radiation at surface (unit: W m−2) (G), sensible heat flux (unit: W m−2) (H), surface soil moisture (unit: proportion) (I), upward longwave radiation at surface (unit: W m−2) (J), latent heat flux (unit: W m−2) (K), and surface soil temperature (unit: K) (L). Where, in radiation (G, J) and heat flux (H, K), positive is upward. The 95% confidence level is indicated by the shading in (E) and the hatched area in others.
[image: Figure 7]FIGURE 7 | Same as Figure 6, but for NCC.
[image: Figure 8]FIGURE 8 | Same as Figure 7, but for SC.
It is easy to understand that regions with less precipitation under the control of high pressure can receive much more net shortwave radiation (Figures 6G, 7G, 8G) because of less cloud cover (Black et al., 2004). The excessive incoming shortwave radiation heats the ground and make surface soil temperature higher than normal (Figures 6L, 7L, 8L) as well as surface soil moisture drier than normal (Figures 6I, 7I, 8I). On one hand, warm surface can heat the low-level atmosphere by two pathways, i.e., emitting more upward longwave radiation according to the Stefan-Boltzmann law (Figures 6J, 7J, 8J) and tending to increase the sensible heat flux through turbulent processes in the boundary layer. On the other hand, combined with the effect of higher surface soil temperature, drier surface soil moisture contributes to the increased latent heat flux because of enhanced evaporation (Bateni and Entekhabi, 2012). The positive latent heat flux anomalies in CC and SC are much larger and significant than those in NCC (Figures 6K, 7K, 8K), which may be attributed to the richer climatological soil moisture in southern China including CC and SC. In turn, the cooling effect due to greatly enhanced latent heat flux in CC and SC could partly cancel out the warming effect of increased shortwave radiation, thus the positive surface soil temperature anomalies in CC and SC are relatively weaker albeit significant at 95% confidence level (Figures 6L, 8L). Therefore, the expected increased sensible heat flux in CC and SC with respect to the positive surface soil temperature is actually decreased (Figures 6H, 8H), which is the result of RPHW rather than a cause factor over there. On the contrary, in NCC, the positive latent heat flux is too weak to greatly affect the local surface soil temperature, leaving quite warmer surface soil temperature and resulting in increased sensible heat flux (Figures 7H,L), which can heat the atmosphere as an important cause factor.
Since both atmospheric circulation and diabatic heating anomalies mentioned above have impacts on the RPHW, their relative contributions are further diagnosed and identified by employing the thermodynamic equation at 925 hPa. As shown in Figures 9A–C, the advection term always tends to cool the temperature in the cluster regions, which actually offsets the RPHW to some extent. The adiabatic heating term is mainly determined by the vertical velocity, and because of the significant descending motion anomalies (Figures 6F, 7F, 8F), it has significant warming effect in all the three cluster regions accordingly, especially over their southern parts, among which it is the largest in CC, followed by that in SC and NCC (Figures 9D–F). The essential role of adiabatic heating is also addressed by Xia and Xu (2017) to explain the extreme HW in the middle-lower reaches of Yangtze River in 2013, which is controlled by the western Pacific subtropical high with large-scale subsidence movement. Positive contributions to the air temperature can also be found in diabatic heating term, which generally locates in the northern parts of cluster regions (Figures 9G–I). Wherein, the forcing of diabatic heating in NCC is the largest (Figure 9H), which may mainly come from the consistent positive effects of both upward longwave radiation and sensible heat flux (Figures 7H,J), in contrast to the single influence of positive upward longwave radiation offset by negative sensible heat flux in CC and SC. Therefore, in terms of the spatial distributions of Tmax anomalies (Figures 6A, 7A, 8A), RPHW in NCC and SC are primarily caused by the diabatic heating and adiabatic heating forcing, respectively. However, in CC, both adiabatic heating and diabatic heating have significant contributions to the RPHW, but the adiabatic heating is more important.
[image: Figure 9]FIGURE 9 | The composite anomalies of temperature advection (A–C), adiabatic heating (D–F), and diabatic heating (G–I) (unit: K day−1) on the right hand side of thermodynamic equation in term of RPHW in CC (A, D, G), NCC (B, E, H), and SC (C, F, I). These are departures from the long-term climate mean over the whole study period. The hatched area indicates it is significant at 95% confidence level.
SUMMARY AND DISCUSSIONS
With the rapid global warming in recent decades, HW has an obviously increasing trend, which poses serious threats to nature and society. How to depict its climate characteristics and understand its formation mechanism are essential for us to minimize its harmful influences. In this study, we examine the summer HW in eastern China from a new perspective, and define the RPHW as summer daily Tmax above 35°C no less than 3 days in a pentad that covers more than 2% grids over the eastern China. Such definition removes the assumption of strict continuity of time and space in previous studies, and facilitates the understanding of HW from the aspect of climate, which is more in line with the characteristics of HW that is often distributed by the mountains. Based on K-means cluster analysis, the RPHW in eastern China is naturally divided into three categories, which are located in the Central China (CC) (106–122°E, 26–34°N), Northern-Central China (NCC) (108–118°E, 30–40°N) and Southern China (SC) (108–122°E, 23–31°N).
In order to better describe the RPHW, seven RPHW metrics, namely HWF, HWCT, HWA, HWI, HWCG, HWP, and HWD, are used to measure the characteristics of RPHW from different aspects. It is found that among the three cluster regions, the most frequent RPHW occurs in SC but with the weakest intensity, and the strongest RPHW occur in CC but with the least frequency. There is good relationship between intensity and area of RPHW, increasing intensity is usually accompanied with growing area, and vice versa. The RPHW in CC and SC mostly occur in middle-late summer with former slightly earlier than latter, while they mainly appear in early-middle summer in NCC, demonstrating a gradual postponed tendency of occurred time in RPHW from northern China to southern China. Most RPHWs only last for one pentad, and occasionally, some cases can last for five to six pentads in some specific years, for example, 2013 in CC and 1998 in SC. Late 1990s is the turning point in the interdecadal variations of RPHW characteristics. Compared to the previous period, many more consecutive RPHWs as well as HWDs emerge in CC and SC after the late 1990s, which means the RPHW can last for many more pentads during that period, and it may be attributed to the rapid global warming. Whereas in NCC, the interdecadal change of RPHW is reflected by the occurred time rather than the consecutive HWP, which is shifted from the middle-late summer to the early-middle summer around the late 1990s.
Based on the composite analysis, it shows that associated with RPHW, both Tmax and T2m are significantly increased together with decreased precipitation. The corresponding RPHW cluster regions are all controlled by significant high pressure anomalies. On one hand, it allows more shortwave radiation coming into and heating the ground, on the other hand, it is conducive to large-scale subsidence movement and heats the low-level atmosphere by adiabatic heating. Then warmer surface soil temperature directly heats the low-level atmosphere by increasing upward long-wave radiation and sensible heat flux. At the same time, it can also help to enhance the evaporation and increase the latent heat flux, which offsets the warming effect of sensible heat flux to a certain extent, especially in CC and SC where soil moisture is abundant. Diagnosis with thermodynamic equation further indicates that temperature advection always tends to cool the atmosphere. RPHW is primarily formed by the diabatic heating from the land surface in NCC, by the adiabatic heating due to high pressure driven subsidence movement in SC, and by both the diabatic heating and the adiabatic heating in CC, which may explain why intensity of RPHW is the strongest in CC.
In addition, the definition of RPHW in this study is capable of capturing the climate characteristics of HW, and is also easy to be used for monitoring HW. Different characteristics and formation mechanisms of RPHW in NCC, CC and SC obtained in this study can be applied for future predictions, especially under the rapid global warming.
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APPENDIX
TABLE A1 | Detailed information of RPHW in CC, including number, occurred year, occurred pentad in a year, HWA, latitude of HWCG, longitude of HWCG, HWI, and HWD.
[image: Table A1]TABLE A2 | Same as Table A1, but for RPHWs in NCC.
[image: Table A2]TABLE A3 | Same as Table A2, but for RPHWs in SC.
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This study reveals the impacts of cumulus parameterization schemes (CPSs) on the simulation of interannual and interdecadal variations of Meiyu in the middle and lower reaches of the Yangtze River valley (Yangtze Meiyu) by using a regional climate model. A multiple 55-year (1955-2009) simulation of Yangtze Meiyu is conducted using RegCM4.6 with different CPSs, including the Emanuel scheme, Kuo scheme, and Grell scheme. It is found that all the CPSs have good performances in simulating the interannual variation of Yangtze Meiyu rainfall amounts. However, a large bias is found in the simulated interdecadal variation of Yangtze Meiyu rainfall amount by the three CPSs. Because the Emanuel CPS has good performance in the simulation of both interannual and interdecadal variations of Yangtze Meiyu, its overall performance in the simulation of the total amount of Yangtze Meiyu is the best among the three CPSs. The second best CPS is the Grell scheme, and the worst is the Kuo scheme. The model convergence in simulating the distribution of Yangtze Meiyu shows an obvious characteristic of interdecadal variation. During the years with strong summer monsoon and northward rain belt, the simulated distributions of Yangtze Meiyu by the three CPSs are quite different, and the model convergence is weak. On the contrary, during the years with weak summer monsoon and southward rain belt, the simulated distributions of Yangtze Meiyu by the three CPSs are similar to each other, and the model convergence is strong. As a result, when the well-known interdecadal change happens in the late 1970s, the monsoon changes from strong to weak, whereas the model convergence changes from weak to strong.
Keywords: Meiyu, interannual, interdecadal, cumulus parameterization scheme, RegCM4
INTRODUCTION
The Meiyu front is an important component of the East Asian summer monsoon system. Climatologically, as the summer monsoon advances northward in mid-June, the Western Pacific Subtropical High (WPSH) jumps northward to around 25°N, and the Meiyu front to the north of the WPSH remains quasi-stationary in the middle and lower reaches of the Yangtze River. The dry and cold air from the north converges with the warm and moist monsoon southwesterly flow, resulting in large-scale Meiyu (or plum rain) in the middle and lower reaches of the Yangtze River (hereafter Yangtze Meiyu), which usually lasts until early to mid-July (Tao and Chen, 1987; Ding, 1992; Ding, 1994). Due to the large-scale, heavy precipitation concentrated in the Meiyu season, rainstorms and floods frequently occur in the middle and lower reaches of the Yangtze River. Several most famous floods that occurred in 1991, 1998, 1999, and 2016 are just examples of such weather disasters in this region, which can cause huge economic and casualty losses. For this reason, Meiyu is always a research hotspot in East Asian countries such as China, Japan, and South Korea.
Yangtze Meiyu demonstrates significant interannual and interdecadal variations (Tanaka, 1997). Some studies have revealed that the interannual variation of Yangtze Meiyu is mainly characterized by a biennial oscillation (TBO), and this TBO characteristic is more obvious in the middle and lower reaches of the Yangtze River than in other regions of China (Miao and Lau, 1990; Tian and Yasunari, 1992; Chang et al., 2000; Huang et al., 2006). The interdecadal variation of Yangtze Meiyu mainly occurred in the late 1970s, when the East Asian monsoon experienced an interdecadal change from strong to weak (Wang et al., 2001; Ding et al., 2008; Huang et al., 2004; Zeng et al., 2007). As a result, Yangtze Meiyu shifted from the dry phase to rainy phase in the late 1970s (Chen et al., 1998; Nitta and Hu, 1996; Qian and Qin, 2008; Ding et al., 2008).
Whether the climate model can realistically reproduce characteristics of interannual and interdecadal variations of the East Asian monsoon is of great significance for future climate prediction, climate model improvement, and climate change assessment. Many studies have evaluated the capability of global climate models (GCMs) for simulating interannual and interdecadal changes of the East Asian monsoon (Zhou et al., 2009; Sperber et al., 2013; Jiang and Tian, 2013; Gao, et al., 2015). It is found that some GCMs can reproduce the main characteristics of interannual and interdecadal variations of the Asian summer monsoon, whereas some other GCMs perform poorly in the simulation of changes in the East Asian summer monsoon and precipitation due to the coarse resolution used in most of the GCMs and inaccurate description of some physical processes (Yu et al., 2000; Wang et al., 2004; Zhou et al., 2008). To save computing resources, nested regional climate modeling (RCM, or dynamic downscaling) can be used for long-term climate simulation and prediction from decades to hundreds of years. Although the low-resolution GCM information will be passed into the RCM through lateral boundary forcing, climate in the interior of the RCM domain will differ from the GCM to some extent due to the impacts of the internal physical-dynamical processes of the RCM itself and high-resolution terrain and land use type in the RCM (Giorgi and Mearns, 1999; Gao et al., 2008; Leung et al., 2004). The nested RCMs are intended to produce realistic sub-GCM grid-scale details (Dickinson et al., 1989; Dickinson et al., 1993; Giorgi, 1990). Thus, great attention has been attached to the issue of whether the RCMs can realistically reflect characteristic interannual and interdecadal climate variations.
Biases of the simulated summer precipitation in the RCMs are mainly related to the cumulus parameterization schemes (CPSs). This is because cumulus convections are very strong in the Meiyu frontal system, and convective precipitation accounts for a large proportion of total precipitation (Zhang, 1994; Ding and Chan, 2005). Convective activities play a dominant role in monsoon circulation and precipitation (Rajendran et al., 2002). In addition, cumulus clouds formed under large-scale forcing can affect atmospheric circulations through their feedback on sensible and latent heat and momentum transport. They play a key role in determining the vertical structures of atmospheric temperature and humidity fields (Arakawa, 1975). For this reason, large-scale circulation biases simulated by the RCM are also related to cumulus convection parameterization schemes (Donner et al., 1982; Zhang and Mcfarlane, 1995; Giorgi and Shields, 1999).
The simulation of summer precipitation and circulation in East Asia is very sensitive to the choice of CPS in the RCM. Because the triggering mechanisms, moist convective processes, and the feedback processes to the large-scale environmental field in different CPSs differ from each other, the precipitation and circulation simulated by different CPSs are also significantly different (Lee et al., 2005; Hu et al., 2016; Liang et al., 2007; Song et al., 2011). The performance of a CPS depends on the case, region, season, and coupling with other physical processes. It is thus hard to determine which CPS is absolutely optimal (Lee et al., 2005), and CPS is one of the major causes of errors and uncertainties in East Asian summer rainfall simulations (Fu et al., 1998).
Previous studies have focused more on the impacts of CPSs on the simulation of seasonal precipitation in East Asia, but few studies provide detailed analysis about the impacts of CPSs on the simulated interannual and interdecadal variations of Yangtze Meiyu. Therefore, the performances of different CPSs in simulating the interannual and interdecadal variations of Yangtze Meiyu are evaluated, and the model bias and model convergence of the simulation by different CPSs are also investigated in this study. These results will be helpful for the prediction of future change of Yangtze Meiyu and the understanding of the results from a regional climate model. The rest of the article is organized as follows: Section 2 describes the datasets and methods and Analysis of Results analyzes the sensitivities of the simulated amount and distribution of Yangtze Meiyu to CPSs. The concluding remarks and discussions are provided in Summary and Discussions.
DATASETS AND METHODS
Methods
Regional climate model 4.6 (RegCM4.6), which is developed by the International Centre for Theoretical Physics (ICTP) in Italy, is used in this study. It is the latest version of the regional climate model and upgraded from its last version (RegCM3). It has more advanced physical schemes and computing solutions than RegCM3. Compared to the previous versions, RegCM4.6 has an improved performance in several respects (Giorgi et al., 2012). Details about this model can be found in the RegCM Reference Manual (Nellie et al., 2014).
Due to the large interannual variability of Yangtze Meiyu, the duration of the rainy season and the time of entering and exiting the rainy season are different from year to year. Climatologically, the Yangtze Meiyu season begins in mid-June and ends in mid-July every year. For the sake of convenience, we define each year from June 15 to July 15 as the Yangtze Meiyu season. RegCM4.6 is used to simulate climate in the Yangtze Meiyu season for a total of 65 years from 1951 to 2015. All experiments are initialized at 6:00 UTC 5 June and end at 00 UTC 16 July each year. The first 10 days are taken as a spin-up time, and results for the period 15 June to 15 July are analyzed. The grid interval is 30 km, and the model domain is centered at （116°E, 30°N). There are 72 and 56 grid numbers in the east–west and north–south directions, respectively. The area （112°E∼122°E, 28°N∼33°N) is taken as the middle and lower reaches of the Yangtze River. The model domain and the area of the middle and lower reaches of the Yangtze River are displayed in Figure 1. There are 23 levels in the vertical direction, and the model top is 50 hPa. Time step is set to 90s. Initial and boundary conditions are extracted from the NCEP/NCAR reanalysis product, and an exponential relaxation procedure is applied to provide the model with time-dependent lateral boundary conditions updated every 6 hours. A lateral buffer zone with a width of 12 grid points is implemented. Three CPSs, that is, the Grell scheme including the FC assumption (Grell, 1993), the Emanuel scheme Emanuel, 1991; Emanuel and Zivkovic-Rothman, 1999, and the Kuo scheme (Anthes, 1977), are used for 55-year Meiyu climate simulations. The land surface scheme is BATS1e. Sea surface temperature (SST) data used in the model are extracted from the Hadley Centre global SST dataset in 1°×1° grids.
[image: Figure 1]FIGURE 1 | Model domain, topography (shaded, unit: m), and the area of the middle and lower reaches of the Yangtze River.
The harmonic analysis method proposed by Eliasen (1958) is implemented to filter the interannual and interdecadal variation components of the Yangtze Meiyu time series for the period 1951–2015. Fourier transform is applied to the time series of simulated and observed precipitation, and oscillations with periods greater than 8 years are classified as oscillations on the interdecadal scale, while those oscillations with periods of 13 months ≤ T <8 years are classified as oscillations on the interannual scale. To avoid the errors at the two ends of data after the filtering, only the original, interannual, and interdecadal data for 55 years from 1955 to 2009 are analyzed. The simulated results during the periods 1951-1954 and 2010-2015 are not analyzed in this study.
Datasets
The observed monthly precipitation at 752 stations in China and NCEP reanalysis data are interpolated to the model grids to verify the performance of the model. The precipitation dataset is released by the national meteorological information center, which can be downloaded freely from the Internet site at http://www.nmic.cn/. The NCEP reanalysis data can be downloaded freely from the Internet website at https://www.esrl.noaa.gov/psd/data/gridded/data.ncep.reanalysis.html. The HadiSST data provided by the UK Hadley Centre is used to build the bottom conditions for RegCM4.6, which can be downloaded freely from the Internet website at http://www.metoffice.gov.uk/hadobs/hadisst/data/download.html.
ANALYSIS OF RESULTS
Simulated Interannual and Interdecadal Variations of Yangtze Meiyu
The area-averaged rainfall amount in the middle and lower reaches of the Yangtze River is defined as the Yangtze Meiyu rainfall amount. The variations in Yangtze Meiyu rainfall amount from simulations with the three CPSs and from observations are displayed in Figure 2A, which demonstrates obvious interannual variation. All the three CPSs can basically reproduce the variation of the Yangtze Meiyu rainfall amount. Certain degrees of uncertainty can be found in the simulated Yangtze Meiyu rainfall by the three CPSs; that is, for some years, the Grell scheme simulations are the closest to observations, and for some other years, the Emanuel scheme or the Kuo scheme performs better. In order to quantitatively evaluate the performance of different CPSs, the correlation coefficients of observations with simulations by different CPSs are calculated. Results are listed in Table 1. The highest correlation coefficient (0.77) is found between observations and simulations by the Emanuel scheme, followed by that between observations and the Grell scheme simulations (0.74). The Kuo scheme performs worst with the correlation coefficient of 0.73. The above results indicate that the Emanuel scheme has the best performance in simulating the variation of Yangtze Meiyu rainfall amount.
[image: Figure 2]FIGURE 2 | (A) Observated (black solid line) and simulated Yangtze Meiyu rated by the Emanuel (red long-dashed line), the Grell (green short-dashed line), and the Kuo (blue dotted line) (unit: mm/d) schemes; (B) normalized anomalies; and (C) biases of simulations (unit: mm day). Annual precipitation is the area mean value of precipitation in the middle and lower reaches of the Yangtze River.
TABLE 1 | Correlation coefficients between observated and simulated Yangtze Meiyu by various CPSs and the 55-year mean biases of the simulation (unit: mm/day).
[image: Table 1]Figure 2C displays the biases of Yangtze Meiyu simulated by the three CPSs. Various CPSs have their specific systematic biases that are different from each other. Positive biases are found in Yangtze Meiyu rainfall amount simulations by Emanuel and Grell schemes in most years, while negative biases prevail in the simulations using the Kuo scheme. Fifty-five–year mean biases in the simulations with the three CPSs (Table 1) indicate that the bias for the Emanuel scheme is 0.74mm/d, which is much smaller than that for the other two CPSs. This result again indicates that the Emanuel scheme preforms better in Yangtze Meiyu rainfall amount simulation than the other two CPSs.
Since all the three CPSs show systematic errors in the simulation of Yangtze Meiyu, observed and simulated normalized anomalies of Yangtze Meiyu simulated are calculated (Figure 2B). The normalized anomalies can represent precipitation anomalies after eliminating the systematic errors of precipitation simulated by RegCM4. As shown in Figure 2B, the three cCPSs can well simulate the variations in Yangtze Meiyu rainfall amount in the middle and lower reaches of the Yangtze River.
Next, the impacts of the CPSs on simulating the interannual variation of Yangtze Meiyu are analyzed. Figure 3A displays the interannual variations of the observed and simulated Yangtze Meiyu rainfall amount. As shown in Figure 3A, the interannual variations of the Yangtze Meiyu rainfall amount simulated by the three CPSs are very consistent with the observations, and the correlation coefficients between the observations and simulations by the three CPSs are high and very close to each other (Table 2), indicating that all the three CPSs have a strong and similar capacity in simulating the interannual variation of Yangtze Meiyu rainfall amount. Note that the correlation coefficients between the interannual components of observations and simulations are higher than those between the simulations of original Yangtze Meiyu itself and observations, suggesting that the relatively poor performance in the simulation of the other time-scale variation of Yangtze Meiyu rainfall drags down the overall performance in the simulation of the variation of the original amount of Yangtze Meiyu rainfall. It is demonstrated by the larger biases of the interdecadal variation simulated by the three CPSs than by those of interannual variations. It can be found from Figure 3B that all the three CPSs perform poorly in the simulating the phase of interdecadal variations of Yangtze Meiyu rainfall amount before 1972. They also cannot reproduce the magnitude of the interdecadal variation of Yangtze Meiyu after 2000. Correlation coefficients between observed and simulated interdecadal variations of Yangtze Meiyu rainfall amount obtained by all the three CPSs are smaller than those between observed and simulated precipitation, suggesting that RegCM4’s capability for the simulation of the interdecadal variation of Yangtze Meiyu rainfall amount is lower than its capability for the simulation of the interannual variation of Yangtze Meiyu rainfall amount. This degradation of capability in simulating the interdecadal variation of Meiyu by a RCM is due to the weak signal of interdecadal variation in the large-scale forcing (Hu et al., 2016). Hu et al. (2016) also found that the signal of interannual variation is the strongest in large-scale forcing. Therefore, no matter what CPS is implemented, RCM can well catch the interannual signal and realistically simulate the interannual variation of Yangtze Meiyu rainfall amount. However, the signals of interdecadal change are always weak in large-scale forcing, which makes it hard for RCMs to catch such signals. As a result, the RCM simulation of the interdecadal variation of Yangtze Meiyu is not as good as its simulation of interannual variation.
[image: Figure 3]FIGURE 3 | (A) Interannual and (B) interdecadal variations of Yangtze Meiyu from observations (black solid line) and simulations by the Emanuel scheme (red long-dashed line), the Grell scheme (green short-dashed line), and the Kuo scheme (blue dotted line) (unit: mm/day).
TABLE 2 | Correlation coefficients of interannual and interdecadal changes of simulated Yangtze Meiyu with observations.
[image: Table 2]TABLE 3 | Spacial correlation coefficients between simulations and observations of Yangtze Meiyu averaged over the 55-year period (a) and its interannual (b) and interdecadal (c) variations.
[image: Table 3]In addition, comparison of interdecadal variations of Yangtze Meiyu simulated by various CPSs shows that the correlation coefficient between observations and simulations by the Emanuel CPS is the highest (0.71), followed by the Grell CPS (0.61), and the worst is the Kuo CPS (0.50). The above results indicate that the capability of the Emanuel CPS is much better than that of the other two CPSs for the simulation of interdecadal variations of Yangtze Meiyu. Because the Emanuel CPS performs better in the simulation of both interannual and interdecadal variations of Yangtze Meiyu, its overall performance in the simulation of the total amount of Yangtze Meiyu is also the best among the three CPSs. Although the Kuo scheme can simulate the interannual variation of Yangtze Meiyu well, its overall performance in simulating the variation of Yangtze Meiyu rainfall amount is dragged down by its poor performance in simulating the interdecadal variation of Yangtze Meiyu rainfall amount. This further illustrates that various CPSs in the RCM have quite different responses to interdecadal variation signals in the large-scale forcing, although their responses to signals of interannual variation are similar.
In addition to the analysis of the Yangtze Meiyu changes simulated by the three CPSs, the simulated atmospheric circulation is also analyzed. It is well known that precipitation can persist over the middle and lower reaches of the Yangtze River in the Meiyu season only when the appropriate large-scale circulation remains stable. Generally, three external conditions are required for maintaining the Yangtze Meiyu: a stable WPSH with its ridge line located near 28°N, a stable blocking high in the north, and continuous water vapor transport to the middle and lower reaches of the Yangtze River (Wang, 1992; Ding et al., 2010; Chen and Zhai, 2016). Figure 4 shows the average precipitation distribution in the Meiyu season over the middle and lower reaches of the Yangtze River during the 55-year period of 1955–2009 from observations and simulations as well as the 500-hPa large-scale circulation patterns. It can be found from the observation (Figure 4A) that the main rain belt during the Meiyu season is located in the middle and lower reaches of the Yangtze River, and the WPSH is south of the Meiyu rain belt. Comparing the simulation with the observation, it is found that the three CPSs can realistically simulate the large-scale circulation at 500 hPa, such as the location and intensity of the WPSH, and the simulated 500-hPa circulation patterns by the three CPSs are very similar. In addition to the 500-hPa circulation, the simulated circulation at 850 hPa by the three CPSs are basically the same too. The consistency of the simulated atmospheric circulation by different CPSs is due to the constraint of the lateral boundary condition. Note that the model domain in our study is small and the large-scale lateral boundary condition forcing is strong and has great impacts on the simulated atmospheric circulation in the internal model domain. Therefore, the simulated atmospheric circulation at the lower and middle levels is mainly determined by the strong forcing of lateral boundary conditions, instead of the internal physical process scheme (such as the CPS).
[image: Figure 4]FIGURE 4 | Yangtze Meiyu distribution (shaded) and 500-hPa geopotential height (contours, unit: gpm) averaged over the 55-year period from 1955 to 2009 for observations and simulations by the Emanuel, Grell, and Kuo schemes.
However, obvious differences can be found in precipitation distribution simulated by the three CPSs. The Grell and Emanuel schemes significantly overestimate precipitation, while the Kuo scheme underestimates precipitation. Besides, in addition to the large precipitation area in the middle and lower reaches of the Yangtze River, the Emanuel and Kuo schemes also produce a fictitious rain band to the north of the middle and lower reaches of the Yangtze River. The differences in the simulated distribution of Yangtze Meiyu indicate that in addition to large-scale circulation, the physical parameterization scheme used in the model also has great impacts on the precipitation simulation, especially in summer, when the large-scale forcing is weaker than that in the winter and local convection becomes more important for precipitation (Giorgi et al., 1999). Therefore, under the same large-scale atmospheric circulation, sdifferent CPSs yield different Yangtze Meiyu distributions.
Model Convergence
In addition to the total Yangtze Meiyu amount, the performances of three CPSs in simulating the distribution of Yangtze Meiyu are also evaluated. The spatial correlation coefficients between the simulations and observations of annual Yangtze Meiyu and its interannual and interdecadal variation components over the middle and lower reaches of the Yangtze River are calculated (Figure 4). It can be found from Figure 5 that the three CPSs have a certain degree of uncertainty in the simulation of the distribution of Yangtze Meiyu in different years. Overall, the Grell scheme can best simulate the distribution of Yangtze Meiyu in most years, and the performance of the Kuo scheme is the worst, which can also be supplemented by the correlation coefficients between the simulation and observation (Table 3). In addition, Figure 5 also indicates that the Yangtze Meiyu distributions simulated by the three CPSs are quite different in some years, suggesting a poor convergence of the model. However, the differences are small in the other years, indicating a tendency toward better convergence. To further investigate this variation of the model convergence, a convergence index (CI) is designed to describe the model convergence in simulating the spatial distribution of Yangtze Meiyu by the three CPSs, which can be written as
[image: image]
where [image: image] is the spatial correlation coefficients between the simulation of one CPS and observations of annual Yangtze Meiyu and [image: image] is the averaged spatial correlation coefficients of the three CPSs. The smaller the index, the stronger the convergence. Figure 6 is the evolution of the convergence index of the simulated spatial distribution of Yangtze Meiyu by the three CPSs. It can be found from Figure 6 that the model convergence has obvious characteristics of interdecadal variation. Before the late 1970s, it is large. After the late 1970s, it changes to small. The time when this interdecadal change occurs is very close to the occurrence of the well-known interdecadal change of the Asian summer monsoon in the late 1970s. The Asian summer monsoon changes from strong to weak at that time, resulting in the increase in Yangtze Meiyu rainfall and decrease in the rainfall over North China (Li and Zeng, 2002, 2003, 2005; Huang et al., 2004; Ding et al., 2008).
[image: Figure 5]FIGURE 5 | Evolution of the spatial correlation coefficients between simulations and observations of annual Yangtze Meiyu rainfall (A) and its interannual (B) and interdecadal (C) variations.
[image: Figure 6]FIGURE 6 | Evolution of the convergence index of the simulated spatial distribution of Yangtze Meiyu by the three cumulus parameterization schemes. The smaller the index, the stronger the convergence.
Why the model convergence changes in the late 1970s? To find the reason, the circulation patterns in some typical years with large and small differences in Yangtze Meiyu between observations and simulations are analyzed, respectively. Several representative years are selected to demonstrate their specific characteristics. The years 1964 (Figure 7) and 1974 (Figure 8) are two typical years with large differences between observations and simulations, whereas 1992 (Figure 9) and 1993 (Figure 10) are selected as two typical years with little difference in the distribution of Yangtze Meiyu. As shown in Figures 7 and 8, the intensity of WPSH is weak and located further northeast than its normal position, and the East Asian summer monsoon is strong. Although the circulation patterns in the 2 years simulated by the three CPSs are similar, large differences are found in the simulated precipitation distribution. This further demonstrated that the circulation simulated by RCM is not the only factor that determines the distribution of precipitation. A good simulation of the circulation does not necessarily guarantee a good simulation of precipitation distribution (Zhong et al., 2010a; Zhong et al., 2010b). Among the three CPSs used in the present study, the position of the rain belt simulated by the Grell scheme is the closest to the observation, although it overestimates the intensity. However, the Kuo scheme and the Emanuel scheme cannot reproduce the location of the main rain belt in the middle and lower reaches of the Yangtze River, and their simulated rain belt shifts northward to North China. The simulated rainfall by the Kuo scheme is significantly underestimated. The Emanuel scheme overestimates the rainfall in the north of the Yangtze River.
[image: Figure 7]FIGURE 7 | Spatial distributions of precipitation (unit: mm/day) and 500-hPa geopotential height (unit: gpm) during the Meiyu season of 1964 from observations and simulations by the Emanuel, Grell, and Kuo schemes.
[image: Figure 8]FIGURE 8 | Spatial distributions of precipitation (unit: mm/day) and 500- hPa geopotential height (unit: gpm) during the Meiyu season of 1974 from observations and simulations by the Emanuel, Grell, and Kuo schemes.
[image: Figure 9]FIGURE 9 | Spatial distributions of precipitation (unit: mm/d) and 500-hPa geopotential height (unit: gpm) during the Meiyu season of 1992 from observations and simulations by the Emanuel, Grell, and Kuo schemes.
[image: Figure 10]FIGURE 10 | Spatial distributions of precipitation (unit: mm/d) and 500-hPa geopotential height (unit: gpm) during the Meiyu season of 1993 from observations and simulations by the Emanuel, Grell, and Kuo schemes.
Let us take a look at the circulation characteristics in the years with small differences in Yangtze Meiyu between observations and simulations. The years 1992 (Figure 9) and 1993 (Figure 10) are selected as two typical years with little difference in the distribution of Yangtze Meiyu. Observations shown in Figures 9 and 10 indicate that the WPSH is located further southwest than its normal position, and the East Asian summer monsoon is weaker than normal, and the rain belt shifted southward in these two years. All the three CPSs can realistically simulate the precipitation distributions and circulation patterns in these two years. The Kuo scheme still severely underestimates the precipitation intensity, but the simulated rain belt no longer shifts northward.
Through the above analysis, it can be found that the model convergence of Yangtze Meiyu distribution simulated by different CPSs is closely related to the intensity of the East Asain summer monsoon (EASM), the pattern of the monsoon circulation system, and the location of the rain belt each year. To demonstrate this relationship between the model convergence and the intensity of EASM, the East Asian summer monsoon index (EASMI) proposed by Li and Zeng (2002), which is a good proxy of the intensity of the monsoon, is used to compare with the convergence index. Both of them are filtered into interdecadal components (Figure 11). It can be found from Figure 11 that the interdecadal variation of the convergence index is basically consistent with the interdecadal variation of EASMI. The correlation coefficient between them is 0.54, which can pass the significance test and further demonstrate the close relationship between the model convergence and EASM intensity.
[image: Figure 11]FIGURE 11 | Evolution of interdecadal components of the convergence index (black line with hollow circles) and monsoon index (green line with solid circles).
It is well known that the distribution of the summer rain belt is closely related to the strength of the EASM: when the EASM is strong and the WPSH is located further northeast, the monsoon southwesterlies can reach North China without being blocked by the WPSH. As a result, more precipitation occurs in North China and less precipitation occurs in the middle and lower reaches of the Yangtze River, and the monsoon rain belt shifts northward than its normal position. On the contrary, when the EASM weakens and the WPSH shifts to the southwest, the monsoon southwesterlies are blocked by the WPSH and can only reach the Yangtze–Huai River basin, where they converge with the cold air and form precipitation. In this situation, more precipitation occurs in the Yangtze–Huai River basin and less precipitation occurs in North China. The rain band shifts to the south of its normal position (Zhu et al., 2008). It can be found from Figure 6 that large differences in the distribution of Yangtze Meiyu between simulations and observations are mostly concentrated in the years when the monsoon is strong and the WPSH is located further northeast. In these years, the strong monsoon transports huge amounts of water vapor to the north of the Yangtze River, and the Emanuel and Kuo schemes tend to convert more water vapor into precipitation and produce excessive precipitation there. Then, the simulated rain band by the Emanuel and Kuo schemes shifts to the north of its normal position. In the years when the monsoon is weak and the WPSH is located more southwest, the water vapor transport to the north of the Yangtze River decreases in these years due to the weak monsoon, which makes the Emanuel and Kuo schemes unable to produce precipitation in the north of the Yangtze River. Precipitation is concentrated in the middle and lower reaches of the Yangtze River. The northward deviation of the rain band simulated by the Emanuel and Kuo schemes decreases.
SUMMARY AND DISCUSSIONS
In this study, the impacts of CPSs on the simulation of interannual and interdecadal variations of Yangtze Meiyu and the model convergence are investigated by using RegCM4. A multiple 55-year (1955-2009) simulation of Yangtze Meiyu is conducted with different CPSs, including the Emanuel scheme, Kuo scheme, and Grell scheme.
It is found that all the CPSs have good performances and strong convergence in simulating the interannual variation of Yangtze Meiyu rainfall amount. However, large bias and weak model convergence are found in the simulated interdecadal variation of Yangtze Meiyu rainfall amount by the three CPSs. Because the Emanuel CPS has good performance in the simulation of both interannual and interdecadal variations of Yangtze Meiyu, its overall performance in the simulation of the total amount of Yangtze Meiyu is also the best among the three CPSs. The second best CPS is the Grell CPS. and the worst is the Kuo CPS.
Atmospheric circulations can be realistically reproduced by all the three CPSs and are basically the same due to the strong constraint of the lateral boundary condition. The simulated circulation patterns are mainly determined by the strong forcing of lateral boundary conditions, instead of the internal physical process scheme (such as the CPS). However, due to the different triggering mechanisms and moist convective process of different CPSs, the simulated Yangtze Meiyu by different CPSs differs from each other. For example, the convective activity in the Kuo scheme is initiated when the moisture convergence in a column exceeds a given threshold and the vertical sounding is convectively unstable. The Grell scheme parameterization considers clouds as two steady-state circulations: an updraft and a downdraft. Its convection is activated when a lifted parcel attains moist convection. The Emanuel scheme assumes that the mixing in clouds is highly episodic and inhomogeneous and considers convective fluxes based on an idealized model of sub–cloud-scale updrafts and downdrafts. Its convection is triggered when the level of neutral buoyancy is greater than the cloud base level. Therefore, CPS has great impacts on precipitation simulation, especially in summer, when the large-scale forcing is weaker than that in the winter and local convection becomes more important for precipitation.
The model convergence in simulating the distribution of Yangtze Meiyu shows an obvious characteristic of interdecadal variation. During the years with strong summer monsoon and northward rain belt, the model convergence is weak by using different CPSs. On the contrary, during the years with strong and southward rain belt, the model convergence is strong. As a result, with the well-known interdecadal change happening in the late 1970s, the monsoon changes from strong to weak, whereas the model convergence changes from weak to strong.
It is noteworthy that the model convergence of different CPSs will change with the interdecadal variation of monsoon climate background. Weak model convergence will reduce the credibility of the ensemble prediction results in future climate change prediction. Therefore, it is very important to predict the future summer monsoon climate accurately and evaluate the model convergence of RCM cautiously. Then, we can determine the reliability of the ensemble prediction results.
DATA AVAILABILITY STATEMENT
The datasets presented in this study can be found in online repositories. The names of the repository/repositories and accession number(s) can be found below: NCEP/NCAR Reanalysis 1 [https://psl.noaa.gov/data/gridded/data.ncep.reanalysis.html] and HadISST Data [https://www.metoffice.gov.uk/hadobs/hadisst/data/download.html].
AUTHOR CONTRIBUTIONS
YHu conducted the numerical experiments and analyzed the results. ZZ designed the numerical experiments and revised this paper. YHa analyzed the interannual and interdecadal variations of Meiyu in simulation. YS provided the data for this work. YZ and LY revised this paper and polish the English.
FUNDING
This work is sponsored jointly by the National Key Research and Development Project (2018YFC1505803), National Natural Science Foundation of China (41675077, 41975090, and 41605072), Scientific Research Program of National University of Defense Technology (ZK17-03–22), and Jiangsu Collaborative Innovation Center for Climate Change.
REFERENCES
 Anthes, R. A. (1977). A cumulus parameterization scheme utilizing a one-dimensional cloud model, Mon. Weather Rev. 105 (3), 270–286. doi:10.1175/1520-0493(1977)105<0270:acpsua>2.0.co;2
 Arakawa, A. (1975). “Modelling clouds and cloud processes for use in climate model,” in The physical basis of climate and climate modelling, GARP Publication Series, No. 16 (Geneva, Switzerland: WMO), 183–197.
 Chang, C. P., Zhang, Y. S., and Li, T. (2000). Interannual and interdecadal variations of the East Asian summer monsoon and tropical pacific SSTs. Part I: Roles of the subtropical ridge. J.Climate 13, 4310–4340. doi:10.1175/1520-0442(2000)013<4310:IAIVOT>2.0.CO;2
 Chen, S. J., Kuo, Y. H., Wang, W., Tao, Z. U., and Cui, B. (1998). A modeling case study of heavy rainstorms along the Mei-Yu front. Mon. Weather Rev. 126 (9):2330–2351. doi:10.1175/1520-0493(1998)126<2330:amcsoh>2.0.co;2
 Chen, Y., and Zhai, P. (2016). Mechanisms for concurrent low-latitude circulation anomalies responsible for persistent extreme precipitation in the Yangtze river valley. Clim. Dynam. 47, 989–1006. doi:10.1007/s00382-015-2885-6
 Dickinson, R., Errico, R., Giorgi, F., and Bates, G. (1989). A regional climate model for the western united states. Climate Change , 15, 383–422. doi:10.1007/bf00240465.
 Dickinson, R. E., Henderson-Sellers, A., and Kennedy, P. J. (1993). Biosphere-atmosphere transfer scheme (bats) version 1e as coupled to the ncar community climate model, (National Center for Atmospheric Research), Technical Report.
 Ding, Y. H. (1992). Summer monsoon rainfalls in China. J. Meteorol. Soc. Jpn. 70, 373–396. doi:10.1007/s00376-001-0012-6
 Ding, Y. H. (1994). Monsoon over China . (New York, NY: Kluwer Academic Publishers), 420.
 Ding, Y. H., and Chan, J. C-L. (2005). The East Asian summer monsoon: an overview. Meteorol. Atmos. Phys. 89, 117–142. doi:10.1007/s00703-005-0125-z
 Ding, Y. H., Wang, Z., and Sun, Y. (2008). Inter-decadal variation of the summer precipitation in East China and its association with decreasing Asian summer monsoon. Part I: observed evidences. Int. J. Climatol. 28, 1139–1161. doi:10.1002/joc.1759
 Ding, Z. Y., Liu, C. H., Chang, Y., Shen, X. Y., He, J. H., and Xu, H. M. (2010). Study of double rain bands in a persistent rainstorm over South China. J. Trop. Meteorol. 16, 380–389. doi:10.3969/j.issn.1006-8775.2010.04.010.
 Donner, L., Kuo, H-L., and Pitcher, E. (1982). The significance of thermodynamic forcing by cumulus convection in a general circulation model. J. Atmos. Sci. 39. 2159–2181. doi:10.1175/1520-0469(1982)039<2159:TSOTFB>2.0.CO;2.
 Eliasen, E. (1958). A study of the long atmospheric waves on the basis of zonal harmonic analysis. Tellus , 10, 206–215. 
 Emanuel, K. A. (1991). A scheme for representing cumulus convection in large-scale models. J. Atmos. Sci. 48 (21), 2313–2335. doi:10.1175/1520-0469(1991)048<2313:asfrcc>2.0.co;2
 Emanuel, K. A., and Zivkovic-Rothman, M. (1999). Development and evaluation of a convection scheme for use in climate models. J. Atmos. Sci. 56, 1766–1782. doi:10.1175/1520-0469(1999)056<1766:daeoac>2.0.co;2
 Fu, C., Wei, H., and Chen, M. (1998). Simulation of the evolution of summer monsoon rainbelts over eastern China from regional climate model. Chinese J. Atmos. Sci . 22 (4), 522–534
 Gao, Y., Wanga, C. H., and Jianga, D. (2015). An intercomparison of CMIP5 and CMIP3 models for interannual variability of summer precipitation in Pan-Asian monsoon region. Int. J. Climatol. 35 (13), 3770–3780. doi:10.1002/joc.4245
 Giorgi, F. (1990). Simulation of regional climate using a limited area model nested in a general circulation model. J. Climate 3, 941–963. doi:10.1175/1520-0442(1990)003<0941:SORCUA>2.0.CO;2
 Giorgi, F., Coppola, E., Solmon, F., Mariotti, L., Sylla, M. B., Biand, X., et al. (2012). RegCM4: model description and preliminary tests over multiple CORDEX domains. Clim. Res. 52, 7–29. doi:10.3354/cr01018
 Giorgi, F., and Mearns, L. O. (1999). Introduction to special section: regional climate modeling revisited. J. Geophys. Res ., 104: 6335–6352. doi:10.1029/98jd02072
 Giorgi, F., and Shields, C. (1999). Tests of precipitation parameterizations available in latest version of NCAR regional climate model (RegCM) over continental United States. J. Geophys. Res.: Atmosphere . 104, 6353–6375. doi:10.1029/98JD01164
 Grell, G. (1993). Prognostic evaluation of assumptions used by cumulus parameterizations. Mon. Weather Rev. 121, 764–787. doi:10.1175/1520-0493(1993)121<0764:peoaub>2.0.co;2
 Holtslag, A. A. M., de Bruijn, E. I. F., and Pan, H.-L. (1990). A high resolution air mass transformation model for shortrange weather forecasting. Mon. Weather Rev. 118, 1561–1575. doi:10.1175/1520-0493(1990)118<1561:ahramt>2.0.co;2
 Hu, Y., Zhong, Z., Lu, W., Zhang, Y. C., and Sun, Y. (2016). Evaluation of RegCM4 in simulating the interannual and interdecadal variations of Meiyu rainfall in China. Theor. Appl. Climatol. 124, 757–767. doi:10.1007/s00704-015-1459-1
 Huang, R., Chen, J., Huang, G., and Zhang, Q. (2006). The quasi-biennial oscillation of summer monsoon Rainfall in China and its cause.Chinese J. Atmos. Sci . 30 (4), 545–560.
 Huang, R. H., Huang, G., and Wei, Z. G. (2004). “Climate variations of the summer monsoon over China.” in East Asian monsoon ed . Editor C. P. Chang (Singapore: World Scientific), 213–270.
 Jiang, D. B., and Tian, Z. P. (2013). East Asian monsoon change for the 21st century: results of CMIP3 and CMIP5 models. Chin. Sci. Bull. 58 (12), 1427–1435. doi:10.1007/s11434-012-5533-0
 Kiehl, J. T., Hack, J. J., Bonan, G. B., Boville, B. A., Breigleb, B. P., Williamson, D., et al. (1996). Description of the ncar community climate model (ccm3). (National Center for Atmospheric Research), Technical Report NCAR/TN-420+STR, 
 Lee, D.-K., Cha, D.-H., and Choi, S.-J. (2005). A sensitivity study of regional climate simulation to convective parameterization schemes for 1998 East Asia summer monsoon. Terr. Atmos. Ocean Sci. 16, 989–1015. doi:10.3319/tao.2005.16.5.989(rcs)
 Li, J. P., and Zeng, Q. C. (2002). A unified monsoon index. Geophys. Res. Lett. 29 (8), 1274. doi:10.1029/2001GL01387
 Li, J. P., and Zeng, Q. C. (2003). A new monsoon index and the geographical distribution of the global monsoons. Adv. Atmos. Sci. 20, 299–302. doi:10.1007/s00376-003-0016-5
 Li, J. P., and Zeng, Q. C. (2005). A new monsoon index, its interannual variability and relation with monsoon precipitation. Clim. Environ. Res. 10 (3), 351–365. doi:10.3878/j.issn.1006-9585.2005.03.09
 Liang, X. Z., Xu, M., Kunkel, K., Grell, G., and Kain, J. S. (2007). Regional climate model simulation of U.S.–Mexico summer precipitation using the optimal ensemble of two cumulus parameterizations. J. Clim. 20, 5201–5207. doi:10.1175/JCLI4306.1.
 Miao, J. H., and Lau, K-M. (1990). Interannual variability of East Asian monsoon rainfall. Quart.J.AppZ. Meteor. l, 377–382.
 Nellie, E., Bi, X., Filippo, G., Badrinath, N., Pal, J., Solmon, F., et al. (2014). Regional Climate Model RegCM Reference Manual Version 4.6 The Abdus Salam International Centre for Theoretical Physics, Strada Costiera, Trieste, Italy, Earth System Physics Section ‐ ESP. J. Geophys. Res. 113 (G1):G01021. doi:10.1029/2007jg000563
 Nitta, T., and Hu, Z.‐Z. (1996). Summer climate variability in China and its association with 500 hPa height and tropical convection. J. Meteor. Soc. Japan 74, 425–445.
 Qian, W., and Qin, A. (2008). Precipitation division and climate shift in China from 1960 to 2000. Theor. Appl. Climatol. 93, 1–17. doi:10.1007/s00704-007-0330-4
 Rajendran, K., Nanjundiah, R. S., and Srinivasan, J. (2002). Comparison of seasonal and intraseasonal variation of tropical climate in NCAR CCM2 GCM with two different cumulus schemes. Meteorol. Atmos. Phys. 79, 57–86. doi:10.1007/s703-002-8229-0
 Song, S., Tang, J., and Chen, X. (2011). Impacts of spectral nudging on the sensitivity of a regional climate model to convective parameterizations in East Asia. Acta Meteorol. Sin. 25 (1), 63–77. doi:10.1007/s13351-011-0005-z
 Sperber, K. R., Annamalai, H., Kang, I-S., Kitoh, A., Moise, A., Turner, A., et al. (2013). The Asian summer monsoon: an intercomparison of CMIP5 vs. CMIP3 simulations of the late 20th century. Clim. Dynam. 41, 2711–2744. doi:10.1007/s00382-012-1607-6
 Tao, S. Y., and Chen, L. (1987). “A review of recent research on the East Asia summer monsoon over China,” in Monsoon meteorology ed . Editors P. C. Chang and T. N. Krishnamurti (London, UK: Oxford University Press), 50–92.
 Tian, S. F., and Yasunari, T. (1992). Time and space structure of interannual variations in summer rainfall over China. J.Meteor. Soc.Japan 70, 585–596. doi:10.2151/jmsj1965.70.1b_585
 Wang, B., Kang, I. S., and Li, J. Y. (2004). Ensemble simulation of Asian-Australian monsoon variability by 11 AGCMs. J. Clim. 17, 803–818. doi:10. 1175/1520-0442(2004)0172.0.CO;2
 Wang, B., Wu, R., and Lau, K. (2001). Interannual variability of the Asian summer monsoon: Contrasts between the Indian and the western North Pacific-East Asian monsoons. J. Climate 14, 4073–4090. doi:10.1175/1520-0442(2001)014<4073:IVOTAS>2.0.CO;2
 Wang, Y. (1992). Effects of blocking anticyclones in Eurasia in the rainy season (Meiyu/Baiu season). J. Meteorol. Soc. Jpn. 70, 929–950. doi:10.2151/jmsj1965.70.5_929
 Yu, R., Li, W., Zhang, X., Liu, Y., Yu, Y., Liu, H., et al. (2000). Climatic features related to eastern China summer rainfalls in the NCAR CCM3. Adv. Atmos. Sci . 17, 503–518.
 Zeng, G., Sun, Z., Wang, W. C., and Min, J. (2007). Interdecadal variability of the East Asian summer monsoon and associated atmospheric circulations. Adv. Atmos. Sci . 24 (5), 915–926.
 Zhang, G. J. (1994). Effects of cumulus convection on the simulated monsoon in a general circulation model. Mon. Weather Rev. 122, 2022–2038. doi:10.1175/1520-0493(1994)122<2022:eoccot>2.0.co;2
 Zhang, G. J., and Mcfarlane, N. (1995). Sensitivity of climate simulations to the parameterization of cumulus convection in the Canadian climate Centre general circulation model. Atmosphere-ocean. 33, 407–446. doi:10.1080/07055900.1995.9649539.
 Zhou, T., Wu, B., and Wang, B. (2009). How well do atmospheric general circulation models capture the leading modes of the interannual variability of Asian-Australian monsoon?. J. Clim. 22, 1159–1173. doi:10.1175/2008JCLI2245.1
 Zhou, T., Yu, R., Li, H., and Wang, B. (2008). Ocean forcing to changes in global monsoon precipitation over the recent half century. J. Climate 21, 3833–3852. 
 Zhu, Y., Ding, Y., and Xu, H. (2008). Decadal relationship between atmospheric heat source and winter-spring snow cover over the Tibetan plateau and rainfall in East China. Acta Meteorol. Sin. 22, 303–316.
Conflict of Interest: The authors declare that the research was conducted in the absence of any commercial or financial relationships that could be construed as a potential conflict of interest.
Copyright © 2020 Hu, Zhong, Ha, Sun, Zhu and Yu. This is an open-access article distributed under the terms of the Creative Commons Attribution License (CC BY). The use, distribution or reproduction in other forums is permitted, provided the original author(s) and the copyright owner(s) are credited and that the original publication in this journal is cited, in accordance with accepted academic practice. No use, distribution or reproduction is permitted which does not comply with these terms.









	
	



ORIGINAL RESEARCH



published: 10 November 2020




doi: 10.3389/feart.2020.596753











[image: image2]





Features and Possible Causes of the Extreme Precipitation Anomaly in China During Winter 2019/2020






Li Xiang

1
, Wang Chenqi

1


*
, Tiejun Ling
1
, Cheng Sun

2
, Yunfei Zhang

1
 and Jian Wang
1










1

Key Laboratory of Marine Hazards Forecasting, National Marine Environmental Forecasting Center, Ministry of Natural Resources, Beijing, China






2

College of Global Change and Earth System Science (GCESS), Beijing Normal University, Beijing, China




Edited by:


Zhiwei Zhu, Nanjing University of Information Science and Technology, China




Reviewed by:


Jian Rao, Nanjing University of Information Science and Technology, China

Qing Yang, Institute of Atmospheric Physics (CAS), China





* Correspondence: Wang Chenqi, wangcq@lasg.iap.ac.cn





Specialty section: This article was submitted to Atmospheric Science, a section of the journal Frontiers in Earth Science




Received: 20 August 2020

Accepted: 12 October 2020

Published: 10 November 2020




Citation: Xiang L, Chenqi W, Ling T, Sun C, Zhang Y and Wang J (2020) Features and Possible Causes of the Extreme Precipitation Anomaly in China During Winter 2019/2020. Front. Earth Sci. 8:596753. doi: 10.3389/feart.2020.596753




In this paper, the features and possible causes of extreme precipitation in the winter of 2019/2020 in China are investigated based on the observational station daily dataset provided by the China Meteorological Administration and the ECMWF ERA5 reanalysis dataset. Record-breaking precipitations are found in most areas of China in the winter of 2019/2020, particularly for the north of China. The magnitude of precipitation in south (north) of China in 2019/2020 increase 0.39 mm/day (0.15 mm/day), about 39.0% (105.5%) compared with the climatological mean. Moisture budget analysis shows that contributions of atmospheric circulation anomaly on horizontal moisture advection and total moisture flux convergence are primarily responsible for the positive anomalies of precipitation in China. Further analysis suggests that the weakened East Asian Trough and the anti-cyclone circulation anomaly over the Sea of Japan favor the transportation of low-level warm and humid airflow from the Northwest Pacific and the East China Sea to the north of China. Meanwhile, the westward movement of the Subtropical High and the Southern Branch Trough anomalies transport low-level warm and humid air from the Bay of Bengal and the South China Sea to south of China. The warm moist air flows northeastward from the East China Sea, Bay of Bengal and the South China Sea while the climatological cold wind flows southeastward, which causes the increase of local precipitation in the winter of 2019/2020. In consideration of the fact that stratospheric polar vortex anomaly has a process of downward propagation to the troposphere, it is of great significance to study the changes of the stratosphere and the relationships between stratosphere and troposphere.


Keywords: precipitation anomaly, polar vortex, east asian winter monsoon, east asian trough, arctic oscillation




INTRODUCTION


Precipitation is one of the most direct meteorological elements in the natural system, and also one of the foci in the weather forecast/research. Due to the fact that winter precipitation is generally much less than the summer precipitation in China, it is usually less concerned. In fact, abnormal winter precipitation can seriously affect agriculture and society, for instance, the severe snow and freezing rain occurred in China in January 2008 caused economic losses about 151.6 billion yuan. (Tao and Wei, 2008).

Recently, there are more and more studies on winter precipitation in China (Xu and Chan, 2002; Li et al., 2008; Tao and Wei, 2008; Zhu and Hua, 2010; Wang and Feng, 2011). The distribution characteristic of winter precipitation in China shows more in the Southeast and less in the Northwest (Chen et al., 2013), and there are obvious interannual and interdecadal variations (Xu and Chan, 2002). Meanwhile, China’s winter precipitation has an increasing trend, while the number of precipitation days has a significant decrease trend, but the trend is not significant (Li et al., 2008). Wang and Feng (2011) pointed out that the dominant mode of interannual variation of winter precipitation in China presents the characteristics of consistent change in the south of the Yangtze River, and has a significant 2–4-years periodic variation. The results of Zhu and Hua (2010) show that the spatial distribution of winter precipitation in North China is consistent, while there are also differences from north to south and from around Bohai Bay to other regions, respectively.

Many factors are leading to abnormal winter precipitation in China. Some studies have investigated the relationship between sea surface temperature (SST) anomaly and winter precipitation anomaly in China. It is found that due to the difference of local response to diabatic heating, there is more winter precipitation in southern China in El Niño years, but less in La Niña years and ENSO Modoki years (Tao and Zhang, 1998; He et al., 2006; Feng et al., 2010; Zhou et al., 2010; Zhou and Wu, 2010; Li and Ma, 2012; Yuan and He, 2013; Guo et al., 2018; Wang et al., 2019). Also, it is found that there is a significant positive correlation between the SST in the East Indian Ocean and the winter precipitation in South China during the same period (Peng, 2012). Moreover, a good correlation is found between the winter SST anomalies in the Kuroshio area and the winter precipitation in some parts of China (Li and Sun, 2004; Zhao et al., 2007). Others have focused on the impact of atmospheric circulation anomalies on winter precipitation anomalies in China. As one of the most important circulation systems in the Northern Hemisphere winter, the polar vortex anomaly has a significant impact on the winter weather in China and even in Asia (Jeong and Ho, 2005; Jeong et al., 2006). In strong polar vortex years, the winter temperature in China is generally higher which is accompanied by more precipitation than normal years, and vice versa in the weak polar vortex years (Xiong et al., 2012). This is mainly because the anomalous activity of the polar vortex propagates downward and cooperates with the blocking high, the East Asian trough, the East Asian winter monsoon and other circulation systems in the lower atmosphere, thus having an important influence on the weather and climate changes in the troposphere (Baldwin and Dunkerton, 1999; Kodera et al., 2000; Baldwin and Dunkerton, 2001; Zhou et al., 2002; Rao et al., 2018). The downward propagation of polar vortex anomaly leads to the anomalies of the Arctic Oscillation (AO) and the East Asian winter monsoon (Wang and Chen, 2010; Cao et al., 2019; Liu et al., 2019). When the AO is strong, the East Asian trough and the Siberian high are always weak, which results in the weak East Asian Winter Monsoon and the anticyclone anomaly in Northeast China, which is conducive to the water vapor transport from the Northwest Pacific to China, and then causes more precipitation in the central and eastern regions of China (Shuai et al., 2010). The East Asian Winter Monsoon also plays an important role in the winter precipitation in China. The winter precipitation in China is less in the strong winter monsoon years and more in the weak winter monsoon years, and this response becomes more obvious with the strengthening of the East Asian winter monsoon (Shi, 1996; He et al., 2006; Chen et al., 2009; Zeng et al., 2010). The South Branch trough is another important synoptic system that affects winter precipitation in China. There is a significant positive correlation between the activity frequency index of the South Branch trough and the winter precipitation in the south of China (Suo and Ding, 2009; Wu et al., 2020).

According to the statistical results of the National Climate Center, the winter precipitation of 2019/2020 is the fifth highest in China over the same period, and the precipitation in many places in the North China (such as Beijing) breaks the historical record. It is of typical significance to study the causes of winter precipitation anomalies in China based on this event. Based on the precipitation data of 166 stations of China Meteorological Administration (CMA) and ERA5 reanalysis data, this paper analyzes the characteristics of winter precipitation anomaly in China in the winter of 2019/2020 and analyzes the causes of this winter precipitation anomaly from the perspective of circulation anomaly.




DATA AND METHODS




Data


The following observational and reanalysis datasets were used: 1) The observation daily precipitation from the Daily Climate Data Set of China Ground International Exchange Station (V3.0) provided by the National Meteorological Information Center (NMIC), China Meteorological Administration (CMA). This dataset cover 166 observation stations in China from January 1951 to the near present; 2) the European Center for Medium Range Weather Forecasts (ECMWF) ERA5 reanalysis dataset (Hersbach et al., 2020), which has a horizontal resolution of 0.25 × 0.25. It is available monthly and daily datasets and covers 1979–2020. Meteorological elements used in this paper include air temperature, geopotential height, absolute humidity, horizontal wind speed, surface pressure, etc.; 3) the monthly mean Asia Polar Vortex Intensity Index derived from the 130 monthly monitoring atmospheric circulation characteristics index in the website of the National Climate Center (NCC), CMA (https://cmdp.ncc-cma.net/Monitoring/cn_index_130.php).




East Asian Trough Index and East Asian Winter Monsoon Index


East Asian Trough Index (EATI): The intensity of the East Asian Trough is defined by the 500hPa geopotential height anomalies in the average over 30°N-50°N, 120°E-150°E (Mu and Li, 2000). It is calculated based on the EAR5 reanalysis dataset. A positive (negative) EATI represents a weak (strong) East Asian Trough.

East Asian Winter Monsoon Index (EAWMI): Considering that the East Asian monsoon is mainly caused by the zonal sea-land thermal forcing contrast in East Asia, the intensity of the East Asian winter monsoon is defined as the sum of the standardized sea-level air pressure differences (110° E minus 160° E) at seven parallels between 50°–20° N and then the sum is standardized again (Shi, 1996). The index is calculated based on the EAR5 reanalysis dataset. The equation is written as follows:
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Where [image: image] and [image: image] represents the mean and standard deviation of [image: image], respectively. The asterisk denotes the standardization. [image: image] and [image: image] represent the standardized values of the seven parallels between 50° N and 20° N along 110° E and 160° E, respectively, in the year from 1979 to 2020. A positive (negative) [image: image] represents a strong (weak) monsoon.




The Moisture Flux and Moisture Budget Analysis


The vertically integrated moisture flux is defined as:


[image: image]


Where [image: image] is the specific humidity, [image: image] is the horizontal wind velocity, [image: image] is the pressure, [image: image] is the surface pressure and [image: image] is the pressure in 100 hPa.

Moisture budget analysis (Seager et al., 2010; Chou and Lan, 2012) is used to investigate quantitatively possible mechanisms responsible for the changes of precipitation over China in the winter of 2019/2020. The equation can be expressed as:


[image: image]


where P, E, and q are precipitation, evaporation and specific humidity respectively, V is wind vector. [image: image] denotes the difference between 2019/2020 and climatological mean, [image: image] is a vertical integration from 1000 to 100 hPa in this study, [image: image] is the horizontal gradient operator. According to Eq. 4, the rainfall changes may be explained by the changes in horizontal moisture advection, moisture convergence associated with mass convergence, and surface evaporation. The horizontal moisture advection and the moisture flux convergence could be further decomposed into three terms:
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The first (second) term in the right-hand side of each equation is defined as the thermodynamic (dynamic) component of the horizontal/vertical moisture advection term, while the last term denotes the nonlinear component. The thermodynamic term is associated with the changes in specific humidity mainly directly induced by temperature changes as atmosphere circulations are fixed, while the dynamic term reflects the contribution of atmospheric circulation changes on precipitation. The third term is a nonlinear term including the contributions of both the moisture and circulation changes. The subscript “clm” means climatological mean.





FEATURES OF THE PRECIPITATION ANOMALIES IN CHINA



Figure 1 shows the distribution of precipitation and precipitation anomalies of 166 observation stations in China during the winter of 2019/2020. According to the observation result, the average precipitation in 166 stations is about 0.75 mm/day. Excessive precipitations are found in the south (east) of China while less precipitation is found in the north (west) of China during the winter of 2019/2020. The magnitude of precipitation in East China, Central China, south of Southwest China, south of North China and south of Northeast China was increased, while the total rainfall in Guangdong and Fujian Province was decreased.


[image: Figure 1]



FIGURE 1 | 

(A) The precipitation and (B) precipitation anomalies (2019/2020 minus the climatological mean) of 166 observation stations average in China during the winter (December January and February, DJF) of 2019/2020, unit: mm/day.



Precipitation anomalies in China during the winter of 1951–2020 are shown in Figure 2. Precipitation anomalies of 166 stations average in China during the winter of 2019/2020 (Figure 2A) is 0.25 mm/day, which increases about 48.2% compared with the climatological mean. The precipitation in the south of China (Figure 2C) during the winter of 2019/2020 increase 0.39 mm/day (about 39.0%) than that of the climatological mean. Meanwhile, the precipitation in the north of China (Figure 2B) increase 0.15 mm/day (about 105.5%) compared with the climatological mean. Remarkably, the precipitation increases 0.26 mm/day in North China (Figure 2D), which is the largest change area (about 157.6%) in China.
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FIGURE 2 | 
Time series of precipitation anomalies in 166 observation stations during the winter of 1951–2020 (Unit: mm/day). The areas contain: (A) all of China (All: 18°–54° N; 72°–135° E), (B) north areas in China (North: 34°–54° N; 72°–135° E), (C) south areas in China (South: 18°–34° N; 72°–135° E) and (D) the North China (NC: 34°–43° N; 110°–119° E).






THE POSSIBLE CAUSES OF PRECIPITATION ANOMALIES


Water vapor transport plays a crucial role in determining the major rain band. Figure 3A shows the vertically integrated DJF mean moisture fluxes and the corresponding average divergences of ERA5 reanalysis datasets from 1979 to 2020. There are two main channels remotely supplying water vapor to China. One is the moisture transport associated with the Subtropical Westerly Jet, which brings a large amount of water vapor from the Northern Indian Ocean across the Indochina Peninsula into the south of China; the other water vapor source is derived from eastern wind flow over the western North Pacific (WNP). The moisture fluxes converge in the south of China, which afford favorable conditions for local rainfall. The spatial distributions of the vertically integrated moisture flux in the winter of 2019/2020 (Figure 3B) is similar to that of the climatological mean (Figure 3A), but the convergence of moisture flux over the south of China shows a large amplitude. On the one hand, the Subtropical Westerly Jet in 2019/2020 is stronger than that in climatological mean, transports more warm water vapor from the north of Arabian Sea and Bay of Bengal to south of China; on the other hand, the southwest wind anomaly over the low-latitude regions bring more warm and moist air from the South China Sea to China (Figure 3C). Both of the moisture flux anomalies mentioned above play a crucial role in the precipitation anomalies over China in the winter of 2019/2020.
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FIGURE 3 | 
The spatial distributions of the vertically integrated DJF mean moisture flux (vector, units: [image: image]) and the corresponding average divergence (shading, units: [image: image]) for (A) climatological mean (1979–2020), (B) 2019/2020 mean and (C) 2019/2020 anomalies.



According to the moisture budget analysis (Figure 4), evaporation anomaly (0.056 mm/day), horizontal moisture advection (0.082 mm/day) and total moisture flux convergence anomaly (0.095 mm/day) are responsible for the precipitation anomaly to a certain extent. Moreover, the dynamic components contributed to horizontal moisture advection (0.167 mm/day, Figure 4B) and total moisture flux convergence (0.135 mm/day, Figure 4C) are primarily responsible for the increases in total rainfall, while the thermodynamic component have a negative effect on the precipitation (−0.083 mm/day, Figure 4B; −0.052 mm/day, Figure 4C). The above analysis shows that the contribution of atmospheric circulation anomaly (the dynamic component) on horizontal moisture advection and total moisture flux convergence is primarily responsible for the positive anomalies of precipitation in China during the winter of 2019/2020. In addition, how did the circulation anomaly affect precipitation in China during the winter of 2019/2020?
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FIGURE 4 | 
Moisture processes responsible for the DJF mean precipitation over the main rainfall area (20°–50° N; 100°–135° E) in China. (A) Evaporation anomalies, horizontal moisture advection and total moisture flux convergence contributed to the precipitation anomalies. (B) The contributions of moisture, circulation changes and nonlinear term to the moisture advection. (C) The contributions of moisture, circulation changes and nonlinear term to the moisture flux convergence. Unit: mm/day.



The East Asian Trough and Southern Branch Trough play a crucial role in the weather change of China in winter. The changes in their shape and intensity can be judged by the 500 hPa geopotential height and the corresponding circulation anomalies. Huang et al. (2013) found that the strong East Asian Trough tends to induce higher surface air temperature and less precipitation in central China. Figure 5 shows the spatial distributions of climatological DJF mean 500 hPa geopotential height, horizontal wind and 850 hPa air temperature. Strengthening of the East Asian Winter Monsoon and the East Asian Trough are favorable to transport the cold and dry air from north of the Eurasian continent to China, while the changing of the Southern Branch Trough is favorable to transport the warm and moist air from the Bay of Bengal and the South China Sea to China. The cold northwesterly wind and the warm southwesterly wind meet in China, which causes the local widespread weather changes.
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FIGURE 5 | 
Spatial distributions of climatological DJF mean 500 hPa geopotential height (contour, unit: m), horizontal wind (vectors; m/s) and 850 hPa air temperature (shaded; unit: °C). Blue rectangular means Southern Branch Trough area, red rectangular means the East Asian Trough area.



The spatial distributions of 2019/2020 DJF 500 hPa geopotential height, horizontal wind and 850 hPa air temperature anomalies are shown in Figure 6. Except for the Tibetan Plateau, warm air temperature anomalies (higher than 2.5°C) are found in lower troposphere over most areas in China, especially in North China and Northeast China. The negative (positive) anomaly of 500 hPa geopotential height in the Ural Mountains area (the Baikal-Balkhash Lake area) proves that the Siberian High and the East Asian Winter Monsoon is weakened in 2019/2020 winter. On the one hand, the intensity of East Asian Trough is weakened and the surface wind over the Sea of Japan is characterized by anomalous anti-cyclone circulation, which favors the transportation of low-level warm and humid air-flow from the Northwest Pacific and the East China Sea to the north of China. On the other hand, the south-west wind anomaly in front of the trough caused by the westward movement of the Subtropical High and the Southern Branch Trough anomalies transports the warm and humid air from the Bay of Bengal and the South China Sea to the south of China. The warm moist air flows northward. Meanwhile, the water storage capacity of atmosphere is enhanced as the lower atmosphere gets warmer. The warm moist air flows northward from the East China Sea, the Bay of Bengal and the South China Sea, which contributes to the increased of local precipitation in the winter of 2019/2020.
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FIGURE 6 | 
As in 
Figure 5
 but for the 2019/2020 DJF anomalies.




Figure 7 shows the spatial distributions of climatological mean 10 hPa geopotential height and the anomalies of 10 hPa geopotential height in 2019/2020 in winter. There is a closed elliptical low-pressure vortex in the Arctic in winter. The long axis of the vortex extends from northern Eurasia to the north of North America, with its center near the North Pole and located between the Taymyr peninsula of Siberia and northern Greenland. In the winter of 2019/2020, the intensity of polar vortex is stronger than usual. The central value of the polar vortex is more than 600 geopotential meters lower than that in previous years, and the long axis of the polar vortex deflects toward the East Asian continent. The polar vortex anomalies can propagate downward from the stratosphere. The time-altitude cross-sections of the zonal mean zonal wind anomalies and the zonal mean geopotential height anomalies over the Northern Hemisphere are shown in Figure 8. A positive zonal mean zonal wind anomaly propagates downward from the stratosphere from mid-December 2019 to mid-January 2020. Meanwhile, a negative zonal mean geopotential height anomaly propagates downward from late-December 2019 to mid-January 2020. The results show that the stratospheric polar vortex anomalies in high latitudes of the Northern Hemisphere have a process of downward propagation to the troposphere starting from mid-December 2019. Previous studies show that the downward propagations of positive anomalies of the polar vortex will cause the low-level AO positive anomaly. It will weaken the Siberian High, the East Asian Winter Monsoon (Wu and Wang, 2002) and the East Asian trough (Chen and Kang, 2006), which create favorable conditions for more precipitation in China. Meanwhile, Rao et al. (2020) reported that the 2017/2018 weak stratospheric polar vortex is accompanied with less rainfall in South China. In order to study the correlationships between stratosphere polar vortex and the climate system of troposphere, the scatterplots of the Asia Polar Vortex Intensity Index and East Asian Winter Monsoon Index, East Asian Trough Index from 1979 to 2020 in winter are shown in Figure 9. There is a negative correlation between the Asia Polar Vortex Intensity Index and the East Asian Winter Monsoon Index, while a positive correlation between the Asia Polar Vortex Intensity Index and the East Asian Trough Index. The correlation coefficients are −0.47 and 0.31, respectively, which passed the 99% statistical significance test. Meanwhile, the East Asian Winter Monsoon Index and the East Asian Trough Index is −0.43 and 1.38, respectively, in the winter of 2019/2020, which means that the intensity of the East Asian winter monsoon and the East Asian trough is weaker than that in the climatological mean. The statistical result indicates that there is a close relationship between the stratosphere polar vortex and the East Asian Trough and the East Asian Winter Monsoon.
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FIGURE 7 | 
Spatial distributions of climatological DJF mean 10 hPa geopotential height (contour, unit: m) and 2019/2020 DJF mean 10 hPa geopotential height anomalies (shaded, unit: m).
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FIGURE 8 | 
Time-altitude cross-sections of (A) the zonal mean zonal wind anomalies along 60° N (units: m/s) and (B) the zonal mean geopotential height anomalies along 70°–90° N (units: m) over the Northern Hemisphere from Dec 2019 to Feb 2020.
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FIGURE 9 | 
Scatterplots and correlation coefficients between the monthly Asia Polar Vortex Intensity Index and (A) East Asian Winter Monsoon Index; (B) East Asian Trough Index from 1979 to 2020 in winter.






SUMMARY AND DISCUSSION


In this study, we investigated the features of precipitation anomalies in the winter of 2019/2020 in China by using the daily rainfall dataset of 166 stations provided by the National Meteorological Information Center in China. The possible causes of these precipitation anomalies were also discussed based on the ERA5 reanalysis dataset. The major conclusions are summarized as follows:

(1) Precipitation in East China, Central China, south of Southwest China, south of North China and south of Northeast China was increased, while the total rainfall in South China and Fujian Province decreased during the winter of 2019/2020. The magnitude of precipitation in the south of China increase by 0.39 mm/day (about 39.0%) compared with the climatological mean. Meanwhile, the precipitation in the north of China increase by 0.15 mm/day (about 105.5%) compared with the climatological mean. The largest anomalies appear in North China with a 157.6% increase in total rainfall.

(2) Moisture budget analysis shows that contributions of atmospheric circulation anomalies (the dynamic component) on horizontal moisture advection and total moisture flux convergence are primarily responsible for the positive anomalies of precipitation in China during the winter of 2019/2020.

(3) There is a negative correlation between the Asia Polar Vortex intensity and the East Asian Winter Monsoon and the East Asian Trough intensity. The positive anomalies of the stratosphere polar vortex in high latitudes of the Northern Hemisphere have a process of downward propagation to the troposphere in the winter of 2019/2020, which weakens the East Asian Winter Monsoon and the East Asian Trough.

(4) The weakened East Asian Trough and the anti-cyclone circulation anomaly over the Sea of Japan favor the transportation of low-level warm and humid air-flow from the Northwest Pacific and the East China Sea to the north of China. The westward movement of the Subtropical High and the Southern Branch Trough anomalies cause the southwesterly wind anomalies before the trough, which transport the low-level warm and humid air from the Bay of Bengal and the South China Sea to the south of China. The warm moist air flows northward. Meanwhile, the water storage capacity of the atmosphere is enhanced with as the lower atmosphere gets warmer. The warm moist air flows northeastward from the East China Sea, Bay of Bengal and the South China Sea while the climatological cold wind flows southeastward, which causes the increase of local precipitation in the winter of 2019/2020.

In consideration of the fact that stratospheric polar vortex anomaly has a process of downward propagation to the troposphere and thus affects the tropospheric weather system, it is of great significance to study the changes of the stratosphere and the relationships between stratosphere and troposphere. In addition, it’s a case study regarding the precipitation anomalies in China during the winter of 2019/2020, the generalization of our conclusions needs further research.
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Ningaloo Niño is a well-known ocean-atmosphere coupled climate event in the southeastern Indian Ocean that interacts with large-scale atmospheric circulations at the interannual time scale. When a Ningaloo Niño develops, remarkably enhanced precipitation anomalies occur primarily off the coast of northwestern Australia (NWA) rather than over the offshore area of western Australia (WA), where the most significant sea surface temperature warming prevails. This enhanced NWA precipitation manifests as jointly intensified stratiform and convective precipitation accompanied by an increase in high cloud cover. Further analyses of the column-integrated moist static energy (MSE) budget reveal that during Ningaloo Niño events, positive vertical MSE transport moistens and heats the atmosphere in the WA region. However, these moistening and heating effects are mostly offset by the inhibitory effect of the negative horizontal MSE advection, leading to the relatively weak and nonsignificant variation in local precipitation anomalies off the WA coastal region. In contrast, off the coast of the NWA region, the recharge of column-integrated MSE, which is induced by the significant positive radiative and surface heating, horizontal MSE advection, and vertical MSE advection, contributes to the heaviest austral summer precipitation associated with Ningaloo Niño. Therefore, the distinct MSE transport processes result in the particular rainfall pattern in which the most enhanced rainfall is associated with Ningaloo Niño events over the NWA region.
Keywords: Ningaloo Niño, precipitation, moist static energy, tropical convection, surface heat flux, interannual variability
INTRODUCTION
Ningaloo Niño/Niña is the dominant mode of interannual variation in the southeastern Indian Ocean (Feng et al., 2013; Kataoka et al., 2014; Tozuka et al., 2014; Zhang et al., 2018). This phenomenon is characterized by the positive (negative) sea surface temperature (SST) anomalies (SSTAs) off the coast of western Australia (WA) and typically matures in austral summer (December-January-February, DJF). The pronounced SST warming causes devastating consequences to coral and biodiversity (Feng et al., 2013; Pearce and Feng, 2013; Wernberg et al., 2013; Zinke et al., 2014). The development of the Ningaloo Niño is attributed to remote atmospheric and oceanic forcing from the Pacific Ocean (Feng et al., 2013; Kataoka et al., 2014; Tozuka et al., 2014; Zhang et al., 2018) or local air-sea interactions in the tropical southeastern Indian Ocean (Marshall et al., 2015; Kataoka et al., 2017; Kataoka et al., 2018; Tozuka and Oettli, 2018; Zhang et al., 2018). Although Ningaloo Niño events are significantly correlated with El Niño-Southern Oscillation (ENSO), the Indian Ocean dipole (IOD) and the Interdecadal Pacific Oscillation (Feng et al., 2013; Pearce and Feng, 2013; Kataoka et al., 2014; Tozuka et al., 2014; Zhang et al., 2018; Zhang and Han, 2018; Kusunoki et al., 2020; Tanuma and Tozuka, 2020), recent studies have demonstrated that Ningaloo Niño/Niña events independently exert a substantial influence on the regional climate and marine ecosystems along the WA coast (Tozuka et al., 2014; Kataoka et al., 2018; Zhang et al., 2018).
The surface heat and radiation influxes play a vital role in anomalous Ningaloo Niño-related SST warming (Tozuka and Oettli, 2018; Zhang et al., 2018; Guo et al., 2020a). Li et al. (2019) indicated that the majority of the decadal SST variability is attributed to surface heat fluxes in the southeast Indian Ocean (SEIO). They found that warm SSTA was associated with positive cloud-radiation-SST feedback, which acted to promote or maintain the SST warming. Surface turbulent heat flux is the most vital process in promoting and damping the SST in most Ningaloo Niño events (Guo et al., 2020a; Guo et al., 2020b). Tozuka and Oettli (2018) revealed that an asymmetrical cloud-shortwave radiation-SST feedback induced by abnormal cloud activity contributed to the increase/decrease in the WA SSTAs associated with Ningaloo Niño/Niña. Due to an increase in the amount of clouds off the coast of WA, less incoming solar radiation reaches the ocean, suppressing the existing SST warming (Zhang et al., 2018; Li et al., 2019). Therefore, the interannual variation in clouds plays an important role in the development of Ningaloo Niño.
The interannual variation in cloud cover exhibits a linear relationship with the precipitation in the tropics (e.g., Richards and Arkin, 1981; Vuille and Keimig, 2004). Previous studies revealed that the enhanced rainfall over WA is accompanied by warming SSTAs in its vicinity during Ningaloo Niño events (Doi et al., 2013; Doi et al., 2015; Kataoka et al., 2014; Tozuka et al., 2014; Li et al., 2019; Su et al., 2019). Marshall et al. (2015) attributed the enhanced rainfall to the warmer SST that was induced by the weakened surface wind during the initiation stage of Ningaloo Niño. Doi et al. (2015) also emphasized that the enhanced rainfall over the WA coastal region was closely related to the warming SSTA in situ. However, the most remarkable Ningaloo Niño-related precipitation anomalies are observed over the northwest Australia (NWA) coastal region near the vicinity of the Intertropical Convergence Zone rather than over the warmest SSTA region near the WA coast (Tozuka et al., 2014, in their Figure 7; Marshall et al., 2015, in their Figure 3; Doi et al., 2015, in their Figure 5). Such precipitation anomalies cannot be explained by the warming of the local SSTAs. In addition, the abnormal rainfall and associated cloud formation play essential roles in the local SSTA change; therefore, the cause of the abnormal rainfall over the SEIO is critical for understanding the overall perspective of Ningaloo Niño events. To this end, we investigated the mechanism of the Ningaloo Niño-related rainfall anomalies over the WA and NWA coastal regions.
The column-integrated moist static energy (MSE) budget is widely used to study the large-scale climatic impacts on tropical convective rainfall at various time scales, e.g., the Madden Julian Oscillation (Benedict and Randall, 2007; Maloney, 2009; Kiranmayi and Maloney, 2011; Arnold et al., 2013; Sobel et al., 2014), the convective coupled equatorial waves (Sumi and Masunaga, 2016; Feng et al., 2020a; Feng et al., 2020b), and the climatology of tropical rainfall (Back and Bretherton, 2006; Schneider et al., 2014; Bui et al., 2016). Column-integrated MSE mainly represents a thermodynamic reference of the atmospheric column. The increase in the column-integrated MSE denotes an import of MSE from the surrounding environment, which destabilizes the atmospheric column by heating and moistening processes and by inducing deep convective rainfall later. Conversely, the decrease in the column-integrated MSE indicates that the troposphere is stabilized by cooling and drying processes accompanied by an export of the MSE to the affected area. The MSE changes correspond to a recharge-discharge paradigm regulating the occurrence of tropical rainfall (Maloney, 2009). In addition, the column-integrated MSE budget equation includes the surface heat and radiation flux, and the role of surface heat forcing can be qualitatively assessed (Neelin and Held, 1987). In the present study, the MSE budget is used to explore the mechanism of Ningaloo Niño-related precipitation variations.
The remainder of the paper is organized as follows. The datasets and methods in this study are briefly introduced in Data and Methodology. Precipitation and Large-Scale Atmospheric Circulation Anomalies Associated With the Ningaloo Niño characterizes the features of the observed precipitation and its related atmospheric circulation variations in association with Ningaloo Niño events. Possible Mechanism of the Ningaloo Niño-Related Precipitation Variations demonstrates the mechanisms of precipitation variability off the WA coast using the column-integrated MSE budget. The conclusions and discussion are presented in Conclusion and Discussion.
DATA AND METHODOLOGY
Data
The atmospheric reanalysis data, including three-dimensional wind, air temperature, specific humidity, surface heat and radiation fluxes, were obtained from the European Center for Medium-Range Weather Forecasts (ECMWF) ERA5 reanalysis dataset (Hersbach and Dee, 2016). These data are available at a horizontal resolution of 0.5° × 0.5° and extend from 1,000 to 100 hPa with 27 vertical pressure levels. The ERA5 data cover the study period from 1981 to 2018. The monthly data are used to provide monthly averaged atmospheric fields including horizontal wind, atmospheric moisture, etc. As the advection terms in MSE budget equation (introduced in Column-Integrated Moist Static Energy Budget) are nonlinear, four times daily data were also used to calculate the MSE budget. The monthly SST with a horizontal resolution of 1° × 1° from 1981 to 2018 was extracted from the NOAA Optimum Interpolation SST v2 data (Reynolds et al., 2002). The Tropical Rainfall Measuring Mission (TRMM) 3A25 version 7 product is also adopted to provide the monthly averaged surface precipitation rate over the tropical ocean and conditional convective or stratiform rainfall rate (Huffman et al., 2007). The rain rate data have a horizontal resolution of 0.5° × 0.5° and a period of 1998–2013. Global Precipitation Climatology Project (GPCP) monthly rainfall data version 2.3 at a horizontal resolution of 2.5° × 2.5° are also included (Adler et al., 2018). In addition, two datasets for outgoing longwave radiation (OLR), namely, the NOAA OLR (Liebmann and Smith, 1996; NOAA, 1996) and the High-Resolution Infrared Radiation Sounder (HIRS) OLR Version 2.2 (Lee et al., 2007), are used to validate the rainfall variation. The NOAA OLR with a horizontal resolution of 2.5° × 2.5° from 1981 to 2013 and HIRS OLR of 1° × 1° from 1981 to 2018 are both monthly averaged. The cloud fraction data were obtained from the Cloud Feedback Model Intercomparison Program (CFMIP) provided by the Cloud-Aerosol Lidar and Infrared Pathfinder Satellite Observation (CALIPSO) from 2007 to 2017 (Webb et al., 2017). The original horizontal resolution of the cloud fraction variables is 1° × 1°, but they are interpolated into a 2.5° × 2.5° horizontal resolution to achieve robust statistical stability. In this dataset, clouds with cloud top pressures lower than 680 hPa (higher than 440 hPa) are classified as low (high) clouds, and clouds with cloud top pressures between 680 and 440 hPa are defined as middle clouds.
Methodology
Definition of the Ningaloo Niño Event
A conventional Ningaloo Niño event starts in October, matures in austral summer (DJF), and finally decays in March (Kataoka et al., 2014). Empirical orthogonal function (EOF) analysis has been frequently utilized to examine the temporal and spatial characteristics of Ningaloo Niño events (Kataoka et al., 2014; Marshall et al., 2015). Thus, we used the EOF approach on the monthly SSTAs from December 1981 to December 2018 over the domain of 100°–120°E, 12°–34°S to distinguish the Ningaloo Niño events. The first EOF (EOF1), which explains 53.8% of the total variance), captures the Ningaloo Niño SST pattern with the warmer-than-normal SST off the WA coast (Figure 1A). The second EOF accounts for only 16.1% of total variance (not shown). The normalized time series of the first principal component (PC1) well resembles the remarkable variability of the Ningaloo Niño index (NNI) calculated by the averaged SSTA in the region of 108°E-coast, 28°S–22°S (see the black box in Figure 1A; Kataoka et al., 2014), with simultaneous correlation coefficients of +0.88 (Figure 1B). Therefore, PC1 effectively provides a benchmark to denote the interannual variation in the Ningaloo Niño events.
[image: Figure 1]FIGURE 1 | (A) The first EOF (EOF1) mode of the SST anomalies (shading: K) off WA during the period of 1981–2018 and (B) the normalized corresponding first principal component (PC1, red solid curve) and the Ningaloo Niño Index (NNI, blue dashed curve) averaged for the region (108°E-coast, 28°S–22°S) marked by the black box in (A). The correlation coefficient between PC1 and NNI is 0.88, which is statistically significant at the 99% level. (C) Austral summer (December-February) mean precipitation rate (shading: mm hr−1) and SST anomalies (contour: K) obtained by regressing against PC1 during 1998–2013. The gray crosses indicate precipitation rate anomalies above the 90% significance level by a Student t test. The solid and dashed boxes indicate the WA (108°E-coast, 28–22°S) and NWA (109–117°E, 20–15°S) coastal regions, respectively. (D) Linear regression coefficients of the austral summer (DJF) mean PC1 with the GPCP precipitation (mm day−1; 1981–2018), HIRS OLR (W m−2; 1981–2018) and NOAA OLR (W m−2; 1981–2013) averaged over the WA (red bars) and NWA (blue bars) coastal regions.
Column-Integrated Moist Static Energy Budget
The MSE is defined as [image: image], where g is the gravity acceleration (9.8 m s−2), z is the geopotential, cp is the heat capacity at constant pressure (1004 J kg−1 K−1), T is the air temperature, L is the latent heat of vaporization, and q is the specific humidity. The stratification of MSE represents the stability of the atmosphere. The derivation of the MSE budget equation begins from the definition of the apparent heat source and apparent moisture sink on a reanalysis grid (Yanai et al., 1973):
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where [image: image] is the dry static energy and a prime symbol denotes a subgrid-scale process. QR is the radiative heating rate, c is the rate of condensation, and e is the rate of re-evaporation. Combining Eqs 1 and 2, we obtain the following:
[image: image]
Since the three-dimensional radiative heating rate is not provided in the reanalysis dataset, Eq. 3 is integrated from the sea surface up to the tropopause [image: image] following Neelin and Held (1987), yielding
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In Eq. 4, the terms on the right-hand side represent horizontal MSE advection (HADV), vertical MSE advection (VADV), total radiative and surface heating and moistening, and vertical MSE transport by subgrid-scale processes, respectively. The third term [image: image] is calculated as the sum of the net upward radiative flux at the sea surface [image: image], the net downward radiative flux at the tropopause [image: image], and the latent and sensible heat fluxes [image: image] from the ocean to the atmosphere (see Eq. 5). The last term on the right-hand side [image: image] denotes the strength of convective activities by measuring the subgrid-scale MSE transport. This term cannot be directly calculated from the reanalysis dataset; thus, it is usually calculated as the residual of the total MSE tendency and all other terms. The long-term mean of the total MSE tendency term on the left-hand side is relatively small compared to the other terms (shown later); thus, the intensity of convective transport [image: image] is approximately balanced with the internal [image: image] and surface [image: image] forcing terms. Consequently, the contributions to convective activity are separated into horizontal advection, vertical advection, and total heating and moistening including radiation and surface fluxes.
The MSE budget equation describes the balance of large-scale atmospheric forcing and convective activity. Such a balance is valid over a certain area because convections are still randomly distributed in the area with MSE recharge. Therefore, area averaging should be used to interpret the budget results. It should be noted that the horizontal and vertical advection terms are nonlinear. As a result, these terms were calculated using four times daily data and then averaged to monthly averaged values for further examination. The calculation of MSE budgets from reanalysis datasets remained uncertain because of the parameterization schemes in the numerical models. Thus, the ERA-Interim reanalysis dataset, which provides similar MSE budgets, was also utilized to validate the results (not shown).
PRECIPITATION AND LARGE-SCALE ATMOSPHERIC CIRCULATION ANOMALIES ASSOCIATED WITH THE NINGALOO NIÑO
Figure 1C shows the linear regression of PC1 with the austral summer (DJF) mean precipitation and SSTAs (the crosses indicate regression coefficient above the 90% significance level by a Student t test). The regression map of the SSTA during the Ningaloo Niño events (Figure 1C, contour) is slightly different from that of the EOF1 mode, while both show that the maximum SSTAs appear along the WA coast with a warm tongue extending northwestward to the equator (Figure 1A). Notably, significant positive precipitation anomaly is primarily observed over the region off NWA (109°E–117°E, 20°S–15°S; dashed box), while the counterpart over the WA coastal region (108°E-coast, 28°S–22°S; solid box, identical to the region used to calculate NNI) is nonsignificant (Figure 1C). Figure 1D confirms the more enhanced rainfall over the NWA coastal region by averaging the regression coefficients over these two regions. In previous studies, Tozuka et al. (2014) and Li et al. (2019) indicated that local SSTA induced the precipitation anomaly during Ningaloo Niño. However, the location between the warmest SSTA (WA region) and the most enhanced rainfall (NWA region) is mismatched, as illustrated in Figure 1C, implying that the rainfall anomaly pattern cannot be fully explained by the enhancement of local ascending motion due to higher SSTA. Such a mismatch generally signifies the importance of the internal atmospheric processes in regulating the rainfall anomaly pattern. Therefore, the present study mainly investigates rainfall mechanisms by comparing the MSE budgets in the NWA and WA coastal regions to understand the fundamental processes affecting such precipitation patterns. The results were not sensitive to the selection of the area after a test by slightly enlarging or narrowing the two study areas (not shown).
Figure 2 depicts the relationships between the Ningaloo Niño and the precipitation variation over the WA and NWA coastal regions at the interannual time scale. For the WA and NWA regions, the area-averaged total precipitation anomalies show a significant positive correlation with the Ningaloo Niño, with correlation coefficients of +0.65 and +0.58, respectively, exceeding the 95% statistical significance level (Figure 2A). However, the regression coefficient for the NWA region is 1.5 times greater than that for the WA region, indicating that the NWA precipitation is more sensitive to the intensity of the Ningaloo Niño events. Similar to the total precipitation rate, both the convective and the stratiform rain rates increase over the WA and NWA coastal regions when Ningaloo Niño events occur; however, those over the NWA coast are more sensitive to Ningaloo Niño events (Figures 2B, C). Another quantity describing the spatial coverage of convective and stratiform rain is the convective and stratiform rain ratio, which is calculated as the number of observed pixels categorized as stratiform and convective rainfall divided by the total number of observed pixels in each grid. The results are identical to those for the convective and stratiform rain rates (not shown), suggesting that the rain rate and coverage over NWA are both more sensitive to Ningaloo Niño events, ultimately resulting in a remarkable increase in the total rainfall anomaly in situ.
[image: Figure 2]FIGURE 2 | Scatter plot of austral summer (DJF) mean (A) total precipitation rate, (B) convective precipitation rate, and (C) stratiform precipitation rate averaged over the WA (red dots) and NWA (blue dots) coastal regions during 1998–2013. The horizontal axis is the value of PC1. The red (blue) solid line denotes the linear regression for the WA (NWA) coastal region, and the regression equation and its associated correlation coefficients are shown on the top in each panel.
On the other hand, the variations in cloud cover usually correspond to the variability of the precipitation rate. The cloud variation displays similar features over the WA and NWA coastal regions (Figure 3). For the total cloud cover, there is no significant change over either region during Ningaloo Niño events (Figure 3A). However, low cloud anomalies have a negative correlation with Ningaloo Niño, while high cloud and middle cloud anomalies have a positive correlation (Figures 3B–D), and the variations in low and high cloud covers are statistically significant in both regions. This result indicates that remarkable increases in high cloud amounts and decreases in low cloud amounts appear over the NWA coastal region, consistent with the occurrence of deeper convections that induce significantly enhanced convective rainfall there.
[image: Figure 3]FIGURE 3 | Linear regressions of the austral summer (DJF) mean (A) total cloud cover (%), (B) low cloud cover (%), (C) middle cloud cover (%), and (D) high cloud cover (%) against PC1 during 2007–2017. The gray crosses indicate the variable anomalies above the 90% significance level by a Student t test. The solid and dashed boxes indicate the WA (108°E-coast, 28–22°S) and NWA (109–117°E, 20–15°S) coastal regions, respectively.
According to the study of Tozuka and Oettli (2018), the high cloud and low cloud conditions exhibit different sensitivities to the background of positive and negative SSTA in the WA region. A linear decrease in low cloud cover occurs when the NNI is negative, while an increase in high cloud cover occurs when the NNI is positive. This asymmetric variation in cloud cover is important for the surface radiation variation. Considering the radiation budget is not the primary factor affecting the rainfall pattern, as discussed below, only a linear relationship between the SSTA and cloud cover is considered in this study. Notably, the relatively short period of the observed cloud cover data from CFMIP may lead to uncertainty in the linear interpretation. The results were validated using the ERA5 data with an extended period from 1981 to 2018 (not shown). The similar outcomes suggest that the Ningaloo Niño-related variations in cloud cover are robust features that do not show sensitivity to the study period.
Figure 4 depicts the large-scale atmospheric circulation anomalies at different pressure levels associated with Ningaloo Niño events. In association with the warming Ningaloo Niño-related SSTAs, an anomalous cyclone is observed in the lower troposphere, and the northerly anomalies mainly control the region off the WA coast (Figure 4A), consistent with the results of previous studies (Benthuysen et al., 2014; Tozuka et al., 2014; Marshall et al., 2015; Kataoka et al., 2017). Such anomalous low-level northerlies enhance the Leeuwin current, which brings warm water from the equator to WA, favoring an increase in the SSTAs in the WA coastal region along with coastal downwelling anomalies (Benthuysen et al., 2014; Kataoka et al., 2014; Tozuka et al., 2014; Marshall et al., 2015). Since the maximum moisture anomalies are positioned northwest of the NWA coastal region, the anomalous low-level northwesterly, related to the cyclone, acts to bring warmer and more humid air to the NWA coastal region (Figure 4B; in agreement with Zhang et al., 2018). Note that the ascending motion over the NWA coastal region is much stronger than that over the WA coastal region (Figure 4C), consistent with the stronger convective precipitation over the NWA coastal region. In the upper troposphere, an anomalous anticyclone is observed at higher latitudes, and the NWA coastal region is dominated by remarkable southwesterly wind anomalies and significant divergence (Figure 4D). The baroclinic circulations with anomalous anticyclones in the upper troposphere and anomalous cyclones in the lower troposphere, which correspond with anomalously enhanced precipitation near the equator over the NWA coastal region, recall the classical Matsuno-Gill response (Matsuno, 1966; Gill, 1980).
[image: Figure 4]FIGURE 4 | Same as in Figure 3 but for (A) precipitation (shading: mm hr−1) and 850-hPa wind (vector: m s−1), (B) 700-hPa specific humidity (shading: g kg−1) and wind (vector: m s−1), (C) 500-hPa vertical velocity (shading: 10−3 Pa s−1) and wind (vector: m s−1), (D) 200-hPa divergence (shading: 10−7 s−1) and wind (vector: m s−1) during 1981–2018 except precipitation during 1998–2013. The gray crosses indicate the variable anomalies above the 90% significance level by a Student t test. The solid and dashed boxes indicate the WA (108°E-coast, 28–22°S) and NWA (109–117°E, 20–15°S) coastal regions, respectively.
In summary, enhanced precipitation anomalies are found over the NWA and WA coastal regions during Ningaloo Niño events, but the heaviest rainfall anomalies with strengthened deep convection activity appear off the NWA coast. In the next section, the column-integrated MSE budget diagnosis is used to clarify why the heaviest rainfall occurs over the NWA coastal region rather than over the WA coastal region, where the greatest SST warming prevails.
POSSIBLE MECHANISM OF THE NINGALOO NIÑO-RELATED PRECIPITATION VARIATIONS
The column-integrated MSE budget is analyzed to explore the mechanisms of the Ningaloo Niño-related precipitation variations, and the results are shown in Figure 5. The HADV terms over the tropical and subtropical regions exhibit opposite signs during Ningaloo Niño events (Figure 5A). Over the tropical region, the horizontal MSE advection is positive, meaning that the horizontal advection brings more moisture and heat from the equator. In contrast, the horizontal MSE advection is negative at higher latitudes south of 20°S, cooling and drying the entire troposphere. This cooling and drying stabilize the atmosphere and prevent the occurrence of deep convections over the WA coastal region. The positive vertical MSE advection dominates the western coast of the Australian continent, and the significantly positive vertical MSE advection is mainly confined to the region south of 20°S (Figure 5B), suggesting that the vertical MSE advection remarkably increases over the WA coastal region when the Ningaloo Niño develops. Over the NWA coastal region, the vertical MSE advection is positive with weaker magnitude. The total radiative and surface heating (<QR>) in the atmospheric column is significantly positive over the NWA coastal region, indicating that the increase in the net radiative and heat income contributes to the heaviest rainfall. Over the WA coastal region, significant positive radiative and heat income occurs only offshore (Figure 5C). The pattern of the subgrid-scale transport term mirrors the <QR> term with an opposite sign (Figure 5D). Based on Eq. 5, the subgrid-scale transport is a measurement of upward MSE transport by convective activity; thus, the subgrid-scale transport pattern corresponds well to the pronounced enhancement of rainfall over the offshore areas of NWA and WA.
[image: Figure 5]FIGURE 5 | Same as in Figure 4 but for (A) column-integrated horizontal advection of MSE (HADV, W m−2), (B) column-integrated vertical advection of MSE (VADV, W m−2), (C) total heat and radiative forcing (<QR>, W m−2) and (D) MSE transport by the subgrid-scale processes (W m−2). The gray crosses indicate the corresponding variable anomalies above the 90% significance level by a Student t test. The solid and dashed boxes indicate the WA (108°E-coast, 28–22°S) and NWA (109–117°E, 20–15°S) coastal regions, respectively.
To quantitatively evaluate the relative contributions of the MSE budget terms to the precipitation variation, Figure 6 presents the regressed MSE budget terms averaged over the NWA and WA coastal regions onto PC1. The subgrid-scale MSE transport term [image: image] over the NWA coastal region is approximately three times greater than that over the WA coastal region, suggesting that more vigorous convective precipitation causes the strengthened MSE expense over the NWA coastal region. Compared to the other terms, the MSE tendency term [image: image] is negligible (Figure 6); thus, the subgrid-scale MSE expense is balanced with the other three terms. For the WA coastal region, the vertical MSE advection is twice that for the NWA coastal region, meaning that more MSE accumulates through the large-scale vertical motion in this region. However, the MSE recharge driven by the vertical MSE advection is greatly offset by the negative horizontal MSE advection over the WA coastal region; meanwhile, the <QR> term is relatively small. In contrast, all three terms are positive over the NWA coastal region, highlighting a greater MSE recharge rate for the development of stronger deep convections. These results suggest that the column-integrated MSE budget is controlled by different dynamic and thermodynamic processes over the WA and NWA coastal regions, especially the horizontal and vertical MSE advection terms.
[image: Figure 6]FIGURE 6 | Linear regression coefficients of the austral summer (DJF) mean PC1 with the MSE budget terms (W m−2; 1981–2018) and the precipitation rate (mm hr−1; TRMM 1998–2013) averaged over the NWA (blue bars) and WA (red bars) coastal regions.
To investigate the detailed physical processes causing the differences in the MSE budget terms over the WA and NWA coastal regions, we further decompose these terms to investigate the MSE recharge-discharge processes. Figure 7 shows the zonal advection (XADV) and meridional advection (YADV) components of the horizontal MSE advection. Over the southeastern Indian Ocean, significant positive and negative zonal MSE advection appears in the lower latitudes and subtropics (Figure 7A). The meridional MSE advection is the mirror image of the zonal MSE advection with an opposite sign, although its amplitude is relatively weak (Figure 7B). Therefore, the zonal MSE advection term is the primary contributor to the horizontal MSE advection over the WA and NWA coastal regions. The negative horizontal MSE advection over WA is dominated by the negative zonal MSE advection, while the positive counterpart over NWA is principally contributed by the positive zonal MSE advection (Figure 7C). The vertical-resolved horizontal advection at each pressure level was also calculated to reveal the detailed processes behind the vertically integrated horizontal advection terms (not shown). Since the tropical MSE budget is mainly dominated by moisture in the troposphere, the enhanced northwesterlies in the tropics can transport warmer and moister air to the NWA from the relatively wetter tropical eastern Indian Ocean (Figure 4B) and then cause MSE recharge over the NWA coastal region. In the subtropics, however, the anomalous upper-level easterly brings dry air from the Australian continent to the WA region and leads to negative MSE advection, which prohibits the enhancement of convective rainfall.
[image: Figure 7]FIGURE 7 | Linear regressions of the austral summer (DJF) mean (A) column-integrated zonal advection of MSE (XADV, W m−2) and (B) column-integrated meridional advection of MSE (YADV, W m−2) against PC1 during 1981–2018. The gray crosses indicate the variable anomalies above the 90% significance level by a Student t test. The solid and dashed boxes indicate the WA (108°E-coast, 28–22°S) and NWA (109–117°E, 20–15°S) coastal regions, respectively. (C) Linear regressions of PC1 with the XADV and YADV terms averaged over the NWA (blue bars) and WA (red bars) coastal regions.
The difference in the vertical MSE advection can be explained by the vertical profile of vertical velocity and MSE anomalies (Figure 8). The enhanced ascending motion anomaly over the WA coastal region displays a bottom-heavy structure with the maximum vertical velocity near 750 hPa, but the NWA coastal region shapes a top-heavy structure with the strongest ascending motion at 500 hPa (Figure 8A). Since the vertical distributions of MSE anomalies are concentrated in the lower troposphere (Figure 8B), the vertical motion with a bottom-heavy structure favors the import of MSE from the surrounding environment and develops shallow convections (Back and Bretherton, 2006; Bui et al., 2016), which support weaker rainfall enhancement (Figure 1C) and fewer deep cloud formations (Figure 3D) over the WA region. Over the NWA coastal region, the top-heavy vertical velocity is induced the export of MSE by the large-scale vertical motion, finally leading to much stronger deep convective rainfall (Figures 1C, 3D).
[image: Figure 8]FIGURE 8 | Linear regressions of the vertical profile of the austral summer (DJF) mean PC1 with (A) vertical velocity (10−3 Pa s−1) and (B) MSE (J kg−1) averaged over the NWA (blue line) and WA (red line) coastal regions during 1981–2018.
Although the <QR> term is relatively smaller than the horizontal and vertical advection terms (Figure 6), its pattern is similar to that of the subgrid-scale vertical MSE transport in most regions, but they have opposite signals (Figures 5C,D). Therefore, we further decompose the <QR> into the latent heat (LH), the sensible heat (SH), and the net radiation income (Rnet) components to explore their relative contributions (Figure 9). No significant linear relationships exist between the Ningaloo Niño and the surface LH and SH fluxes over the WA coastal regions (Figures 9AFigures 9B). Thus, both the area-averaged surface LH and SH fluxes are trivial compared to the net radiative heating (Rnet) (Figure 9D). While over the NWA coastal region, LH flux is greater than that over WA coastal region. It should be noted that significant column radiative heating mainly occurs over the tropics, but the stronger radiative heating over the NWA region corresponds to more vigorous convective rainfall (Figure 9C). It should also be noted that the maximum column radiative heating occurs in the equatorial region. The radiative heating rate is fundamentally determined by the incipient strength of solar radiation, while the cloud amount modulates only the regional distribution of radiation heating.
[image: Figure 9]FIGURE 9 | Linear regressions of the austral summer (DJF) mean (A) latent heat flux (W m−2), (B) sensible heat flux (W m−2), and (C) net radiative heating rate of the entire atmosphere (W m−2) during 1981–2018. The gray crosses indicate the variable anomalies above the 90% significance level by a Student t test. The solid and dashed boxes indicate the WA (108°E-coast, 28–22°S) and NWA (109–117°E, 20–15°S) coastal regions, respectively. (D) Latent heat flux, sensible heat flux and net radiative heating rate terms averaged over the NWA (blue bars) and WA (red bars) coastal regions.
CONCLUSION AND DISCUSSION
In this study, we investigated the interannual variability of Ningaloo Niño-related rainfall anomalies off the western and northwestern coasts of Australia as well as the associated dynamic mechanisms. During Ningaloo Niño events, the most pronounced rainfall enhancement occurs off the NWA coast. Over the ocean off the WA coast where the most significant SST warming prevails, the precipitation anomaly is also enhanced, but it is much smaller than that over the NWA coastal region. The remarkable enhancement of the Ningaloo Niño-related precipitation anomalies is accompanied by a decrease in low cloud cover and an increase in high cloud cover over both regions. In addition, the differences in cloud cover between WA and NWA verify the differential rainfall distribution in which deeper convections with heavier rainfall are favored over the NWA coastal region. The vertical velocity exhibits a top-heavy structure over the NWA coastal region and a bottom-heavy structure over the WA coastal region. Such vertical motions also correspond to the features of the observed rainfall and clouds.
The column-integrated MSE budget is used to investigate the atmospheric internal and external forcings of the enhanced rainfall over the NWA and WA coastal regions. The column-integrated MSE tendency consists of four major terms: horizontal MSE advection, vertical MSE advection, forcing in each atmospheric column including radiative heating and surface heat exchange, and subgrid-scale vertical transport. The results reveal that the negative horizontal MSE advection over the subtropics is the critical physical process responsible for the occurrence of the enhanced precipitation over the NWA coastal region. Although the vertical MSE advection over the WA is stronger than that over the NWA, the MSE is almost offset by the negative horizontal MSE advection, indicating that the horizontal winds prohibit the MSE recharge over the WA coastal region. Such a negative horizontal MSE advection is closely associated with the anomalous upper-level easterly blowing from the drier Australian continent to the WA coastal region. In contrast, over the NWA coastal region, the positive horizontal MSE advection, vertical MSE advection, and radiative and surface heating contribute to the MSE recharge and then induce the most enhanced precipitation there. Hence, the diverse MSE transport processes give rise to the enhanced precipitation pattern off the WA and NWA coasts during Ningaloo Niño events.
Kataoka et al. (2018) stressed the role of local intrinsic air-sea interactions in the development of the Ningaloo Niño. They revealed that a local positive SSTA enhances atmospheric deep convection and then results in more precipitation over the NWA coastal region via positive air-sea feedback. Anomalous positive precipitation enhances LH release to change the atmospheric circulation and lead to the low sea level pressure (SLP) anomalies off WA and the alongshore-northerly wind anomalies through the Matsuno-Gill response. Then, the anomalous northerly wind, in turn, enhances the warming SST in the WA coastal region. However, the present study demonstrated that the strengthened rainfall over the NWA coastal region was directly caused by internal atmospheric forcing (i.e., moisture and heat transport and direct radiative heating), which corresponds to the large-scale atmospheric anomalous circulation rather than local SH fluxes that are related to the oceanic thermal state. While the anomalous atmospheric circulation can be induced by local SSTA in the southeastern Indian Ocean (Tozuka et al., 2014; Li et al., 2019), it remains vague to separate the cause and effect of the enhanced precipitation and the Matsuno-Gill-like wind anomaly. Moreover, the background SST may also affect the rainfall pattern in which enhanced convection occurs at lower latitudes with warmer background SST. Numerical experiments are required to address the detailed processes of the convection-circulation interaction during Ningaloo Niño.
The present study suggests that the surface sensible and latent heat fluxes are negligible to moistening and heating in the entire troposphere during Ningaloo Niño events. However, the sensible and latent heat fluxes increase with the negative PC1 but decrease with the positive PC1 (not shown); hence, they are not linearly correlated with the Ningaloo Niño events. This result is similar to the asymmetric cloud-shortwave radiation-sea surface temperature feedback, which is considered to play a vital role in warming the Ningaloo Niño-related SST (Tozuka and Oettli, 2018). In addition, surface flux data from a reanalysis dataset are dubious since they are sensitive to the parameterization schemes in the numerical model. Surface heat flux data obtained by direct measurements should be used to validate this result, and an in-depth analysis of all the surface fluxes should be conducted to confirm this asymmetric relationship between the surface heat fluxes and Ningaloo Niño events. Furthermore, a variety of coastal Niño events, i.e., the Dakar Niño (Oettli et al., 2016) and the Benguela Niño (Richter et al., 2010), have been reported in recent years. A comparison of the rainfall mechanism during these coastal Niño events would be beneficial to understand the complex air-sea interaction during these events.
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Sub-seasonal variability in meridional activity of Western Pacific subtropical high (WPSH) exerts important influences on anomalous weather and climate in East Asian monsoon region. By using a sub-seasonal meridional index of the WPSH, the characteristics and atmospheric evolutions in association with the sub-seasonal meridional activity of the WPSH during boreal late summer are investigated. The meridional activity of the WPSH exhibits distinctive low frequency oscillation (LFO), with two dominant periods of 10–30 days and 40–50 days. The 10–30 days LFO is influenced by wave trains in mid-high latitudes and convection propagating from tropic. For the northward advance of the WPSH, in the high latitudes, teleconnection wave train originating from Atlantic Ocean propagates eastward, then the negative potential vortex anomalies enhance the high-level divergence in Northeast Asia. In the mid-latitudes, the 10–30 days low frequency wave train from North America propagates westward and influences the pressure field along the East Asia coast, whose energy is gained from the westerly jet through barotropic process. In the tropic, on time scale of 10–30 days, anomalous convections over the equatorial western Pacific propagate northwestward and trigger cyclone-anticyclone circulation anomalies along the East Asia coast, which in turn affect the meridional position of the WPSH. The 40–50 days LFO of meridional activity of WPSH is closely related to the convection anomalies under the interaction between Madden-Julian Oscillation (MJO) and monsoon intra-seasonal oscillation (MISO). The tropical MJO propagates eastward from the equatorial Indian Ocean to West Pacific and then propagates northward, in accompany with the northeastward propagation of anomalous convection teleconnection covering the tropical Indian Ocean-North Indian Peninsula-Northwest Pacific, resulting in the anomalous anti-cyclonic circulation over Northwest Pacific, which contributes to the northward advance of the WPSH. For the southward retreat of the WPSH, the contrary is the case in 10–30 days atmospheric LFO while relatively weaker 40–50 days atmospheric LFO does less contribution to the southward retreat of the WPSH.
Keywords: western Pacific subtropical high, meridional activity, sub-seasonal variability, low frequency oscillation, teleconnection
INTRODUCTION
Western Pacific Subtropical High (WPSH) is a warm high-pressure system located in the middle and lower troposphere over the western Pacific. The WPSH is an important member of the East Asian monsoon system, and anomalies in its position and intensity have an important impact on weather and climate in East Asia (Wu et al., 2002; Ding and Chan, 2005; Yang et al., 2010; Yang et al., 2014). Spatial distribution and persistence of rainfall belt, drought and tropical cyclone paths in East Asia are closely related to the anomalies in advance or retreat of the WPSH (Tao and Chen, 1987; Lee S. S. et al., 2013). In recent years, sub-seasonal anomalies of the WPSH have become increasingly frequent, and catastrophic events such as persistent heavy rainfall, extreme heat wave and drought have also frequently occurred in summer in China (Zhang et al., 2013). For example, in July-August of 2018, the WPSH was northernmost since 1961, leading to continuous heat waves in north China and more typhoons hitting further north in China (Ding et al., 2019). The historical extreme Meiyu in the Yangtze River-Huaihe Basin during June–July of 2020 is connected with quasi-biweekly oscillation (QBWO) of the WPSH (Liu and Ding, 2020). It can be seen that the meridional activity of the WPSH on sub-seasonal time scale distinctively affects the weather and climate anomalies in East Asia especially during summer. Studies on the sub-seasonal variability of the WPSH meridional activity are helpful to deepen the understanding of extreme climate events and support for the improvement of sub-seasonal prediction in East Asia.
Intra-seasonal oscillation (ISO) is both the strongest signal in tropical convection and an important part of global atmospheric circulation. Madden and Julian (1971) first discovered that ISO exists in tropical atmosphere, which is called Madden-Julian Oscillation (MJO). It has also been proved that ISO is widespread in subtropical and mid-high latitudes (Anderson and Rosen, 1983; Li, 1991). Compared with MJO, ISO is more complex in mid-high latitude, and it mainly propagates westward. In summer, ISO sometimes propagates eastward in high latitudes, and its propagation is highly regional (Chen et al., 1991; Huang, 1994). Different from the baroclinic vertical structure of MJO in the tropic, ISO in mid-high latitudes exhibits barotropic vertical structure, and its horizontal structure reflects the characteristics of Rossby wave train in some regions (Li et al., 1993). Global ISO can be linked through low frequency atmospheric teleconnections, thus further influencing the global weather and climate system (Li, 1991). ISO also exists in the monsoon region, called monsoon intra-seasonal oscillation (MISO, Waliser, 2006), which is closely related to the establishment, activation and interruption of monsoon (Wang, 2008). MISO propagates northward in Indian Ocean (Krishnamurthy and Shukla, 2008) and northwestward in Northwest Pacific (Lau and Chan, 1987; Nitta, 1987). Because the active region of MISO is close to the subtropics, it can affect mid-latitude ISO (Kawamura, et al., 1996) or interact with the wave trains in mid-latitudes (Ding and Wang, 2007).
WPSH, as one of the most important circulation systems in mid-latitudes, has low frequency oscillations (LFO) with periods of quasi-20 days and 30–60 days (Liu and Lin, 1990; Wu et al., 2002; Wen and He, 2002; Ding, 2007; Su et al., 2017; Yang and Li, 2020). Zonal variability of the WPSH has been pronouncedly observed on sub-seasonal time scale (Huang, 1963; Tao and Zhu, 1964; Kawatani et al., 2008), which significantly influences the location and intensity of rainfall belts in East China by affecting the transport of low-level moisture (Liu et al., 2008; Mao et al., 2010). Guan et al. (2019) put forward that the zonal variability of the WPSH is jointly influenced by EAP (East Asia-Pacific pattern, Nitta, 1987; Huang and Li, 1988) and SRP (Silk Road pattern, Lu et al., 2002) in early summer, and is mainly influenced by EAP teleconnection in mid-summer. Yang and Li (2020) revealed that the QBWO of zonal location of the WPSH is closely related to a northwestward-propagating QBWO mode over the western North Pacific. The dominant variation in meridional position of the WPSH is mainly manifested as two obvious northward jumps in summer, in accompany with two obvious sudden jumps of the East Asian summer monsoon rainfall belt, which exhibits the feature of climatological intra-seasonal oscillation (CISO, Wang and Xu, 1997) in meridional activity of the WPSH. However, the two northward jumps of the WPSH also have the characteristics of north-south swing. In other words, the WPSH always moves northward gradually in the climatologically periodic changes of north jump and south retreat (Huang, 1978; Bi, 1989). Sea surface temperature (SST) anomaly in Indian Ocean and Pacific Ocean can indirectly lead to seasonal anomalies in the position and intensity of the WPSH by affecting convection or atmospheric heating (Yang et al., 2007; Xie et al., 2009; Wang et al., 2013). Westerlies, tropical cyclones and South Asia high can directly lead to abnormal activities of the WPSH by causing atmospheric circulation anomalies (Zhang and Tao, 1998; Zhang and Tao, 2003; Wu et al., 2002). However, current studies mainly focus on seasonal anomaly or zonal variability of the WPSH on sub-seasonal time scale. What is the mechanism of the WPSH meridional variability on sub-seasonal time scale? This issue is still unclear. Some studies suggested that the meridional position variation of the eastern Pacific subtropical high could lead to abnormal advance or retreat of the WPSH through the westward propagation of the low frequency wave train (Yu and Yang, 1995). The propagation of Rossby inertia gravity solitary wave can realize the teleconnection between the eastern and western Pacific subtropical high (Zhang et al., 2013). The WPSH is also affected by the southwest dispersion of the low frequency circulation system in the Gulf of Alaska and Sea of Okhotsk at mid-high latitude (Han et al., 2010). However, the physical processes of global atmospheric LFO affecting the meridional activities of the WPSH on sub-seasonal time scales are still unclear. Since the WPSH is an important bridge for global atmospheric anomalies to influence extreme weather and climate in East Asia (Wang, 2008), studies on the mechanism of the sub-seasonal variability of the meridional location of the WPSH can provide relevant scientific basis for sub-seasonal predictions of extreme weather and climate anomalies in East Asia. Data and Method introduces data and methods including a definition on an index of sub-seasonal meridional activity of the WPSH. The 10–30 Days Low Frequency Oscillation of Meridional Activity of WPSH and Fourty to Fifty Days LFO of Meridional Activity of Western Pacific Subtropical High investigate the atmospheric LFO in the tropical and mid-high latitudes associated with the WPSH on sub-seasonal time scale of 10–30 days and 40–50 days respectively. Conclusion and discussion are given in Conclusion and Discussion.
DATA AND METHOD
The daily circulation data including geopotential height, temperature and wind with a resolution of 2.5° × 2.5° from 1980 to 2019 are extracted from the National Centers for Environmental Prediction/Department of Energy (NCEP/DOE) Reanalysis 2 (Kanamitsu et al., 2002, https://psl.noaa.gov/data/gridded/data.ncep.reanalysis2.html). The daily mean outgoing longwave radiation (OLR) with a spatial resolution of 2.5° × 2.5° from the National Oceanic and Atmospheric Administration (NOAA) is used as a proxy for convection (Liebmann and Smith, 1996, https://psl.noaa.gov/data/gridded/data.interp_OLR.html). The low frequency components are obtained from the Lanczos band-pass (Duchon, 1979) filtered daily time series by firstly taking a 7-days running mean after removal of the daily climatology. Ridge line of the WPSH is used to determine the meridional position of the WPSH, which is specifically defined as the average latitude of the zonal wind shear line (u = 0, ∂u/∂y > 0) in the WPSH body (north of 10°N and within the range of 110°E–150°E) surrounded by 5880 geopotential meter (gpm) isoline at 500 hPa (Liu et al., 2012; Liu et al., 2019). If no 5880 gpm isoline can be found, it is defined as the average latitude of the zonal wind shear line of the WPSH surrounded by 5840 gpm.
The ridge line position of WPSH is regressed on 500 hPa geopotential height field (Z500, Figure 1A) to define a sub-seasonal meridional activity index of the WPSH (WPSH_SMI). The study focuses on the WPSH in late summer (July–August), due to the relatively smaller amplitude of the sub-seasonal component in the meridional variation of WPSH during early summer (June) (Su et al., 2017). It is found that in East Asian coastal area-West Pacific region, the dipole distribution of geopotential height anomalies on both the north and south sides of 30°N has the most significant impact on the meridional activity of the WPSH. By choosing the central areas of the dipole distribution as the key areas, the WPSH_SMI is defined as:
[image: image]
Where, Z′ represents the low frequency component of geopotential height field at 500 hPa. The WPSH moves more northerly on sub-seasonal time scale when the index is positive. And the WPSH southward retreats when the index is negative. The correlation coefficient between the WPSH_SMI and ridge line location of the WPSH is 0.71, which is statistically significant at a 0.01 level according to a Student’s t test. Therefore, the WPSH_SMI can be used to represent the sub-seasonal meridional activity of the WPSH.
[image: Figure 1]FIGURE 1 | (A) Regressions of 500 hPa geopotential height (unit: gpm) onto ridge line index of WPSH during July-August of 1980–2019 (The dots denote the areas statistically significant at the 0.05 level, and the black box indicates the key areas for the index of WPSH_SMI). (B) Power spectra of the WPSH_SMI, with Markov red noise spectrum (red line) and spectrum significant at the 0.05 level (green line).
Two LFO periods (10–30 days and 40–50 days) in the WPSH_SMI are clearly illustrated by the power spectrum (Blackman et al., 1960) analysis (Figure 1B), which is similar with the period of 10–40 days in the zonal location variability of the WPSH (Guan et al., 2019). Further wavelet analysis (Morlet et al., 1982) of the daily WPSH_SMI shows that the WPSH_SMI has a period of 10–30 days (with variance contribution rate 28%) every year (figure omitted). In comparison with the 10–30 days LFO, the impact of 40–50 days LFO is much smaller, accounting for 2% of the variance of the WPSH_SMI. And there are 22 years with 40–50 days LFO during the 40 years from 1980 to 2019. The 10–30 days and 40–50 days LFO components are filtered out from the daily WPSH_SMI (hereafter called WPSH_SMI_10-30d and WPSH_SMI_40-50d respectively) to carry out phase composite analysis. Each cycle of LFO is divided into 8 phases. Phase 1 (5) represents the minimum (maximum) index corresponding to the southernmost (northernmost) position of the WPSH on sub-seasonal time scale. Phase 3 (7) indicates that the WPSH is shifting from south (north) to north (south). Phase 2 and 8 (4 and 6) represent about half of the minimum (maximum) value of the index.
The three-dimensional wave activity flux W defined by Takaya and Nakamura (2001) is used to diagnose the energy dispersion characteristics of Rossby waves in association with the WPSH_SMI.
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Where, [image: image] is the wind speed, [image: image] is the atmospheric stability parameter, Cp is the constant pressure specific volume, [image: image] is the climate average zonal wind, meridional wind and temperature field, R is the ideal air constant, f is the geostrophic parameter, p is the air pressure, [image: image] is the derivative of [image: image] with respect to p, and ψ′ is the disturbance flow function.
The barotropic energy conversion (CK) is also applied in this study. It is computed as follows (Simmons et al., 1983):
[image: image]
Where, [image: image] are climate mean zonal and meridional wind field respectively, σ is atmospheric stability parameter, u′, v′, T′ correspond to the regressed sub-seasonal elements onto the sub-seasonal meridional activity index of WPSH.
THE 10–30 DAYS LOW FREQUENCY OSCILLATION OF MERIDIONAL ACTIVITY OF WESTERN PACIFIC SUBTROPICAL HIGH
Related Mid-latitude 10–30 Days Intraseaonal Source
The 5880 isoline of geopotential height at 500 hPa is usually used to represent the boundary of the WPSH. Figure 2 shows the evolution of 5,880 isoline for eight phases in one cycle of WPSH_SMI_10-30d. From phase 1 to phase 5, the WPSH gradually moves northward. And the ridge line of the WPSH reaches near 32.5°N at phase 5, with 10 latitudes northward advance from phase 1. From phase 5 to phase 8, the WPSH gradually withdraws from Northwest Pacific to West Pacific, indicating that the 10–30 days oscillation of WPSH_SMI can reflect the abnormal variations in the meridional position of the WPSH on sub-seasonal time scale of 10–30 days.
[image: Figure 2]FIGURE 2 | The composites WPSH represented by 5,880 geopotential meter (gpm) at 500 hPa under phase 1–5 (A) and phase 5–8 (B) of WPSH_SMI_10-30d.
Figure 3 shows the lead regressions of 10–30 days filtered Z500 and wind at 500 hPa onto WPSH_SMI_10-30d. From leading 15 days (hereafter Lead 15 days), a 10–30 days low frequency teleconnection wave train exists over North Atlantic to East Asia via North America at mid-latitudes (30°N–60°N), which gradually propagates westward as time goes by. And the wave train along the region from North America to Northeast Asia becomes more distinctive since leading 10 days (Figure 3B). Under the influence of the westward propagation of the 10–30 days low frequency teleconnection, the positive Z500 anomalies over the central North Pacific propagate southwestward and reach Northeast Asia at Lead 0 days (Figure 3D). There is a significant teleconnection wave train along the 30°N–60°N latitude zone at Lead 0 days. And significant positive Z500 anomalies corresponding to anti-cyclonic anomalies locate over Japan-Northwest Pacific and Northeast Pacific, while significant low pressure anomalies are over the central North Pacific and North America. Meanwhile, the negative Z500 anomalies over Western Pacific and South China Sea correspond to anomalous cyclonic circulation. The dipole pattern of the 10–30 days filtered Z500 over the coastal region of East Asia and Western Pacific is favorable for northward movement of the WPSH. It is consistent with the maximum WPSH_SMI_10-30d at Lead 0 days, i.e. the northernmost position of the WPSH on sub-seasonal time scale of 10–30 days Figure 4 further shows the phase-longitude cross sections of the 10–30 days filtered Z500 averaged over 30°N–60°N. It can be obviously found that, in accompany with the westward propagation of atmospheric 10–30 days LFO wave train from North America to Northwest Pacific, the anomalous high pressure center originally locating in the central North Pacific shifts westward from phase 1. Then the maximum of positive Z500 anomalies along 120°E–150°E (Japan-Northwest Pacific) are observed at phase 5, suggesting that the WPSH reaches its northernmost position on 10–30 days sub-seasonal time scale. Therefore, the meridional 10–30 days LFO of the WPSH is directly affected by the westward propagation of the atmospheric LFO from the central North Pacific in advance of 10–15 days (about half cycle of 10–30 days LFO). It can be further found in Figure 4 that the 10–30 days low frequency circulation over the North Pacific is affected by the westward propagating low frequency wave from North America (90°W) and even North Atlantic (45°W), which is consistent with the westward propagation of the teleconnection wave train in Figure 3.
[image: Figure 3]FIGURE 3 | Lead regressions of 10–30 days filtered Z500 (shaded, unit: gpm) and wind (vectors, unit: m/s) onto WPSH_SMI_10-30d. Shaded areas and vectors represent statistically significant regressions at 95% confidence level based on Students’s t tests. The lead n d denotes that Z500 or wind anomaly leads the WPSH_SMI_10-30d by n days.
[image: Figure 4]FIGURE 4 | Phase-longitude cross section of 10–30 days filtered of Z500 (unit: gpm) along 30°–60°N (shaded regions are significant at 95% confidence level).
The 10–30 days filtered wave activity flux and stream function at 200hPa in association with WPSH_SMI_10-30d are displayed in Figure 5. At Lead 10 days, there are obvious wave activity fluxes in the subtropical Atlantic, which propagate westward at 60°W and eastward at 30°W; a high pressure anomaly develops in North America with westward wave activity fluxes. Distinct westward wave activity fluxes also cover the region from Northeast Pacific to central North Pacific. And the abnormally high pressure develops over the central North Pacific. At Lead 5 days, the 10–30 days low frequency wave activity fluxes propagate westward from the central North Pacific to Northwest Pacific. And the high pressure anomaly originally located in the central North Pacific propagates southwestward to around 160°E. Meanwhile, eastward propagating wave fluxes develop on the northeast side of the Caspian Sea. At Lead 0 days, the westward wave activity fluxes from North America to Northwest Pacific significantly enhanced, resulting in the westward propagation of the pressure anomaly from North America (at Lead 10 days) to Northeast Pacific. And the positive geopotential height anomalies from the central North Pacific propagate to Northwest Pacific. In addition, the wave activity fluxes over the subtropical Atlantic (30°W) propagate eastward (Lead 10 days) to central Siberia (Lead 5 days) through Europe, then further strengthen and propagate southeastward to influence Northeast Asia (Lead 0 days). This is in accordance with the eastward Rossby wave from the subtropical Atlantic to Northeast Asia via Europe (Liang and Lin, 2018; Liang et al., 2018). Therefore, over the mid-high latitudes, the 10–30 days LFO of the WPSH meridional activity is closely related to the wave train propagating westward from North America. And the westward wave activity over the subtropical Atlantic Ocean may have indirect impact on LFO of the WPSH meridional activity by influencing the wave activity over North America. On the other hand, the wave train propagating eastward from the Atlantic to West Siberia via Europe also exerts influences on the WPSH meridional activity on sub-seasonal time scale of 10–30 days. How does the eastward propagating wave in Eurasia influence the abnormal meridional activity of the WPSH? Tao et al. (2001) indicated that activities of troughs and ridges in westerlies can transport polar cold air to East Asia and modulate the development of the WPSH together with blocking high. Potential vortex (PV) can be used to track the trajectory of cold air, and the positive PV disturbances in the upper layer can extend downward to the middle troposphere and induce cyclonic circulation, which can downward propagate to the ground layer (Hoskins and Karoly, 1991; Shou, 2010). Figure 6 shows the evolution of the 10–30 days filtered PV in association with WPSH_SMI_10-30d. At Lead 10 days, the filtered PV showing a “+-+-” wave train is observed over North Atlantic and Eurasia at high latitudes. The positive PV anomalies in the Ural Mountains eastward move to Lake Baikal from Lead 10 days to Lead 0 days, to the east of which the negative PV anomalies propagate southeastward to Northeast Asia and Japan. And the anomalous divergence corresponding to the anomalous negative PV is conducive to the northward march of the WPSH to Northwest Pacific. In other words, the cold air reflected by the high PV expands eastward along high latitudes, and does not propagate southward directly, resulting in a northerly position of the WPSH (Zhang and Tao, 2003). In addition, the westward propagating 10–30 days low frequency PV wave train from North America to the western Pacific at mid-latitude is consistent with the 10–30 days low frequency wave train of Z500 in Figure 3. The evolution of PV and kinetic energy (KE) along 45°–65°N is given in Figure 7. With the 10–30 days LFO of the meridional activity of WPSH from phase 1 to phase 5, the PV wave train propagates eastward over the Eurasia continent. The high PV on the east of Ural Mountains propagates to Lake Baikal in phase 5, while the negative PV on the east of the high PV propagates southeastward to Northeast Asia. It can be seen from the evolution of the 10–30 days filtered KE, a large value center of KE appears in North Atlantic in 15–20 days advance of the maximum of WPSH_SMI_10-30d. It propagates eastward and arrives in Ural Mountains after about 10 days. Then the further strengthening KE propagates eastward and affects the high latitudes of East Asia (Figure 7B). The above evolution of KE further indicates that the eastward propagation of Rossby wave from North Atlantic to Northeast Asia via Eurasia can impact on the 10–30 days LFO of the WPSH. It is similar to the impacts of Rossby wave activities on evolution of the EAP events (Bueh et al., 2008) during late summer on medium-range time scale (Shi et al., 2009).
[image: Figure 5]FIGURE 5 | As in Figure 3, but for stream functions (shaded, unit: 10–6 m2s−1) and wave activity flux (vectors, unit: m2s−2) at 200 hPa.
[image: Figure 6]FIGURE 6 | As in Figure 3, but for potential vortex (PV, shaded, unit: 10–8 K s−1 kg−1) at 200 hPa.
[image: Figure 7]FIGURE 7 | (A) Phase-longitude cross section of 10–30 days filtered PV (unit: 10–8 K s−1 kg−1) at 200 hPa along 45°–65°N. (B) Time-longitude cross section of vertically integrated 10–30 days filtered kinetic energy (KE) regressed onto the WPSH_SMI_10-30d along 45°–65°N (unit: m−2s−2). Positive (negative) lagged time denotes that 10–30 days filtered KE lags (leads) WPSH_SMI_10-30d. For example, “−10” means that 10–30 days filtered KE leads WPSH_SMI_10-30d by 10 days.
As mentioned above, the meridional activity of the WPSH on 10–30 days sub-seasonal time scale is directly related to the westward propagating wave train over Pacific. What is the source of energy for this westward wave train? From the distribution of 10–30 days filtered KE in late summer (Figure 8A), it can be observed that there is large KE in North Pacific and North Atlantic with the maximum in central North Pacific, indicating that the 10–30 days low frequency disturbances in North Pacific is very active. According to the barotropic instability criterion (Kuo, 1949), if the meridional gradient of absolute vorticity of the basic flow [image: image], the disturbance is unstable. The barotropic instability region shown in Figure 8A indicates that the 10–30 days low frequency disturbance in North Pacific meets the barotropic instability condition and can obtain energy from the basic flow (Simmons et al., 1983). Along 30°–60°N, large KE shifts westward at Lead 10 days from 170°E and 140°W to 120°E, where it becomes strongest (Figure 8B). In other words, the disturbance system in mid-latitude moves westward and develops to be strongest along the coast of East Asia. Figure 8C–E further show the lead regressions of the 10–30 days filtered CK against WPSH_SMI_10-30d. At Lead 10 days, the CK with zonal distribution is gradually enhanced. At Lead 5 days, on the south side of the westerly jet, vector E directs to the north and the disturbance transports momentum to the south. On the north side of the westerly jet, vector E directs to the south. The disturbances are strengthened by obtaining energy from the westerly jet. And a large value area of CK develops over central North Pacific. Then, the disturbance in central North Pacific continues to propagate westward. And a strong disturbance center develops near Japan, where the WPSH obtains the KE, which was similar to the distribution of the vertically integral KE in Figure 8B. Therefore, the increases of KE through the barotropic process on both sides of the upper westerly jet contribute to the energy enhancement for the development and westward propagation of the 10–30 days low frequency wave train over North Pacific.
[image: Figure 8]FIGURE 8 | (A) 10–30 days filtered kinetic energy (KE, unit: m−2s−2) and meridional gradient of the absolute vorticity of the basic flow (green line, unit: m−1s−1) at 200 hPa during July–August of 1980–2019; (B) Time-longitude cross section of the vertically integrated 10–30 days filtered KE regressed onto WPSH_SMI_10-30d along 30°-60°N (unit: m−2s−2), positive (negative) lagged time denotes that 10–30 days filtered KE lags (leads) WPSH_SMI_10-30d, for example, “−10” means 10–30 days filtered KE leading WPSH_SMI_10-30d for 10 days (c ∼ e) Regressions of barotropic energy conversion (CK, shaded, unit: 10–6 W/kg), E vector (vector, unit: m−2s−2) onto WPSH_SMI_10-30d. The lead n d denotes that CK leads the WPSH_SMI_10-30d by n days. Contours denote climatological mean of zonal wind (unit: m/s) at 200 hPa during July–August of 1980–2019.
Related Tropical 10–30 Days Intraseasonal Source
The abnormal meridional activity of the WPSH is related to the northward movement of tropical convections (Zhang and Tao, 1999). Therefore, the 10–30 days filtered OLR and 850hPa wind are shown (Figure 9) to analyze the 10–30 days low frequency circulation in tropics associated with the meridional activity of the WPSH on 10–30 days sub-seasonal time scale. At phase 1 of WPSH_SMI_10-30d, anomalously active convection appears in the equatorial western Pacific, which excites a cyclonic circulation anomaly over the equatorial to tropical western Pacific through Gill response (Gill, 1980). And there is an anomalous anticyclone over the east of South China Sea and Philippines. From phase 1 to phase 5, with the northwest movement of the active convection from the equatorial western Pacific, the above anomalous cyclone-anticyclone circulation also moves northwestward and continuously strengthens. The northward shift of the anti-cyclonic circulation anomaly corresponds to the northward shift of the WPSH on 10–30 days sub-seasonal time scale. At phase 5 (Figure 9E), in accompany with the northward movement of the active convection over east of South China Sea and Philippines, the anti-cyclonic circulation on the north of the active convection moves northward to Japan - Western Pacific, which is helpful for the march of WPSH to the northernmost position on sub-seasonal time scale. Meanwhile, convection in the equatorial western Pacific is suppressed. Nitta (1987) and Hung and Li, (1988) focused on the interannual scale and suggested that if the SST in the western Pacific is warmer, the intensified convection around the Philippines will lead to the northward advance of the WPSH. It is found in this study that, the enhanced convection around the Philippines can also be conducive to the advancing of the WPSH on 10–30 days sub-seasonal scale, which is consistent with the relationship between PJ or EAP pattern and the interannual anomaly of the WPSH (Nitta, 1987; Hung and Li 1988). From phase 5 to phase 8, the active convection anomalies over the east of South China Sea and Philippines continuously shift northward. And the above anomalous cyclone-anticyclone circulation weakens. When the anomalously active convection reaches Japan and the northwest Pacific at phase 8, the above anomalous cyclone-anticyclone circulation converts to anomalous anticyclone-cyclone circulation over West Pacific. The anti-cyclonic circulation anomaly corresponding to the suppressed convection over West Pacific contributes to the southward retreat of the WPSH. Meanwhile, the convection intensifies again in the equatorial western Pacific. Since then, the evolution of above convection and circulation further affects the meridional activity of the WPSH on 10–30 days sub-seasonal time scale. Furthermore, it can be seen from Figure 10 that, on sub-seasonal time scale, with the meridional activity of the WPSH from phase 1 (corresponding to the southernmost WPSH) to phase 5 (corresponding to the northernmost WPSH), active convection over the equatorial western Pacific propagates to the northwestern Pacific where it develops to be strongest. Figures 9, 10 suggest that the northwestward propagation of the circulation anomalies coupled with the equatorial convection anomalies exert impacts on the meridional activity of the WPSH on 10–30 days sub-seasonal time scale. The northwestward propagation of convection and circulation anomalies may be related to Rossby wave maintained by coupling with deep convection (Xie and Wang, 1996). This is consistent with the conclusion of Hsu and Weng (2001) and Yang and Li (2020) on LFO propagation in Western Pacific.
[image: Figure 9]FIGURE 9 | The composite 10–30 days filtered OLR (shadings, unit: W/m2) and 850 hPa wind (vectors, unit: m/s) at 8 phases of WPSH_SMI_10-30d. The dotted Shadings and vectors are statistically significant at 0.05 level.
[image: Figure 10]FIGURE 10 | As in Figure 4, but for the evolution of OLR (unit: W/m2) along a tilt section from (160°E, 0°N) to (130°E, 30°N).
FOURTY TO FIFTY DAYS LOW FREQUENCY OSCILLATION OF MERIDIONAL ACTIVITY OF WESTERN PACIFIC SUBTROPICAL HIGH
In addition to 10–30 days LFO, quasi 40–50 days LFO also exhibits in the meridional activity of the WPSH. Similar analysis with those in The 10–30 Days Low Frequency Oscillation of Meridional Activity of Western Pacific Subtropical High are conducted to investigate the anomalous atmospheric circulation associated with quasi 40–50 days LFO of the meridional activity of the WPSH. Figure 11 shows the evolution of the WPSH from phase 1 to phase 8 during a 40–50 days LFO cycle. As can be seen in Figure 11A, the WPSH moves northward by about 10 latitudes from phase 1 to phase 5. At phase 5, the WPSH advances to the northernmost position, i.e., from the Northwest Pacific to the southeast of the Sea of Japan, corresponding to the development of Ogasawara High Pressure. From phase 5 to phase 8, the WPSH gradually retreats southeastward, and reconnects with the eastern main body of Pacific subtropical high.
[image: Figure 11]FIGURE 11 | As in Figure 2, but for WPSH_SMI_40-50d.
Figure 12 shows the evolutions of the 40–50 days filtered OLR and 850hPa wind relating to the 40–50 days LFO of the WPSH meridional activity. At phase 1, the convection over the equatorial Indian Ocean is strong, while the case is on the contrary over the western Pacific. It is consistent with the anomalous distribution of convection anomaly near the equator associated with MJO. At the same time, there is an anomalous OLR teleconnection in southwest-northeast direction ranging from the equatorial Indian Ocean to North China - Northwest Pacific Ocean via north Indian Peninsula. Under the influence of the above convection anomalies, anomalous anti-cyclonic and cyclonic circulations appear over the western Pacific and Northwest Pacific respectively, when the WPSH locates to the southernmost position on 40–50 days sub-seasonal time scale. The convection over the north of the India peninsula results in enhanced ascending motion. And the upper-tropospheric anomalous high generates and acts as a wave source near the westerly jet entrance, which then excites successive downstream perturbations propagates along the Asian jet which provides a basic waveguide (Ding and Wang, 2005). The Rossby wave propagates eastward and accumulate in the jet exit region, resulting in an anti-cyclonic anomaly near North Pacific (Enomoto et al., 2003). From phase 1 to phase 3, the anomalous convection center eastward propagates from the equatorial Indian Ocean to the equatorial western Pacific, and then propagates northwestward to the western Pacific at phase 5, while the convection in Northwest Pacific is suppressed. Meanwhile, the teleconnection of convection anomalies over the Indian Ocean - North Indian Peninsula - North China - Northwest Pacific gradually propagates northeastward from phase 1 to phase 5. At phase 5, the convection anomalies over the equatorial Indian Ocean move to north Indian Peninsula, while the convection over North China - Northwest Pacific is suppressed. Therefore, under the combined effects of the propagation of tropical convection associated with MJO and the teleconnection over Indian Ocean - Northwest Pacific, the convection over Northwest Pacific is significantly inactive, which is conducive to the emergence of anti-cyclonic circulation and the northernmost location of the WPSH. The above-mentioned northward advance process of the WPSH on 40–50 days sub-seasonal time scale reflects the characteristics of the convection anomalies under the interaction between MJO and MISO (Waliser, 2006; Wang, 2008). The convection anomalies during the process of 40–50 days LFO of the meridional activity of WPSH are similar to the convection activities of BSISO (Lee J.Y. et al., 2013). From phase 5 to phase 8, the convection and the low-level circulation anomaly over Western Pacific gradually weakens. Active and suppressed convection anomalies reappear over the equatorial Indian Ocean and Western Pacific respectively, which is beneficial to generating anti-cyclonic circulation anomaly over the western Pacific and southward retreat of the WPSH. Compared with the northward advance of the WPSH, the 40–50 days LFO has a weaker influence on the southward retreat of the WPSH. 10–30 days atmospheric LFO has significant influences on the southward fall of the WPSH (Figure 10), indicating that the southward retreat of the WPSH is dominated by LFO on a shorter sub-seasonal time scale.
[image: Figure 12]FIGURE 12 | As in Figure 9, but for 40–50 days filtered.
CONCLUSION AND DISCUSSION
Conclusion
The characteristics and mechanisms of the meridional variation of the WPSH on sub-seasonal time scales are investigated in this study by using NCEP/DOE daily reanalysis data from 1980 to 2019. An index (WPSH_SMI) is defined by the difference of Z500 anomalies over Northwest Pacific and tropical West Pacific on sub-seasonal time scale to describe sub-seasonal meridional activity of the WPSH. The meridional activity of the WPSH exhibits distinct LFO with periods of 10–30 days and 40–50 days. The physical processes for the global atmospheric LFO affecting the meridional activity of the WPSH on sub-seasonal time scales of both 10–30 days and 40–50 days are found. By taking the northward advance of the WPSH as an example, Figure 13 depicts the schematics for the atmospheric LFO in association with the meridional activity of the WPSH on sub-seasonal time scale. On time scale of 10–30 days, the PV wave train eastward propagates from the North Atlantic Ocean to central Europe in the high latitudes, then the positive and negative PV anomalies in Ural Mountains and Baikal Lake respectively propagate southeastward, resulting in the divergence anomaly over Northwest Pacific. In the mid-latitudes, the westward propagation of 10–30 days low frequency wave train from central North Pacific, with energy acquired from the westerly jet through barotropic process, exerts significant influences on the pressure anomaly over Northwest Pacific to the coastal region of East Asia. And the 10–30 days low frequency disturbance in central North Pacific is enhanced by the westward propagating wave from North America to North Pacific along 40°N, while the geopotential height anomalies over North America is also affected by the westward wave activity from the subtropical Atlantic. In the tropics, the anomalous convection in the equatorial western Pacific propagates northwestward, which results in the anomalously cyclonic and anti-cyclonic circulation dipole distribution along the coastal area of West Pacific. Due to the combined effects of LFO in the tropics and mid-high latitudes, the anti-cyclonic circulation is enhanced over the Northwest Pacific, which is beneficial to the northward movement of the WPSH to Northwest Pacific. On sub-seasonal time scale of 40–50 days, the LFO of tropical convection propagates eastward from the equatorial Indian Ocean to West Pacific and then moves northward, accompanying with the northeastward propagation of the teleconnection from the tropical Indian Ocean to the Northwest Pacific via North Indian Peninsula. Then the anti-cyclonic circulation appears in Northwest Pacific, which is conducive to the northward advance of the WPSH. The contrary is the case in 10–30 days atmospheric LFO for the southward retreat of the WPSH on sub-seasonal time scale. But relatively weaker 40–50 days atmospheric LFO does less contribution to the southward retreat of the WPSH.
[image: Figure 13]FIGURE 13 | Schematics for the atmospheric LFO affecting the meridional activity of the WPSH on sub-seasonal time scale. Red/blue hollow circles represent positive/negative Z500 wave train; black solid/dashed circle denoting positive/negative low frequency PV wave train. Yellow/blue shading ellipses denote weak/strong low frequency convective anomalies; ellipse filled with blue dotted line represents original strong low frequency convective anomaly. Green/purple arrows denote low frequency cyclone/anticyclone.
Discussion
In the process of northward advance or southward retreat, the WPSH is often accompanied with westward extension or eastward retreat, which is difficult to be completely separated. Therefore, the results on meridional activity of the WPSH in this study also inevitably include the zonal variation of the WPSH. And the index of WPSH_SMI defined in the study may have limitations to describe the sub-seasonal meridional activity of the double ridgelines of WPSH in some years (Zhan et al., 2004; Qi et al., 2010). To reduce the sensitivity of the results in the study, the ridge line index of the WPSH is also directly adopted to examine the meridional activity of the WPSH on sub-seasonal time scale. The power spectrum analysis of the ridge line of WPSH also reflects both 10–20 days and 35–45 days LFO in the meridional activity of the WPSH (not shown), which is similar with the WPSH_SMI index defined in this study. And the LFO period over 20 days has also been concerned in a few studies (Tao et al., 2001; Guan et al., 2019; Yang et al., 2020). Meanwhile, in the mid-latitudes, a 10–30 days low frequency wave train of geopotential height from the subtropical Atlantic Ocean and propagating westward to the East Asia. And the westward propagating wave activity fluxes also exist over the subtropical Atlantic Ocean, North America and Pacific. Therefore, similar results can be required in different index for the meridional activity of the WPSH on sub-seasonal time scale. Thereinto, the westward propagating wave train may be related to the β effect which plays a key role in the mid-high latitude (Kushnir, 1987; Lau and Nath, 1999). As suggested by Doblas-Reyes et al. (2001), the westward propagating perturbations have a maximum power over the Atlantic. In the study, the LFO geopotential height anomaly over North America is also affected by the northwestward propagation of the wave activity over the subtropical Atlantic. The associating internal mechanism for the westward propagation of LFO from the subtropical Atlantic Ocean needs further study.
A circumglobal teleconnection (CGT) pattern and a western Pacific-North America (WPNA) teleconnection in association with anomalies of Indian monsoon and western North Pacific summer monsoon respectively are observed in seasonal average height at 200-hPa during boreal summer, which are also influenced by ENSO (Ding et al., 2011). It seems that the mid-high latitude wave train in association with WPSH_SMI_10–30d has some common with the seasonal teleconnection patterns especially the WPNA. How the sub-seasonal meridional activity of the WPSH connects with CGT, WPNA and ENSO needs further research. Yang et al. (2014) has noted the eastward propagating Silk Road Pattern, which is highly similar to CGT over Eurasia in both temporal and spatial distribution could be the origin of the biweekly variations over East Asia. Meanwhile, the sources of the sub-seasonal variability originate not only from global ISO, but also from SST, soil moisture and stratosphere-troposphere interaction (Baldwin et al., 2003; Koster et al., 2010). Whether SST, land, and stratospheric dynamical processes contribute to the sub-seasonal variability of the WPSH is worth of further research. And model verification on sub-seasonal variability of the WPSH are also required for improvements of sub-seasonal prediction in East Asia.
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Based on the observational evidences that the tropical cyclones (TCs) number in the western North Pacific (WNP) in autumn is more than that in summer, this study mainly compares the disturbance of some conditions that associated with the formation of TCs between the two seasons. Results show that the most of the distributions of the disturbance field of atmospheric dynamic factor are similar, while the unique feature of the upper level geopotential height/vortex anomaly over east Asia/western Pacific sector varies greatly and may play the important role in generating more TCs in autumn. Further analyses indicate that the high-pressure/anticyclonic anomaly in autumn is originated from the north tropical Atlantic Ocean. When a cold sea surface temperature (SST) anomaly appears in north tropical Atlantic, a Rossby wave train over Eurasia continent could be induced which then leads a favorable condition for TC genesis over east Asia/western Pacific sector at upper troposphere, resulting in more WNP TCs in autumn.
Keywords: seasonal difference, western North Pacific, north tropical Atlantic sea surface temperature, Rossby wave train, tropical cyclone number
INTRODUCTION
As the most active area of tropical cyclones (TCs) in the world, the western North Pacific (WNP) generates an average of about 26 TCs annually, with about 12 TCs landing in the East Asia in the peak season (June to October) (Zhao et al., 2010; Gao et al., 2018; Gao et al., 2020b). The total population of East Asia accounts for about 25% of the world, most of which are concentrated in the southeast coast, such as the relatively developed South China. TCs have stricken these regions regularly for many years, and the TC-related disasters take up a large proportion of the natural disasters in these regions (Goh and Chan, 2010). Therefore, it is necessary to study the TC activities in the WNP.
The generation frequency and location of WNP TCs have attracted much attention for a long time (Liu and Chan, 2003; Wu et al., 2005; Zhang et al., 2016a; Zhang et al., 2016b). El Niño–Southern Oscillation (ENSO) has a significant effect on the location of TC generation in WNP, but no significant linear relationship between ENSO and TC generation frequency is found. Influence by the large-scale circulation, TCs are more likely to generate in the southeast (northwest) of WNP in the summer of El Niño years (La Niña years) (Lander, 1994; Chan, 2000; Chia and Ropelewski, 2002; Wang and Chan, 2002; Zhao et al., 2010; Zhan et al., 2011; Liu et al., 2016). The main reason is that the sea surface temperature (SST) in the west of WNP is lower than the east of WNP in El Niño years, while the SST in the west of WNP is relatively higher in La Niña years. In addition, the abnormal atmospheric circulation caused by the SST anomaly changes the generation locations of TCs. The two different ENSO modes also have different effects on the TC generation locations. Unlike in the East Pacific El Niño period, in the summer of the central Pacific El Niño period, the TC generation frequency has not shown a variation of increasing in the eastern WNP and decreasing in the western WNP. La Niña in the central Pacific inhibits TC generation in the southeast of WNP (Zhang et al., 2012; Wang et al., 2013). In recent years, some studies have pointed out that there is also a close relationship between the tropical North Atlantic (TNA) SST and WNP TC generation activity (Yu et al., 2016; Zhang et al., 2017; Huo et al., 2015; Gao et al., 2018; Gao et al., 2020b). When the cold SST anomaly occurs in TNA, the relative humidity in the South China Sea will increase and the vertical wind shear in the east of WNP will be weakened, forming three anomaly-centers of TC generation frequency in WNP.
Besides the above inter-annual signals, TC generation is also affected by other time scale signals. It is regulated by the Madden–Julian oscillation (MJO) on the seasonal scale. When the MJO-related convection center is in WNP, by modulating the relative humidity in the middle levels and the absolute vorticity in the lower levels, MJO could promote the TC generation. Moreover, the TC generation locations are mostly located to the west and north of the convection center (Kim et al., 2008; Camargo et al., 2009). On the decadal scale, the TC generation is mainly affected by the Pacific decadal oscillation (PDO), the Atlantic Multidecadal Oscillation (AMO), etc., For example, in the PDO positive anomaly year, the TCs generated in La Niña years are significantly more than that in El Niño years, especially for the strong TCs (Category-1 and above) (Girishkumar et al., 2015). Besides, the global warming also affects the TC generation.
The WNP TCs are mainly active in summer and autumn. Previous studies have shown that there are remarkable differences in the interannual variation of TC activities in these two seasons, due to the different environmental factors. The TC activity in summer is closely related to the Pacific–Japan pattern (Choi et al., 2010; Kim et al., 2012) and the Antarctic Oscillation (Wang and Fan 2007).
However, Wu and Wang (2004) found that TC activities in WNP are significantly correlated with the SST anomaly in the equatorial central and eastern Pacific only in autumn, but not in summer. Moreover, Yao et al. (2020) found that the number of TCs in autumn in the WNP showed a slight decreasing trend from 1949 to 2016. In most years, an increase in the number of autumn TCs was associated with fewer summer TCs. And the total number of TCs generated in summer is very close to that in autumn. But in fact, the monsoon trough is stronger in summer in WNP, and the convective activity is more active, which is more conducive to the TC generation. So, what determines the seasonal difference of the climatic TC generation frequency? What are the differences of the TC-generation driving factors in summer and in autumn? No relevant researches have given clear answers to the above questions, so the purpose of this paper is to show the reasons for the seasonal differences of TC generation frequency.
DATA AND METHODS
TC best track data over the WNP are obtained from the Joint Typhoon Warning Center (JTWC, https://www.metoc.navy.mil/jtwc/jtwc.html? western-pacific). The study period of this paper is 1979–2016, since the record of the WNP TCs is more reliable after 1970 with the introduction of more new technologies (Chu et al., 2002). Following the previous studies (e.g., Yu et al., 2016; Gao et al., 2018), only TCs reaching the intensity level of tropical storm or above (i.e., maximum sustained wind speed ≥ 34 kt) were included.
Monthly atmospheric variables are obtained from the National Centers for Environmental Prediction (NCEP)/National Center for Atmospheric Research (NCAR) Reanalysis data with the spatial resolution of 2.5° (Kalnay et al., 1996). Monthly SST data are acquired from the National Oceanic and Atmospheric Administration (NOAA) Extended Reconstructed Sea Surface Temperature (ERSST) version 4 (Huang et al., 2015).
To further understand the process of wave propagation, the Rossby wave source (RWS, Sardeshmukh and Hoskins 1988) and wave activity flux (WAF) are calculated. The RWS is deﬁned as
[image: image]
Where [image: image] is the absolute vorticity [image: image] is the divergent wind, obtained from velocity potential and D is the horizontal divergence [image: image]. The phase-independent WAF is calculated based on the following equation by Takaya and Nakamura (2001):
[image: image]
where an overbar and a prime represent the climatological and disturbance field, respectively; the subscripts x and y indicate the partial derivatives in the corresponding direction; [image: image] , U (u, v) and W represent the stream function, the horizontal wind and the two-dimensional Rossby WAF, respectively.
RESULTS
The annual genesis frequency of tropical storms, severe tropical storms and typhoon (TS, STS, and TY, with the maximum sustained wind speed near the center exceeding 34 kt, 48 kt and 64 kt, respectively) in four seasons is shown in Figure 1, The table in Figure 1D represents the total genesis number of TCs of each intensity over 38 years. Obviously, TCs are mainly generated in summer and autumn, while only sporadic TCs are generated in spring and winter. Not only that TCs are more likely to generate in autumn than in summer regardless of the intensity. By further binning the TC generation positions into 2.5° × 2.5° grid boxes, we found that both in two seasons TCs genesis position are mainly concentrated in the Philippine sea north of 10°N, and partly in the South China Sea and EWNP (Figures 2B,C). In the spring and winter, TCs are generated in a further south location and mostly concentrated in the east of the Philippines (Figures 2A,D). According to the above results, in this paper, we focus on the seasonality of TC number during the peak season summer and autumn (June–August and September–November).
[image: Figure 1]FIGURE 1 | Time series of the genesis frequency of TS (red bar), STS (orange bar), and TY (greenyellow bar) during four-seasons 1979–2016. Numbers of TCs forming in four seasons are shown in the upper of panel (D).
[image: Figure 2]FIGURE 2 | Climatology TC genesis density in four seasons.
In order to reveal why the total number of TCs generated in autumn is more than that in summer, we followed the previous works and explored the physical factors conducive to the genesis of TC in each layer (Yu et al.,. 2016; Gao et al., 2018; Zhang et al., 2018; Gao et al., 2020a). Figures 3, 4 show the distribution of climate mean state outgoing longwave radiation (OLR), 850 hPa wind and SST minus 27.5°C (convection temperature threshold) in summer and autumn, as well as the difference between two seasons, respectively. It is obvious that the monsoon trough in the northern part of the South China Sea and the western part of the Philippine sea in the summer is stronger. Therefore, compared with the summer, there are stronger anticyclonic circulations and corresponding higher OLR in the above TC generating areas in the autumn. While the cyclonic circulation in autumn of EWNP is stronger than that in summer, but consider the offsetting effects of the monsoon trough in both seasons, the difference of monsoon trough is able to explain the difference of the TC genesis position but not fully explain that of TC number in summer and autumn. And whether in summer or autumn, the climatological SST is always sufficient to stimulate convection in the main areas where TC activity is exuberant. However, WNP SST in autumn is generally lower than that in summer and corresponds to stronger OLR. Although in the southern part of the South China Sea, the eastern part of the Philippine sea and the WNP, the relative vorticity and OLR (can abstract from Figure 4) at the lower layers and the vertical shear of zonal wind have a slight advantage over the summer (not shown in paper), but the overall difference is not significant. Based on the above conclusions and considering the interannual disturbance, we believe that the climate state of seasonal distribution difference of physical quantity cannot well explain the TC genesis difference between these two seasons. We therefore turn our attention to the analysis of the disturbance field related to the genesis frequency of WNP TCs.
[image: Figure 3]FIGURE 3 | OLR (shaded, W/m2) and 850 hPa wind (vector, m/s) of (A,B) climate state in summer and autumn, respectively, and (C) their difference between two seasons.
[image: Figure 4]FIGURE 4 | SST (shaded, °C) of (A,B) climate state in summer and autumn, respectively, and (C) their difference between two seasons.
We regress the physical quantities of each level in summer and autumn onto the TC genesis frequency of the corresponding season, and obtain the disturbance field of each physical quantity. Results show that there is no significant difference in the distribution pattern of disturbance with the frequency of TC genesis, whether it is 850-hPa vorticity or 850–200 hPa vertical zonal wind shear (Figure 5). In the TC genesis main regions of WNP, it is characterized by the almost homogeneous positive relative vorticity anomalies throughout the region in two seasons, while the overall disturbance covers a wider range in summer, extending from 10°N to 30°N (Figures 5A,C). And in the vicinity of 20–30°N, existing a negative vertical wind shear anomaly (Figures 5B,D). Hence, we may infer that the above dynamic factors do not play the key role to the seasonality in the amount of TC genesis. The analysis of the regression field of 850 hPa geopotential height and wind can further verify this viewpoint. In WNP, there is abnormal low pressure and cyclonic circulation centered in both summer and autumn, and WNP SST also presents a large range of negative anomalies in both seasons due to the effect of northerly winds in the west part of the anomalous cyclonic on the southward transport of cold sea water at high latitudes (Figure 6).
[image: Figure 5]FIGURE 5 | Regression of 850-hPa relative vorticity (10–6 s−1) and vertical u-wind shear (m/s) (A,C) in summer and (B,D) in autumn on the TC genesis frequency. Regression coefﬁcients exceeding 90% conﬁdence level are stippled.
[image: Figure 6]FIGURE 6 | Regressions of SST (shaded, °C), 850 hPa wind filed (vector, m s−1) and geopotential height (contour, m) on the TC genesis frequency. Values above the 90% confidence level are shown for vector and stippled for SST. Contour interval is 2, to the range from 4 to 8 for orange lines, from −2 to −16 for green lines.
But when it comes to the upper troposphere things have changed. Figure 7 indicates the 200-hPa geopotential height, wind field and OLR perturbation. In this level we found that over WNP there are obvious differences of distribution of circulation. There are significant abnormal high-pressure/anticyclonic anomaly over the east Asia/western Pacific sector in autumn, which can enhance the pumping at the upper level (Figure 7B), thus the TC activity is promoted. While in the summer it is controlled by abnormal low pressure and cyclonic circulation (Figure 7A). Lu et al (2019) found that the equatorial north Atlantic SST anomaly (SSTA) can affect the circulation in northeast Asia through the eastward Rossby wave train. Therefore, in combination with the division of both high- and low-level circulation anomalies, the results suggest that the anomalous high-pressure/anticyclonic signals in the upper layer WNP in autumn are probably originated from the SSTA in the Atlantic Ocean. The anomalous low SST in the low-to mid-latitude of the North Atlantic will constrict the air column over the ocean surface. It induces the descending of upper troposphere isobaric surface near the 30°N and forms the corresponding anomalous cyclonic circulation. The anomalous signal propagate to the high latitude brings anomalous high pressure and anticyclonic circulation into being near the high latitude of the Atlantic over 30°W, 50°N. Then the signal continues to propagate in the form of eastward Rossby wave train, forming a low pressure near the 30°E, 50°N with anomalous cyclonic circulation. The wave train then splits into two branches, one of which forms a high pressure center and a cyclonic shear region around 60°E and 30°N and over the northern part of the Indian peninsula, and then the wave signal travels northeast to the region of attention. The other one passes directly through the middle and high latitude to east Asia/western Pacific region, where it cooperates with another wave train to form an abnormal high pressure along with a large range of anticyclonic circulation in situ. The anomalous circulation extends from the land to 150°E, and is matched by the abnormally high OLR distributed on the sea. Moreover, there is an extra high-pressure center near 170°E associated with the tail of wave train, which also leads favorable conditions for TC genesis in eastern WNP. While in summer, SST climate state in the Atlantic is lower than that in autumn (Figure 4C), so when there is a negative SST disturbance, the atmosphere is less sensitive, and it is difficult to form the compression of the air column. Therefore, there is no abnormal cyclone formation and meridional propagation of fluctuation signals in the Atlantic in summer. Combine the distribution form of SST and low-level wind field, the dominant disturbance pattern in summer may be the Pacific Meridional Mode (PMM) in situ (Figure 6A). In order to validate the existence of above Rossby wave train, we analyzed the autumn WAF and RWS. As shown in Figure 8 the Rossby wave source is mainly located over the east flank of the anomalous anticyclone, which is stimulated by the anomalous cyclonic circulation at the mid latitude over north Atlantic Ocean, then it travels southeastward through two ways to east Asia/western Pacific across the entire high-to mid-latitudes in Eurasia.
[image: Figure 7]FIGURE 7 | As in Figure 5, but for OLR (shaded, W/m2), 200 hPa wind filed (vector, m s−1) and geopotential height (contour, m). Contour interval is 2, 4 to the range from 2 to 6 and 10 to 22, respectively, for orange lines, and 4 to the range from −8 to −28 for green lines. The letters “A” and “C” indicate the centers of anticyclonic/cyclonic anomalies accompany with thick contours, respectively.
[image: Figure 8]FIGURE 8 | Rossby wave source (shading, 1 × 10–10 s−2), WAF (green vectors, m2 s−2, the data over south of 20°N has been masked) and regressive wind field (black and gray vectors, m s−1), calculated and abstracted from the wind field in Figure 7B. The letter “A” and “C” indicate the centers of anticyclonic/cyclonic anomalies, respectively. Black vectors denote values above the 90% confidence level.
CONCLUSION
The differences of WNP TC genesis number between summer and autumn are examined. The results show that WNP TCs were mainly generated in summer and autumn, mostly concentrated in the Philippine sea, and also distributed in the South China Sea and EWNP. However, the amount of TC generated in autumn is always more than that in summer regardless of the intensity.
Since there is no obvious advantage of the climatology physical quantities in autumn, and considering the existence of interannual disturbance, we deduced that the unique feature of the upper level high-pressure/anticyclonic anomaly over east Asia/western Pacific sector play the key role in TC-genesis difference. The disturbance fields obtained by regressing onto the TC genesis frequency of the corresponding season show that, in autumn WNP is mainly controlled by high pressure and anticyclonic anomalous circulation, while it is the opposite in summer. This distribution pattern is conducive to the formation of high-level pumping in the fall, thus promoting the genesis of TC. By comparing the disturbance pattern at high and low levels, we found that the abnormal circulation signal at the upper layer in autumn comes from north tropical Atlantic. Once a negative SSTA occurs in north tropical Atlantic, the air column will be compressed and the isobaric surface of the upper layer will be reduced, accompanied by the occurrence of middle latitude cyclonic anomaly. This middle-latitude cyclone will trigger a strong anomalous high pressure and anticyclone circulation over high latitude. Subsequently, the anomalous signal is transmitted southeastward through two ways in the form of the Rossby wave train, until a large anomalous high-pressure/anticyclonic area is formed over the east Asia/western Pacific. This theory is also verified in the analysis of RWS and WAF. While since the lower climatic SST in summer, the atmospheric response sensitivity is weak when negative SSTA occurs, which is not easy to cause air column compression. And we conjecture that the dominant disturbance signal in summer should be PMM via the distribution of SST and wind in situ.
Based on the WNP TC genesis frequency, this study found the possible relationship between seasonality of WNP TC number and north tropical Atlantic SSTA, and explained the physical process behind to some extent, which has certain guiding significance for the seasonal prediction of WNP TC number. Moreover, predecessors have found that north tropical Atlantic SST can influence WNP circulation and TC activities through Indian Ocean relay mechanism and eastern Pacific relay mechanism (Ham et al., 2013; Yu et al., 2016; Gao et al., 2018), and this study gives the possibility of the existence of another influence path, which complements the previous work. However, there are still some problems that have not been solved, such as whether the regional circulation factors that cause the location difference of TC generation between the two seasons are the same. What is the difference between the time scales and the patterns of the anomalous signals that travel eastward in the Atlantic ocean and interact with the ENSO in the Pacific Ocean in terms of WNP TC generation or landing activities? And can this seasonal difference be replicated in climate model? These problems need further study.
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The interannual relationship between the spring sea surface temperature over the western tropical Indian Ocean (WTIO SST) and summer water vapor content over Tibetan Plateau (TPWVC) enhances significantly after 1992/1993. The regressed atmospheric circulation against WTIO SST index (WTIO SSTI) for two periods is explored to explain the interdecadal variation. During ID1 (1979–1991), the center of the anomalous anticyclone is generally located eastward and the weak easterly anomalies on its southern flank transport moisture from the western Pacific to Southeast China with no effects on TPWVC. In ID2 (1994–2017), the Northwest Pacific anticyclone, the anomalous easterlies, and the subtropical high at 500 hPa all move westward and enhance significantly; thus, it forms a westward moisture transport pathway delivering the water vapor from the western Pacific into Tibetan Plateau. A possible mechanism is raised. On the one hand, the SST anomalies (SSTA) related to WTIO SSTI extend eastward from spring to summer in ID2. With the increased mean SST in the Indo-western Pacific Ocean under the global warming and the stronger mean summer SST in the eastern Indian Ocean, the positive SSTA induce the enhanced Kelvin waves and Northwest Pacific anticyclone with strong easterly anomalies during ID2. But in ID1, the SSTA related to WTIO SST confined in the western-central Indian Ocean from spring to summer excite the decreased Kelvin waves with less significant easterly anomalies due to the weaker mean SST. On the other hand, the eastward shift of tropical summer SSTA generates the increased convection and rising motion over the Southeast Indian Ocean in ID2. They enhance the easterly anomalies on the southern flank of the Northwest Pacific anticyclone and induce anticyclonic shear through the meridional circulation. As a result, the easterly anomalies shift westward to transport more moisture into Tibetan Plateau. However, in ID1, the easterly anomalies of the anticyclone cannot be strengthened with no westward shift. Therefore, the above reasons lead to the interdecadal enhancement of relationship between the spring WTIO SST and summer TPWVC.
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INTRODUCTION
The Tibetan Plateau (TP) is the highest plateau in the world with the most complex terrain. Its special mechanical and thermal force especially land–atmosphere interactions determine its unique impact on climate change (Zhao and Chen, 2001a; Zhao and Chen, 2001b; Ueda et al., 2003; Zhao et al., 2018). The TP is known as “the world water tower” (Xu et al., 2008a), where there exists the maximum water vapor content above 600 hPa in summer (Wang et al., 2009; Zhou et al., 2017; Zhou et al., 2019). The TP exerts strong effects on Asian and global water cycles, thus further impacting the Asian monsoon and water vapor distribution in the downstream regions (Xu et al., 2002; Xu et al., 2008b; Chen et al., 2012; Xu et al., 2014; Curio et al., 2015). Therefore, the water vapor over the TP not only provides necessary water source for summer precipitation in the subareas and surrounding regions of the TP (Shi and Shi. 2008; Zhou et al., 2012; Zhou et al., 2015) but more importantly, it plays a robust role in summer precipitation anomalies including some extreme events in East China especially in the middle and lower reaches of the Yangtze River (Ding and Hu, 2003; Xu et al., 2003; Shi and Shi, 2008; Xu et al., 2008b; Shi et al., 2009; Zhang et al., 2013). In addition, the TP has become an important pathway for transporting water vapor from the troposphere to the stratosphere (Ye and Wu 1998; Gettelman et al., 2004; Fu et al., 2006).
A lot of studies have examined the reasons for variations of water vapor content over the TP (TPWVC). It suggests that the Asian summer monsoons as well as the subtropical westerlies are closely related with the interannual variability of the TP moisture transportation (Webster et al., 1998; Sugimoto et al., 2008; Li et al., 2009; Schiemann et al., 2009; Xie et al., 2014). However, much more vapor enters the TP through the southern boundary, and the moisture transport is much weaker at the western boundary at summertime. Thus, it presents abundant (deficient) water vapor and precipitation in the south (north) part of the TP (Liang et al., 2006; Feng and Zhou 2012; Wang et al., 2017). The moisture over the southern TP mainly comes from Arabian Sea, the Bay of Bengal, and the western Pacific Ocean (Wang et al., 2009; Chen et al., 2012; Sun and Wang 2014). An anomalous anticyclone near the south edge of the TP is the dominant factor intensifying moisture transport from the oceans to the TP (Chen et al., 2012; Feng and Zhou 2012). Besides, the North Atlantic Oscillation (NAO) can exert an effect on the interannual variation of precipitation over the TP (Liu and Chen 2000; Liu and Yin 2001; Wang et al., 2017). As far as the decadal change is concerned, it is found that the whole TP has experienced remarkable warming (Liu and Chen 2000; Wu et al., 2007; Kang et al., 2010; Moore 2012) and wetting (Xu et al., 2008a; Zhang et al., 2017; Zhou et al., 2019) at summertime in recent decades. Gao et al. (2014) state that the interdecadal growth of TP moisture is owing to the changed location of subtropical westerly jet and enhanced Asian summer monsoon under the global warming. Zhou et al. (2019) indicate that the anomalous wave train triggered by the Atlantic SST anomalies results in the upward trend of TPWVC.
Many previous researchers have proved that the Indo-Pacific SSTA could impose profound impacts on East Asian atmospheric circulation in summer (Huang and Sun 1992; Huang et al., 2006; He and Zhu, 2015). By the means of inducing the Kelvin wave (Wu et al., 2009; Xie et al., 2009; Wu et al., 2010), positive SSTA in the equatorial Indian Ocean can give rise to a strong anomalous anticyclone over the Northwest Pacific (Chen et al., 2013; Xie et al., 2016; Tao et al., 2017; Chen et al., 2018), then affecting the water vapor transport in the lower troposphere and local precipitation (Wu et al., 2009; Wu et al., 2010; Chowdary et al., 2013; Chowdary et al., 2019). As for the TP, it is found that previous ENSO events (Li et al., 2014) and the spring SSTA in Arabian Sea (Ren et al., 2017a) could both act as precursors for the following summer moisture content in the upper troposphere of the TP. The interannual variations of TP rainfall also have a close connection with the dipole pattern of Indian Ocean SST (Bothe et al., 2010; Bothe et al., 2011). Moreover, Ji et al. (2018) reveal the relationship between spring SST in Indian Ocean and the atmospheric heat source of the TP in summer. Associated with the global warming in recent years, the interdecadal changes of Indo-Pacific SST contain not only the occurrence of ENSO modoki but also the linear warming trend of SST in the Indo-western Pacific Ocean. Both of them may lead to the interdecadal differences in the mean state of summer circulation and precipitation in East Asia (Wu and Wang, 2002; Wu et al., 2010; Wang and Mehta, 2008; Zhang et al., 2011; Kajikawa and Wang, 2012; Feng and Li, 2013; Karori et al., 2013; Zhu et al., 2014; Zhang et al., 2015). Furthermore, the interdecadal changes of relationship between the Indo-Pacific SST and precipitation in South China are also explored (Wu et al., 2012; Ren et al., 2017b).
In general, a lot of work has been done by previous studies. They focus on the interannual variation of TPWVC and its possible relationship with SST over the Indo-Pacific Ocean. They also have noticed the interdecadal change of TPWVC at mean state and put forward the possible reasons (Gao et al., 2014; Zhou et al., 2019). However, few researchers have paid more attention to the interdecadal change of relationship between TPWVC and SST. Since the spring WTIO SST are highly correlated with the summer TPWVC (Ren et al., 2017a), it is also unclear that whether their interannual relationship has undergone an interdecadal change. If it does, what factors result in this interdecadal change? Therefore, this study mainly explores the interdecadal change of the relationship between the spring WTIO SST and summer TPWVC during the different decades and its possible mechanisms.
The remaining contents of this article are organized as follows. The used datasets and principal analysis methods are introduced in Data and Methods. Results provide the all the analysis results of this paper: the Interdecadal Change on Relationship Between Spring Sea Surface Temperature Over the Western Tropical Indian Ocean and Summer Water Vapor Content Over Tibetan Plateau reveals the interdecadal change of the interannual relationship between the spring WTIO SST and the summer TPWVC; Circulation Analysis Related to the Interdecadal Change investigates the circulation anomalies relevant to WTIO SST in the different decades; the possible physical mechanisms for the changed relation during different epochs are explored in Possible Mechanism. It gives a conclusion in the final section.
DATA AND METHODS
The main dataset we used for this study is the monthly mean circulation fields at 1.5° horizontal resolution provided by the European Centre for Medium-Range Weather Forecasts Interim (ERA-Interim) reanalysis (Dee et al., 2011), including geopotential height, specific humidity, zonal and meridional winds, and vertical p-velocity. Bao and Zhang (2013) have proved the advantages of ERA-Interim reanalysis data, and it has been usually used for studying the TPWVC (e.g., Gao et al., 2014; Ren et al., 2017a; Zhou et al., 2017; Zhou et al., 2019). Additional datasets consist of the monthly SST data at a 1° × 1° global grid from Hadley Center (HadISST) (Rayner et al., 2003) and the outgoing long-wave radiation (OLR) from the National Oceanic and Atmospheric Administration (NOAA) satellite with a horizontal resolution of 2.5° (Liebmann and Smith, 1996). In this study, all the above datasets cover the period from 1979 to 2017. Summer refers to the July and August (JA), and the spring SST refers to the average SST of March, April, and May in the same year. According to the previous studies (Wang et al., 2009), July and August are the wettest month over TP, but the water vapor content in June is relatively lower. The distribution of water vapor content is consistent, and the values are roughly the same in July and August. In addition, the way in which water vapor enters TP in June is not exactly the same as that in July and August. Based on these reasons, June is not included for summer in the present work.
In this article, the water vapor content, namely, atmospheric precipitable water [image: image] (mm) over TP, refers to the calculation method provided by the previous study (Wang et al., 2009) with the following formula:
[image: image]
[image: image] = 9.8 m s−2 means the acceleration of gravity, [image: image] (hPa) means the surface pressure, [image: image] (hPa) identifies the top pressure, and [image: image] (kg·kg−1) identifies the specific humidity. As is known to all, the altitude of TP is basically beyond 600 hPa. In order to describe the features of TPWVC, if [image: image] ≥ 600 hPa, it is defined as 600 hPa and [image: image] holds the value; if [image: image]＜600 hPa, [image: image] is defined as 100 hPa. The vertical integrated specific humidity is regarded as the estimated value of TPWVC.
Referring to the previous definition (Ren et al., 2017a), the TP domain in the present study is defined at 25.5°–40.5° N, 73.5°–105° E. It shows that the maximum water vapor content of summer in the whole Northern Hemisphere is located in the southeast of the TP (figure not shown). Besides, there is a significant upward trend of SST over Indo-Pacific Ocean (Wang and Mehta, 2008) as well as TPWVC (Zhou et al., 2019) under the background of global warming. Before discussing the interdecadal change of relationship between WTIO SST and TPWVC, the impacts of upward trends are removed with the method of linearly detrended analysis (except Figures 1 and 8). Moreover, the correlation and regression analyses are applied in examining the atmospheric circulation and SSTA related to the WTIO SST and TPWVC. The Student’s t test is used for assessing the statistical significance.
[image: Figure 1]FIGURE 1 | (A) Water vapor content over the Tibetan Plateau (TPWVC) at mean state in summer (unit: mm/day), and (B) the corresponding time series averaged TPWVC (solid line indicates the average for 35 years and dashed line indicates the trend. unit: mm). Shaded areas in (A) indicate the Tibetan Plateau.
[image: Figure 2]FIGURE 2 | Distributions of the correlation coefficients between TPWVCI and the spring SST in Indo-Pacific Ocean (contours indicate values>=0.4). Shaded areas indicate correlations that have passed the test at 90% confidence level. SST averaged over the green box is calculated for WTIO SSTI.
RESULTS
Interdecadal Change on Relationship Between Spring Sea Surface Temperature Over the Western Tropical Indian Ocean and Summer Water Vapor Content Over Tibetan Plateau
Figure 1 shows the TPWVC at mean state and the corresponding time series averaged TPWVC in summer. It presents that the maximum TPWVC exceeds 13 mm in the southeast of TP, and it gradually decreases from southeast to northwest (Figure 1A). Besides, it shows the significant upward trend in the time series of TPWVC (Figure 1B). To eliminate the effects of linear trends, we define the linearly detrended and standardized time series in Figure 1B as summer TPWVC index (TPWVCI) for the following analyses.
In order to describe the relationship between the summer TPWVC and the spring WTIO SST, the temporal correlation coefficients between TPWVCI and SST over Indo-Pacific Ocean are calculated in Figure 2. The correlation coefficients present a consistent pattern with positive correlation in the South China Sea and the whole northern India. It indicates that warm (cold) ocean water in spring is associated with more (less) TPWVC in summer. The coefficients are much higher and present a broader shape exceeding 0.5 in the western tropical Indian Ocean. For clearly illuminating the relationship between TPWVC and WTIO SST, the standardized averaged spring SST over Indian Ocean where correlation coefficients are the highest at 5° S–20° N, 40°–75° E (green solid box in Figure 2) is defined as the WTIO SST index (WTIO SSTI).
[image: Figure 3]FIGURE 3 | Time series of WTIO SSTI (red line, left coordinate), TPWVCI (blue line, left coordinate) and 11-year sliding correlation coefficients between WTIO SSTI and TPWVCI (black bar, right coordinate). The solid black line indicates the threshold of 90% confidence level. Green vertical line indicates the decadal change point at 1992/1993.
Figure 3 presents the time series of WTIO SSTI and TPWVCI in 1979–2017, and their correlation coefficient is 0.56 for the whole period exceeding the 99% confidence level. It indicates that the summer TPWVC is closely related to the spring WTIO SST. With the method mentioned before (Ren et al. 2017a), the 11-year sliding correlation coefficients (Figure 3) are used to investigate the interdecadal change of relationship between TPWVC and WTIO SST. It can be obviously found that there exists an interdecadal turning point of their relation at 1992/1993. It shows that the sliding correlation coefficients are quite low before 1991, which never exceed the 90% confidence level. They enhance markedly after 1993 and those of most years are significant except 2010. Here, we exclude the transition year of 1992 and 1993 in the following discussion to better distinguish the two decades. Thus, the former period from 1979 to 1991 is defined as ID1, and the latter period from 1994 to 2017 is defined as ID2. In ID1, the correlation coefficient between WTIO SSTI and TPWVCI is 0.35, not passing the test at 90% confidence level, which means weak positive interannual relation between summer TPWVC and spring WTIO SST. Comparatively, it increases remarkably to about 0.63 for ID2, exceeding the 99% confidence level. The interdecadal changes of above correlation coefficients imply that the spring WTIO SST and summer TPWVC develop a much closer interannual relationship in the latter epoch.
[image: Figure 4]FIGURE 4 | Distributions of the correlation coefficients between the spring SST and TPWVCI for (A) ID1 and (B) ID2, (C) and (D) are same as (A) and (B) but for the correlation coefficients between the summer water vapor content and WTIO SSTI. Contours indicate values >=0.5. Shaded areas indicate correlations that have passed the test at 90% confidence level. Green boxes in (A), (B) indicate the domain of SST.
For confirming their enhanced interannual relationship, the correlation coefficients between TPWVCI and the spring SST in Indo-Pacific Ocean (Figures 4A,B) as well as those between WTIO SSTI and the summer water vapor content (Figures 4C,D) at two decades are further checked. During ID1 (Figure 4A), it shows the weak positive SST correlation coefficients against TPWVCI in the northwest of Arabian Sea and Pacific Ocean while no significant correlation signals in other ocean areas. Comparatively, for ID2 (Figure 4B), it presents significantly positive correlation in almost the whole Indian Ocean, and the coefficients exceed 0.5 in large parts of regions in Arabian Sea, the Bay of Bengal, and the Southeast Indian Ocean. The high correlation between TPWVC and the SST over most of Indian Ocean indicates that TPWVC is associated with a consistent SST mode of the spring Indian Ocean Basin (IOBM). The positive correlation has a much broader shape exceeding a 90% confidence level in the WTIO SST domain (green box in Figure 2), where there also exists the maximum positive correlation. Furthermore, in Figures 4C,D, positive correlation signals appear more significantly over the central and eastern TP during ID2, while nearly no marked correlation occurs in ID1. It also shows positive correlation coefficients over the equatorial western Indian Ocean in ID1, whereas it greatly moves eastward covering the eastern Indian Ocean in ID2. It suggests that the location of corresponding tropical convection may also experience a great interdecadal change in ID2.
[image: Figure 5]FIGURE 5 | Regressed fields of moisture transport flux at 600hPa (vectors, 10-3kg⋅m−1⋅s−1) against WTIO SSTI for (A) ID1 and (B) ID2. Thick vectors indicate areas that significant at 90% confidence level. 
Circulation Analysis Related to the Interdecadal Change
In order to explain why the interannual relationship between TPWVC and WTIO SST has undergone an interdecadal change, the regressed atmospheric circulation fields against WTIO SSTI for two periods are recognized in this part. In the following analysis, only the circulation variations caused by the positive WTIO SSTA are discussed. Owing to quite the opposite situations associated with the cold WTIO SSTA, it will not be repeated here.
At first, the moisture transportation which directly decides the distributions of water vapor content needs to be investigate. Thus, the regressed fields of the water vapor transport flux at 600hPa against WTIO SSTI are plotted in Figure 5. It shows that Northwest Pacific is occupied by the anomalous anticyclone for both ID1 (Figure 5A) and ID2 (Figure 5B) which plays an extremely important role in moisture delivery over East Asian (Wu et al., 2009; Wu et al., 2010; Chen et al., 2012; Feng and Zhou 2012). During ID1 (Figure 5A), the center of the anomalous anticyclone is generally located at 130° E. Influenced by the easterly anomalies on its southern flank over the Philippine Sea, water vapor is transported from the western Pacific to Southeast China. Meanwhile, near the equator, because of the anomalous easterlies on the southern flank of anticyclonic shear centered at the Bay of Bengal, moisture originates from the Maritime Continent regions and the western Pacific, goes through the eastern Indian Ocean, turns southwesterly over the southern Indian Peninsula, and finally impacts the South China. It has no significant effect on TPWVC in the whole process of water vapor transportation. In ID2 (Figure 5B), it presents that the Northwest Pacific anticyclone moves westward obviously with a center at about 120° E. The anomalous easterlies over the Philippine Sea enhance notably exceeding the 90% confidence level. The anticyclonic shear located to the south of TP make great contributions to the westward extended easterly anomalies. Thus, the whole part of Indo-China Peninsula, the Bay of Bengal, and Indian Peninsula are all dominated by the strengthened easterly anomalies. They are favorable for conveying a lot of water vapor westward continuously from the western Pacific. And then, those anomalous easterlies change their direction turning southwesterly over the north Indian and transport moisture into TP through the south and west edges of TP eventually significantly leading to the increase of TPWVC.
[image: Figure 6]FIGURE 6 | Same as Figure 5 but for(A, B) 850hPa winds (vectors, m⋅s-1), (C, D) 500hPa geopotential heights (contours, 2 gpm) and (E, F) 150hPa winds (vectors, m⋅s-1) during (A, C, E) ID1 and (B, D, F) ID2. Thick vectors (A, B, E, F) and shadings (C, D) indicate areas that significant at 90% confidence level.
The distributions of the regressed 850 hPa wind fields against WTIO SSTI in Figures 6A,B are similar with those of Figure 5. Compared to ID2, the anomalous Northwest Pacific anticyclone is located more eastward, and the tropical easterly anomalies would finally make an effect on the increase of water vapor content over Southeast China (not TPWVC) in ID1. During the period of ID2, the enhanced and westward moved easterly anomalies on the southern flank of anticyclone take the control of not only the Philippine Sea but also the Northeast Indian Ocean, forming a moisture transport pathway beginning from the western Pacific, going through the Indo-China Peninsula, the Bay of Bengal, and Indian Peninsula, and finally reaching the TP. Therefore, it can be concluded that the tropical easterly anomalies associated with the Northwest Pacific anticyclone exert a crucial function of increased TPWVC.
[image: Figure 7]FIGURE 7 | Same as Figure 5 but for (A, B) spring and (C, D) summer SST (contour, °C) in (A, C) ID1 and (B, D) ID2. Areas that significant at 90% confidence level are shading.
At 500 hPa geopotential height fields (Figures 6C,D), the subtropical high exhibits a remarkable interannual enhancement over the western Pacific whether in the former or the latter decade. However, in contrast to ID1, the positive center and its surrounding shaded areas exceeding the 90% confidence level of the regressed geopotential heights both markedly move westward covering TP during ID2. As a result, the positive anomalies over TP may conduct a great deal of ocean moisture to TP. The westward shift of regressed maximum geopotential heights is closely related to the anticyclonic shear located to the south of TP. The regressed upper winds at 150 hPa onto WTIO SSTI are calculated as well in Figures 6E,F. The entire TP is dominated by the westerly anomalies, and there exists an anticyclonic shear to the south of TP in the former decade. But after 1992/1993, the anomalous anticyclone presents an evidently northward movement being centered to the east of TP. It suggests that the upper divergence can be in favor of moisture convergence at the lower level over TP and then trigger the increase of TPWVC.
Possible Mechanism
Based on the above analysis of regressed circulation linked to the spring WTIO SST during two epochs, one question would be addressed that how the preceding warm SSTA makes an effect on producing the enhanced summer Northwest Pacific anticyclone and tropical easterly anomalies for two periods. The reason for the westward shift of anomalous easterlies also should be explained. Therefore, the regressed SST over Indian Ocean in spring and summer (Figure 7), OLR, and meridional vertical wind fields averaged 90°–110° E in summer against WTIO SSTI are plotted (Figure 9). Moreover, Figure 8 shows the zonal temporal distributions of mean SST and its anomalies near the equator (averaged 15° S–15° N) from 1979 to 2017.
[image: Figure 8]FIGURE 8 | Meridional temporal distributions of mean SST (A, B) and anomalies (C, D) averaged 15°S-15°N from 1979 to 2017 (contours and shadings, °C)
[image: Figure 9]FIGURE 9 | Same as Figure 5 but for summer (A,B) OLR (contour, W·m−2) and (C,D) meridional (m·s−1) vertical (0.01 hPa·s−1) wind (vector) averaged over 90°–110° E in (A,C) ID1 and (B,D) ID2. Areas that are significant at 90% confidence level are shading.
It displays a clear distinction of the SSTA correlated with spring WTIO SST during two decades. In spring (Figures 7A,B), the regressed positive SSTA exceeding the 90% confidence level are located in the whole North Indian Ocean and to the west of 80° E in the south part during the former epoch. In ID2, marked warm SSTA not only appear in the same regions of ID1 but also extend eastward, covering the Southeast Indian Ocean with an enhanced consistent mode of Indian Ocean Basin (IOBM). At summertime (Figures 7C,D), the significant positive anomalies of SST with a narrower scope are still confined to the western–central Indian Ocean to the west of 100° E with no obvious SSTA signals in the eastern part in ID1. Positive SSTA also occur in Northwest Pacific. However, during ID2 (Figure 7D), they have obviously weakened in the western Indian Ocean, and they keep the similar distribution with that of spring in the eastern part. In addition, SST is also positively linked to WTIO SSTI in the Northwest Pacific and the Maritime Continent. The regressed significant SSTA in summer move eastward and may provide a more important impact on circulation. Besides, for both epochs, the warm SSTA in Indian Ocean can trigger the Kelvin waves in summer. Those waves impose a profound impact on generating the anomalous Northwest Pacific anticyclone and do a great favor for moisture transportation. The enhanced SSTA in the Maritime Continent indicate the stronger Kelvin waves and the anomalous anticyclone during ID2.
In Figures 8A,B, SST is much warmer in spring than in summer over the equatorial Indo-Pacific Ocean. The regions of SST higher than 29°C in spring for ID1 only dominate the west–central Indian Ocean. They expand eastward covering the areas of 110°–180° E for ID2. The SST increases significantly over the Indo-Pacific Ocean, especially the eastern Indian and western Pacific Ocean (Figure 8C). It explains why the correlation signals of spring SST against TPWVCI (Figure 4B) are much stronger than those in summer (figure not shown). Compared to that in spring, the SST center of Indian Ocean is anchored in the east at summertime during the entire period (Figure 8B) with the seasonal decrease of maximum SST. The SST in the eastern Indian Ocean exceeds 28°C, but not in the western part. It also shows an interdecadal enhancement of SST (Figure 8D) and its broader scopes (higher than 28°C) (Figure 8B) over the eastern Indian Ocean and western Pacific Ocean during ID2.
Based on Figures 8C,D, it is clear that the mean SST has already enhanced from spring to summer in the Indo-Pacific Ocean for the latter epoch. Previous study has proved that IOBM has become much stronger under the background of global warming (Zheng et al., 2011; Tao et al., 2015; Hu et al., 2014). It may be associated with El Nino. The correlation coefficient between WTIO SSTI and the Nino 3.4 index of preceding winter is 0.83 and 0.81 for ID1 and ID2, respectively. Tao et al. (2015) and Hu et al. (2014) indicate that the effects of SSTA on the water vapor are nonlinear. With warmer mean SST, the same intensity of El Nino can induce the much stronger anomalous water vapor for ID2. Then, they give rise to the enhanced eastward propagating Kelvin waves and warmer tropospheric temperature, further resulting in the stronger IOBM in ID2. So the SSTA associated with WTIO SSTI already extend eastward, covering the Southeast Indian Ocean in the spring of ID2. When it turns to summer, mean SST becomes much warmer in ID2 (Figure 8D), the IOBM is still much stronger than that in ID1. As the mean summer SST in the eastern Indian Ocean is stronger than that in the western part (Figure 8B), the positive SSTA in the eastern Indian Ocean excite the enhanced Kelvin waves and Northwest Pacific anticyclone with increased easterly anomalies during ID2. In turn, they also help maintain the SSTA of the eastern Indian Ocean by the easterly anomalies. In addition, the intensity of mean SST has obviously decreased in contrast with that in spring (Figures 8B), resulting in the weakened IOBM. Therefore, the warmer SSTA can be easier to continuously exist in the eastern Indian Ocean and gradually decrease in the west. However, the SST at mean state of ID1 are still relatively weaker in summer and located to the west. The SSTA in Figure 7C trigger the decreased Kelvin waves with less significant easterly anomalies. The SSTA related to WTIO SST keep staying in the western–central Indian Ocean with a slightly narrower scope. Therefore, the SSTA during summer connect with the spring WTIO SST are totally different for the two periods.
The distributions of regressed OLR onto WTIO SSTI are plotted to illuminate the corresponding characteristics of convection anomalies (Figures 9A,B). During the former period (Figure 9A), it exhibits a triple pattern (negative-positive-negative from west to east) over the tropical Indo-Pacific Ocean. Corresponding to the significant positive SSTA, the enhanced convection with anomalous ascending motion is induced in the western Indian Ocean, and then the anomalous zonal vertical circulation is driven. As a result, it produces the decreased convection with sinking branch over the Southeast Indian Ocean centered around 100° E and makes low-level easterly anomalies mainly confined to the equatorial Indian Ocean (Figure 6A). Due to the further south position of these easterly anomalies, more water vapor cannot be conveyed into TP. The convective subsidence is strengthened in Northwest Pacific because of the anticyclone triggered by Kelvin waves, but it only reaches 120° E to the west (Figure 9A). Besides, vertical wind fields averaged 90°–110° E in summer against WTIO SSTI are checked to study the local meridional circulation (Figures 9C,D). As the downdrafts occur over the Southeast Indian Ocean, upward movement is stimulated from 5° N to TP (Figure 9C). It indicates that the Northwest Pacific anticyclone is located eastward.
By comparison, during the period of ID2 (Figure 9B), the anomalous convection presents a tropical opposite pattern in Indo-Pacific Ocean with notably enhanced rising motion over the Southeast Indian Ocean and the Maritime Continent, and marked sinking branch over the central Pacific. On the one hand, the ascending branch response to the intense positive SSTA in the Southeast Indian Ocean and the Maritime Continent (Figure 7D) drives the strengthened anomalous zonal vertical circulation. It gives rise to the tropical subsidence in the central Pacific around 160° E. Thus, the anomalous easterlies that are responsible for the moisture transport are significantly induced from the eastern Indian Ocean to the western Pacific (Figure 6B), strengthening the easterly anomalies on the southern flank of the Northwest Pacific anticyclone. On the other hand, the updrafts over the Southeast Indian Ocean and the Maritime Continent also trigger the local meridional circulation, which results in the downdrafts just located to the south of TP from 15° to 25° N (Figure 9D). The induced anticyclonic shear by the downdrafts over there can lead to the westward shift of easterly anomalies on the southern flank of the Northwest Pacific anticyclone reaching the Bay of Bengal and the Indian Peninsula, and then turning southerly anomalies to transport the moisture to TP.
Therefore, we can put forward a possible mechanism for the enhanced relationship between WTIO SST and TPWVC drawing conclusions from the above analysis. On the one hand, under the background of global warming, the mean SST increases from spring to summer in the Indo-western Pacific Ocean, and the IOBM has become much stronger. The SSTA associated with WTIO SSTI extend eastward covering the Southeast Indian Ocean from spring to summer in ID2. With the stronger mean summer SST in the eastern Indian Ocean, the positive SSTA there induce the enhanced Kelvin waves and Northwest Pacific anticyclone with increased easterly anomalies during ID2. In turn, they help maintain the SSTA of the eastern Indian Ocean by the easterly anomalies. However, owing to the weaker mean SST, the SSTA related to WTIO SST keep staying in the western–central Indian Ocean from spring to summer trigger the decreased Kelvin waves with less significant easterly anomalies during ID1.
On the other hand, it suggests that positive SSTA are more likely to induce the much stronger convection with anomalous ascending motion over the eastern part of Indian Ocean in summer for ID2. It drives the strengthened anomalous zonal vertical circulation and induces the anomalous easterlies on the southern flank of the Northwest Pacific anticyclone which are responsible for the moisture transport. Furthermore, it results in the downdrafts and triggers anticyclonic shear to the south of TP through the meridional circulation. Finally, the increased easterly anomalies of the Northwest Pacific anticyclone shift westward across the Bay of Bengal to transport the moisture to TP. But in ID1, downdrafts occur over the Southeast Indian Ocean with upward movement in the western Indian Ocean. The triggered zonal vertical circulation cannot strengthen the easterly anomalies in the south of the weaker Northwest Pacific anticyclone. The induced rising motion to the south of TP cannot help the Northwest Pacific anticyclone move westward. Finally, it leads to easterly anomalies confined in the equatorial Indian Ocean with no effects on TPWVC in ID1. Results from the above reasons, the easterly anomalies responsible for transporting moisture to TPWVC shift westward and finally lead to the enhanced interannual relationship between the spring WTIO SST and summer TPWVC after 1992/1993.
CONCLUSIONS
The interdecadal variation of interannual relationship between the spring WTIO SST and summer TPWVC is mainly studied in this article. The sliding correlation coefficients show that their relation enhances significantly after 1992/1993. Thus, the former period from 1979 to 1991 is defined as ID1, and the latter from 1994 to 2017 is defined as ID2. In ID1, the correlation coefficient between the spring WTIO SSTI and summer TPWVCI is 0.35 not passing the test at 90% confidence level, indicating their weak positive interannual relation. Comparatively, it increases obviously to about 0.63 for ID2 exceeding the 99% confidence level.
The regressed atmospheric circulation fields against WTIO SSTI for two periods are investigated. During ID1, the center of the anomalous anticyclone at 850 hPa is generally located eastward at 130° E. Influenced by the easterly anomalies on its southern flank, water vapor is transported from the western Pacific Ocean to Southeast China, but it has no significant effect on TPWVC. In ID2, the Northwest Pacific anticyclone moves westward significantly. The anomalous easterlies on its southern flank enhance notably and shift westward with the effects of the anticyclonic shear to the south of TP. Thus, the easterly anomalies transport a lot of water vapor westward continuously from the western Pacific; go through the Indo-China Peninsula, the Bay of Bengal, and Indian Peninsula; and eventually reach TP significantly leading to the increased TPWVC. Besides, the enhanced subtropical high at 500 hPa in summer over the western Pacific also markedly move westward during ID2, conducting a great deal of ocean moisture to TP. At 150 hPa wind field, the anomalous anticyclone to the south of TP in ID1 move northward to be centered at Southeast TP in ID2. The upper divergence of TP can do a favor for moisture convergence at the lower level and finally trigger the enhancement of TPWVC. Given that the easterly anomalies of the Northwest Pacific anticyclone are of great significance to moisture transportation, their westward movement and increased intensity during ID2 eventually lead to the enhancement of TPWVC.
A possible mechanism is raised for explaining the enhancement and westward shift of easterly anomalies related to the spring WTIO SST in ID2. On one side, the mean SST increases from spring to summer in the Indo-western Pacific Ocean under the global warming. The SSTA linked with WTIO SSTI extend eastward, covering the Southeast Indian Ocean from spring to summer in ID2. With the stronger mean summer SST in the eastern Indian Ocean, the positive SSTA induce the enhanced Kelvin waves and Northwest Pacific anticyclone with increased easterly anomalies during ID2. But in ID1, the SSTA related to WTIO SST confined in the western–central Indian Ocean from spring to summer excite the decreased Kelvin waves with less significant easterly anomalies due to the weaker mean SST. On the other side, because the positive summer SSTA are located in the eastern/western Indian Ocean, the increased/decreased convection and rising/sinking motion are induced over the Southeast Indian Ocean in ID2/ID1. It gives rise to the downdrafts/updrafts in Central Pacific to enhance/weaken the easterly anomalies on the southern flank of the Northwest Pacific anticyclone. Furthermore, it can result in the downdrafts/updrafts to the south of the TP by inducing the local meridional circulation for ID2/ID1. It further generates the anticyclonic shear over there resulting in the westward shift of the easterly anomalies to transport more moisture into TP in ID2 compared with no obvious westward shifted easterly anomalies of anticyclone and no vapor transportation to TP in ID1. As a result of the above reasons, the interannual relationship between the spring WTIO SST and summer TPWVC has significantly enhanced after 1992/1993.
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In addition to tropical cyclones (TCs) locally formed in the South China Sea (SCS), there are also TCs that initially form over the Northwest Pacific (NWP) and move westward to enter the SCS (often called nonlocal TCs). It is unclear how those nonlocal TCs are modulated by the intraseasonal climate variability. In this study, the impacts of two types of intraseasonal oscillations, namely the Madden–Julian Oscillation (MJO) and the quasi-biweekly oscillation (QBWO), on nonlocally formed TCs over the SCS in summer (May–September) are analyzed based on best-track TC data and global reanalysis during 1979–2018. Results show that in the convective phases of both MJO and QBWO, the western Pacific subtropical high shifted more eastward, and more TCs entered the SCS. This is mainly because more TCs formed in the NWP in the convective phases of intraseasonal oscillations and the genesis locations of the NWP TCs shifted westward and closer to the SCS. In addition to TC count, intraseasonal oscillations also affected the intensity of nonlocal TCs entered the SCS, with the influence of QBWO being more significant than MJO. In the convectively active phases of QBWO (phases 2–5), 34 nonlocal TCs reached typhoon intensity, while only two nonlocal TCs reached typhoon intensity in the convectively inactive phases (phases 1, 6, 7, 8). Further analysis indicates that nonlocal TCs often moved with the northwestward propagating convective signals of QBWO, resulting in more and stronger TCs that entered the SCS in the convective phases of QBWO. The mean location that the nonlocal TC entered the SCS also shifted northward with the northward propagation of intraseasonal oscillations.
Keywords: South China Sea, tropical cyclones, Madden-Julian oscillation, quasi-biweekly oscillation, western pacific subtropical high
INTRODUCTION
The South China Sea (SCS) is affected by two types of tropical cyclones (TCs) based on their genesis locations, namely, TCs locally formed over the SCS (local TCs) and TCs formed over the Northwest Pacific (NWP) and moved westward to enter the SCS (nonlocal TCs). The impacts of intraseasonal oscillations, namely the Madden–Julian oscillation (MJO, Madden and Julian, 1971, Madden and Julian, 1972) and the quasi-biweekly oscillation (QBWO, Jia and Yang, 2013), on local TCs in summer over the SCS were investigated by Ling et al. (2016). The results show that more (less) TCs formed in the convectively active (inactive) phases of intraseasonal oscillations, and the genesis locations shifted northward with the northward propagation of the convective signals of intraseasonal oscillations. Both MJO and QBWO also played an important role in modulating the tracks of the eastward moving TCs. Compared with local TCs, nonlocal TCs are more frequent and often stronger and vary out-of-phase with local TCs in summer over the SCS (Ling et al., 2015). Both local and nonlocal TCs can affect the ocean stratification, circulation, and primary production in the SCS (Chu et al., 2000; Lin et al., 2003; Wang et al., 2009; Ling et al., 2011; Wang et al., 2014) while the activity of nonlocal TCs has not been extensively investigated, in particular their modulations by intraseasonal variability.
The impacts of MJO on NWP TCs have been extensively studied. The results show that the TC genesis is enhanced (suppressed) in the convective (non-convective) phases of MJO (Liebmann et al., 1994; Kim et al., 2008; Li and Zhou 2013a; Zhao et al., 2015a; Zhao et al., 2015b). In addition to the genesis frequency, MJO can also modulate the genesis location of TCs over the NWP (Kim et al., 2008; Li and Zhou 2013a). Li et al. (2012) found that the modulation of MJO on TCs over the NWP is enhanced during El Nino events. Li and Zhou (2013a, b) studied the impact of both MJO and QBWO on NWP TCs. Their results show that TC genesis is enhanced (suppressed) in the convective (non-convective) phases of QBWO, the TC genesis location shifts northwestward with the northwestward propagation of the convective signals of QBWO, and the impact of QBWO on NWP TCs is often modulated by MJO. They also showed that both MJO and QBWO can modulate the motion of NWP TCs and significantly affect TC landfall locations. Zhao et al. (2015a) also investigated the influence of the MJO and QBWO on the genesis of NWP TCs and found that the low-level absolute vorticity and the mid-level relative humidity are two key factors by which intraseasonal oscillations modulate tropical cyclone genesis. Shi et al. (2019) found that the QBWO can modulate the supper typhoon tracks over the NWP by changing the steering flow. In the decline (mature) stage of QBWO, an anticyclonic circulation covers the entire WNP and SCS (mid-eastern NWP), which is favorable for typhoons move westward (eastward).
Nonlocal TCs formed in the NWP, moved westward and entered the SCS. Most previous studies considered NWP TCs as a whole, including those over the SCS. It is unclear how the nonlocal TCs are affected by the intraseasonal climate variability. In this study, we focus on the impacts of MJO and QBWO on nonlocal TCs in summer over the SCS. We will show that both MJO and QBWO can significantly affect the genesis frequency and location, intensity and motion of nonlocal TCs over the SCS. The rest of the paper is organized as follows. “Data and Methodology” section briefly introduces the data and method used in this study. The impacts of MJO and QBWO on the activity of nonlocal TCs over the SCS are discussed in “Results” section. The major results are summarized in the last section.
DATA AND METHODOLOGY
The best track TC data during 1979–2018 were obtained from the Japan Meteorological Agency, which includes six hourly TC location (longitude and latitude of each TC center), minimum central sea level pressure, and 10-min mean maximum surface wind speed (available for TCs with maximum surface wind speed equal to or greater than 35 knots). The European Centre for Medium-range Weather Forecasting Interim reanalysis data (ERA-Interim, Dee et al., 2011), including geopotential height at 500 hPa and winds from 300 to 850 hPa during the period 1979–2018 were used to calculate the steering flow and intraseasonal variability. The steering flow used in this study is defined as the mass-weighted mean flow between 300 and 850 hPa (Holland 1983). The ERA-Interim has a spatial resolution of 0.75° longitude × 0.75° latitude on 37 pressure levels in the vertical. The interpolated outgoing longwave radiation (OLR) dataset for the period 1979–2018 was obtained from the NOAA/OAR/ESRL/PSD, Boulder, Colorado, USA (Liebmann and Smith 1996), whose temporal and spatial resolutions are daily and 2.5° latitude × 2.5° longitude, respectively.
As done in previous studies (Kim et al., 2008; Huang et al., 2011; Jia and Yang 2013; Li and Zhou, 2013a; Li and Zhou, 2013b, Ling et al., 2016), the empirical orthogonal function (EOF) analysis was employed to get the dominant modes of MJO and QBWO in the domain of (0–30°N, 100–170°E) using the 30–60 and 10–20 days filtered OLR. Based on their respective first two principal components, the MJO and the QBWO modes are then divided into 8 phases as done in Jia and Yang (2013). In this study, the domain of SCS is referred to as 98°–121°E and 0–23°N, and the phase to which a nonlocal TC belongs is determined based on the day the TC passed 121°E and entered the SCS since this study focused on TC activity in the SCS.
RESULTS
Frequency of Nonlocal Tropical Cyclones in Different Madden-Julian Oscillation and Quasi-Biweekly Oscillation Phases
As listed in Table 1, among 591 NWP TCs (the local TCs formed over the SCS were excluded), 145 (nonlocal TCs) entered the SCS in summer during 1979–2018. Among those nonlocal TCs, 97 entered the SCS in phases 1, 6, 7, and 8 of MJO, while only 48 entered the SCS in the other four phases of MJO. In total, 110 entered the SCS in phases 2, 3, 4 and 5 of QBWO, while only 35 entered the SCS in the other four QBWO phases. Note that the phase of the nonlocal TCs is based on the day that the nonlocal TCs entered the SCS as mentioned above. As shown in Ling et al., 2016, most local TCs also formed in phases 1, 6, 7, and 8 of MJO and phases 2, 3, 4, and 5 of QBWO, indicating that both local and nonlocal TCs are active when the convective signals of MJO and QBWO are located over the SCS. The daily entering rate, defined as the daily nonlocal TC number in each phase (namely the number of nonlocal TCs divided by the days of each phase), shows a significantly enhanced activity of nonlocal TCs over the SCS in phases 7 and 8 of MJO and phases 3 and 4 of QBWO, while a significantly suppressed activity in phases 4 and 5 of MJO and phases 6, 7, and 8 of QBWO.
TABLE 1 | The number and daily entering rate (DER) of nonlocal TCs in each phase of MJO and QBWO phase.
[image: Table 1]Previous studies have shown that the motion of NWP TCs is strongly controlled by the western Pacific subtropical high (Chan and Gray 1982; Holland 1983; Harr and Elsberry 1991; Ren et al., 2008; Wang and Wang 2013). Ling et al. (2015) found that when the western Pacific subtropical high shifts eastward (westward) in summer, fewer (more) NWP TCs entered the SCS because most TCs over the NWP recurved northward (moved westward). As we can see from Figures 1 and 2, the mass-weighted steering flow between 300 and 850 hPa is favorable (unfavorable) for NWP TCs to enter the SCS when the western Pacific subtropical high shifts westward (eastward) with its associated easterlies to the south extending westward (retreating eastward). Although the western Pacific subtropical high shifts more eastward in phases 1, two and eight of MJO and phases 3, 4, and 5 of QBWO, many nonlocal TCs entered the SCS in these phases (Table 1). This is mainly due to the fact that more TCs over the NWP formed in the previous or present phases when the convective signals of MJO and QBWO were located over the NWP (Li and Zhou 2013a; Zhao et al., 2015a, Zhao et al., 2015b). As shown in Table 2, among 591 NWP TCs, 380 and 318 NWP TCs formed in phases 1, 2, 7, and 8 of MJO and in phases 2, 3, 4, and 5 of QBWO, respectively.
[image: Figure 1]FIGURE 1 | The composite OLR anomalies (color, W m−2), tracks of nonlocal TCs (white lines), the location of the western Pacific subtropical high and 300–850 hPa mass-weighted steering flow (vectors, m s−1) in each phase of MJO. Black curves denote the climatological 5,870 geopotential height at 500 hPa, the red curves denote the 5,870 geopotential height over 500 hPa in each phase of MJO. The phase of the TC is based on the day that the nonlocal TCs enter the SCS.
[image: Figure 2]FIGURE 2 | The same as in Figure 1 but for each phase of QBWO.
TABLE 2 | The number and mean genesis location of NWP TCs (excluding local TCs that formed over the SCS) in each phase of MJO and QBWO.
[image: Table 2]Comparing the percentage of the nonlocal TCs among the total NWP TCs in Figure 3, we can see that the percentages are higher in phases 5, 6, 7, and 8 of MJO and phases 1, 2, 3, and 8 of QBWO. Among those phases, the western Pacific subtropical high shifted westward relative to the climatological mean position in phases 5, 6, and 7 of MJO and phases 1 and 8 of QBWO (Figures 1 and 2), which is favorable for NWP TCs to move westward and enter the SCS (Li and Zhou 2013b; Ling et al., 2015). However, high proportion of NWP TCs entered the SCS when the western Pacific subtropical high shifted eastward in phase 8 of MJO (28.4%) and phase 3 of QBWO (27.8%), and the percentage of the nonlocal TCs among the total NWP TCs is the highest (36.7%) in phase 2 of QBWO when the western Pacific subtropical high is nearly in its climatological position. This is mainly due to the westward shift in TC genesis locations over the NWP. The TC genesis locations in phase 8 of MJO and phases 2 and 3 of QBWO significantly shift westward (above 95% confidence level), with their mean longitudes being the most westward, 139.4°E in phase 8 of MJO and 139.3, 139.6°E in phases 2 and 3 of QBWO, respectively (Table 2). Since most NWP TCs move westward or northwestward after their formation, the genesis location close to the SCS implies more TCs to enter the SCS. As shown in Figure 4, the mean genesis longitude of nonlocal TCs is more westward than that of the total NWP TCs in each phase of intraseasonal oscillations, indicating that TCs formed over the NWP close to the SCS have higher potential to enter the SCS.
[image: Figure 3]FIGURE 3 | The number of total NWP TCs (blue) and the ratio (red) of the nonlocal TCs and the total NWP TCs in each phase of (A) MJO, and (B) QBWO.
[image: Figure 4]FIGURE 4 | The mean genesis longitude for total NWP TCs (red line) and nonlocal TCs (blue lines) in each phase of MJO (A), and QBWO (B). The nonlocal TCs-G and nonlocal TCs-E denote the phases composited based on the genesis day and the day that the nonlocal TCs entered the SCS, respectively.
For nonlocal TCs in the phases composited based on the genesis day of nonlocal TCs (TCs-G), the variation of the genesis longitude of nonlocal TCs is consistent with that of total NWP TCs in different phases of intraseasonal oscillations. For MJO (Figure 4A), the genesis locations of the TCs shift eastward from phase 1 to phase 3, and then shift gradually westward from phase 3 to phase 8. Note that the genesis location of nonlocal TCs-G slightly shifts eastward in phases 6 and 7. For QBWO (Figure 4B), the genesis locations of the NWP TCs shift eastward from phase 2 to phase 7 and then shift westward from phase 7 to phase 2. The variation of the genesis location of nonlocal TCs-G is similar to that of the NWP TCs except that the genesis location of nonlocal TCs shifts westward from phase 2 to phase 4. For nonlocal TCs in the phases composited based on the day that the nonlocal TCs entered the SCS (nonlocal TCs-E), the genesis location exhibits different variation from that of the NWP TCs. Generally, the genesis location of nonlocal TCs-E shifts eastward and westward in inactive phases (phases 2, 3, 4 and 5) and active phases (phases 6, 7, eight and 1) of MJO, respectively. The genesis location of nonlocal TCs-E shifts eastward from phase 1 to phase 6 and then shift westward from phase 6 to phase 8 of QBWO. It is interesting to note that the location of the western Pacific subtropical high is most westward in phase 8 of QBWO and the genesis location of nonlocal TCs-E is also most westward, but only 4 TCs entered the SCS in phase 8 of QBWO and thus this may not be representative and no statistically meaningful.
To examine the combined effect of MJO and QBWO on the activity of nonlocal TCs over the SCS, we define phases 1 6, 7, and 8 of MJO and phases 2, 3, 4, and 5 of QBWO as active phases and the other phases as inactive phases based on the location of the ISO convective and non-convective centers and the number of the nonlocal TCs. Among 145 nonlocal TCs, 80 TCs entered the SCS in the active phases of both MJO and QBWO and 30 (17) TCs entered the SCS in the inactive (active) phases of MJO along with the active (inactive) phases of QBWO, while 18 TCs entered the SCS in the inactive phases of both MJO and QBWO, confirming that both MJO and QBWO have significant impacts on the activity of nonlocal TCs over the SCS (Figure 5). The number of nonlocal TCs in the active phases of MJO and the inactive phases of QBWO is nearly the same as that in the inactive phases of both MJO and QBWO, indicating that the activity of nonlocal TCs over the SCS is significantly suppressed in the inactive phases of QBWO.
[image: Figure 5]FIGURE 5 | Tracks of nonlocal TCs in the combined phases of QBWO and MJO. Red triangles represent the genesis locations of non-local TCs. (A) is for the active phases of both MJO and QBWO, (B) is for the active phases of MJO along with the inactive phases of QBWO, (C) is for the inactive phases of MJO along with the active phases of QBWO, and (D) is for the inactive phases of both MJO and QBWO.
Entry Location and Intensity in Different Madden-Julian Oscillation and Quasi-Biweekly Oscillation Phases
Most nonlocal TCs made landfall in the Philippines before they entered the SCS. The entry location and intensity of nonlocal TCs are two interesting parameters. As we can see from Figure 6, the mean latitude where the nonlocal TC entered the SCS (note that 121°E is defined as the eastern boundary of the SCS) ranged from 16.7 to 20.8°N in different MJO phases and ranged from 16.3 to 19.4°N in different QBWO phases. The mean latitude where the nonlocal TCs entered the SCS shifted more southward (northward) in phases 3, 4, 5, 6, and 7 of MJO and phases 1, 2, 3, and 8 of QBWO (in phases 1, 2, and 8 of MJO and phases 4, 5, 6, and 7 of QBWO). Overall, the entry location significantly shifts northward in phases 2 and 8 of MJO and phase 4 of QBWO, and southward in phase 7 of MJO, all statistically significant above 95% confidence level. The entry location varies irregularly with the MJO phase, with more northward (southward) shift when the western Pacific subtropical high shifts eastward (westward) in phases 1, 2, and 8 (phases 3, 4, 5, 6, and 7) of MJO. The entry location varies quite regularly with the QBWO phase, with the entry location shifting northward from phase 2 to phase 4, then gradually shifting southward from phase 4 to phase 8. This variation is consistent with the movement of the western Pacific subtropical high, which shifts eastward (westward) from the phase 2 to phase 4 (from phase 4 to phase 8), along with the northward propagation of convective (non-convective) signals (Figure 2). In addition, the genesis locations of NWP TCs also shifted northward with the northward shift of convective signals of QBWO (Table 2), which may also contribute to the northward shift of the entry location in the active phases of QBWO.
[image: Figure 6]FIGURE 6 | The mean latitude and its standard deviation of nonlocal TCs entering the SCS in each phase of MJO (blue) and QBWO (red). The black line indicates the mean entry location. The black dots indicate the values exceeding 95% confidence level basing on the Student’s t test.
The best-track dataset from Japan Meteorological Agency only provides the maximum wind speed equal to or greater than 35 knots, so we used the minimum sea level pressure to represent the intensity of a TC. Figure 7 shows the mean minimum sea level pressure of nonlocal TCs when they entered the SCS in each phase of MJO and QBWO, respectively. Overall, nonlocal TCs were stronger (weaker) in the active (inactive) phases of MJO and QBWO when they entered the SCS. This can be attributed to the fact that in the active (inactive) phases, the area east of the Luzon Island was dominated by large negative (positive) OLR and cyclonic (anticyclonic) circulation (Figures 1 and 2), which were favorable (unfavorable) for the development/intensification of nonlocal TCs prior to they crossed the Luzon Island. The entry intensity of nonlocal TCs is significantly enhanced in phases 4 of QBWO, while it is significantly suppressed in phases 7 and 8 of QBWO and phase 4 of MJO. The nonlocal TCs were the strongest in phases 7 and 8 of MJO and phases 3 and 4 of QBWO. As shown in Table 1, the number of nonlocal TCs is also the largest in these phases, indicating that the nonlocal TCs were active and stronger in the active phases of MJO and QBWO. However, it should be noticed that the large variability in TC intensity exists in all phases except in phases 7 and 8 of QBWO.
[image: Figure 7]FIGURE 7 | The average minimum sea level pressure (MSLP, hPa) and its standard deviation of the nonlocal TCs when they entered the SCS in each phase of MJO (red) and QBWO (blue). The black line indicates the mean entry intensity. The black dots denote the values exceeding 95% confidence level basing on the Student’s t test.
Figure 8 shows the number and ratio of nonlocal TCs for different entry intensities. For MJO (Figures 8A,C), the number of tropical depressions increased from phase 2 to phase 7, while the number of tropical storms decreased from phase 1 to phase 7. More (less) severe tropical storms and typhoons entered the SCS in the active (inactive) phases, especially the number of typhoons significantly increased in phases 7 and 8 MJO, respectively. The percentage of nonlocal TCs with typhoon intensity among the total nonlocal TCs in phases 7 and 8 of MJO are also high (38.7 and 28.6%, respectively). It should be noted that the ratio of TCs with typhoon intensity in phase 2 is the second highest (33.3%), but few nonlocal TCs (15) entered the SCS in phase 2 of MJO.
[image: Figure 8]FIGURE 8 | The number (A, B) and ratio (C, D) of nonlocal TCs of each intensity category in each phase of MJO (A, C) and QBWO (B, D).
For QBWO (Figures 8B,D), the number of nonlocal TCs peaks in phase 3 for tropical depressions and severe tropical storms, and in phase 4 for tropical storms and typhoons. The number of tropical depressions is larger in phases 1, 2, and 3, and then decreases from phase 3 to phase 5. The number of severe tropical storms decreases from phase 3 to phase 8. The number of tropical storms and typhoons increases from phase 1 to phase 4 and decreases from phase 4 to phase 8. Among all intensity categories, the intensity variation of typhoons is the largest. In the active phases (phases 2–5), 34 typhoons entered the SCS, while only two typhoons entered the SCS in the inactive phases. The ratio between the nonlocal TCs at different intensities and the total nonlocal TCs (Figure 8D) shows an out-of-phase relationship between tropical depressions and typhoons. Namely, the ratio of tropical depressions decreases (increases) from phase 1 to phase 4 (from phase 4 to phase 6), while that of typhoons increases (decreases) from phase 1 to phase 4 (from phase 4 to phase 8). It also shows that the QBWO can significantly affect the entry intensity of nonlocal TCs. The ratio of tropical storms shows an increasing trend from phase 1 to phase 8 with the two lowest values in phase 3 and phase 6, while the ratio of severe tropical storms is high in active phases except phase 2 and decreases from phase 5 to phase 8. For typhoons, the ratio increases from phase 1 to phase 4 and decreases from phase 4 to phase 8. It should be noted that the ratio of typhoons is the highest among all categories in phases 4 and about 40% nonlocal TCs can reach typhoon intensity when they entered the SCS.
To understand how the QBWO affects the entry intensity of nonlocal TCs over the SCS, we show in Figure 9 the composited 10–20 day band-pass filtered OLR and 850 hPa wind fields several days before the nonlocal TCs entered the SCS for both the active and inactive phases of QBWO. In the active phase (left panels in Figure 9), the composite OLR around the TC center was negative and the wind at 850 hPa was cyclonic. These signals moved westward with TCs and were favorable for TCs to intensify, resulting in stronger nonlocal TCs in the active phases. In the inactive phases (right panels in Figure 9), the composite OLR around the TC center was also negative but much weaker than that in the active phases. We noticed that this was probably related to TCs themselves since TCs can also significantly contribute to intraseasonal oscillations (Hsu et al., 2008). The area east of the Luzon Island was dominated by large positive OLR anomalies and anticyclonic circulation, which was unfavorable for TC intensification, resulting in relatively weaker nonlocal TCs in the inactive phases of QBWO. Overall, these results demonstrate that the impact of QBWO is more significant than that of MJO on both the number and entry intensity of nonlocal TCs over the SCS.
[image: Figure 9]FIGURE 9 | The composite 10–20 days filtered OLR anomalies (color, W m−2) and 850 hPa wind vectors (m s−1) for nonlocal TCs entering the SCS in the active (left panels) and inactive (right panels) phases of MJO. The number means the days before the date that the nonlocal TCs entered the SCS. The stippling indicates the statistical significance of OLR at the 95% CI.
Impact of Quasi-Biweekly Oscillation Convective Signals on Nonlocal Tropical Cyclone Motion
As discussed above, the QBWO can significantly affect both the number and the entry intensity and location of nonlocal TCs over the SCS. During the active phases of QBWO, the western Pacific subtropical high shifted eastward, with more nonlocal TCs affecting the SCS, which was inconsistent with previous results (Ling et al., 2015). In addition, more nonlocal TCs can reach typhoon category in the active phases of QBWO. Based on these results together with the fact that both nonlocal TCs and the convective signals of QBWO moved northwestward as a whole, we may hypothesize that TCs developed and embedded in the convective regions of QBWO could move following the convective signals of QBWO. To verify this hypothesis, we chose phase 4 as an example, in which most TCs entered the SCS and most TCs reached severe tropical storm and typhoon categories. We can see from Figure 10 that in general TCs moved with the convective signals of QBWO. The TC center was coincident with the center of the cyclonic circulation of QBWO except for day 0 when the coupled system was likely affected by the Philippine Island. When TCs were embedded in the convective signals, the strong easterly to the north of the circulation center prevented the TCs from moving northward. As a result, those TCs moved westward and entered the SCS although the western Pacific subtropical high shifted eastward. In addition, the cyclonic circulation and negative OLR were also favorable for TC intensification. This explains why about 40% nonlocal TCs in phase 4 of QBWO could reach typhoon category when they entered the SCS.
[image: Figure 10]FIGURE 10 | The composite 10–20 days filtered OLR anomalies (color, W m−2) and 300–850 hPa mass-weighted steering flow (vectors, m s−1) around the TC center for nonlocal TCs entering the SCS in phase 4 of QBWO. The number means the days before the date that the TCs entered the SCS. The red triangle represents the TC center.
CONCLUSION AND DISCUSSION
In this study, the impacts of intraseasonal oscillations, including both MJO and QBWO, on the frequency, motion and intensity of TCs that formed over the NWP and entered the SCS (nonlocal TCs over the SCS) in summer have been investigated. Results show that in general, in the active (inactive) phases of MJO and QBWO, more (less) and stronger (weaker) nonlocal TCs can affect the SCS. In the active (inactive) phases, more (less) TCs formed over the NWP with the mean genesis location closer to (far away from) the SCS, corresponding to more (less) NWP TCs to enter the SCS although the western Pacific subtropical high shifted eastward (westward). The area east of the Luzon Island was dominated by negative (positive) OLR anomalies and low-level cyclonic (anticyclonic) circulation in the active (inactive) phases, leading to stronger (weaker) TCs to enter the SCS. Compared with MJO, the effect of QBWO on the entry intensity of nonlocal TCs is more significant. An interesting result is that nonlocal TCs moved with the convective signals of QBWO, which thus imposed a more significantly effect on the intensity of nonlocal TCs. In addition to the number and entry intensity, intraseasonal oscillations also affected the entry location of nonlocal TCs over the SCS. Generally, the entry location shifted northward (southward) in active (inactive) phases of the two intraseasonal oscillations. With the northward propagation of the convective (non-convective) signals of QBWO, the entry location of nonlocal TCs shifted northward (southward), which is consistent with the eastward (westward) shift of the western Pacific subtropical high.
Since most nonlocal TCs made landfall over the Philippines before they entered the SCS, results from this study thus indicate that intraseasonal oscillations, especially the QBWO, can significantly affect the landfall location and intensity of nonlocal TCs over the Philippines. This may be helpful for forecasting landfall TCs over the Philippines and also the intensity of nonlocal TCs entering the SCS since most strong TCs making landfall in South China are nonlocal TCs with relatively large size after they cross the Philippines (Chou et al., 2011). Therefore, monitoring the activity of intraseasonal oscillations is of great importance to accurate prediction of TC activity over the SCS and their impact on Southeast Asia.
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A daily East Asia–Pacific teleconnection (EAP) index was constructed to investigate the impact of the intraseasonal variability (ISV) of this index on the genesis of multiple tropical cyclones (MTC) in boreal summer over the western North Pacific (WNP). The result indicates that the EAP index has dominant intraseasonal periods of 10–20 days, 20–40 days and 50–70 days, respectively. The ISV of the EAP during 1979–2019 can be classified into three types, a single-period-domination type (37%), a multiple period coexistence type (24%) and a transition type (39%). It is found that during El Niño (La Niña) summers, the ISV of the EAP is dominated by a higher-frequency (lower-frequency) oscillation with a period of around 20–30 (50–70) days. The distinctive ISV characteristics during the different ENSO years were accompanied with different dynamic and thermodynamic background conditions over the WNP and the South China Sea, which modulated the frequency and location of MTC genesis. By examining the relative contributions of individual environmental variables of the Genesis Potential Index, we found that the low-level absolute vorticity and mid-level relative humidity are two important environmental factors modulating MTC genesis. However, the relative role of these variables tends to change with the EAP ISV phase. The environmental condition over the SCS appears less influenced by ENSO. A more southern location of MTC genesis during El Niño is attributed to the change of the environmental humidity.
Keywords: East Asia–Pacific teleconnection, multiple tropical cyclone genesis, ENSO, intraseasonal variability, Western North Pacific
INTRODUCTION
The western North Pacific Ocean (WNP) is a main cradle of tropical cyclone (TC) genesis. About 1/3 of TCs each year form in the region. TC genesis frequency in the WNP exhibits great intraseasonal and interannual variabilities (Li, 2012; Li and Hsu, 2017). For example, under the impact of the atmospheric intraseasonal oscillation, TC activity exhibits a marked intraseasonal variation (ISV; Liu and Lin, 1990; Fu et al., 2007; Kikuchi et al., 2009; Kikuchi and Wang, 2010; Gao and Li, 2011; Gao and Li, 2012; Zhu et al., 2013; Zhang et al., 2017; Lyu et al., 2018; Zhao and Li, 2019; Zhao et al., 2019), with an alternation of active and inactive periods of TC genesis. Multiple tropical cyclones (MTC) often occurred during the active period of the ISV (Gao and Li, 2011). Based on the statistical feature of TCs over the WNP, Gao and Li (2011,2012) defined an active and an inactive phase of MTC genesis in the WNP. Both the phases could bring natural hazards. An active phase implies more frequent TC genesis and landfall over East Asian coast, and an inactive phase implies less TC genesis and the control of the Subtropical High, which could bring extremely heat waves and droughts in East Asia. China is one of the WNP rim countries that are highly influenced by tropical cyclones.
Previous studies also showed a tight relationship between MTC over the WNP and the oscillations with lower frequency in atmosphere and ocean (e.g. Sun et al., 2009; He et al., 2013; You et al., 2019a; You et al., 2019b; Lai et al., 2020; Zhang et al., 2020). For example, previous studies suggested a climatic impact of TC genesis over the WNP by the El Niño-Southern Oscillation (ENSO), the Antarctic Oscillation (AAO), the North Pacific Oscillation (NPO), and the Asian-Pacific Oscillation (APO) (Wang and Chan, 2002; Wang et al., 2007; Wang and Fan, 2007; Zou and Zhao, 2009; Li 2012; Han et al., 2020). A dominant teleconnection pattern over the East Asian-western North Pacific (EAWNP) section in boreal summer was discovered by Nitta (1987) and Huang and Li (1987), Huang et al. (2003). This teleconnection pattern was named as the Pacific-Japan (PJ) pattern by Nitta (1987) and as the East Asia–Pacific teleconnection (EAP) by Huang and Li (1987), Huang (1990), Huang et al. (2003). This pattern contains an opposite convection/circulation pattern over the tropical WNP around Philippines and the subtropical East Asia along the Meiyu front. The teleconnection pattern implies a meridional dipole pattern over the EAWNP monsoon region (Wang et al., 2001; Lu, 2004). It is often associated with a wave train pattern of geopotential height anomalies with an alternative distribution of negative-positive-negative centers over the Philippines, Japan and the Okhotsk (Huang, 1990; Huang and Sun, 1992). For readers’ convenience, hereafter this teleconnection pattern is called the EAP pattern.
The EAP shows an alternative meridional pattern of convective anomalies in the monsoon trough over the western North Pacific, Meiyu front in central East Asia, and the Okhotsk Sea (Lin et al., 1999; Hsu and Lin, 2007; Ding and Liu, 2008). It modulates the TC genesis frequency by influencing the position of the subtropical high in the WNP (Huang and Wang, 2010). According to Huang and Wang (2010), under the impact of a positive phase of the EAP, the western Pacific subtropical high shifts to the north and east, away from its climatological position. As a result, more frequently TCs form over the WNP and TC tracks shift more northward, leading to more landfall north of Xiamen.
The EAP teleconnection pattern is highly influenced by the sea surface temperature anomaly (SSTA). It was shown that the local sea surface temperature (SST) and convection anomalies in the WNP could trigger a seasonal-mean EAP pattern anomaly (Huang and Li, 1988; Huang and Sun, 1994). Zong et al. (2008) found a relation between the occurrence of the EAP and ENSO. Sun et al. (2014) noted that the EAP pattern was sensitive to the SSTA in the tropical Pacific and Indian Oceans in the preceding winter and spring. The results implies that the modulation of the low-frequency EAP variability on the MTC genesis may depend on the ENSO phase. Given that the summer EAP pattern is a dominant intraseasonal mode over the WNP (Wu et al., 2013; Li et al., 2014), we would like to examine to what extent the ISV of the EAP modulates the MTC activity over the WNP and how the tropical SSTA associated with the ENSO affects the ISV–MTC relationship.
The objective of the current study is to reveal the relationship between the ISV of the EAP and MTC and ENSO modulation on the relationship. The data and relevant methodology are described in Data and Methodology. In Characteristics of the Intraseasonal Variability of the East Asia–Pacific, the ISV of the EAP and its potential impact on MTC are analyzed. The modulation of the impact of the EAP ISV on MTC genesis by ENSO and its possible mechanism are discussed in Impacts of the East Asia-Pacific Intraseasonal Variability on Multiple Tropical Cyclones. Finally, a conclusion and discussions are given in Conclusion and Discussion.
DATA AND METHODOLOGY
Data
The daily general circulation during 1979–2019 is analyzed by geopotential height and wind data with the horizontal resolution of 2.5° at pressure level, published by NCEP/NCAR in reanalysis 1 dataset.
The daily interpolated outgoing longwave radiation (OLR) in the same time is used for estimating the convection activity which is obtained from the NOAA polar orbiting satellites (Liebmann and Smith, 1996) (https://www.esrl.noaa.gov/psd/data/gridded/).
The high-resolution daily SST with horizontal resolution of 0.25° used for the calculation of TC genesis potential index (GPI) in 1982–2019 is supported by NOAA/OAR/ESRL PSD, Boulder, Colorado, United States. Since the limitation of length of the SST data, the GPI can be only provided since 1982. However, such limitation less influences our analysis, for 1979–1981 will not seleceted as ENSO years dependent on the criterion we introduce below.
The Oceanic Niño Index (ONI) representing the variation of ENSO is based on the areal mean sea temperature anomalies in Nino 3.4 region (5°N–5°S, 120°–170°W). The amonaly is relative to the climatological mean based on a centered 30-years base periods updated every 5 years (http://www.cpc.ncep.noaa.gov/products/analysis_monitoring/ensostuff/ensoyears.shtml).
The best-track data from the Joint Typhoon Warning Center (JTWC) is used to locate the genesis position of TC where the storm intensity estimated by maximum sustained 1-m winds firstly reaches TC intensity (34 kts or 17.2 m/s), following the method of McDonald et al. (2005).
Methodology
East Asia–Pacific Index Definition
A daily EAP index will be constructed here to monitor the variation of EAP. Within our research scope, we will focus on the intraseasonal characteristics of EAP and its impacts on MTC genesis. Thus, we apply a method referred to Li (2004) and Wu et al. (2013) to extract the low frequency signal from original variables. First of all, to remove the annual cycle, a 41-years-mean of the daily zonal wind at 850 hPa in summers (June–September) from 1979 to 2019 is subtracted. Then remove the seasonal mean in each year to exclude the influence of inter-annual variation. Finally, a 5-days-moving averaging is carried out to eliminate the synoptic wave signal, and the variable anomalies with ISV are remained, among which the zonal wind anomaly will be used to constructed the EAP index (IEAP) according to Wu et al. (2013). The areal means of zonal wind anomaly in different domains are selected to calculate the IEAP, as shown below:
[image: image]
The standardized IEAP is regarded as EAP index in our study.
Multiple Tropical Cyclones Genesis Definition
To carefully investigate the potential influence of EAP on MTC active genesis, the latter is defined in quantity here as a period when the generation interval of two TCs is not greater than 3 days in time and less than 4,000 km in space according to Gao and Li (2011). The criterion is selected based on a statistical analysis in June to September in 1979–2006. A MTC genesis with the temporal interval not greater than 3 days will be classified into a relatively intensive genesis event, not greater than the −0.5 standard deviation. A spacial interval limitation excludes around 13% events that two TCs generates in a extremely far distance. Based on this criterion, the TCs in active MTC genesis event in June to September in 1979–2019 will be selected to be in accordance with the EAP index.
Tropical Cyclone Genesis Potential Index
The genesis potential index (GPI) of tropical cyclone is firstly developed by Gray (1979) and then modified by Emanuel and Nolan (2004) to estimate the climate condition for tropical cyclone genesis. The GPI, consisting of low-level vorticity, vertical wind shear, mid-level humidity, SST and the TC maximum potential intensity, will be calculated according to Equation (2) by using the original environment parameters from NCEP reanalysis 1 dataset.
[image: image]
Equation (2) includes four multipliers, respectively related to vorticity (A), humidity (B), maximum wind speed or potential intensity (C, PI) and vertical wind shear (D,VWS). In multiplier A, [image: image] represents absolute vorticity at 850 hPa (s−1); in B, HR represents relative humidity at 600 hPa (%); in C, Vpot represents maximum potential intensity (m s−1); in D, Vshear represents vertical wind shear between 850 hPa and 200 hPa. GPI is a positive-only quantity and the higher (lower) GPI indicates the more (less) favorable condition for TC genesis.
The variable Vpot is the most modified variable in this later index (Carmago et al., 2007), and is defined by Emanuel (1986, 1987, 1988, 1995 and 2000):
[image: image]
In Equation (3), Cp, Ck, CD are respectively the heat capacity at constant pressure, the exchange coefficient for enthalpy and the drag coefficient; Ts and To are respectively the ocean temperature and mean outflow temperature; [image: image] represents the equivalent potential temperature at boundary layer while that with a superscript of star represents the saturation equivalent potential temperature at ocean surface. The PI variable is influenced by the thermodynamical rate of “Carnot engine” and the saturation of air in the boundary layer, representing the rate of energy extraction or conversion from the warm underlying sea.
To assess the contribution of four factors in GPI, we follow the methodology of Jiang et al. (2012) and Li et al. (2013). The GPI can be divided into two parts, climatology mean [image: image] based on the data during 1982–2019 since the data length limitation of SST, and the fluctuation X’ which contains the oscillation with time scale from diurnal cycle to long-term variation. The fluctuation with superscript “isv” (isv = 20–30 days or 50–70 days) represents the anomaly related to the ISV extracted by band filtering. The GPI anomaly related to the ISV, [image: image] will be expressed as follows:
[image: image]
Equation (4) suggests the ISV of GPI consists of four linear terms and eleven nonlinear terms.
CHARACTERISTICS OF THE INTRASEASONAL VARIABILITY OF THE EAST ASIA–PACIFIC
General Characteristics
The EAP index constructed by the filtered zonal wind anomaly as described in East Asia–Pacific Index Definition will be used to reveal the general characteristics of the ISV in the region of interest. The power spectrum of the 41-years-mean EAP index (Figure 1) shows significant peaks on the intra-seasonal timescale (10–70 days) that pass the 95% confidence level. Among the timescale, there are several spectrum peaks at 10–20 days, 20–40 days and 50–70 days, and all these peaks exceed the maximum Markov level. For simplicity, one may category them into two groups, a shorter period group of 10–40 days and a longer period group over 50 days.
[image: Figure 1]FIGURE 1 | Power spectrum of the EAP index averaged during the 41-years analysis period. The red dashed line is 95% confidence level and the green and blue ones are respectively maximum and minimum Markov confidence levels.
It is worth mentioning that the periodicity of the ISV of the EAP in the boreal summer experiences an interannual variation. According to the power spectrum of individual years, they may be roughly classified into three types, as listed below and in Table 1:
(1) Single period domination type. In about 36.6% of years (15 years) the EAP indices have a single dominant period, even though the range of the dominant period somewhat varies. For example, a single spectra peak at 10–20 days appeared in 1993 (Figures 2A,B). A spectrum peak of 20–40 days occurred in 1987 (Figures 2C,D), whereas a 30–60-days peak occurred in 1984 (Figures 2E,F).
(2) Multiple period coexistence type. Among 41 years, there are about 24.4% of the EAP indices (9 years) that have multiple significant periods. For example, the EAP index in 2006 had two peaks at 10–20 days and 30–50 days respectively, both of which exceed the maximum Markov confidence level (Figures 3A,B).
(3) Transition type. Since 1979, there are 16 years (about 39.0%) in which the dominant period changes within the season. One such example happened in 1991 (Figures 3C,D), in which the period of 20–45 days was dominant before August, but it transformed to 10–20 days after early September.
TABLE 1 | Different types and corresponding years of low frequency variation of EAP index during 1979–2019.
[image: Table 1][image: Figure 2]FIGURE 2 | Power spectrum of the EAP index in 1993 (A), 1987 (C) and 1984 (E) with red, blue and green line representing respectively the 95% confidence level, maximum and minimum Markov confidence levels, and real part of wavelet (B, D and F) with blue contours encircling the power spectrum passing the 95% confidence level.
[image: Figure 3]FIGURE 3 | Same for Figure 2 but for year 2006 (A–B) and 1991 (C–D).
El Niño-Southern Oscillation Modulation
Previous works revealed that the EAP was highly influenced by ENSO (Huang and Li, 1988; Huang and Sun, 1994; Zong et al., 2008; Sun et al., 2014). In this subsection, we investigate how ENSO-related mean state changes influence the ISV of the EAP in the summer.
We define the El Niño (La Niña) year as a year when the monthly average ONIs of October, November and December are all higher (lower) than 0.5°C (−0.5°C). A lagged correlation analysis shows that the EAP index is more correlated to the monthly ONI during October to December in the previous year. This is consistent with Lin and Li (2008). What’s more, the simultaneous TC-ENSO correlation is statistically insignificant according to Li (2012). Therefore, in the following we consider the EAP in the ENSO decaying summer as the ENSO impact on EAP. For concision, all the ENSO scenarios we mentioned below refer to the decaying summer of the ENSO years. All samples selected based on the phase of ENSO are listed in Table 2.
TABLE 2 | Years of two ENSO phases, and day number and MTC genesis number of 6 phases during June to September in ENSO years.
[image: Table 2]The composite power spectrum of the EAP index during the El Niño and La Niña years is shown in Figure 4. It indicates that the El Niño EAP is characterized by a higher-frequency oscillation with the strongest peak at 20–30 days passing the max Markov confidence level, whereas the La Niña EAP is characterized by a lower-frequency oscillation with the strongest peak at 50–70 days. Two weaker peaks at around 10–20 and 30–50 (20–40) days are also found in the El Niño (La Niña) EAP. The difference of the peak ISV periodicity between El Niño and La Niña is significant. Under the impact of sea surface temperature, the types of EAP ISV of individual year are redistributed among three categories. Close to 60% (7 in 12 years) ISV of EAPs in El Niño years belong to single period domination type. In 6 of 7 years, the ISV of EAP is with a dominant period of 20–50 days. Among 11 La Niña years, the ISV oscillates with single dominant period of around 40–70 days in only three years. Over 72.3% of ISV of EAPs in La Niña years are located in transition type or multiple period coexistence type. The complex change of variation period will increase the forecast difficulty. Thus, the EAP in El Niño years will be regarded as more predictable.
[image: Figure 4]FIGURE 4 | Same as Figure 1 but for the power spectrum of the EAP index during El Niño (A) and La Niña (B) summers.
To unveil the composite evolution patterns of the EAP during the positive and negative phases of ENSO, we examine the anomalous OLR and zonal wind fields regressed onto the EAP index (Figure 5). Due to the distinctive periods of 20–30 days (50–70 days) during El Niño (La Niña), we examine the convection and zonal wind fields from Day-16 (Day-32) to Day 0.
[image: Figure 5]FIGURE 5 | The regression coefficient patterns of the OLR (shaded, passing the 95% confidence level) and wind (vector with the zonal component passing the 95% confidence level) anomalies from Day -16 or Day -32 to Day 0 regressed onto the EAP index in El Niño years (A–E) and La Niña years (F–J).
During El Niño summers, the intraseasonal oscillation in the tropics is active in the Indian Ocean but weak in the Pacific Ocean (Figure 5A). It is noteworthy that a negative OLR anomaly firstly appears in the mid-Pacific Ocean in mid-latitudes with an anticyclonic wind shear. Meanwhile, a weak meridional wave train lies at the coast of eastern Asia, with a positive OLR center near 20°N over the Indian Ocean. Then the convection and westerly over the Indian Ocean decrease while those over the tropical Pacific are intensified as the positive OLR anomaly center and the anticyclone at mid-Pacific propagate westward (Figures 5B,C). After the convection is organized in tropic Pacific near 150°E, the anomalies of convection and zonal wind together propagate northwestward. On Day 0 when the EAP reaches a maximum (Figure 5E), a marked region is in accordance with the first empirical orthogonal function mode shown in Wu (2013).
Distinguished from the El Niño year composite, the tropical convective anomalies associated with the ISV first appear over the Maritime Continents during La Niña summers, while no anomalous anticyclones exist in the mid-Pacific (Figure 5F). The tropical convection stretches zonally over the Indo-Pacific Ocean (Figure 5G). The convective branch then shifts to the north (Figure 5H) and propagates northeastward, while a suppressed convective branch appears over the tropical Pacific (Figure 5I). The anomalous OLR centers in both lower and higher latitudes are strengthened on Day 0 (Figure 5J).
In summary, the development of the anomalous convective branch of the EAP in the Philippines during El Niño is mainly affected by the northwestward propagation of the quasi-biweekly oscillation (QBWO) from mid-Pacific to the WNP, while during La Niña it is primarily modulated by the northeastward propagation of the boreal summer 30–60-days intraseasonal oscillation. These processes are in accordance with the previous study on the boreal summer intraseasonal oscillation (BSISO, Liu et al., 2016). A possible physical mechanism of such difference is investigated in Liu et al. (2016), which owns the ISV difference to the ENSO-related mean state with enhanced moisture and easerly vertical wind shear in WNP (near the Maritime Continent) in El Niño (La Niña) years. Although our study based on the ENSO decaying summer, a considerably similar process of ISV of EAP suggests a sustentation of ENSO influence to the next summer, which agrees with the idea of Zong et al. (2008). Our analysis result suggests that the convection in the Philippines associated with the EAP is highly influenced by the boreal summer ISV activity, which conveys the impact of SST anomalies in the eastern equatorial Pacific. The circulation anomalies in higher latitude associated with the EAP tend to develop after the tropical anomalies, indicating the fundamental impact of the tropical forcing. The result seems consistent with Wu et al. (2013), who suggested the role of northward energy dispersion.
IMPACTS OF THE EAST ASIA–PACIFIC INTRASEASONAL VARIABILITY ON MULTIPLE TROPICAL CYCLONES
The ISV of the EAP may impact MTC genesis through modulated thermodynamic and dynamical conditions over the WNP region. In this section we will investigate the impact of different ISV phases of the EAP on MTC formation. In addition, we will examine the modulation of El Niño and La Niña on the EAP ISV–MTC relation.
Modulation of Multiple Tropical Cyclones by the East Asia–Pacific Intraseasonal Variability
The ISV of EAP indices which is filtered with period of 20–30 days (50–70 days) for El Niño (La Niña) years will be divided into 6 phases as shown in Figure 6. The 85% quantile of the peak and valley value in one cycle are regarded as the demarcation points of 6 phases, so as to confirm a similar day number of each phase as shown in Table 2.
[image: Figure 6]FIGURE 6 | Phase division of oscillation period of EAP index. The red/blue line represents the +0.85/-0.85 level.
Table 2 also shows the distribution of MTC genesis number and frequency in six phases of EAP oscillation during June to September. The genesis frequency is estimated by the ratio of day numbers of 6 EAP phases and corresponding MTC genesis number, with smaller quantity representing a higher frequency of MTC genesis. It seems that phase 2 is the significantly active phases for MTC genesis, while its occurrence is significantly inhibited in phase 5. That is to say, the active and inactive stage of MTC will alternatively occur as the ISV of EAP. What’s more, the modulation of EAP seems to be asymmetric, and such asymmetry is influenced by ENSO phases. In El Niño (La Niña) years, the phases 1–2 (phases 1–4) seems to be relatively active phase for MTC genesis and the phase 1 (phase 3) is also an significant phase for MTC frequent genesis, passing the 95% confidence of Monte Carlo test. In addition, MTC may generate more frequently in La Niña years, with on average 2.9 more MTC will occur in each La Niña year, passing the 90% confidence level. For MTC genesis frequency in significantly active phases, MTC genesis may occur around every 9–10 days in El Niño years, but less than every 8.5 days in La Niña years.
Except for the MTC frequency, EAP will influence the position of MTC genesis. As shown in Figure 7, a frame in solid line shows a genesis area where all MTCs happen in these 23 ENSO years. A zonal dashed line at 20°N evenly divided the genesis area into north and south part, and two meridional dashed lines at 120°E and 145°E divided the area into the South China Sea part (SCS), west WNP part (WWNP) and east WNP-mid Pacific part (EWNP-CNP). All red figures and numbers are for El Niño scenario while those in blue are for La Niña. The positions of MTC are marked as points in the frame, the mean latitude and longitude of which are respectively shown by a horizontal and vertical colored line. The numbers outside (inside) the frame denotes the MTC genesis number in each zonal or meridional band (sub-domain).
[image: Figure 7]FIGURE 7 | The positions of multiple tropical cyclogenesis during June to September in different phases of EAP oscillation. The points and numbers in red (blue) are for El Niño EAP (La Niña EAP). The black frame in solid line distinguishes the domain where all multiple tropical cyclone events take place with 6 sub-domains divided by a zonal dashed line at 20°N and two meridional dashed lines at 120°E and 145°E. The numbers in the sub-domain show the amount of MTCs which generate inside, while the numbers lying north or east to the frame denote the summary of the MTCs generating in the corresponding meridional or zonal bands with the percentage in bracket.
Firstly, we pay attention to the zonal position of MTC. As evolution of El Niño EAP, mean longitude significantly moves westward in the active phases. In phase 1, mean latitude lies near the boundary of WWNP and EWNP with close to half TCs generate in EWNP-CNP. It moves to around 135°E in phase 2 and further moves to around 130°E in phase 3. This time, over half MTCs occur in WWNP and more TCs generate in the SCS. When transferring to the inactive stage in phase 4, the mean longitude stands near 130°E close to the Philippines, and then moves backward to mid-Pacific in phase 5 and 6. As for the La Niña scenario, TCs firstly gather near 130°E in phase 1, and then moves slightly eastward near 135°E in phase 2. In sequence, the mean longitude of MTC position slightly shifts eastward. In the significantly less MTC stage of phase 5 and 6, MTCs scatter near the boundary of west and east WNP, and the mean longitudes lie farther more east than those in other phases. It is noteworthy that, in the active phases of EAP for MTC, the zonal movement of mean longitude of MTC is more significant in El Niño years than in La Niña years. Especially during phase 1–2, the area where MTCs concentrate rapidly shifts westward as the El Niño EAP evolves, but slightly moves eastward along the development of La Niña EAP.
We can also make this conclusion in the meridional variation of genesis position of MTC. In the development of tripolar pattern of EAP, the convection and zonal wind continuously propagate northward. Such northward movement is also seen in the mean latitude of the MTC position. By comparison between two ENSO phases, meridional change of the MTC position is more obvious in El Niño years. Most MTC (around 70%) firstly appear to the south of 20°N in phase 1, but the proportions of genesis number in north and south parts are comparable in phase 2. Since phase 3, the southern proportion increases once again. The MTC position oscillates as the ISV of EAP. However, in La Niña years, the MTC most generates near 20°N and the mean latitude shifts slightly. Due to the mean latitude moves northward from relative south in El Niño year, the mean position of MTC in whole active phases is markedly southern by around 1.4° compared with La Niña years, which passes 90% confidence level.
The above analysis indicates that the ISV of EAP may modulate the frequency and position of MTC genesis and the ENSO mainly exerts the impact by influencing the EAP evolution. MTC tends to generate more frequently in La Niña years. MTC genesis positions shift obviously northwestward as the ISV of EAP in El Niño years, whereas it slightly moves northeastward along the ISV of EAP in La Niña years.
Modulation of the Intraseasonal Variability Impact by El Niño-Southern Oscillation
As the EAP pattern is ENSO-phase dependent, it is critical to understand how the different phases of the ENSO modulate the dynamical and thermodynamic conditions for MTC genesis. Figure 8 shows the composite patterns of circulation at 850 hPa and OLR based on 6 phases of the EAP ISV during the El Niño and La Niña years. As seen from Table 2, the MTC number in phase 2 (phase 5) of the EAP ISV is significantly more (less), passing the 95% confidence level in the Monte Carlo test. Comparing between phase 2 and phase 5, MTC events concentrate in the area where convection is active (i.e., region of negative OLR anomaly) associated with a significant anomalous cyclone in phase 2, but an approximately opposite pattern of the OLR and wind anomaly appear in phase 5, leading to an inhibition of MTC. In El Niño years, the concentration area of MTC changes from mid-Pacific to west WNP then to the SCS in the active phases. The center of negative OLR coupled with cyclonic wind shear is also moves in this way (figure not shown). However, they slightly move northeastward from phase 1 to phase 2 and contract westward to the coastal line in La Niña years, resulting in MTC concentrating in the SCS and west WNP.
[image: Figure 8]FIGURE 8 | The composition of wind (m/s, vector) at 850 hPa and OLR(W m−2, shaded) with the period of 20–30 days for El Niño years (A–B) and 50–70 days for La Nina years (C–D) and their difference (El Niño minus La Niña) fields (E–F) based on the phase of the EAP index. The differences passing the 95% confidence level are plotted. The black (green) dots represent the positions of MTC genesis in El Niño (La Niña) summers.
Figure 8A shows that a stronger anomalous anticyclone appears to the north of the anomalous cyclone near 20°N during El Niño years, and the anticyclone tends to suppress local TC genesis. The stronger easterly to the south edge of the anticyclone increase cyclonic vorticity near 15°N. A negative OLR anomaly is approximately in phase with the positive vorticity anomaly where the low-level flow is convergent. The cyclonic and convergent flow is conductive to the convective activity. The enhanced convective activity increases the probability of TC genesis through the “seeding” effect (Meloney and Hartmann, 2000; Hartmann and Meloney, 2001; Li et al., 2014), and the merging of small-scale convective cells benefits the growth of the embryos of tropical cyclones. The development of the tropical disturbances is further modulated by low-level large-scale cyclonic circulation through the vorticity segregation process (e.g., Li, 2012). As a result, the meridional location of MTC shifts slightly towards the south during El Niño years than that during La Niña years.
The structure of wind in lower layer is important to the genesis of TC, while that in higher layer also plays a crucial role. As shown in Figure 9, the MTC genesis is active under the strong divergent flow at 200 hPa both in El Niño years (Figure 9A) and La Niña years (Figure 9C), but is inhibited under the convergent flow (Figures 9B,D). The suction effect from the divergent flow in higher layer will strengthen the convergence of flow and help to the development of convection by the mass compensation process. At 500 hPa, the negative and positive anomalies of geopotential height are respectively near 20°N and 35°N, suggesting the subtropical high over the WNP lying to the north or east compared with the normal. This is also found by Huang and Wang (2010). The positive geopotential height anomaly lies over Japan will inhibit the cyclogenesis in middle latitude. An opposite distribution is revealed in phase 5.
[image: Figure 9]FIGURE 9 | The composition of divergence (s−1, shaded) at 200 hPa and geopotential height at 500 hPa (gpm, contour) with the period of 20–30 days for El Niño years (A–B) and 50–70 days for La Niña years (C–D) and their difference (El Niño minus La Niña) fields (E–F) based on the phase of the EAP index. The differences passing the 95% confidence level are plotted. The black (green) dots represent the positions of MTC genesis in El Niño (La Niña) summers.
By comparing the El Niño and La Niña composites, one may see that the wind divergence field at 200 hPa is of larger scale and TCs form more uniformly during the active phases of La Niña EAP. The divergence center significantly propagates westward in El Niño years, while in La Niña years it mainly expands northward. It is hard to tell the difference between the divergent wind field in the two ENSO scenarios, because its distribution is of more characteristics at a smaller scale in El Niño years. As for geopotential height however, the amplitude of El Niño EAP is much stronger than that in La Niña years. In other word, the inhibition from the positive anomaly in middle latitude will be improved in El Niño years. In fact, in the development of El Niño EAP, the positive anomaly of geopotential height at 500 hPa is accompanied with the anticyclone at 850 hPa, moving westward from the mid-Pacific, which are not found in La Niña EAP. The stronger inhibition in middle latitude in El Niño years makes a less generation of TC in the higher latitudes.
In addition to the dynamical conditions, thermodynamic conditions also play an important role in TC genesis, because TC intensification requires a large amount of heat and momentum exchange. The atmospheric thermodynamic conditions for TC genesis is highly influenced by atmospheric humidity. The increase of specific humidity in lower layer may strengthen the convective instability and be conductive to the development of convection. The release of latent heat in ascending is an important mechanism for extracting kinetic energy from instability energy which is described both in CISK (Conditional Instability of Second Kind; Charney and Eliassen, 1964) and WISHE (Wind Induced Surface Heat Exchange; Emanuel, 1986; Emanuel, 2003; Rotunno and Emanuel, 1987) theories. The specific humidity at 850 hPa are shown in shadow plot in Figure 10. Either in El Niño years or in La Niña years, The MTC tends to occur in the air with more moisture in phase 2 (Figures 10A,C) and is inactive in a dry circumstance in phase 5 (Figures 10B,D). The center of positive specific humidity is mostly related to the cyclonic shear of horizontal wind. By analyzing the humidity budget, there is significantly moisture convergence in cyclonic wind shear, vice versa. Except that the convergent flow is conductive to the confluence of moisture, the strengthened westerly will support more increase of moisture in phases 2–3, for the most MTC genesis takes place to the southwest of the dry subtropical high. What’s more, the divergent flow in the anticyclone over Japan is stronger in El Niño EAP than that in La Niña EAP, drying the air and inhibiting the TC genesis there.
[image: Figure 10]FIGURE 10 | The composition of specific humidity (kg/kg, shaded) at 850 hPa and GPI (contour) with the period of 20–30 days for El Niño years (A–B) and 50–70 days for La Niña years (C–D) and their difference (El Niño minus La Niña) fields (E–F) based on the phase of the EAP index. The deviations are passing the 95% confidence level. The black (green) dots represent the positions of MTC genesis in El Niño (La Niña) summers.
The relative humidity in middle layer also plays an important role in energy conversion. The saturation of air in middle layer promotes the latent heat release. The relative humidity at 600 hPa is higher in the active phases for MTC genesis, especially in phase 2 (figure not shown). The distribution of relative humidity in middle layer is somewhat in accordance to that of the OLR anomaly, because the relative humidity in middle layer is mainly controlled by ascending motion. The active convection transports high mean humidity upward and makes saturate air stretching into the higher layer. A westward movement of positive relative humidity anomaly center is clearly seen in phases 1–3 of El Niño EAP.
The GPI (shown by contour in Figure 10) comprehensively combines the dynamical and thermodynamic conditions needed for TC formation. The previous studies on ISO proved a good consistent between the composition anomalies of GPI and TC genesis frequency over the WNP and the northern Indian Ocean based on the oscillation phases (Carmargo et al., 2009; Kikuchi and Wang, 2010; Zhao et al., 2015a; Zhao et al., 2015b), which suggests a ability of GPI to unveil the potential of TC genesis in intraseasonal scale. Here we will apply this index to carefully analyze the modulation of EAP ISV on the environment parameters for MTC genesis.
For the El Niño EAP, the GPI firstly appear to be positive in EWNP-CNP since phase 5, and that over SCS and WWNP turn to be positive since phase 1 (figure not shown). In phase 2, the GPI anomalies appear positive in the SCS and WNP and negative in EWNP-CNP around 20°N, and negative GPI anomaly occurs over Japan. The positive GPI rapidly shrink westward to the SCS in phase 3 and GPI becomes negative over SCS and WWNP in phase 4 (figure not shown). The variation of positive GPI agrees with the westward change of MTC genesis position as the ISV evolution of EAP. In comparison, the GPI positive anomalies in La Niña years firstly occur in phase 6 in WWNP (figure not shown), and stretches eastward to around 165°E in phase 2. This changes also corresponds to the eastward movement of mean position of MTC. Thus, the positive ISV of GPI composited based on the EAP ISV phase is considered to be able to reflect the area where the MTC genesis is active. In addition, the negative GPI anomaly near Japan is also much weaker in the La Niña EAP, suggesting a weaker inhibition of MTC genesis in higher latitudes, which is in accordance with our discussion in the preceding text. Such a difference is quantified in Figure 10E. In the difference map, a positive difference near 15°N and a negative difference to the north suggest more MTC genesis events in the lower latitudes during El Niño summers.
To further investigate the contribution of each environmental variables consisting of the GPI as shown in Equation (3), the ISV of GPI is divided into four linear terms and 11 nonlinear terms as described in Tropical Cyclone Genesis Potential Index. Their contributions in three sea areas (the SCS, the WWNP and the EWNP-CNP) and northern/southern parts are depicted in Figure 11 with the same domain partition shown in Figure 7.
[image: Figure 11]FIGURE 11 | Composite budget terms of the total GPI anomalies based on phases of EAP-ISV over three sea areas and meridional partition in El Niño and La Niña years.
The zonal movement of MTC genesis position as well as beneficial conditions are clearly found according to the changes of positive GPI among three sea areas, as we discuss in the last paragraph. These changes are apparently unveiled in environmental vorticity, except that over the SCS in EAP phase 1 in El Niño years (figure not shown). This makes sense, for one of the characteristics of EAP-ISV is the disturbance of zonal wind accompanied with vorticity in the lower layer. The positive vorticity anomaly is in WWNP and EWNP-CNP in phase 1, in the SCS and the WWNP in phase 2, and only in SCS in phase 3 in El Niño years. The eastward stretch of positive contribution of environmental vorticity from phase 1 to phase 2 and westward shrinking in phase 3 are also found in La Niña years. As for the relative contribution of each variables in the initial stage of ISV disturbance (phase 1, figure not shown), the MTC genesis is triggered by positive vorticity and PI under the beneficial circumstance with low VWS both in El Niño and La Niña years, whereas the humidity is slightly unfavorable. The environmental vorticity (PI) makes relatively more contribution in El Niño (La Niña) years except the SCS region. Over the SCS, environmental PI plays a more important role both in El Niño and La Niña years. As EAP-ISV as well as GPI anomaly increasing (phase 2), the environmental vorticity and humidity are two dominant variables. To the east of 120°E over the WNP, the environmental vorticity (humidity) contributes more in El Niño (La Niña) years to the increase of GPI, and the environmental VWS and PI seem to be unfavorable. Over the SCS, however, vorticity makes most contribution both in El Niño and La Niña years and the humidity takes the second place. The significant difference takes place in the VWS with negative in El Niño years and positive in La Niña years. When the ISV disturbance shrinks westward in phase 3, the positive GPI concentrates in SCS with most contribution from vorticity. In addition, the humidity is also important in La Niña years.
In meridional direction, the positive GPI is stronger in southern part and its maximum propagates northward from phase 1 to phase 2 both in El Niño and La Niña years. However, the spacial oscillation of GPI anomalies are stronger in El Niño years with positive in south and negative in north, accounting for the more southern genesis of MTC. As we mentioned, the unfavorable conditions (negative vorticity in the lower layer and dry and high middle barometric layer) in the mid-latitude-pole of EAP is stronger to the north of 20°N in El Niño years. In case of the contribution of each variables of GPI, the opposite effect is clearly seen to come from environmental humidity. Turn to the southern parts, the positive GPI is mainly own to the contribution of environmental vorticity and humidity. In El Niño (La Niña) years, the environmental vorticity (humidity) makes greater contribution. In phase 3, the southern GPI turns to be negative after the smaller ISV disturbance continues moving northward in El Niño years, while the GPI is still positive in whole area but weakened in La Niña years. The southern and northern GPI seem to be out of phase in El Niño years but in phase in La Niña years, somewhat for the scale of anomaly is relatively larger in La Niña years.
In summary, the cyclonic flow in ISV disturbance directly affects the contribution of environmental vorticity to the positive GPI. This suggests an important role of vorticity in lower layer on the modulation of MTC genesis, which is also found by Jiang et al. (2012). In the initial stage of ISV disturbance, since humidity often plays a negative role on the MTC genesis, the MTCs are primarily triggered by environmental vorticity in El Niño years and energy extraction and conversion (as described in PI factor) from warm tropical sea in La Niña years, under the beneficial VWS circumstance. As the ISV disturbance moves and strengthens, the environmental vorticity and humidity make dominant positive contribution. This agrees with some studies on the role of ISV on MTC or TC genesis by GPI analysis (Carmago et al., 2009; Zhao et al., 2015a; Zhao et al., 2015b; You et al., 2019a). Furthermore, the environmental vorticity plays a more important role in El Niño years while the contribution of environmental humidity is more significant in La Niña years over the WNP excluding the SCS. This is in accordance with the study on the impact of ENSO on the TC genesis (Carmago et al., 2007). However, the contribution of each variable of GPI over the SCS seems to be less influenced by change of ENSO phase. A more southern genesis of MTC in El Niño years due to the relatively unfavorable humidity circumstance to the north of 20°N.
CONCLUSION AND DISCUSSION
By reconstructing an EAP index, we examine the characteristics of the ISV of the EAP during the positive and negative phases of the ENSO through observational analyses. Both the spectral and regression analysis methods are used. The modulation of the EAP ISV on MTC and its physical mechanism are further investigated based on a phase composite analysis. The distinctive relationship between the ISV and MTC during the different phases of the ENSO is also examined.
The EAP index exhibits statistically significant power spectrum peaks in the 10–20-days, 20–40-days and 50–70-day periods, respectively. The ISV of the EAP during 1979–2019 can be classified into three types, a single period domination type (37%), a multiple period coexistence type (24%) and a transition type (39%). The EAP ISV tends to exhibit the single period domination type (the latter two types) during El Niño (La Niña), suggesting a higher predictability of the EAP ISV during El Niño. The origin and evolution characteristics of the EAP ISV differ markedly between the El Niño and La Niña summers. In the El Niño (La Niña) summers, the EAP ISV is dominated by a higher-frequency (lower-frequency) oscillation with a period of around 20–30 (50–70) days. The EAP ISV during the El Niño summers originates from the tropical WNP and is mainly affected by the northwestward propagation of the QBWO. This is in great contrast to that in La Niña summers in which the ISV perturbation is originated from the tropical Indian Ocean through the northeastward propagation.
The frequency and position of MTC genesis are greatly modulated by the EAP ISV. The MTC genesis tends to take place frequently at phases 1–2 (2–3) and less frequently at phases 4-5 (5–6) during El Niño (La Niña) summers. Especially, phase 2 (phase 5) is the most active (inactive) phase for MTC genesis, passing a 95% confidence level with the Monte Carlo significance test. The genesis position of MTC alters zonally as the EAP phase evolves. In the active phases, the mean longitude of MTC genesis shifts from the eastern WNP to the west coast of the Pacific in El Niño years, but only to the western WNP in La Niña years. The favorable MTC genesis location shifts northward during the active phases of the EAP ISV in both the El Niño and La Niña summers, and such shift appears to be more northern during the La Niña summers.
The impact of the EAP ISV on MTC genesis is modulated by the ENSO phase. The analysis indicates that the MTC genesis occurs under a favorable environmental condition with active convection, low-level cyclonic and convergent flows, upper-level divergent flow, higher moisture content and deeper saturation air. Due to the ENSO induced SSTA impact, the phases of the ISV are markedly different between the El Niño and La Niña summers. This results in distinctive thermodynamic and dynamical conditions over the WNP and the SCS, which further modulate the frequency and location of MTC genesis.
To assess the relative importance of the environmental factors, we further analyze the contribution of these factors to the ISV of the GPI. The environmental vorticity always makes a positive contribution to the positive GPI anomaly. This is because the ISV of the EAP during the active phase is characterized by a favorable cyclonic flow condition in lower troposphere. However, its contribution can be modified by other factors. In phase 1, the environmental humidity is unfavorable, and as a result, the MTC is triggered primarily by the environmental vorticity (PI) condition associated with El Niño (La Niña), under a moderate VWS circumstance. When the ISV disturbance propagates and strengthens, the vorticity and humidity factors play a dominant role in increasing the GPI, while VWS and PI have an opposite effect. The opposing effect is due to the fact that an intensified flow increases the VWS while an increased air humidity slows down the surface latent heat flux and thus energy extraction from the ocean. The environmental vorticity (humidity) makes a greater contribution in the WNP (east of 120°E) in El Niño (La Niña) summers. These conclusions are generally in accordance with the previous MJO impact studies (e.g., Carmago et al., 2009; Jiang et al., 2012; Zhao et al., 2015a; Zhao et al., 2015b) and the previous ENSO impact studies (Carmago et al., 2007). However, the current study reveals a detailed regional characteristic. For example, the PI and vorticity fields in SCS make a greater contribution in phase 1 and phase 2 respectively, which is less influenced by ENSO. In meridional direction, a more southern location of MTC genesis during El Niño summers is attributed to the negative effect of environmental humidity. Finally, it is noteworthy that, even though the MTC in phase 4 of EAP ISV during La Niña is somewhat active, the GPI seems not conductive. A further study is needed to reveal other possible processes that affect the MTC genesis.
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The intraseasonal variability of multiple tropical cyclone (MTC) events in the western North Pacific (WNP) during 1979–2015 is analyzed using the best-track dataset archived at the Joint Typhoon Warning Center. MTC events are divided into three phases according to the time intervals of the tropical cyclone (TC) genesis, that is, active, normal, and inactive phases. Composite analysis results indicate that MTC events tend to occur in the active phase when the monsoon trough is stronger and located farther north than at other times. Initialized by the data from a 10-year stable running result, a 12-year control experiment is carried out using the hybrid atmosphere–ocean coupled model developed at the University of Hawaii (UH_HCM model) to evaluate its simulation capability. Compared with the climate observations, the model shows good skill in simulating the large-scale environmental conditions in the WNP, especially the subtropical high and the monsoon trough. In addition, the model can well simulate the climate characteristics of TCs in the WNP, as well as the differences in each MTC phase. However, the simulated frequency of TCs is less and their locations are more northeast, compared with the observations. The vorticity and moisture in the model appear to be the two main factors affecting MTC activity based on analyses of the genesis potential index.
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INTRODUCTION
The western North Pacific (WNP) is one of the main regions that generate global tropical cyclones (TCs). On average, about 30 TCs are generated in this region every year, which accounts for one-third of the global total. Of the western Pacific coastal countries, China is one of the countries most affected by TCs, and it experiences about 20 TCs every year on average. Therefore, TC forecasting and monitoring services are a top priority for disaster prevention and mitigation in China. At present, among the different timescales in TC forecasting, the 10–30-day extended-range forecast is the least accurate. In addition, the theoretical basis of the extended-range forecast, i.e., the study of subseasonal variation of TC activity, still needs improvement.
Observational results show that the TC activity in the WNP has notable subseasonal change features. The activity and inactivity of TC formation appear alternately. Previous studies have shown that the genesis of multiple TCs has a certain periodicity. The active period is about 1–2 weeks. Between two active periods, there is a 2–3-week inactive period (Gray, 1979; Xie et al., 2018). This phenomenon is abnormal for the subseasonal change of TC activity. Some studies have defined TCs that form in the same area and period as multiple tropical cyclone (MTC or TC clustering) activity. Previous studies have found that a substantial portion (34%–57%) of TCs can be described as MTC events, with a higher proportion in the WNP, compared with other MTC regions (Krouse and Sobel, 2010; Schenkel, 2015, 2017). The active phase of MTC formation is defined as when the number of TCs generating in a short period is abnormally large, and the opposite situation is called the inactive phase of MTC formation (Gao and Li, 2011, 2012). The active phase may result in a certain region being frequently affected by TCs over a short period, which increases the cumulative effect of TC damage and losses. In contrast, the inactive TC genesis phase in summer causes high temperatures and droughts.
At present, studies on TCs in the WNP area emphasize the interannual and interdecadal variations, and, in recent years, many studies on subseasonal-to-seasonal TC activity in the WNP have been carried out. The two major components of the intraseasonal oscillation—the 30–60-day Madden–Julian oscillation (MJO) and the 10–20-day quasi-biweekly oscillation (QBWO)—are the main factors affecting the intraseasonal variability of TCs. The MJO is the major component of the tropical intraseasonal oscillation, as the variability of the observed TC activity (i.e., genesis, track, and landfall) in the WNP is related to the MJO-related convection. The substantial increase (reduction) in cyclogenesis is found to be associated with the active (inactive) phase of the MJO (Nakazawa, 1988, 2006; Liebmann et al., 1994; You et al., 2019; Zhao and Li, 2019). The 10–20-day QBWO located in the Asian monsoon region presents northwestward-moving characteristics. Its energy is more powerful than that of the MJO, it exerts strong modulation on the intraseasonal activity of TCs, and it has a significant local influence on TCs (Li and Zhou, 2013a, Li and Zhou, 2013b; Zhao et al., 2015). As one of the abnormal phenomena of TC subseasonal variation, MTC events have been rarely studied. The low-frequency change in atmospheric circulation has a regulating effect on MTC events (Gao and Li, 2011). Some MTC events in the WNP are the successive cyclogenesis due to energy dispersion of preexisting TCs (Li and Fu 2006; Krouse and Sobel, 2010). The convectively coupled equatorial waves provide strong (weak) favorable environmental conditions that result in more (less) TC genesis. Compared with the synoptic-scale waves (tropical depression-type waves and mixed Rossby-gravity waves), the long-lasting equatorial Rossby waves produce more favorable humidity and convective conditions for MTC formation (Krouse and Sobel, 2010; Schenkel, 2015; Lai et al., 2020).
In the dynamic seasonal forecast, Manabe et al. (1970) were the first to find that atmospheric circulation models at low resolution can reproduce the observed low-pressure structure and physical characteristics of TCs (Bengtsson et al., 1982, 1995, 2007; Haarsma et al., 1993). Despite slight differences between the methods used for the detection and tracking of TCs in the models, most begin by identifying the distinctive atmospheric structure of TCs (i.e., the strong vortex and the warm-core structure). The ECHAM-4 general circulation model (GCM), developed by the Max Planck Institute for Meteorology (Roeckner et al., 1996), has been used for TC forecasting since the early 2000s. In 2003, the International Research Institute for Climate and Society in the United States built a dynamic prediction model using the ECHAM4.5 GCM for forecasting seasonal TC genesis frequency (Camargo and Barnston, 2009; Klotzbach et al., 2011). Fu and Hsu (2011) used a hybrid atmosphere–ocean coupled model developed at the University of Hawaii (UH_HCM model) to successfully predict a tropical cyclogenesis event in the northern Indian Ocean with a lead time of two weeks. The atmospheric component of the UH_HCM model is the ECHAM4.5 GCM, and the ocean component is a 2.5-layer equatorial upper ocean model. The UH_HCM model was developed by the International Pacific Research Center (IPRC) of the University of Hawaii (Fu et al., 2003; Fu and Wang, 2004) and it shows some prediction capability for subseasonal TC activity and a high forecast skill for the MJO (Fu et al., 2009, Fu et al., 2011; Fu and Hsu, 2011). At present, few studies have focused on the numerical simulation of MTC activity. Therefore, this paper makes a further assessment of the MTC simulation capacity of the UH_HCM model, to provide technical support for the extended-range numerical prediction of the subseasonal change of TCs in the WNP area.
MATERIALS AND METHODS
The data used in this paper are as follows. 1) The TC best-track dataset archived at the Joint Typhoon Warning Center (JTWC) from May to October 1979–2015. The original temporal resolution of the JTWC observation data is 6 h, but it was transformed into 1 day in this study. A TC is defined as a tropical storm with a maximum average wind speed over 35 miles per hour near the bottom center. 2) Reanalysis data (Reanalysis 1) from the National Centers for Environmental Prediction (NCEP) and the National Center for Atmospheric Research (NCAR) from 1979 to 2015 with a spatial resolution of 2.5 ° × 2.5 °. The temporal resolution of the NCEP reanalysis data is 1 day.
The genesis potential index (GPI) is an index that reflects whether the potential background is beneficial to a comprehensive quantitative description of TC genesis (Emanuel and Nolan, 2004). It is defined as
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where [image: image], [image: image], [image: image], [image: image], [image: image] is the absolute vorticity at 850 hPa in s−1, [image: image] is the relative humidity at 600 hPa in percent, [image: image] is the TC maximum potential intensity (in m s−1) defined by Emanuel, and [image: image] is the magnitude of the vertical wind shear between 850 and 200 hPa. Following Li et al. (2013), the deviation of the total GPI from its mean can be calculated by taking the logarithm and the total differential, and it can be written as
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where [image: image] and [image: image].
With a simple conversion, the magnitude of the GPI anomaly ([image: image]) becomes a linear combination of four independent terms, i.e., absolute vorticity (Term1), moisture (Term2), maximum potential intensity (Term3), and vertical wind shear effects (Term4).
The UH_HCM model used in this study is an ocean–atmosphere coupled model. The atmospheric component (ECHAM4.5 GCM) has 19 layers extending from the surface to 10 hPa, and we used the T106 version (the corresponding horizontal resolution is about 1°) in this study. The ocean component with a resolution of 0.5 ° × 0.5 ° comprises a mixed layer and a thermocline layer. We use the climate circulation field and sea surface temperature field as fringe conditions for the control-run experiment. We run the experiment for 22 years and analyze the last 12 years’ data. In the UH_HCM control-run experiment, the temporal resolution of the output data is 1 day.
SUBSEASONAL VARIATION OF TROPICAL CYCLONES IN THE WESTERN NORTH PACIFIC
To describe the subseasonal variation of TCs in the WNP, we used the method of Gao and Li (2011) to divide MTC events into different phases. First, the TC genesis interval (TGI) sequences between every 2 TCs are calculated. Then, the relationship between the anomalous TGI (ATGI) and its 0.5-time standard deviation is compared. According to these two criteria, MTC events are divided into three phases (Table 1). An active phase is defined as a TGI less than or equal to 3 days, which means the genesis interval between two consecutive TCs is less than or equal to 3 days. A normal phase is with a TGI of 3–9 days. An inactive phase is defined as a TGI greater than or equal to 9 days. If two or more active or inactive phases occur successively, they are considered to be the same active or inactive phase. We use the numbers 1, 2, and 3 to indicate the inactive phase, the normal phase, and the active phase of the day, respectively, and obtain the sequences of MTC phases from 1979 to 2015 (Figure 1).
TABLE 1 | Classification of the MTC phases based on the standard deviation σ of the TC genesis interval (TGI) in the WNP (ATGI denotes the anomalous TC genesis interval).
[image: Table 1][image: Figure 1]FIGURE 1 | The numbers of TC genesis (red column) and the MTC phase sequences during May to October from 1979 to 2015. The numbers 1, 2, and 3 for the blue lines indicate the inactive phase, normal phase, and active phase of the MTC events, respectively.
This divides the lifetime of TCs in the WNP into inactive, normal, and active phases according to the MTC features. There are 83, 68, and 185 events for the three phases from May to October during 1979–2015, respectively. Typical events for the three MTC phases are selected and further analyzed to better show the differences in the circulation background of the three phases. For the inactive phase, 23 typical events that last for over 24 days (the average length of all events in the inactive phase) from July to September are selected. In addition, 17 and 22 typical events for the normal phase and active phase, respectively, that continuously generate five TCs (the average TCs of all events, both active phase and normal phase, is 5) or more are also selected. The outcomes are listed in Table 2. From here on, MTC events refer only to events in the active phase.
TABLE 2 | Typical events of the three MTC phases in the WNP.
[image: Table 2]Figure 2 shows the composite wind and vorticity fields at 850 hPa for typical events in the inactive, normal, and active phases. The time period of each composite environmental field ranges from the start day to the end day of each typical event. We find that the low-level circulation fields of the normal phase and the active phase are similar. They both have a distinct monsoon trough, and the monsoon shear line stretches from the South China Sea (SCS) to the central Pacific Ocean (150 °E), which corresponds to a high positive vorticity zone (>0.6 × 10–5 s−1). This means that there is a strong horizontal convergence within the shear line and most of the TCs are generated in this location. The center of the high positive vorticity zone is near the Philippines (>1.2 × 10–5 s−1), where the relative wind speed is faster, the positive vorticity range is wider, and the maximum positive vorticity is higher. Meanwhile, the composite low-level wind field of the active phase shows an apparent cyclone in the northern SCS and multiple TCs generate in the center of the cyclone. In the composite low-level wind field of the inactive phase, the wind speed is much weaker than that in the other two phases. The positive vorticity zone is farther south and the intensity is slightly weaker (mostly lower than 0.6 × 10–5 s−1). This large-scale background is not conducive to the genesis of TCs. The low-level wind difference of the active phase minus that of the inactive phase shows a large-scale cyclonic circulation in the WNP with a center near 130 °E, 22 °N (Figure 2D). Along the center, there is a zone of high positive vorticity in the zonal direction. Three distinct centers of positive value are located in the eastern SCS, from the northern Philippines to coastal Taiwan, and the midwestern Pacific Ocean. Compared with Figure 4A, we find that it is also the location for MTC genesis. This indicates that the MTC formation in the WNP is mainly affected directly by the monsoon trough in the WNP.
[image: Figure 2]FIGURE 2 | The composite wind fields and vorticity fields (shading, 10–5 s−1) at 850 hPa of the typical events in the (A) active phase, (B) normal phase, and (C) inactive phase. (D) The vorticity difference (shading) of typical events in the active phase minus those in the inactive phase. The dots represent values significant at the 95% confidence level using the t-test.
ABILITY OF THE UH_HCM MODEL TO SIMULATE CIRCULATION BACKGROUND FIELD IN THE WESTERN NORTH PACIFIC
The simulation ability of the model for the atmospheric circulation, water vapor condition, and dynamic condition are analyzed, all which have a close relationship with the genesis and development of TCs.
Early studies showed that, in the season when TCs are active in the WNP, both the western Pacific subtropical high and the monsoon trough have a great influence on the genesis location, frequency, intensity, and development pattern of TCs (Chen and Ding, 1979). For example, over 75% of TCs generate in regions where a monsoon trough exists (Briegel and Frank, 1997). According to observational data, among the various large-scale environmental fields in the active season of TCs (May to October), there is an evident subtropical high system and a monsoon trough related to the summer monsoon in the WNP area (Figure 3B). The high sea-level pressure (SLP) center is near 30 °N (Figure 3D). The monsoon trough stretches from the SCS to about 150°E, and its south side is dominated by southwesterly monsoonal flows. The features of the simulated low-level wind and SLP are relatively consistent with the observations. However, compared with the observations, the position of the simulated SLP center is farther north (around 35 °N), the simulated wind speed of the southwesterly wind entering the monsoon trough is weaker, and the location of the simulated monsoon trough is also farther north.
[image: Figure 3]FIGURE 3 | Climate state of the control-run experiment and NCEP reanalysis data during May to October. (A and B) Average wind field (m s−1) and vorticity field (10−6 s−1) at 850 hPa. (C and D) Average sea-level pressure (hPa). (E and F) Average specific humidity field (10−3 kg kg−1) at 500−700 hPa. (G and H) Average vertical wind shear field between 200 hPa and 850 hPa (m s−1).
[image: Figure 4]FIGURE 4 | Genesis density (A and B) and track density (C and D) of TCs per year during May to October. (A) and (C) are based on the 12-year control-run experiment and (B) and (D) are based on the JTWC observation data in 1991–2012.
The positive vorticity area in the lower atmosphere is one of the dynamic conditions to generate TCs. It can help drive updrafts of air, release the instable energy, and develop cumulonimbus cloud. The observed climate state of relative vorticity at 850 hPa (Figure 3B) shows a large area of negative values in the subtropical region and an obvious high vorticity band in the area between 10° and 20°N in the WNP where TCs are more concentrated. The maximum positive vorticity value is located in the SCS. The simulated positive vorticity band corresponds well with the observations (Figure 3A). The position of the subtropical high is farther northwest and the intensity in the WNP is weaker than that in the observations, and the simulated positive vorticity values in the SCS are larger than those in the reanalysis data.
In general, most TCs generate in the mid-troposphere where the humidity is high. This aids in the development of cumulonimbus clouds, the release of latent heat, and heating of the upper troposphere. Figures 3E,F shows the average specific humidity at 500–700 hPa in May–October (typhoon season in the WNP). The observed humidity in the middle and lower troposphere is high in the monsoon trough area (>4 × 10–3 kg kg−1) from the SCS to 160 °E, but low in the subtropical ridge area. The spatial pattern of humidity simulated by the UH_HCM model is relatively consistent with the observations, except that its values are generally larger, especially in the monsoon trough area.
Weak vertical wind shear is an important condition for generating TCs. It helps to concentrate the latent heat released by the convective condensation of the initial disturbance in the upper and middle troposphere and develop it into a warm-core structure. Then the upper-air divergence and the decreasing surface pressure help the formation of TCs. The strong vertical wind shear restrains the development of convection and thus limits the formation of the warm core and vortex. Figures 3G,H show the distribution of the vertical wind shear between 200 hPa and 850 hPa during May to October. We find that, near the SCS, east of the Philippines, and the Mariana Islands, the simulated weak vertical wind shear region (<9 m s−1) is basically the same region as in the observations. However, the simulated vertical wind shear is weaker near 0 °N and 20 °N west of 140 °E.
In summary, the regional climate model can reasonably simulate the spatial structures of the large-scale environmental fields, including pressure, wind, humidity, low-level vorticity, and vertical wind shear, but with relatively weaker intensities than the observations. In addition, the results indicate that the simulated large-scale conditions in the SCS are more conducive to the generation and development of TCs than the observations.
ABILITY OF THE UH_HCM MODEL TO SIMULATE MULTIPLE TROPICAL CYCLONE EVENTS IN THE WESTERN NORTH PACIFIC
To better examine the simulation performance of the UH_HCM model for MTC events, the criteria for TC identification and tracking in the typhoon hindcast experiment (Fu and Hsu, 2011) are adopted in this paper. The analysis above has shown that the intensities in the control-run experiment are weak. Therefore, we use the following standards. 1) A well-developed cyclone with maximum relative vorticity larger than 10 × 10–5 s−1 exists above 850 hPa, which is equivalent to the standard for TCs (the threshold was chosen as the best compromise for identifying TCs in this model; refer to Table 1 of Bengtsson et al., 2007). 2) The vertical section of the cyclone reveals a warm core (the average temperature at 700, 500, and 300 hPa is 0.75 °C higher in the internal 3 × 3 grid than that in the external 7 × 7 grid). On the basis of these two criteria, we locate the position of the TC in the UH_HCM model and go back to the time and location when the vorticity first meets 6 × 10–5 s−1. Then we go back to find where the vorticity is below 5 × 10–5 s−1 (we usually use the landfall intensity in this experiment).
We identify and track the TCs in the WNP area (0–35 °N, 100 °E–180 °W). TC activity with a lifetime no less than 2 days is selected in the 12-year control-run experiment. From May to October in 1979–2015, the WNP area generates an average of 20.5 TCs in a year (tropical storm or above). There is an interannual variation in the simulated TCs. The average annual TCs simulated by the UH_HCM model are 20.3, which is slightly less than the observations.
The genesis density of TCs per year from May to October is compared between the 12-year control-run experiment and the historical observation records during 1991–2012. Figure 4B shows that, near the SCS and the Philippines, there are two high-frequency centers of TC genesis in the WNP during the study period. The southwest monsoonal flows and easterly trade winds converge in these two regions, where the TCs tend to form. The frequency of the simulated TCs is less than that in the observations, and the simulated high-frequency center is located farther northeast (Figures 4A,B). Figures 4C,D shows the track density of TCs per year from May to October over 12 years. The TC activity paths that the UH_HCM model simulates are more scattered than the observed paths because of the coarse resolution. Combined with Figure 4A, we find that the simulated monsoon trough is systematically northward, which makes most of the simulated TCs active in areas north of 20°N. Furthermore, the subtropical high is located farther northwest and makes TCs active in the tropical central Pacific region (Figure 4C).
On the basis of the method provided above for analyzing the observed MTC formation features in the WNP, we show the annual phase sequence of TC genesis from May to October in the 12-year control-run experiment (Figure 5) and select some typical events in the inactive, normal, and active phases (Table 3). Table 4 shows the statistical results for all events of the three MTC phases in the 12-year control experiment and the historical observation records from the JTWC during 1991–2012. Compared with the observations, the annual frequency of MTC events in the control experiment is lower and their annual duration is longer. These differences may be because events of short duration in the control experiment are not included herein. Overall, the UH_HCM model is capable of simulating the climatic statistical characteristics of the MTC events to a certain extent. To prove that the UH_HCM model is capable of simulating MTC formation, we select a typical MTC event in the active phase for demonstration. This event occurs from 29 August to 28 September. During the 31 days, 12 TCs generate in the WNP in succession. Figure 6 shows the evolution of the outgoing longwave radiation (OLR) and the wind fields at 850 hPa from 12 September to 20 September, during which two MTC cases occur. The first case is from 14 to 15 September when 2 TCs occur. The second case is from 17 to 19 September. Two new TCs generate in this period and there are three active TCs at the same time.
[image: Figure 5]FIGURE 5 | Same as in Figure 1, but for the 12-year control-run experiment.
TABLE 3 | Typical events of the three MTC phases in the WNP of the control-run experiment.
[image: Table 3]TABLE 4 | Statistics of all events of the three MTC phases (observed data are the JTWC data for 1991–2012).
[image: Table 4][image: Figure 6]FIGURE 6 | Evolution of the OLR and 850 hPa wind fields from 12 to 20 September. The date is given in the upper left corner of each panel, and the position of the individual TCs is indicated by the tropical cyclone symbol.
Figure 7 shows the composite wind and vorticity fields of typical events in the inactive, normal, and active phases at 850 hPa. Compared with Figure 2, we find that there is an evident monsoon trough simulated in the UH_HCM model during the MTC active phase. The center of the high positive vorticity corresponds to the MTC formation region. The positive vorticity zone is more distinct in the normal phase, and there is a wide range of negative vorticity in the inactive phase. The composite low-level wind difference of typical events in the active phase minus those in the inactive phase shows a large-scale cyclonic circulation in the WNP (Figure 7D). Compared with the observations, the low-level wind speed in the active phase is greater than that in the inactive phase, thus the vorticity difference is larger. In general, the simulation results are consistent with the observations.
[image: Figure 7]FIGURE 7 | Same as in Figure 2, but for the 12-year control-run experiment.
Strong convection is an essential condition for the genesis and development of TCs. Figure 8 shows that the area of OLR lower than 230 W m−2 lies at 5–20 °N. This tropical convection activity belt covers the tropical Pacific Ocean in the Northern Hemisphere, which corresponds to the area where more TCs are generated in the control-run experiment. Compared with the active phase, the convective activity is weaker and the low value of OLR occurs at a lower latitude during the inactive phase (Figure 8B). During the active phase, the large value area of specific humidity at 600 hPa is very similar to the small value area of OLR. Furthermore, the atmospheric moisture condition is much better than that in the inactive phase, which is beneficial to TC genesis. Figure 8 also shows the large-scale wind field at 200 hPa and 925 hPa. During the active phase, the convergence in the lower atmosphere and divergence in the upper atmosphere can be clearly observed in the tropical western Pacific. However, there is a divergent circulation in the lower levels. The dissimilarities of the simulated circulation background match with those of the different MTC phases.
[image: Figure 8]FIGURE 8 | Composite fields of typical events in the active and inactive phases. (A and B) 200 hPa wind (m s−1) and OLR (W m−2). (C and D) 925 hPa wind (m s−1) and 600 hPa specific humidity (10–3 kg kg−1). The red solid marks denote the genesis location of TCs.
Using Eq. 2, we calculate the composite δGPI fields for the typical events of the three MTC phases. Figure 9 shows the spatial distribution during different phases. Larger positive values are concentrated in the 10–20 °N sea area during the active phase. Meanwhile, three maximum centers are located in the SCS and the central Pacific from 140 °E to 160 °E. During the inactive phase, relatively larger values of δGPI are widely distributed in the south of the 15 °N sea area, which is unfavorable for the MTC genesis. To further reveal how the four independent GPI terms influence MTC activity in the UH_HCM model, Figures 10 shows the composite difference of the active phase minus the inactive phase. Figure 10A (Term1) reflects the vorticity characteristics of 850 hPa and it agrees with the preceding context. The difference of Term2 (moisture) with a positive value is mainly distributed in the sea (15 °N–25 °N, 140 °N–180 °E) and the value is the largest among the four factors. In the active phase, extremely sufficient moisture in the low-level atmosphere contributes to the TC genesis in the Pacific Ocean. However, during the inactive phase, the location of the high moisture area is relatively farther north or south and it is not the main area for TC genesis. The difference of Term3 (potential intensity) is very small in the tropics. Negative values exist in the western Pacific area north of 15 °N and the maximum potential intensity simulated in the control-run experiment is not favorable for MTC activity. The difference of Term4 (vertical wind shear) is almost a negative value in the WNP, which is unfavorable for MTC activity in this model. In summary, different GPI terms have different effects on MTC activity as well as on different areas in the WNP. In the UH_HCM model, the vorticity and moisture have a significant impact on the MTC activity.
[image: Figure 9]FIGURE 9 | Same as in Figure 7, but showing the δGPI (GPI anomaly) fields.
[image: Figure 10]FIGURE 10 | The composite difference of four independent δGPI (GPI anomaly) terms in the active phase minus those in the inactive phase. (A) Term1 represents vorticity, (B) Term2 represents moisture, (C) Term3 represents potential intensity, and (D) Term4 represents vertical wind shear. The dots represent values significant at the 95% confidence level using the t-test.
CONCLUSION AND DISCUSSION
Three different phases of MTC events, i.e., the active phase, normal phase, and inactive phase, are determined during 1979–2015. By selecting typical events and performing composite analysis, the results suggest that MTC events tend to occur in the active phase when the monsoon trough is stronger and located farther north. In the control-run experiment, the UH_HCM model shows a certain ability for simulating the large-scale circulation background in the WNP area. For example, the model does well in simulating the northwest Pacific subtropical high and the monsoon trough. However, the location of the simulated subtropical high is farther northwest and the monsoon trough is farther north than in the observations. The UH_HCM model shows a certain ability for simulating TC activity in the WNP. Compared with the observational data, the frequency of TC genesis is lower, and the high-frequency center is farther northeast in the model results. As a whole, the model performs well in simulating the climatology and characteristics of the typical events in different MTC phases. The vorticity and moisture in the model appear to be the two main factors affecting MTC activity based on analyses of the GPI.
This study shows that there are some differences between the control-run experiment simulation and observational data. Our future study will use reanalysis data for historical hindcast experiments and improve the standards for TC identification, which will help to better describe the TC features and enhance the capacity of potential prediction for MTC events in the WNP.
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Persistent extreme precipitation covering a large area usually causes severe flooding disasters in China, but how to depict it and what are the possible causes are still open questions. With Climate Prediction Center global unified gauge-based analysis of daily precipitation and NCEP/NCAR daily reanalysis dataset from 1979 to 2019, summer regional pentad extreme precipitation (RPEP) is defined according to the threshold of the 95th percentile of pentad precipitation with more than 5% land grids coverage in eastern China. While the definition of RPEP highlights the climate features of both the persistence and the regionality of extreme precipitation, it is distinctly different from the previous definitions that mainly reflect the synoptic aspects with daily data and have strictly temporal-spatial constraints. Four categories of RPEPs are objectively identified by K-means cluster analysis, i.e., South China (SC), South of Yangtze River (SYR), Jianghuai River (JHR), and North China (NC). Along the Yangtze River (SYR and JHR), intensity and area of RPEP are positively correlated with each other, and with the increase of RPEP intensity, its center of gravity tends to move eastward in all the four cluster regions and southward in Jianghuai River and North China, respectively, and vice versa. The RPEPs mostly persist for one pentad but can reach up to two to three pentads at most, and along with the duration of RPEP, its intensity and area are both enhanced accordingly. Furthermore, the frequency of RPEP increased significantly since the late 1990s in SYR, JHR, and SC. Associated with RPEP, strong pentad-mean convergence and ascending motion occur in the middle-lower troposphere, and except for SC that is dominated by the local low-pressure and cyclone anomalies, the other three cluster regions are all forced by the western Pacific subtropical high to the southeast and weak low-pressure trough to the north, and the low-level anticyclone anomaly to the southeast transports abundant water vapors to the RPEP regions accordingly. Besides, all the RPEPs are closely in accordance with obvious subseasonal oscillations, especially the 10–30-day and 30–60-day oscillations, which can be regarded as the potential sources of RPEP predictability in eastern China.
Keywords: regional pentad extreme precipitation, relative threshold, low-level convergence, ascending motion, subseasonal oscillation, predictability
INTRODUCTION
At present, extreme weather and climate events are posing a serious threat to people’s life and health and are also one of the important causes of natural disasters. Extreme heat wave will lead to droughts and forest fires, and extreme precipitation is often associated with flood disasters. Changes in precipitation may have a more direct adverse impact on society, and extreme precipitation needs to be paid more attention to. Extreme precipitation has a huge impact on people’s life and social economy, especially when it has a long duration. If so, a wide range of influence and large cumulative intensity will contribute to a large amount of runoff on the surface, easily causing serious floods, landslides, mud-rock flows, and other meteorological and geological disasters, even with serious national economic losses. For example, the 1993 summer flooding in the Upper Mississippi River Basin is the most devastating flood of modern times, with damage estimates in the range of $15–20 billion (National Oceanic and Atmospheric Administration, 1993; Kunkel et al., 1994). In 1998, the persistent extreme rainfall event in the Yangtze River basin caused great losses over wide areas, and it is very severe and rare in recent decades.
Extreme precipitation events are low-probability events. The study of persistent extreme precipitation has been a hot topic for scientists around the world (Yuan et al., 2012; Liu et al., 2016; Sun et al., 2016). China is the main area affected by the East Asian summer monsoon that brings heavy precipitation, especially in eastern China, like the Jianghuai River basin. Furthermore, most of eastern China is composed of plain terrains, and these places are rather sensitive to disaster events, such as flood and waterlogging disasters. The extreme precipitation events in China are highly complex with obvious regional features (Chen and Zhai, 2013), so it is of great significance to figure out their climatological characteristics and mechanisms in eastern China.
The definition of extreme precipitation is still evolving. Tao (1980) firstly defined that if a single station with mean precipitation of more than 50 mm during 3 days or more, it is called a continuous rainstorm for a station. Later, regional extreme precipitation event is defined, which requires that precipitation is greater than or equal to 50 mm and lasts for at least five consecutive days or more, involving more than 10 grids (resolution 0.25 × 0.25°) in the region, wherein the coincidence rate of rainbands in the two adjacent days is not less than 20% (Wang et al., 2014). Another definition also considers both the persistence and the regionality of daily precipitation; that is, daily precipitation amount must exceed 50 mm for at least three consecutive days and, at the same time, the distance of neighboring stations must be less than 200 km from each other (Chen and Zhai, 2013). Among all these definitions, 50 mm per day is chosen as an absolute threshold for all over China, regardless of the regional differences between north and south and coast and inland.
Many previous studies have studied the extreme precipitation in different regions over China from various perspectives. Chen and Zhai (2013) found that most persistent extreme precipitation events occur in the central and southern parts of eastern China (primarily in the Jianghuai River basin and South China) and only a small fraction of them appear in northern China. Besides, they are more frequent after 1990, with higher mean intensity, longer mean duration, and larger affected areas. In recent 50 years, extreme heavy precipitation events increased in most areas of northwest China and decreased in most areas of northeast China and North China (Zhai and Pan, 2003; Zhai et al., 2007), meanwhile, precipitation intensity has increased significantly in most China (Zhai et al., 2007). Wang and Li (2005) showed that extreme precipitation events in Yangtze River basin increased sharply by 10–20 percent every decade in summer. However, Xie et al. (2005) pointed out that both the durative heavy rainfall events and the durative rainstorm events showed notable decreasing trends, especially in the upper and middle reaches of Yangtze River and Huaihe River basin.
Persistent extreme precipitation is often associated with stable large-scale circulation anomalies (Higgins and Mo, 1997; Sun et al., 2016; Zhai et al., 2016). Previous studies indicated that extreme precipitation in North China is possibly caused by strong low-pressure system in the middle and lower troposphere, and during the extreme precipitation event, the western Pacific subtropical high has obvious west-north uplifting phenomenon (Li et al., 2019). As for the persistent heavy rainfall events from May to August in South China, it is controlled by cyclone anomalies; meanwhile, the South China Sea is dominated by “tongue-like” anticyclone anomalies, which is the favorable circulation pattern for the formation of extreme precipitation in South China (Hong and Ren, 2013). Furthermore, the persistent extreme precipitation events in South China can be mainly categorized into two types, which are corresponding to the two types of South Asian high and, accordingly, the pathways of anomalous moisture have a large difference between them (Wu et al., 2016). Moreover, subseasonal oscillations are also responsible for the persistent extreme precipitation (Yang et al., 2010; Sun et al., 2016). For instance, the remarkable persistent extreme precipitation along the Yangtze River basin in 1998 is regulated by both 10–30-day and 30–60-day subseasonal oscillations, which in turn are triggered by local air-sea interaction and latent heat forcing in the western Pacific and the Indian Ocean, respectively (Sun et al., 2016).
With an overview of previous studies, extreme precipitation is mainly defined by the absolute threshold rather than the relative one, and it is generally considered as a synoptic phenomenon and an individual case for mechanism investigations, which has not formed a systematic and complete conceptual model of extreme precipitation in eastern China. Besides, more emphasis on extreme precipitation should be placed on southern China, where a large amount of climatological precipitation resides. However, the specific regions of regional extreme precipitation mentioned above are usually based on administrative divisions, which may not accurately reflect their actual locations. Instead, this study will redefine the regional extreme precipitation from the aspect of climate, identify the key regions in eastern China, and finally reveal the corresponding formation mechanisms. It is expected to deepen the understanding of regional extreme precipitation and to improve the prediction capability eventually.
The article is organized as follows: data, definition, and method are described in the next section; Characteristics of RPEP section presents the features of RPEPs in four cluster regions. Mechanism and Conceptual Model of RPEP section investigates the possible formation mechanism and subseasonal oscillations of RPEP. Finally, conclusions and discussion are provided in Summary and Discussion section.
DATA, DEFINITION, AND METHOD
Data and Preprocessing
Climate Prediction Center (CPC) global unified gauge-based analysis of daily precipitation is used for definition and analysis of regional extreme precipitation, and it is only available on land grids with a resolution of 0.5 × 0.5° from 1979 to the present (Xie et al., 2007; Chen et al., 2008a; Chen et al., 2008b). National Centers for Environmental Prediction/National Center for Atmospheric Research (NCEP/NCAR) daily reanalysis dataset (Kalnay et al., 1996) is employed to investigate the associated atmospheric circulations, and it is from 1948 to the present with the resolution of 2.5 × 2.5°. In order to keep the consistency of the research period, summer daily data (June, July, and August, JJA) from 1979 to 2019 are used in this study.
Instead of using daily precipitation for extreme precipitation, daily data are firstly converted into pentad data so as to highlight the climate characteristics of extreme precipitation. Therefore, 1 year can be divided into 73 pentads, and summertime is the period from the 32nd pentad to the 48th pentad (from June 5th to August 28th accordingly) with a total of 17 pentads for each year. The pentad anomaly is obtained by subtracting the climatological mean of the corresponding pentad during the whole study period, and all the variables are processed in the same way.
Definition of RPEP
Pentad precipitation is used to judge whether extreme heavy precipitation occurs according to its relative threshold at every grid, which is determined by the 95th percentile of reordered ascending pentad precipitation in summer from 1979 to 2019, similar to Zhai and Pan (2003). When the pentad precipitation exceeds its threshold, the corresponding grid is marked with extreme heavy precipitation. The relative threshold considers both the requirement of extreme and the geographical differences of climatological precipitation between northern and southern China, which makes it more objective and practical compared with the fixed threshold (50 mm) in previous studies.
To reflect the persistence of extreme precipitation, at least three consecutive days were required in previous studies (Chen and Zhai, 2013), which may exclude some particular extreme situations that can also contribute to a certain degree of flooding; for example, the extreme precipitation happens every other day in a pentad. It is reasonable to take pentad extreme precipitation into account in this study, which is not strictly requiring the continuity of daily extreme precipitation and only concerns the statistical effect of high-frequency signals.
The regionality of pentad extreme precipitation is identified as follows; i.e., the number of grids with pentad extreme precipitation exceeds 5% of the total number of land grids in eastern China (20°N–43°N, 105°E–123°E) and it needs at least 70 grids (about 3.5 × 5°) actually. The regionality requirement also has no strict spatial continuity for the adjacent grids, which is suitable for examining the climate characteristics of extreme precipitation. If a pentad meets the above two requirements, the pentad precipitation is defined as the RPEP. According to the definition of RPEP, 277 RPEPs are selected out of the total 697 pentads in the 41 years, which should include the regional extreme precipitation events obtained by previous studies with strict temporal and spatial constraints.
Some RPEP metrics are defined to depict its characteristics: frequency is the pentad number of RPEPs at each grid; intensity refers to the ratio of the cumulative amount and frequency number of RPEPs at each grid; area ratio is the ratio between the number of grids with RPEP and the total land grids in research; location of the center of gravity is expressed based on the latitudes and longitudes weighted by the RPEP amount at each grid; duration is counted by how many consecutive pentads last in the RPEP.
Method
Because of the high heterogeneous spatial distribution of RPEP in eastern China (Figure 1B), it is necessary to investigate the RPEP from region to region. K-means cluster analysis is the most commonly used nonlinear clustering technique (Pike and Lintner, 2020), and it can divide the whole data into a given number of clusters in which the data are closest to their centroid with minimized variance (Hartigan and Wong, 1979). By applying the K-means cluster analysis to the 277 RPEPs, four categories of RPEPs are objectively obtained. According to their spatial distributions of the frequency of RPEP, they are identified and named South China (SC) (20°N–27°N, 105°E–123°E), South of Yangtze River (SYR) (24°N–31°N, 105°E–123°E), Jianghuai River (JHR) (29°N–35°N, 105°E–123°E), and North China (NC) (34°N–43°N, 105°E–123°E), respectively, which cover the large center of the probability density of RPEP, as shown in Figure 2.
[image: Figure 1]FIGURE 1 | The spatial distributions of threshold according to 95th percentile of pentad precipitation (A), mean intensity of RPEP (B), and common summer pentad precipitation (C) during summer from 1979 to 2019 (unit: mm per pentad).
[image: Figure 2]FIGURE 2 | The frequency (shading) and center of gravity (green dot) of RPEP in SC (A), SYR (B), JHR (C), and NC (D). The black box indicates the specific cluster region.
As for the four categories of RPEPs, the detailed information, including occurrence time, coverage area ratio, center of gravity (longitude and latitude), and intensity, is summarized in Supplementary Tables S1–S4. Accordingly, the frequency, intensity, area ratio, location, and duration of each category of RPEPs are analyzed separately, so are the related atmospheric circulations. In addition, the wavelet analysis (Liu et al., 2007) with mother wavelet “Morlet” is also carried out to reveal the RPEP related subseasonal oscillation periods.
CHARACTERISTICS OF RPEP
As can be seen from the relative threshold of pentad extreme precipitation during summer from 1979 to 2019 (Figure 1A), it generally decreases from southeast to northwest in eastern China, and there are two large value bands along the Yangtze River and the coast of South China, which are consistent with the great total precipitation amounts over there. Specifically, in most of southern China, the thresholds are above 22 mm per pentad and exceed 28 mm per pentad in some mountain areas along the Yangtze River and coastal areas in South China, while in the western and northern inland areas over China, they are basically below 16 mm per pentad. Such significant spatial differences of RPEP threshold further confirm the necessity of considering relative threshold for each grid, and it also implies that the larger the threshold is, the stronger the intensity of RPEP is (Figure 1B). Especially, the maximum intensity of RPEP is above 40 mm per pentad in the middle reaches of the Yangtze River valley and coastal areas of South China (Figure 1B). In comparison, common summer precipitation excluding the RPEP has a much smaller intensity (Figure 1C); however, its spatial distribution is almost the same as the RPEP, which means amplitude of intensity rather than its spatial distribution is the most significantly different factor between RPEP and common summer precipitation (Figures 1B,C).
As revealed by the K-means cluster analysis, frequency and center of gravity for the four categories of RPEPs in SC, SYR, JHR, and NC are shown in Figure 2, wherein those with centers of gravity out of the specific cluster regions are removed out, and finally, 214 RPEPs are used in the following studies, among which there are 44 RPEPs in SC, 53 RPEPs in SYR, 56 RPEPs in JHR, and 61 RPEPs in NC during the past 41 years. The climatological frequency of RPEPs is decreasing from north to south in China, which is contrary to the spatial distributions based on the absolute threshold of 50 mm per day (e.g., Chen and Zhai, 2013), but consistent with Zhai and Pan (2003) by using the similar relative threshold, which emphasized that there are still a great number of extreme precipitations in northern China. At the same time, the large centers of frequency are in accordance with the locations of center of gravity for the four categories of RPEPs, and both of them are well confined in the cluster regions and distinctly separated from each other (Figure 2), indicating that it is reasonable and suitable to investigate RPEPs in terms of the above-mentioned four categories by the K-means cluster analysis.
Figure 3 shows the temporal distribution of area ratio and intensity of RPEPs in the four cluster regions. As we have known that SYR (Figure 3B) and JHR (Figure 3C) are both located in the Yangtze River basin and accompanied by the rainy season over there, the RPEPs in the two cluster regions mostly occur before the 44th pentad (early August), especially concentrating on the Meiyu period, when the quasistationary front provides sufficient water vapor and instability energy. The major occurrence time of RPEP in JHR is a little later than that in SYR, and compared with the SYR, the JHR may have a smaller mean intensity of RPEP, but the number of RPEPs with stronger intensity over there is larger than that in SYR, and the maximum intensity RPEP in JHR is about 45 mm per pentad in contrast to that in SYR with about 40 mm per pentad. Moreover, the mean coverage area ratio in JHR is also larger than that in SYR, which means the RPEPs in JHR tend to be more extreme than those in SYR though they both occur in the same Meiyu rain band.
[image: Figure 3]FIGURE 3 | The temporal distribution of area ratio and intensity (unit: mm per pentad) of RPEPs in the four cluster regions, SC (A), SYR (B), JHR (C), and NC (D) during summer, where the blue dot and red dot indicate area ratio and intensity, respectively, and the larger the dots are, the larger the area ratio and intensity are.
Associated with the northward advance of East Asian summer monsoon, rainband marches from southern China to northern China as well. In NC (Figure 3D), most RPEPs occur after the 35th pentad (the end of June), consistent with the major rainy season in July and August over there. The intensity of RPEP in NC is generally below 22 mm per pentad, much weaker than those in SYR and JHR, albeit with a comparable coverage area ratio. For SC (Figure 3A), the RPEP could occur during the whole summer period. Corresponding to the first and second rainy seasons in SC, area ratio and intensity of RPEP are relatively higher at the beginning and end of summer, and both of them show a decreasing trend from the 32nd pentad (the beginning of June) to the 39th pentad (the middle of July) and an increasing trend from the 40th pentad (late July) to the 48th pentad (the end of August) accordingly. The coverage area ratio of RPEP is larger in the first SC rainy season than the second one, but it is the reverse for the intensity of RPEP. Furthermore, the intensity of RPEP in SC is generally above 28 mm per pentad with a maximum around 60 mm per pentad, much larger than the other three cluster regions, which is consistent with the spatial distribution of threshold (Figure 1A). However, on the contrary, the area ratio of RPEP in SC is much smaller, which demonstrates the smallest spatial scale of RPEP among the four cluster regions.
Since the intensity of RPEP is the most concerning factor in evaluating extreme precipitation caused disasters, its relationships with area ratio and center of gravity (longitude and latitude) of RPEPs are further examined separately in the four cluster regions (Figure 4), wherein both latitude and longitude at the center of gravity are converted into anomaly data for clear representation. In the relationship of intensity and area ratio (Figure 4A), the intensity is significantly proportional to area ratio in SYR and JHR, i.e., along the Yangtze River, especially in JHR, the stronger the RPEP is, the much more area it will cover, and vice versa. However, in SC and NC, the intensity has no significant relationship with area ratio, and RPEPs with different coverage areas could have similar intensity. As for the relationship of intensity with center of gravity (Figures 4B,C), the intensity is significantly positively correlated with the longitude of the center of gravity in all the four cluster regions, with the largest correlation in JHR (Figure 4B). However, it shows a significantly negative correlation between intensity and latitude of the center of gravity in JHR and NC, while there were no obvious relations in SYR and SC (Figure 4C). It indicates that the intensity will get stronger when the center of gravity of RPEP moves toward the southeast in JHR and NC and toward the east in SYR and SC, and vice versa, which could be further deduced that if the rainband moves from west to east in eastern China, it will probably turn into stronger RPEP.
[image: Figure 4]FIGURE 4 | Scatter plots of intensity (unit: mm per pentad) with area ratio (A), anomalous longitude (unit: °) (B), and latitude (unit: °) (C) of RPEPs in four cluster regions. Purple dot, red dot, green dot, and blue dot with their fitting lines represent SC, SYR, JHR, and NC, respectively; “pass” in the legend means that the fitting line has a significant trend at the 95% confidence level.
Figures 5A–D show the occurrence time of RPEPs in the four cluster regions during the summer from 1979 to 2019. It can be seen that the occurrence time of all the individual RPEPs is consistent with their corresponding climatology as shown in Figure 3, and except for NC (Figure 5D), its frequency tends to obviously increase since the late 1990s (Figures 5A–C). As for persistence, most of RPEPs only last for one pentad in all the four cluster regions, and some of them can reach up to three pentads. Among which, the frequency of RPEP with more than one pentad is largest in NC (12 events), followed by SYR (9 events), JHR (6 events), and SC (2 events) in turn (Figures 5E–H). Specifically, in NC (Figure 5D), RPEP with more than one pentad tends to occur during the period between the 37th pentad and the 42nd pentad (in July), whereas it appears near the 34th pentad (middle of June) in SYR (Figure 5B). In terms of duration of RPEP, all the four cluster regions show that larger area and stronger intensity are both accompanied with the longer duration of RPEP, especially in SYR, NC, and SC (Figure 6).
[image: Figure 5]FIGURE 5 | The occurrence time (A–D) and frequency of RPEP with different lasting pentads (E–H) in SC (A,E), SYR (B,F), JHR (C,G), and NC (D,H). In (A–D), one blue dot indicates one RPEP, and the black solid line links the consecutive RPEPs.
[image: Figure 6]FIGURE 6 | Box-whisker plot for area ratio and intensity (unit: mm per pentad) against lasting pentad of RPEP in SC (A), SYR (B), JHR, (C) and NC (D). The blue and red box-whiskers indicate area ratio and intensity, respectively.
MECHANISM AND CONCEPTUAL MODEL OF RPEP
The composite anomalies of 850 hPa wind field, 500 hPa height field, 500 hPa vertical velocity, and precipitation for the four categories of RPEPs are used to explore the possible formation mechanism (Figure 7). At 850 hPa, strong convergent anomalies are all located right in the four cluster regions associated with the RPEPs (Figures 7A–D), which are corresponding to the greatly enhanced local convective activities and much more precipitation (Figures 7I–L). Specifically, as for the RPEP in SC, a cyclone anomaly at 850 hPa dominates the local region, and the strong westerly anomaly over South Asia may supply abundant moisture along with enhanced South Asian summer monsoon (Figure 7A). Accordingly, a significant negative 500 hPa geopotential anomaly locates above the SC as well, indicating the local deep low-pressure anomaly is responsible for the RPEP in SC (Figure 7E). Besides, anomalous 850 hPa anticyclone and cyclone are also over the Yellow Sea and the Sea of Okhotsk, respectively, accompanied with positive and negative geopotential anomalies at 500 hPa, which demonstrates a quasi-barotropic teleconnection from SC to North Pacific (Figures 7A,E). It is actually the Rossby wave train triggered by the diabatic heating release due to the RPEP in SC (Zhu and Li, 2016). On the other hand, according to the China Meteorological Administration tropical cyclone database from 1949 to 2019 available on the website http://tcdata.typhoon.org.cn/dlrdqx_zl.htm (Ying et al., 2014), about 1/2 of RPEPs in SC have the overlapped time period with the landfall tropical cyclone in SC, which means tropical cyclone activity may have some important influence on the RPEP in SC.
[image: Figure 7]FIGURE 7 | The composite anomalies of wind (vectors, unit: m s−1) and divergence (shading, unit: 106 s−1) at 850 hPa (A–D), geopotential height (shading, unit: gpm) at 500 hPa (E–H), vertical velocity at 500 hPa (contours, unit: Pa s−1), and precipitation (shading, unit: mm per pentad) (I–L) in SC (A,E,I), SYR (B,F,J), JHR (C,G,K), and NC (D,H,L). In (E–H), the thick red curly line is 588 gpm isoline that is used to indicate the western Pacific subtropical high. The red box in (A–L) indicates the specific cluster region. The hatched area indicates the 95% confidence level.
Regarding the RPEPs in SYR, JHR, and NC, an anticyclone anomaly at 850 hPa to their southeast is located in South China Sea, SC, and JHR, respectively, and the anomalous southwesterly could bring much more warm moisture into the three cluster regions in favor of the RPEPs over there (Figures 7B–D). Accordingly, significant positive 500 hPa geopotential height anomalies can also be seen above the 850 hPa anticyclone anomaly, which is associated with the western Pacific subtropical high at different latitudes, indicating RPEPs in SYR, JHR, and NC tend to occur on the northwest edge of the western Pacific subtropical high. At the same time, a negative albeit somewhat weak 500 hPa geopotential height anomaly is located to the north of the three cluster regions, providing an anomalous weak trough for the RPEPs over there (Figures 7F–H). Therefore, RPEPs in SYR, JHR, and NC share the common configuration features of local atmospheric circulation anomalies, i.e., western Pacific subtropical high- and low-level anticyclone anomaly to the southeast and weak low-pressure trough to the north. In particular, associated with the RPEPs along the Yangtze River valley (SYR and JHR), a clear meridional teleconnection appears over East Asia (Figures 7F,G), and it is much similar to the seasonal counterpart that may originate from the tropical northwestern Pacific and extratropical Eurasian continent (Sun et al., 2010; Sun et al., 2019). The teleconnections related to the RPEP in NC are more zonally oriented in the middle latitudes of the Eurasian continent (Figure 7H), which resembles the anomalous atmospheric circulation pattern responsible for much more summer precipitation in NC (Sun et al., 2010; Greatbatch et al., 2013) implying that RPEP in NC could be mainly affected by signals from the middle-high latitudes of the Eurasian continent.
Subseasonal oscillations of area-averaged precipitation in the four cluster regions are further examined for RPEPs by the wavelet analysis (Figure 8), because persistent extreme precipitation could be closely related to the combined influences of different subseasonal oscillations (Sun et al., 2016). In SYR (Figure 8B), RPEPs frequently occur in June (Figures 3B, 5B), and they are greatly in accordance with two distinct periods, i.e., 10–30 days and 30–60 days (Figure 8B), which favors long duration of RPEPs over there (Figures 5B,F), responsible for the significant persistent extreme precipitation and severe flood disaster along the Yangtze River in 1998 summer (Sun et al., 2016). The RPEPs in NC mainly occur in July and August (Figures 3D,5D,8D), and they are primarily accompanied with the obvious albeit weak 30–60-day oscillation together with weak 5–10-day synoptical oscillation (Figure 8D), which may also be the major reason that NC has the maximum number of RPEPs with more than one pentad among the four cluster regions (Figures 5D,H). In SC and JHR (Figures 8A,C), the period of precipitation is a little complicated, although RPEPs are still embedded in the notable subseasonal oscillation periods. The periods range from 5–10 days to 10–30 days and 30–60 days, and they are overlapped with each other, which cannot be clearly discerned from the precipitation signal. Nevertheless, 10–30-day and 30–60-day oscillations are still very important for the formation of RPEP over there, especially in JHR (Figures 5A,C,E,G; Sun et al., 2016; Yang et al., 2010).
[image: Figure 8]FIGURE 8 | The composite wavelet analysis of area-averaged precipitation during the period from May 1st to September 30th and the frequency of RPEP during summer for RPEP years in SC (A), SYR (B), JHR (C), and NC (D). The gray thick line represents the occurrence of RPEP, and the darker the gray line is, the more RPEPs occur in the specific pentad.
SUMMARY AND DISCUSSION
In this study, to examine the climate characteristics of extreme precipitation from the aspects of extreme, persistence and regionality, the RPEP is defined with pentad precipitation that is greater than the relative threshold with more than 5% of total land grids in eastern China. K-means cluster analysis is further applied to the selected RPEPs, and four categories of RPEPs are obtained, i.e., SC, SYR, JHR, and NC. In terms of some metrics of RPEPs, features of the RPEPs in the four cluster regions are revealed as well as their possible mechanism. The main conclusions are as follows.
RPEP along the Yangtze River (SYR and JHR) mainly occurs in June and July, and it appears in July and August in NC and almost the whole summer in SC, which is closely related to the seasonal evolution of rain band in eastern China. The intensity of RPEP is generally weakening from southern China to northern China, whereas it is the reverse in frequency. In SYR and JHR, the area and intensity of RPEP are usually both increasing and decreasing simultaneously, but similar intensity could appear with any coverage area of RPEP in NC and SC. The enhancement of the intensity of RPEP is mainly accompanied by the eastward movement of the center of gravity in all the four cluster regions, and vice versa, which may be used as a precursor for the emergence and intensity variation of RPEP. Most RPEPs last for one pentad, and some can reach up to two to three pentads, and the frequency of RPEP with more than one pentad is largest in NC and smallest in SC. In addition, both area ratio and intensity are generally positively correlated with the duration of RPEP.
The local strong low-level convergence and mid-level upward vertical motion may be responsible for triggering and maintenance of RPEP, which are the common features in the four cluster regions. However, the structures of atmospheric circulations are different between SC and the others, whereas SC is dominated by the local deep low-pressure anomalies and the other three cluster regions are all controlled by the enhanced western Pacific subtropical high to the southeast and the weak trough to the north; accordingly, the strong low-level anticyclone anomaly conveys abundant water vapor into the RPEP regions by southwesterly wind, favoring the formation of RPEP over there. Besides, all the four categories of RPEPs are in accordance with the subseasonal oscillations of precipitation; especially, the 10–30-day and 30–60-day oscillations are well separated and quite remarkable in SYR, and they have been proved to be very important for some specific persistent extreme precipitation events (Yang et al., 2010; Sun et al., 2016).
In addition, owing to the definition of RPEP based on pentad precipitation, a high-frequency signal like the synoptic weather perturbation is basically removed, which could let us focus more on the large-scale climate characteristics of extreme precipitation. And the distinct conceptual model of RPEPs in the four cluster regions and its close linkage to the subseasonal oscillations can provide us with a good chance to predict them. However, the early signals and potential sources of RPEP predictability are still open questions, which warrant further studies in the future.
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The Kuroshio and its extension (KE) significantly influences regional climate through meridional heat transport from the tropical ocean. In this study, the observational and reanalysis datasets are used to investigate the impact of the latent heat flux (LHF) over the KE region on downstream rainfall and the underlying mechanism. The result shows a “seesaw” structure in rainfall anomaly, dominating the Western Canada and the southwestern North America with a correlation coefficient of 0.77 between the two modes. In strong LHF years, strengthened LHF favors to enhance precipitation in the Western Canada and reduce that in the southwestern North America. This is primarily associated with an anomalous cyclonic circulation over the KE region, which enhances southwesterly precipitation and latent heating in the middle troposphere. The heating excites an anomalous cyclonic circulation to its west and an anticyclonic circulation to its east, helping to reinforce the existing anomalous cyclonic circulation in turn and form a positive feedback. The conditions associated with La Niña events favor to above processes. To the upper troposphere, the deepened anomalous cyclonic circulation due to enhanced eddy activities and atmospheric baroclinic instability over the KE strengthens subtropical westerly jet stream and thereby extends eastward on the 200 hPa level. Correspondingly, an elongated zonally lower level cyclonic circulation anomaly across the North Pacific leads to a moisture convergence in the Western Canada, which is mainly resulted from the anomalous positive vorticity advection over the left side of the exit region of the jet stream. The opposite circumstance occurs in weak LHF years, presenting an opposed anomalous circulation and rainfall pattern.
Keywords: Kuroshio and its extension, latent heat flux, western North American rainfall, ENSO, jet stream
INTRODUCTION
Sufficient water resources are extremely important for spring, the vegetation growing season (Choi and Kim, 2018), in the international agricultural center over western North America (WNA), especially the state of California (Swain et al., 2016). The precipitation over this region means the steady price of crops, food, and water security (Choi and Kim, 2018). However, California experienced severe drought from 2012 to 2016, which causes several adverse effects to social economy and ecosystem, such as fish populations, groundwater levels, and land subsidence (Lund et al., 2018). Therefore, the improved ability to predict rainfall is needed to better optimize water resource management and prevention of disasters over this area (Guirguis et al., 2020).
In order to gain insight of the rainfall fluctuation over the WNA, many investigations in cold season (e.g., winter and spring) and warm season (e.g., summer and autumn) have been conducted. These results indicate that several atmospheric modes modulate spatial and temporal variability of precipitation from the synoptic scale to the decadal timescale (Leathers et al., 1991; Cayan et al., 1998; Dettinger et al., 1998; Seager and Hoerling, 2012; L’Heureux et al., 2015; Mundhenk et al., 2018; Guirguis et al., 2020).
On the interannual timescale, it is well known that the rainfall in the Southwest United States is influenced by large-scale forcing, such as El Niño–Southern Oscillation (Dettinger et al., 1998; Trenberth et al., 1998; Bates et al., 2001), tropical sea surface temperature (SST) variability (Seager and Hoerling, 2012), and anomalous convections (L’Heureux et al., 2015). During a typical El Niño winter or spring, a positive Pacific North America (PNA) pattern is triggered, which results in an anomalous anticyclonic circulation damping rainfall over the Northwestern United States and Western Canada, while an anomalous cyclonic circulation facilitates rainfall over the Southwestern United States (Wallace and Gutzler, 1981; Leathers et al., 1991; Cayan et al., 1998; Ault et al., 2011). Although the magnitude and extent of PNA pattern is weaker in spring than that in winter, the PNA still plays an important role in organizing the North American rainfall in spring (Horel and Wallace, 1981; Wallace and Gutzler, 1981; Leathers et al., 1991). On the other hand, the Northern Hemisphere winter and spring are also particularly dominated by the northern annular mode (NAM) or Arctic Oscillation (AO). It is a planetary-scale wave influencing the position of storm tracks and cold air activities over the WNA (Thompson and Wallace, 2000; Thompson and Wallace, 2001). In positive phase of NAM/AO, high pressure anomaly at midlatitudes favors the northward shift of the jet stream in North America, which brings wetter conditions to Alaska and reduced spring precipitation in the Western United States (McAfee and Russell, 2008).
Besides these dominant patterns including PNA and NAM/AO, the Kuroshio and its extension (KE) oceanic and atmospheric anomalies are also an important signal for climate variability over the WNA in winter and spring (Lau and Weng, 2002; Kobashi et al., 2008; Taguchi et al., 2009; Ma et al., 2015; Zhu and Li, 2016; Kuwano-Yoshida and Minobe, 2017; Zhang et al., 2017).
In the midlatitude of the North Pacific, the largest surface heat flux provided by the KE reduces near-surface static stability and enhances vertical mixing (Nonaka and Xie, 2003). In addition, the atmospheric heating aloft due to latent heat flux (Yu et al., 2015) has underlying influence on the position of the North Pacific subtropical high according to the results of Liu et al. (1999) and Wu et al. (2008) and affects the intensity and location of storm track and upper level jet stream (Taguchi et al., 2009; Zhang et al., 2017). Furthermore, Ma et al. (2015) found that the mesoscale SST anomalies induced by oceanic eddy activity along the Kuroshio Current could strengthen the moist baroclinic instability and lead to an anticyclone anomaly over the Northeastern Pacific with reduced rainfall in winter. Over the North Pacific subtropical front region in spring, the SST front causes deep convection and modulates the atmospheric circulation anomaly by meandering of the jet stream northward in the upper troposphere (Kobashi et al., 2008). On the contrary, without SST fronts, the jet stream flows zonally and triggers downstream anomalous cyclonic circulation over the Gulf of Alaska (Kuwano-Yoshida and Minobe, 2017; Zhang et al., 2017). Those changes potentially result in atmospheric and climate remote responses (Taguchi et al., 2009; Frankignoul et al., 2010; Ma et al., 2015; Kuwano-Yoshida and Minobe, 2017). As an important quantity in air–sea interface, the LHF can well represent the exchange in water vapor and latent heat (Ding and Liu, 2001; Yu et al., 2015; Zhao et al., 2015). However, the contribution of the LHF anomaly over the KE region to the western North American rainfall variability and the physical processes related to the LHF anomaly are not understood well. Therefore, in our study, we mainly focus on the interannual variability of LHF in the KE region and its potential impact on the rainfall changes in the WNA.
The main objectives of this study are to investigate the response of atmospheric circulation and the associated western North American rainfall anomaly to the LHF anomaly in the KE region on the interannual timescale. The investigation helps to understand the linkage between the KE anomaly and the downstream rainfall variability in the WNA and its physical processes. The rest of the study is organized as following. Data and Methods section briefly introduces datasets and methods. Climatology section presents results, including climatology, interannual variability, and possible mechanisms. Concluding remarks are given in the last section.
DATA AND METHODS
Data
Several datasets are used in this study to analyze the relationship between the LHF over the Kuroshio extension and the precipitation in North America. The monthly and daily LHF data with a horizontal resolution of 1.0° × 1.0° are from objectively analyzed air-sea flux (Yu et al., 2008). The global monthly mean precipitation data are from the Global Precipitation Climatology Project (GPCP, v2.3) (Adler et al., 2003), which combines surface and satellite observations into 2.5° × 2.5° grid and can be obtained from 1979 to 2020. The monthly SST with horizontal resolution of 2.5° × 2.5° is from the National Oceanic and Atmospheric Administration Extended Reconstructed SST (ERSST) version 5 (Huang et al., 2017). In addition, the reanalysis datasets are from the NCEP-DOE II monthly and daily data, including the wind, temperature, and geopotential height, at a horizontal resolution of 2.5° × 2.5°, with 17 pressure levels from 1,000 to 10 hPa. All datasets cover the period of 1980–2018.
Methods
In order to investigate the impact of LHF over the KE on the downstream rainfall on the interannual and synoptic timescale, the 9 years and 8 days running smooth are conducted for each time series. To extract the leading mode of spring LHF over the KE region, an empirical orthogonal function (EOF) analysis is conducted (Lorenz, 1956). The seasonal mean LHF in boreal spring (March, April, and May) is normalized before the EOF analysis. The coupled relationship between LHF over the KE and the North American precipitation is also investigated using the singular value decomposition (SVD) (Bretherton et al., 1992), which objectively identifies pairs of spatial patterns with maximum temporal covariance between two fields. Besides, some general methods such as correlation, linear regression, and composite analysis are employed to investigate the relationship between the atmospheric circulation anomaly and the LHF variability. For composite analysis, we chose eleven strong LHF years (1984, 1988, 1989, 1990, 1993, 1996, 2000, 2001, 2011, 2014, and 2017) and six weak LHF years (1985, 1991, 1997, 2004, 2008, and 2015) based on the criterion that the absolute value of the first principal component of LHF over the KE region (PC1) is more than 0.8 times of standard deviation away from its average. To further uncover the underlying physical processes, we diagnosed the apparent heating source, Eady maximum growth rate, and meridional heat flux due to atmospheric eddy transient.
The apparent heat source Q1 includes the radiative heating, latent heating due to net condensation, and vertical convergence of vertical eddy transport of sensible heat (Yanai et al., 1973). Here, the inverse algorithm is employed to derive Q1, following the formula below (Ding and Liu, 2001):
[image: image]
where θ denotes the potential temperature, ω the vertical velocity in the pressure coordinates, and V the horizontal wind vector. [image: image] where R is the gas constant and Cp is the specific heat capacity of the dry air. p is the pressure and p0 equals to 1,000 hPa. The vertical integration of the Q1 is also calculated to measure the total heat source in the atmosphere.
To understand the impact of the surface LHF on the atmospheric stratification, we diagnosed changes in linear baroclinic instability of the atmosphere, which is a source of the development of midlatitude synoptic eddy activities and storm tracks. The baroclinicity is evaluated by the maximum Eady growth rate introduced by Hoskin and Valdes (1990) and is defined as [image: image], where N is the static stability parameter, T is the air temperature, and g is the gravitational acceleration. The eddy components of the meridional heat flux v′T′ are used as a measure of the eddy activity; the prime denotes a high-pass filter extracting the signal shorter than 8 days.
In addition, stream function was calculated by the equation, [image: image] used by Takaya and Nakamura (2001) to confirm wave-like pattern. Here, [image: image] is the stream function, g is the gravitational acceleration, f is the Coriolis parameter, and [image: image] is the anomalous geopotential height derived from climatology. Horizontal stationary wave activity flux was defined by Takaya and Nakamura (2001) for demonstrating the propagation of wave energy, which is parallel to the local group velocity.
CLIMATOLOGY
In this section, climatologically averaged patterns in spring of large-scale circulation, wind, surface latent heat flux, and precipitation are briefly presented to show an overview of these factors over the North Pacific and its surrounding continents. The KE lies in the East Asian monsoon region (Wang and LinHo, 2002), where the northerly wind and southerly wind prevail in winter and summer, respectively (not shown). As shown in Figure 1A, with the westward extension of subtropical high in spring, the prevailing wind turns southerly, which helps to strengthen atmospheric subtropical front over the North Pacific. A rain band, corresponding to the pre-Meiyu front, extends from South China to the central of the North Pacific, with several max value cores over the KE region, implying the coupling between the oceanic front and the atmospheric front (Iizuka et al., 2013; Figure 1B). This rain band is also known as the atmospheric river (Zhu and Newell, 1994; Payne et al., 2020), which has a close linkage with the precipitation over the coastal region of North America. In general, with the water vapor transport by the southwesterly wind on the north side of the subtropical high, the precipitation in the Western Canada is much larger than that in the southwestern North America and Mexico (Figure 1B), where these are dominated by atmospheric subsidence due to subtropical high over the eastern North Pacific (Figure 1A). Figure 1C shows large interannual variability of latent heat flux over the KE region and corresponding precipitation variability, implying a potential influence on regional and even remote climate variations deduced by the study of Zhu and Li (2016).
[image: Figure 1]FIGURE 1 | (A) Climatology of spring geopotential height (HGT, contours, gpm) and horizontal wind (vector, m/s) at 850 hPa, (B) climatology of spring latent heat flux (shading, W/m2) and precipitation (contours, mm/day), (C) standard deviation of latent heat flux (shading, W/m2), and precipitation (contours, mm/day).
INTERANNUAL VARIABLITY
Leading Mode of LHF over the KE Region
The EOF analysis is used to separate spring LHF anomaly over the KE region into different spatial modes that have various variability features. As shown in Figure 2A, the first EOF mode shows a spatial uniform LHF anomaly along the Kuroshio pathway with prominent interannual variability (PC1), which accounts for 30.35% of the total variance. While the second mode (PC2) presents a northwest–southeast contrast distribution of LHF anomaly, accounting for additional 14.41% (Figure 2B). The leading mode pattern is similar to the distribution of climatology and standard deviation of LHF (Figures 1B,C). In order to represent the primary information of LHF interannual variability, the normalized PC1 time series (Figure 2C) is defined as an indicator for the variability of LHF over the KE region and used in the following discussion (Yu et al., 2015).
[image: Figure 2]FIGURE 2 | (A) Spatial pattern of the first EOF mode of latent heat flux over the Kuroshio and it extension for the period of 1980–2018, and (B) is same as (A), but for the second EOF mode. (C) Normalized the first (red bar) and the second (blue bar) principal component of latent heat flux over the Kuroshio and it extension.
To estimate the relationship between the PC1 and the precipitation, the map of the correlation coefficient between them is shown in Figure 3. Three zonally elongated bands of correlation coefficient pass through the North Pacific to the coast of North America, where the correlation coefficient is significant again. This pattern presents a seesaw structure in precipitation anomaly between the southwestern North America and the Western Canada, at a high correlation with LHF anomaly over the KE region. In addition, the maximum correlation coefficient area is downstream to the central Pacific with the center at 180°E and 30°N, implying a prominently local atmospheric response to the LHF release in the KE region.
[image: Figure 3]FIGURE 3 | Map of correlation coefficient between PC1 of latent heat flux over the Kuroshio and its extension and precipitation. The white contours and dotted area represent statistical significance exceeding the 90 and 95% confidence level, respectively.
Coupled Relationship Between LHF Variability and Rainfall Pattern in North America
To validate the result of correlation analysis, the coupled modes between the spring LHF over the KE region and the North American rainfall are obtained by employing an SVD analysis. As shown in Figure 4, this coupled mode accounts for 44.57% of the total variance. Both LHF over the KE region and spring rainfall in the leading SVD display a coherent interannual variability with correlation coefficient of 0.77 between the two time series (Figure 4C). An uniform pattern of the LHF mode (Figure 4A) is consistent with the first EOF mode of LHF over the KE region, while the North American rainfall pattern (Figure 4B) is similar to the second EOF mode of spring rainfall with a positive (negative) precipitation core over the coastal region of Western Canada and a negative (positive) core over the southern North America around the Gulf of Mexico (not shown). The leading SVD mode illustrates that the spring North American rainfall dipole mode is really tightly coupled with the LHF mode over the KE region. Therefore, our question is that what mechanism links the LHF variation over the KE region and the spring rainfall anomaly in North America?
[image: Figure 4]FIGURE 4 | Leading SVD mode of (A) the latent heat flux over the Kuroshio and it extension and (B) the North America spring rainfall. (C) is the corresponding time series.
POSSIBLE LINKAGE MECHANISMS
Associated Circulation Anomaly of LHF PC1
To analyze the anomalous circulation that influences the North American precipitation, the anomalous geopotential height, horizontal wind (Figures 5A,C), upper level jet stream (Figure 5E), and column-integrated water vapor transport (Figure 5F) are regressed onto PC1 of LHF over the KE region. The corresponding anomalous stream function and wave activity flux (WAF) are also calculated to diagnose the Rossby wave energy propagation (Figures 5B,D). Apparently, the dipole structure of the North American rainfall is tightly related to the zonally elongated cyclonic (anticyclonic) circulation anomaly extending from the North Pacific to the WNA (Figures 5A,C). Furthermore, the changes of LHF over the KE region seem to be an energy source that maintains the anomalous barotropic cyclonic (anticyclonic) circulation (Figures 5B,D). Figure 5B shows an enhanced anomalous cyclonic circulation and WAF at 850 hPa over the northeastern Pacific, which is probably associated with the condensational heating due to strengthened precipitation (Figure 3). In Figure 5D, an evident feature is the WAF at 200 hPa southeastward propagates in two pathways, which are relatively independent from each other. The one pathway is from the KE region to the anticyclonic anomaly over the subtropical central Pacific, and another one is along the coast of the WNA (east side of subtropical high) from the north to south. Remarkably, the WAF propagates eastward continuously, which might have a profound influence on the precipitation in the Eastern United States.
[image: Figure 5]FIGURE 5 | (A) Regression of geopotential height anomaly (contours, gpm) and horizontal wind anomaly (vectors, m/s) at 850 hPa onto the PC1. The light and dark gray areas represent statistical significance exceeding the 90 and 95% confidence level, respectively. The green vectors denote the wind statistical significance at 95% confidence level based on Student’s t-test. (B) Regressed anomalous stream function (contours and shaded) and wave activity flux (vectors, m2 s−2) (C,D) are the same as (A,B) but for 200 hPa. (E) Climatology of zonal wind (contours, m/s) and the regression of zonal wind anomaly (shaded, m/s) at 200 hPa onto the PC1. The shading area exceeds 95% confidence level based on Student’s t-test. (F) is the same as (E) but for column-integrated water vapor transport (IVT, kg m−1 s−1).
As shown in Figure 5E, the regressed zonal wind anomaly at 200 hPa is corresponding to the anomalous circulation in Figure 5C, indicating that the enhanced LHF over the KE region helps the subtropical upper level jet stream strengthen and extend eastward to the coast of North America. This change probably modulates low-level circulation and precipitation anomaly, which will be discussed in Climatology section. This result is similar to the response of the upper level jet stream on the subtropical oceanic front in spring (Zhang et al., 2017), yet some differences exist from the forcing of the oceanic front and mesoscale eddies in winter due to the difference in the forcing region and distinct seasonal background (Ma et al., 2015; Kuwano-Yoshida and Minobe, 2017). The linear response of the water vapor transport is also estimated by regressing the column-integrated water vapor transport (Payne et al., 2020) onto PC1. Figure 5F illustrates that more water vapor transport in the west coast of Canada depends on the enhanced southwesterly wind from the lower level to the upper level (Figures 5A,C), which is conducive to the increase of precipitation there.
Asymmetrical Response of Atmospheric Circulation on LHF Anomaly
To analyze the mechanism of the LHF anomaly influence over the KE region on the western North American rainfall on the interannual timescale, Figure 6 shows the composite map of MAM-averaged geopotential height, horizontal winds at 850 hPa with precipitation, and those at 200 hPa with IVT based on eleven strong and six weak LHF years as defined in Data and Methods section. The composite maps indicate an asymmetrical response of the atmosphere to the KE LHF forcing.
[image: Figure 6]FIGURE 6 | (A) Composited map of precipitation (shading, mm/day), geopotential height anomaly (contours, gpm), and horizontal wind anomaly (vectors, m/s) at 850 hPa in the strong years. (B) is the same as (A) but for the weak years. (C) Composited map of column-integrated water vapor transport (shading, kg m−1 s−1), geopotential height anomaly (contours, gpm), and horizontal wind anomaly (vectors, m/s) at 200 hPa in the strong years. (D) is the same as (C) but for the weak years. In the maps, the dotted area for shading variables, thick black contours for the geopotential height anomaly, and the purple vectors for the winds represent statistical significance exceeding the 90% confidence level, respectively.
With regard to the composite of strong years, an equivalent barotropic dipole structure of atmospheric circulation dominates the North Pacific (Figures 6A,C). The cyclonic circulation anomaly exists over the KE region and is zonally elongated to the Western Canada, accompanied with the strengthened southerly wind, providing much more water vapor for precipitation. Simultaneously, an anticyclonic circulation anomaly imposed on the subtropical high lies on the southeast of the North Pacific, damping the precipitation in the southwestern North America and Mexico (Figure 6A). Conversely, in the weak years, the cyclonic circulation generated in strong years is replaced by a seemingly continuous anticyclonic circulations, which causes anomalous weak water vapor transport (Figure 6D) to the coast of Western United States and increases precipitation around the Gulf of Mexico (Figure 6B). It is evident that the intensity of anomalous circulations near the coast of western North America is asymmetric.
Impact of Strengthen Heating on Lower Level Circulation
To answer the question how the variability of LHF over the KE region influences the rainfall changes in the WNA, we take insight into the circumstance in strong years. Figure 7A,B shows that with the increase of LHF, the anomalous low forms aloft due to reducing near-surface static stability and enhancing vertical mixing (Nonaka and Xie, 2003). Correspondingly, the enhanced southwesterly wind transports more water vapor and strengthens precipitation over the southeast of the low anomaly (Figure 6A). The apparent heat source (Q1) anomaly due to condensational heating with the maximum in mid-troposphere (Figure 7E) can trigger anomalous southerly wind at the bottom of the maximum heat source and anomalous northerly wind above that (Liu et al., 1999; Wu et al., 2008), accompanying with strong ascending motion (Figure 7C). As shown in Figure 7E, it is clear that the anomalous maximum center of the heat source is located at 400 hPa, which is lower than the heating anomaly associated with the subtropical SST front (Zhang et al., 2017). According to the theory proposed by previous work (Liu et al., 1999; Wu et al., 1999), positive ∂Q1/∂z facilitates to excite an anomalous cyclonic circulation to its west and an anomalous anticyclonic circulation to its east due to the anomalous southerly wind. Strengthened cyclonic circulation induced by the latent heating can also reinforce the existing cyclonic circulation anomaly, which can be regarded as a positive feedback. Note that the response of the dipole circulation is confined in low–middle troposphere due to the maximum center of the heat source at 400 hPa. In western North America (zonally averaged over region B in Figure 7A), the enhanced Q1 in Figure 7F (upward motion in Figure 7D) around 50°N in Western Canada, and suppressed Q1 (descending motion) around 25°N over the coast of the WNA confirm the rainfall change associated with the anomalous circulation. The anomalous rainfall and atmospheric heating over the coastal region of the WNA probably affect the rainfall anomaly over the Eastern United States via wave energy dispersion at the upper level from the west to east of United States (Figure 5D).
[image: Figure 7]FIGURE 7 | (A) Composited map of the surface latent heat flux (shading, W m−2) and geopotential height anomaly (contours, gpm) at 850 hPa in the strong years. (B) Climatology of vertically integrated apparent heat source (Q1, black contours, W m−2), composited vertically integrated Q1 (shading, W m−2), and precipitation (green contours, mm day-1) in the strong years (C,D) are the meridional sections of climatology of vertical velocity at pressure coordinate (contours, Pa s−1) and its composited map (shading, Pa s−1) zonally averaged over the KE region (rectangle A in Figure 7A) and Western United States (rectangle B in Figure 7A), respectively. (E,F) are the same as (C,D) but for Q1 (K day-1). In the maps, the shading area, thick black contours for the geopotential height anomaly, and the green contours for precipitation anomaly represent statistical significance exceeding the 90% confidence level, respectively.
Impact of Shift of Upper Level Jet Stream on Lower Level Circulation
In order to investigate the formation of equivalent barotropic circulation anomaly from low–middle level to upper troposphere, we diagnostic relevant physical processes shown in Figure 8.
[image: Figure 8]FIGURE 8 | Left column is the climatology (contours) and its composite map (shading) in the strong years. (A) The maximum Eady growth rate (contours, day 1), (B) meridional eddy heat flux [[image: image], °C (m s−1)], (C) horizontal advection of relative vorticity ([image: image], s−2), and zonal wind anomaly (red contours, m s−1). The middle and right columns are the corresponding meridional sections zonally averaged over the KE region (rectangle A in Figure 7A) and the Western United States (rectangle B in Figure 7A), respectively. In maps (A–H), the shading area represent statistical significance exceeding the 90% confidence level. In panel (I), the difference value is shaded due to weak significance, and the area circled by the white contours represents statistical significance at the 90% confidence level, based on Student’s t-test.
As shown in Figure 8A, the climatology of Eady growth rate denotes that the atmospheric front lies on the KE region and a zonally elongated band structure of the anomalous Eady growth rate to the south flank. The vertical structure in Figure 8D indicates a larger Eady growth rate value in the lower troposphere, which implies that the synoptic activities are easy to develop (Simmons and Hoskins, 1978). The strengthened baroclinic instability extends from near the surface to the upper troposphere with a northward tilt with height, suggesting that the atmospheric front is coupled with the KE SST front (Iizuka et al., 2013; Moteki and Manda, 2013). Furthermore, the synoptic scale transient eddy activities are also measured by the meridional eddy heat flux (v′T′) (Blackmon et al., 1977), in which v′ and T′ are 8-day high-pass filtered v-component of the wind and air temperature, respectively (Figure 8B). Figure 8B,F indicates that the strong LHF strengthens meridional eddy heat flux over the KE region. Although eddy heat flux is not evident in the western North America (Figure 8G), the enhanced Eady growth rate illustrates that strong LHF favors to develop synoptic disturbance and convection (Figure 8E).
The increase of baroclinic eddy activities, which trap more available potential energy, is likely to produce more eddy kinetic energy and deepen the anomalous cyclonic circulation over the KE region, which further strengthen zonal wind from the lower troposphere to upper level (Gan and Wu, 2015). Figure 8C,H suggests that the upper level jet stream represented by zonal wind speed at 200 hPa is enhanced and extended to the western North America. The enhanced jet stream modulates the large-scale circulation (Kuwano-Yoshida and Minobe, 2017). For instance, the cyclonic circulation anomaly over the Western Canada is strengthened because of the increased positive relative vorticity advection to the north of the jet stream (Figure 8C), which extends across the troposphere, helping the development of low-level cyclonic circulation (Figure 8I).
Role of La Niña in the Anomalous Precipitation over the WNA
Since the tropical SST variability has a pronounced impact on both oceanic current and atmospheric circulation in the North Pacific, such as a strong response of the Kuroshio to ENSO (Mei et al., 2006) and the formation of the PNA teleconnection (Wallace and Gutzler, 1981). In order to investigate the relationship between tropical SST variability and the LHF over the KE region, the following spring (MAM) and previous winter (DJF) SST anomaly are regressed onto PC1. Figure 9A displays that the intensity of LHF over the KE region in the following spring is related with a strong negative SST anomaly over the central Pacific at the previous DJF, namely, a La Niña-like pattern. However, this relationship does not exceed the 95% confidence level, implying that the impact of La Niña-like pattern in previous winter on the spring LHF over the KE region is not prominent. During MAM (Figure 9B), although the cold SST anomaly over the central Pacific weakens, the area with statistical significance exceeding the 95% confidence level is extended. Meanwhile, the local SST over the KE region is strengthened, suggesting the response of local SST to the LHF release due to frequent cold air southward intruding over the KE region (Figure 10A).
[image: Figure 9]FIGURE 9 | (A) Regression of MAM-averaged (A) and DJF-averaged (B) SST anomaly (shading, oC) onto the PC1. The white contour and dotted area represent statistical significance exceeding the 90 and 95% confidence level based on Student’s t-test, respectively.
[image: Figure 10]FIGURE 10 | Composited map of precipitation (shading, mm/day), geopotential height anomaly (contours, gpm), and horizontal wind anomaly (vectors, m/s) at 850 hPa in the typical La Niña years (B) is the same as (A) but for the typical El Niño years. In the maps, the dotted area for shading variables, thick black contours for the geopotential height anomaly, and the purple vectors for the winds represent statistical significance exceeding the 90% confidence level, respectively.
In order to investigate the impact of ENSO on western North American rainfall and its different role compared with that by the Kuroshio LHF anomaly, Figure 10 presents the composite anomalies based on the criterion that the absolute value of the Niño 3.4 index in MAM is more than 0.8 times of standard deviation away from its average. For composite analysis, eight typical La Niña years (1981, 1984, 1985, 1989, 1999, 2000, 2008, and 2011) and seven typical El Niño years (1983, 1987, 1992, 1993, 1998, 2015, and 2016) are employed. Figure 10A shows that no significant less precipitation over the southwestern North America and more precipitation over the Western Canada in spring, since the anomalous high lain at the west of coastal California is relatively weak and shrunken on the ocean. Actually, the anomalous anticyclonic circulation in Figure 6A is from the combination of the Kuroshio LHF forcing and La Niña effect. On the one hand, the anomalous high over the subtropical eastern Pacific induced by La Niña helps to strengthen and extend the high anomaly eastward, damping precipitation over the southwest of North America (Figure 6A). On the other hand, anomalous low precipitation over the western Pacific facilitates to cold air outbreak from the Asian continent in spring of La Niña years (Li and Mu, 2000; Zhun and Chen, 2002; Kim et al., 2014) and enhances LHF release. In following spring of El Niño years, an anomalous low over the eastern subtropical Pacific (Figure 10B) favors more rainfall in the Southwest United States and Mexico, which acts similar role in the weak LHF years (Figure 6B).
SUMMARY AND DISCUSSION
The Kuroshio transports a large amount of heat from the tropics to the midlatitudes (Zhang et al., 2012), influencing the regional and hemispheric climate (Minobe et al., 2008; Hu et al., 2015). In this study, the observational data and reanalysis data are employed to investigate the impact of the LHF over the KE region on downstream rainfall and its underlying mechanisms.
An empirical orthogonal function (EOF) analysis is conducted to extract the leading mode and the first principal component of spring LHF over the KE (Lorenz, 1956). And then, we diagnose the relationship between LHF anomaly over the KE region and the western North American rainfall variability through correlation analysis and singular value decomposition (SVD). The result shows a “seesaw” structure in rainfall anomaly, dominating the Western Canada and the southwestern North America with correlation coefficient of 0.77 between the two modes (Figures 3, 4). Taking insight into the mechanism of this phenomenon, we found that in strong years, the strengthened LHF releases favors to enhance precipitation in the Western Canada and reduce that in the southwestern North America. This is primarily associated with an anomalous cyclonic circulation over the KE region due to the strong LHF, which enhances the southwesterly, precipitation, and latent heating in the middle troposphere. The heating excites an anomalous anticyclonic circulation to its east and an anomalous cyclonic circulation to its west, which helps to reinforce the existing anomalous anticyclonic circulation in turn and form a positive feedback (Figures 6A, 7A; Liu et al., 1999; Wu et al., 1999). In addition, the anomalous anticyclonic circulation over the subtropical eastern North Pacific induced by La Niña events enhances southerly wind in the west flank and strengthens the feedback mentioned above. On the other hand, because strong LHF is conducive to eddy activities and the strengthening of the atmospheric baroclinic instability over the KE, the enhanced and deepened anomalous cyclonic circulation in troposphere strengthens subtropical westerly jet and thereby extends eastward on the 200 hPa level. Correspondingly, a zonally elongated lower level cyclonic circulation anomaly across the North Pacific leads to a moisture convergence in the Western Canada, which is mainly resulted from the anomalous positive vorticity advection over the left side of the exit region of the jet stream (Figure 8C). On the contrary, the southwestern North America is located at the right side of the exit region of the jet axis, which is not conducive to the vertical convection and rainfall (Figure 8I). In weak LHF years, an asymmetrical anomalous circulation and rainfall patterns are presented, which is probably associated with asymmetry of ENSO effect and the influence from mid–high latitude.
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The strong radiative effects of fire aerosols have been well accepted in the climate community. However, there have been few studies on the aerosol effects at a monthly to subseasonal range. We used the National Centers for Environmental Prediction (NCEP) reanalysis datasets and Community Atmosphere Model Version 5 (CAM5) to explore the impacts of Amazon fire aerosols on the subseasonal climate. With the reanalysis datasets, we found that most of the abnormal high emissions tended to happen more frequently/intensely under a dry and warm condition during the La Niña years. And the composite analysis of the abnormal high emissions showed that there is a La Niña-like pattern of sea surface temperature anomalies (SSTA), precipitation, and circulation anomalies. To isolate the aerosol impacts from the SSTA, we removed the linear regressions of the Nino3.4 SST index, and found that significant anomalies in the pressure field still persisted in the midlatitude. Five wavetrains can be found in the mid-high latitudes of both hemispheres induced by Amazon fire aerosols. Through prescribing climatological mean SST and La Niña-like SSTA in CAM5 simulations respectively, we found that only the latter could reproduce the aerosol impact on circulation in the mid-high latitudes, i.e., five-wave anomalies, although with biased locations. This indicates that the Amazon wildfire aerosol impacts are highly coupled with the La Niña-like SSTA. This study emphasizes that Amazon fire aerosols indeed result in significant circulation anomalies in the mid-high latitudes and including fire aerosols may improve model forecasting skills at the monthly to subseasonal timescale.
Keywords: aerosol impact, subseasonal, circulation anomaly, wavetrain, La Niña SSTA
INTRODUCTION
The Amazon rainforest is located in the tropics, accounting for 40% of the global tropical forest area (Laurance et al., 2001; Aragão et al., 2014). Because it is the largest and most diverse tropical rainforest in the world, it is often called the “lung” of the Earth. The Amazon rainforest plays a major role in regulating the Earth’s climate via the exchange of water, momentum, and carbon between the biosphere and atmosphere (Chambers et al., 2001; Werth and Avissar, 2002). However, through global warming and an increase in the frequency and intensity of droughts, the world’s tropical forest may be turned into a more fire-prone ecosystem (Malhi et al., 2008). Recently, more fire events and more intense fires have occurred in the Amazon region (INPE 2020), which has attracted attention from society and scientific communities. Thus, the impacts of amazon fire on the climate system merits further understanding and investigation.
What is remarkable is that fires are also responsible for the emissions of large amounts of aerosol constituents. van der Werf et al. (2010) estimated for the period between 1997 and 2009 that, globally, the annual average carbon emissions caused by fire is 2.0 Pg·C·year−1, with South America contributing 15%. Of this, about 8% appears to have been associated with forest fires, based on estimates from the Global Fire Emission Dataset (GFED3) product for South America. Despite the short lifetime of aerosols in the atmosphere, biomass-burning aerosols can have significant impacts on global and regional precipitation and atmospheric circulation (Ackerman et al., 2000; Tosca et al., 2013; Tosca et al., 2014). Aerosols affect the climate system in several ways, including the scattering and absorbing of solar radiation (direct effects) (Haywood and Boucher, 2000), as well as serving as cloud condensation nuclei and modifying cloud properties such as the cloud life cycle, their optical properties, and the precipitation activity of clouds (indirect effects) (Rosenfeld et al., 2014). In terms of direct effects, absorbing aerosols, which directly heats the atmosphere, may be particularly efficient at perturbing atmospheric circulation and precipitation due to its ability to increase tropospheric stability and perturb meridional temperature gradients (Shen and Ming, 2018).
Previous studies have shown that aerosols are linked to several circulation responses, including the southward shifts of the tropical rain belt (Allen, 2015), exciting robust drying in the northern edge of the Atlantic Inter-Tropical Convergence Zone (ITCZ) and in the Sahel (Rotstayn and Lohmann, 2002), weakening the South Asian Summer Monsoon season (Bollasina et al., 2011) and the Hadley circulation (Tosca et al., 2013). In addition, some studies suggest that aerosols can perturb the dominant modes of climate variability. For instance, Allen et al. (2014), found that anthropogenic aerosols can modify the Pacific Decadal Oscillation (PDO) and alter the width of the tropical belt. Similarly, Takahashi and Watanabe (2016) found that approximately one-third of the trade-wind intensification for 1991–2010 can be attributed to changes in sulfate aerosols. Booth et al. (2012) found that decadal-scale model predictions of the regional Atlantic climate would probably be improved by incorporating aerosol–cloud microphysical interactions and estimates of future concentrations of aerosols. Lou et al. (2019) found that increases in Black Carbon (BC) emissions from both the midlatitudes and Arctic weaken meridional temperature gradients and northward heat transport, and increase the frequency of extreme El Niño Southern Oscillation (ENSO) events. Meanwhile, the impact of aerosol particles may also be an important factor on accurate climate simulations. Fan et al. (2018) found that anthropogenic fine aerosols could be activated to form additional cloud droplets and latent heating in deep convective clouds and intensify deep convection.
Considering the short lifetime of aerosols in the atmosphere and the several month duration of amazon fire events, the significant of impacts of fire aerosols on the climate may range from seasonal to subseasonal scales. Benedetti and Vitart (2018) suggested that interactive aerosols have the capability of improving subseasonal predictions at a monthly scale in the season of spring/summer. This study focuses on the impacts of amazon fire aerosols on large-scale circulation at the subseasonal scale. This paper is organized as follows: the data, model, and numerical experiment are described in Methodology section. The analysis with the reanalysis datasets and CAM5 simulations are presented in Results section. Discussion and Conclusion section summarizes the main conclusions and discussion.
METHODOLOGY
Data
The Amazon region between −20°S and 10°N and 80°W to 35°W was selected. Monthly biomass burning emissions from the Global Fire Emissions database version 4 (GFED v4, available at https://www.globalfiredata.org/) (van der Werf et al., 2017) with a horizontal resolution of 0.25° × 0.25° from 1997 to 2016 were used. Geopotential height, wind field, and surface temperature data from NCEP/NCAR reanalysis data, precipitation data from the Global Precipitation Climatology Project (GPCP) (Adler et al., 2003), and Hadley Centre Sea Ice and Sea Surface Temperature dataset (HADISST) were employed. The Niño3.4 SST index (Kaplan et al., 1998) as an index of ENSO was also employed.
[image: Figure 1]FIGURE 1 | (A) the annual cycle of biomass burning emission (green, g C/m2), total precipitation (blue, mm/day), and temperature (red, C) over Amazon during 1997–2016. (B) the time series of the Amazon carbon emissions (green soild line, g C/m2 ) and Nino3.4 index (dash line, K) of the Amazon fire season (August and September) from 1997 to 2016. Red horizontal line: the mean value of the time series. Blue line: one standard deviation above and below the mean value.
The statistical significance of the differences were calculated by Student’s t-test in this study.
Model Overview And Experiment Design
In this study, we used the National Center for Atmospheric Research (NCAR) Community Earth System Model (CESM) version 1.2.1, with the Community Atmosphere Model version 5 (CAM5). The main physical parameterizations used were the Zhang-McFarlane deep convection scheme (Zhang and McFarlane, 1995), a mass flux scheme with convective inhibition closure for shallow convection (Park and Bretherton, 2009), a two-moment stratiform cloud microphysics scheme (Morrison and Gettelman, 2008) with ice supersaturation (Gettelman et al., 2010), and a diagnostic cloud fraction scheme for cloud microphysics and macrophysics. Aerosols were represented by the 3-mode (Aitken, accumulation and coarse mode) Modal Aerosol Module (MAM3, Liu et al. 2012) scheme.
Two groups of experiments were performed to evaluate the amazon fire aerosol effects. One utilized the default Intergovernmental Panel on Climate Change (IPCC) AR5 dataset emission data (Lamarque et al., 2010) (AR5 experiment), and the other was performed using additional wildfire aerosol emissions (only black carbon, organic carbon, and sulfur dioxide are considered) from the GFED v4 monthly dataset over the Amazon region (FIRE experiment). GFED v4 monthly emissions from 2005 to 2015 were prescribed, and the vertical distribution of fire emissions was consistent with the IPCC AR5 emission dataset. Other forces (e.g., SST, anthropogenic aerosol emissions) and physical parameterization of all these experiments were kept the same. All simulations were performed at a resolution of 0.9° × 1.25° with 30 vertical levels. The differences between the FIRE and AR5 experiments can be taken as the impact of Amazonian biomass aerosols.
Since the Amazon fire activities are highly related to the La Niña-like pattern SSTAs (see Analysis With Observation section), we performed another couple of experiments (La Niña-AR5 and La Niña-FIRE) with anomalous La Niña-like SST being prescribed over the Pacific Ocean. The anomalous (La Niña-like pattern) SST were derived from years with strong Amazon fire activities. The simulations were conducted from 2005 to 2015 (i.e., for 11 years) with prescribed SST and sea ice. The last 10 years 2006–2015 were then analyzed.
To evaluate the simulation of the circulation field in the fire anomaly years, a 10 years AMIP simulation was conducted with the default IPCC AR5 emission data and yearly updated SST data. And the years of the simulated circulation anomalies of La Niña were compared with the corresponding period of NCEP data to evaluate the model performance.
RESULTS
Analysis With Observations
With the GFED data, we analyzed the annual and interannual variability of the biomass-burning carbon emissions over the Amazon region from 1997 to 2016. Figure 1A shows the annual cycle of total precipitation, temperature, and biomass-burning carbon emissions over the Amazon. There was a significant seasonal cycle in the fire emissions. It tended to intensify from July, and peak in August and September. At the same time, these months also corresponded to the minimum in precipitation and a significant increase in temperature, which favored the occurrence of fire events. As August and September are the major fire emission months over the Amazon, in the following we took these 2 months as the fire season and focused on the analysis in this fire season.
[image: Figure 2]FIGURE 2 | (A) Composited surface air temperature anomalies of fire season (August and September) in high emission years against the average over 1997–2016; (B) same as (A) but excluding the impacts of Sea Surface Temperature anomalies (SSTA) by removing the linear regressions of Nino3.4 index; (C) and (D) are same as (A) and (B) respectively, but for precipitation. Cross symbols denote significance at 90% confidence level, based on Student t-test. Units are °C, mm day-1 for temperature and precipitation, respectively.
Figure 1B shows the time series of the Amazon carbon emissions and the Nino3.4 index of the Amazon fire season (August and September). Significant interannual variability in the fire emissions can be found. The mean of fire emissions over 1997–2016 was 11.11 g·C/m2 and the standard deviation was 6.60 g·C/m2. Thus, the abnormally high emission years (greater than 1 std) were 1998, 2005, 2007, and 2010. It is notable that moderate to strong La Niña events also occurred in these years except 2005. Comparing Amazon fire emissions with the Nino3.4 index, these abnormally high emissions concurred with the negative Nino3.4 index except in the year of 2005, and the correction coefficient of −0.39 was significant at a 0.1 statistical level. The negative Nino3.4 index (La Niña-like SSTA) accompanied with dry and warm air in the East Pacific would enhance the strength of the fire event and increase the fire emission, and that explains why the abnormally high fire emission concurred with the low value of the Nino3.4 index. However, the low value of Nino3.4 does not always responding to a high emission (for example, 2011). This is probably because wildfire events are not only affected by meteorological conditions, but are also highly related to human activities, such as the burning of forests to clear land for agriculture and grazing (van der Werf et al., 2017).
The years with high Amazon fire emissions were selected and composited to analyze the abnormal climate characteristics (Figure 2). In the Tropical Pacific, the temperature (Figure 2A) and precipitation (Figure 2C) anomalies had a La Niña-like pattern of characteristics: there was a cold tongue in the equatorial central and eastern Pacific, and the temperature in the Amazon and Africa was relatively high. There were significantly negative anomalies of precipitation along the coast of Peru and the equatorial Pacific, whereas positive anomalies of precipitation were found in Indonesia. In the mid-high latitudes, negative anomalies in precipitation can be seen in the southeastern part of East Asia and the central part of the South Pacific, and no significant anomalies were seen in other regions. But the anomalies of temperature were quite obvious. In particular, there was significant anomalous warming of ∼1.5°C in southern North America, central Europe, and southern Africa. There were positive anomaly centers in northern South America and southern North America.
Considering that the strong fire years mostly corresponded to La Niña incident occurring years, the anomaly in precipitation and circulations may include the influence of tropical Pacific Sea Surface Temperature anomalies (SSTA), which are usually thought to have impacts at long time scales. To isolate the impacts of fire aerosols from the SSTA, we excluded the impacts of SSTA by removing the linear regressions of the Nino3.4 index from the composited anomalies (see Figures 2B, D). Clearly, the characteristics of the Pacific Ocean changed significantly. In the tropics, the dry and cold anomaly almost disappeared when the Nino3.4 contribution was removed, but the positive anomaly in surface air temperature in the Amazon and Southern Africa persisted. And in the mid-high latitudes, the previous features were retained with slightly reduced magnitudes.
From the circulation anomaly of abnormal emission years in the Amazon fire season (Figures 3A,C,E), we found that the most significant feature in the low and middle troposphere (Figures 3C,E) was the dipole pattern over the South Pacific and Southern Ocean with a positive anomaly in the north and a negative anomaly in the south. This dipole pattern can be also found at 200 hPa, but the magnitude compared to other anomalies at the same level was comparable, indicating that the energy was dispersed at the upper level. A dipole pattern also existed in the North Pacific but with a small wave length. Globally speaking, the dipole anomalies in the North Pacific and South Pacific were quasi-symmetric. The negative (although not significant) height centers at the subtropical Pacific (Figure 3A) combined with the dipoles were a Gill-type response (Gill, 1980) to the cold tongue over the central and eastern Pacific.
[image: Figure 3]FIGURE 3 | Same as Figure 1 but for the circulation anomaly (color shading shows geopotential height, units: gpm; vector is wind, units: m/s). From top to bottom are 200, 500, and 850 hPa, respectively. Cross symbols in (A–D) denote significance at a 90% confidence level. In (E,F) the height field that passed the t-test is represented by a contour map, and only the wind field that passed the t-test is drawn.
Besides the most significant dipole anomalies, in the mid-high latitudes, there were wave train patterns of anomalies at 200 hPa (Figure 3A), with five waves in the Northern Hemisphere and three waves in the Southern Hemisphere. In the Northern Hemisphere, the five positive anomaly centers were located at Central Europe, Central East Asia, the Aleutian Islands, southern North America, and the Azores. Similar anomalies have been found in previous studies (Shaman and Tziperman, 2005, Zhang et al., 2015a, Zhang et al., 2015b), in which such anomalies were induced by the SSTA in the Pacific instead of aerosols. In the Southern Hemisphere, the three positive anomaly centers were located in southern Africa, the Central South Pacific, and Southwest Atlantic, respectively. All the positive abnormal centers passed the significance test.
When the linearized SSTA impacts were removed, the dipole anomalies over the South Pacific were significantly weakened, indicating that the SSTA over the central Pacific did indeed have an impact on the composted circulations. But the anomalies over the east of South America and over the North Pacific persisted in the entire troposphere (Figures 3B,D,F). And in the upper troposphere, the wave trains in the North Hemisphere were still clear. And, the pattern over the mid-high latitude of the Southern Hemisphere changed. There were five positive centers in the mid-high latitude of the Southern Hemisphere (Figure 3B) when the linearized SSTA impacts were removed. It means that the Amazon fire aerosols did indeed have a significant impact and induced five-wave anomalies in the mid-high latitudes. Further, some of the impacts of amazon fire aerosols (i.e., the 5-wavetrain anomalies in the Southern Hemisphere) may be overwhelmed by the SSTA impacts. This is somewhat different from previous studies that found that the anomalies in the Northern mid-high latitudes were thought to be induced by the SSTA in the Pacific though a Rossby wave (Shaman and Tziperman, 2005, Zhang et al., 2015a, Zhang et al., 2015b). It means that the impacts of aerosols may resemble the SSTA and provide some predictability for the monthly-to-seasonal climate prediction.
Analysis With CAM5 Simulation
Model Evaluation
A synthetic analysis on the circulation field over the abnormally high emission years was carried out to compare them with the AMIP simulation and evaluate the model performance (Figure 4). Generally speaking, the CAM5 could represent the circulation anomaly induced by La Niña-like SSTA. The dipole pattern over the South Pacific and anomalies on both sides of the subtropical Pacific were well simulated. But the dipole position was slightly biased. Note here, there was a distinct difference in the mid-high latitudes, especially in the Arctic and Antarctic. In the Arctic, the simulated anomaly center was located at the Barents Sea and Kara Sea while in the observation it was centered at the Northwestern Passages and Baffin Bay. And the observed positive-bridge pattern anomaly from 90°E Antarctic to New Zealand was not represented in the simulations, and over the whole South Ocean all of the anomalies were negative. These discrepancies are possibly caused by the bias in the basic flow, i.e., the westerly jet (too strong, figure not shown), as the anomalies are highly dependent on the location of the westerly jet (Shaman and Tziperman, 2005, Zhang et al., 2015a, Zhang et al., 2015b). These difference between the reanalysis and model results indicate that there are still large deficiencies in the CAM5 model in simulating the polar region and South Ocean. We know this may affect the simulated aerosol impacts in the mid-high latitudes, but fortunately our experiments successfully reproduced some significant features that were observed in the reanalysis data (i.e., the five wave trains in the mid-high latitude in the Southern Hemisphere, see Analysis on the Model Simulated Aerosol Impacts on Circulations section).
[image: Figure 4]FIGURE 4 | Composited circulation anomaly of high emission years in the fire season with (A) NCEP data and (B) AMIP experiments at 200 hPa (color shading shows geopotential height, units: gpm). Note: since only 1998 and 2005 are included in the AMIP 10 years run, in the observations here these 2 years are taken as the Amazon high emission years.
Analysis on the Model Simulated Aerosol Impacts on Circulations
As we mentioned in Methodology, we conducted two groups of experiments, one with prescribed climatology SST (FC5 experiments), and the other with an La Niña-like pattern SSTA (La Niña experiments), and both of them had two 10-years simulations with/without Amazon fire aerosols. The circulation anomalies induced by Amazon fire aerosols over the fire season (August and September) were analyzed (Figure 5). It can be seen that there were significant anomalies in the mid-high latitudes in both experiments. In the mid-high latitudes of the Northern Hemisphere, there were five waves in both experiments, but the locations of the anomalous centers shifted when compared with the observations.
[image: Figure 5]FIGURE 5 | Circulation anomaly at 200hPa of (A) Climatology SST Simulation and (B) La Niña SST (over Pacific Ocean) simulation in fire season. (C) and (D) are same as (A) and (B) respectively, but for 850 hPa. Color shading is geopotential height, units: gpm; vector is wind, units: m/s. Cross symbols denote significance at 90% confidence level, based on Student t-test.
Clearly, the impacts of Amazon fire aerosols on circulation in these two groups of experiments show large discrepancies in the mid-high latitudes in the Southern Hemisphere. For example, the anomaly centered at the southeast of South America, was negative in the FC5 experiments (Figure 5A) meanwhile it was positive when a La Niña-like pattern of SSTA was applied (Figure 5B). And there were five waves in the South Ocean in the La Niña experiment while there were only three waves in the FC5 experiment at 200 hPa. Further, the anomalies in the Antarctic in the La Niña experiment were significantly negative while in the FC5 experiment they were slightly positive. Compared with the observations shown in Figure 3B, the La Niña experiments reproduced the 5-wavetrain circulation anomalies induced by Amazon fire aerosols with biased locations of some anomalous centers.
The large discrepancies between the FC5 and La Niña experiments may be due to the difference of the mean state of the experiments, i.e., the forcing of La Niña-like SSTA. The La Niña-like SSTA would concurrent with enhanced Walker Circulation, enhancing downwelling and reducing precipitation in the East Pacific. These characteristics would enlarge the spread of fire aerosols (which can be seen from the changes in AOD, figure not shown here) because of the strong easterly wind in the low troposphere, and downwelling transport of the heated air induced by absorbing aerosols downward over the East Pacific. This deduction can be seen from the slightly negative anomalies in FC5, and the weak positives in La Niña over the East Pacific at the low troposphere (Figures 5C,D). Another interesting thing was that at 200 hPa there were easterly winds and positive height anomalies in both experiments. Such easterly wind anomalies may weaken La Niña and result in a positive feedback on ENSO events, which may need further investigation. In summary, the contrast difference between FC5 and La Niña experiments indicate that the Amazon aerosol effects were strongly dependent on the mean climate state.
We further analyzed the changes of the solar radiative heating rate induced by Amazon fire aerosols (Figure 6B). It can be found that between 120 and 60°W, there were significant solar radiative heating with a maximum of greater than 0.1 K/day at the low troposphere. Such strong radiative heating is caused by the combined effects of the reflection of low-level stratocumulus clouds and the absorbing aerosols (Lu et al., 2018) emitted by Amazon fires. Above the significant warming, a weak cooling above the west of 60°W, and a slight warming of the tropopause east of 60°W also occurred. This heating profile was responsible for the anticyclone over the east Amazon (Figure 6A), which emanated Rossby waves that propagated southeastward (Figure 6C), one branch turning back to the equator, and the other going southeastward to the South Ocean (the strong positive height anomaly at the southeast of South America in Figure 5D), and then propagating eastward along the South Ocean. Interestingly, during the propagation of the Rossby wave over the South Ocean, the wave energy was transported in both meridional directions, the northward wave energy joined into the westerly jet (Figure 6D), and formed the short-wave centers at 30°S (Figure 6D), and the southward energy was refracted back by Antarctica, forming the winding wave trains in the mid-high latitudes. For those wave trains in the Northern Hemisphere, since most anomalies were not statistically significant, we will not discuss them further.
[image: Figure 6]FIGURE 6 | (A) Stream function anomaly (color shading, units: 106 m2/s) and winds fields (vectors, units: m/s) at 200 hPa of the La Niña experiment. (B) Pressure-longitude cross-section of the solar heating rate anomaly (color shading, units: K/s) over 10°S—0. (C) Wave activity flux (green vectors, units: m2/s2) and geopotential height anomaly (contours, units: gpm) of the La Niña experiment. (D) Zonal winds (color shading, units: m/s) at 300 hPa of the La Niña experiment without additional aerosols. Cross symbols in (A,B) denote significance at a 90% confidence level.
DISCUSSION AND CONCLUSION
In this study, we use GFED data to analyze the fire emissions over the Amazon, and found significant annual and interannual cycles. Amazon fire emissions always peak at August and September, i.e., the dry season. And most of the abnormally high emission years were accompanied with moderate to strong La Niña events. Thus, the characteristics of the abnormally high emission years show significant La Niña-like patterns in SSTA, precipitation, and circulations. After removing the influence of SSTA through linear regression, significant anomalies in circulation in the mid-high latitudes persisted. And five waves could be found in the mid-high latitudes of both hemispheres.
By comparing the two groups of with/without Amazon fire aerosol emissions coupled with prescribed climatology SST and prescribed a La Niña-like pattern of SSTA, we found that only the latter could reproduce the 5-wavetrain circulation anomalies like the reanalysis data with biased locations. The difference in these two experiments suggest that the impacts of aerosols are highly coupled with the mean state of the climate. With the La Niña-like SSTA, the significant warming caused by the Amazon fire aerosols at the low troposphere induced Rossby waves, which propagated southeastward and formed 5-wavetrain significant circulation anomalies over the South Ocean.
When comparing the model-simulated aerosol effects with the reanalysis data, there were some large discrepancies, which may be due to several reasons. First, the performance of the CAM5 model over the South Ocean and polar regions was poor, which would greatly limit the capability of the model to reproduce the aerosol effects. Further, the locations of the anomaly centers highly depended on the basic flow (Hoskins and Ambrizzi, 1993), and the too cold Antarctic and the overestimated westerly jet stream may be responsible for the shifted anomaly centers. Second, here we only applied the SSTA in the tropical Pacific, the anomalous circulation in other regions and other signals such as sea ice, may also have great impacts on regulating the circulation. Third, during the analysis of observations, we only removed the linear regression impacts of Nino3.4 SST, there may be some nonlinear impacts of SSTA on the mid-high latitudes, which would contribute to the difference between model simulations and reanalysis.
Here in this study, we would like to emphasize that aerosols may have significant impacts on the climate of the mid-high latitudes. The five-wave anomalies pattern in observation and in simulations in the mid-high latitudes confirmed it. As the relative short lifetime of aerosols and the 2-month long fire season, these affects are at the range of monthly to subseasonal scales. The inclusion of fire aerosols impacts may be helpful in the subseasonal forecasts.
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The El Niño-Southern Oscillation (ENSO) is the most prominent climate system in the tropical Pacific. However, its simulation, including the amplitude, phase locking, and asymmetry of its two phases, is not well reproduced by the current climate system models. In this study, the sensitivity of the ENSO simulation to the convection schemes is discussed using the Nanjing University of Information Science and Technology Earth System version 3.0 (NESM3) model. Three convection schemes, including the default, the default coupled with the stochastic multicloud model (SMCM), and the default used in the Coupled Model Intercomparison Project Phase 6 (CMIP6), are implemented. The model results reveal that the low-level cloud cover and surface net shortwave radiation are best represented over the tropical Pacific in the model containing the SMCM. The simulations of the ENSO behavior’s response to changes in the convection scheme are not uniform. The model results reveal that the model containing the SMCM performs best in terms of simulating the seasonal cycle of the sea surface temperature anomaly along the equatorial Pacific, the phase locking, and the power spectrum of ENSO but with a modest ENSO amplitude. Compared to the model containing the default convection scheme, the coupling of the default scheme and the SMCM provides a good simulation of the ENSO’s asymmetry, while the model containing the CMIP6 convection scheme outperforms the others in terms of the simulation of the ENSO’s amplitude. Two atmospheric feedback processes were further discussed to investigate the factors controlling the ENSO’s amplitude. The analyses revealed that the strongest positive atmospheric Bjerknes feedback and the thermodynamic damping of the surface net heat flux occurred in the model containing the CMIP6 convection scheme, suggesting that the atmospheric Bjerknes feedback may overwhelm the heat flux damping feedback when determining the ENSO’s amplitude. The results of this study demonstrate that perfectly modeling and predicting the ENSO is not simple, and it is still a large challenge and issue for the entire model community in the future.
Keywords: ENSO, Convection Schemes, Climate System Models, NESM3, Feedback Processes
INTRODUCTION
The El Niño-Southern Oscillation (ENSO), which has been studied extensively over the last few decades, plays a central role in modulating the tropical and global climate and weather via its strong interannual variability. Moreover, the warm and cold phases of the ENSO have diverse impacts in different regions; that is, some regions suffer severe flooding while other suffer severe droughts (e.g., Chiodi and Harrison, 2015). Moreover, the ENSO also exerts tremendous influences on the activities of typhoons (e.g., Wang et al., 2013), the Madden-Julian Oscillation (MJO) (e.g., Wei and Ren, 2019), the Indian Ocean Dipole (e.g., Hong et al., 2008; Fan et al., 2017), the monsoon system (e.g., Torrence and Webster, 1999), and other climatic phenomena. Thus, accurately representing and predicting the ENSO using climate system models (CSMs) is crucial for socioeconomic development.
Simulating and predicting the ENSO is a significant challenge due to its complicated physics, which involve atmospheric and oceanic processes and their interactions. Although significant progress has been made in developing CSMs by improving the physical parameterizations and increasing the horizontal and vertical resolutions during the last few decades, common problems related to ENSO simulations, such as the spurious phase locking and excessively regular variations, are still encountered. As the results of the fifth phase of Coupled Model Intercomparison Project (CMIP5) reported, there is a large spread of ENSO simulations with respect to individual models, but there were no significant changes compared to the third phase of the CMIP (CMIP3) in terms of the multimodel mean state (e.g., Guilyardi et al., 2012). The simulated cloud radiation feedback during the ENSO cycle exhibits great uncertainty in coupled models (Chen et al., 2013). In the majority of the CMIP3 and CMIP5 models, the response of the shortwave radiation anomaly to the ENSO cycle and the two types of El Nino is severely underestimated (Chen et al., 2018; Chen et al., 2019a, b), and it exhibits a westward-shifted bias (Ge and Chen, 2020). Moreover, the model results from the sixth phase of the CMIP (CMIP6) still exhibit diversity with respect to the phase locking of the ENSO (McKenna et al., 2020).
Previous studies have addressed the fact that the atmospheric processes play vital roles in shaping the ENSO’s properties (e.g., Guiyardi et al., 2004; Kim et al., 2008; Watanabe et al., 2010; Lloyd et al., 2011). Based on a coupled model, Lengaigne et al. (2006) concluded that the peak and termination of intense El Niño events are tightly linked to the seasonal evolution of solar insolation. In addition, ENSO-associated circulation can be largely altered by convective momentum transport (Kim et al., 2008). Moreover, the convective schemes in the atmospheric component of CSMs have been considered to be a deterministic factor in simulating the ENSO’s behaviors (Wu et al., 2007; Neale et al., 2008; Lloyd et al., 2012). For example, when the deep convection is represented by the Kerry-Emanuel scheme in the coupled L’Institut Pierre-Simon Laplace (IPSL) model, the amplitude of the ENSO has been reproduced (Guilyardi et al., 2009).
The Nanjing University of Information Science and Technology (NUIST) Earth System Model (NESM) was developed by the Earth System Model Center of NUIST. Since version 1.0 of the NESM (NESM1) was launched (Cao et al., 2015), it and its descendants have been successfully applied to the study of monsoon dynamics (e.g., Li et al., 2017; Li and Wang, 2018; Cao et al., 2019a, Cao et al., 2019b) and atmosphere-sea ice-ocean interactions in the Southern Ocean (Ma et al., 2020b). Moreover, version 3 of the NESM (NESM3) has been registered with the CMIP6 (Cao et al., 2018). The associated data produced by the NESM3 have been submitted to the CMIP6 and can be downloaded. This study incorporates three convective schemes into the atmosphere component of the NESM3 in order to study their effects on ENSO simulations.
The rest of this paper is arranged as follows. The model, experimental design, dataset, and analytical approach are introduced in Model Description, Experimental Design, Data, and Methodology section. Model Results section describes the model results. The conclusions and discussions are presented in the Discussions and Conclusion section.
MODEL DESCRIPTION, EXPERIMENTAL DESIGN, DATA, AND METHODOLOGY
NESM3 and Experimental Design
The NESM3 was deliberately constructed and developed to participate in the CMIP6. It consists of the ECHAM6.3.02 atmospheric component (Stevens et al., 2013), the NEMO3.4 ocean component (Madec, 2012), and the CICE4.1 sea ice component (Hunke and Lipscomb 2010). They are coupled together using the OASIS-MCT3.0 coupler (Valcke and Coquart, 2015). Additionally, the JSBACH land model (Raddatz et al., 2007) is included in ECHAM6.3.02. The standard resolution (SR) version of the NESM3, in which the horizontal resolutions of ECHAM56.3.2 (with 47 vertical layers) and JSBACH (with 5 vertical layer) are T63 spectral truncation (approximately 1.875°) and a nominal 1° is applied to NEMO3.4 (with 46 vertical layers) and CICE4.1, is used in the study. For detailed information related to the NESM3 and its improvements, refer to Cao et al. (2018).
Three convection schemes are implemented in the NESM3. First is the default convection scheme in ECHAM6.3.02 (referred to as NESM_CTRL); the second adopts the modifications of the convection scheme made by Yang and Wang (2018) (referred to as NESM_CMIP6); and the third couples a stochastic multicloud model (SMCM) with the default convection scheme in ECHAM6.3.02 (referred to as NESM_SMCM). The modified convection scheme used in NESM_CMIP6 has been demonstrated to significantly improve MJO simulations (Yang and Wang, 2018), and it is already used in the NESM3 in the CMIP6. Further information about the modified convection scheme in NESM_CMIP6 can be found in Yang and Wang (2018) and Yang et al. (2020). In addition, the incorporation of the SMCM into ECHAM6.3.02 improves MJO simulations (Peters et al., 2017; Ma et al., 2019a) and monsoon simulations (Ma et al., 2019b; Ma et al., 2020a; Ma and Jiang, 2020). Detailed discussions of the SMCM can be found in Peters et al. (2017). Additionally, brief descriptions of the three convection schemes are included in Supplementary Material Text S1. Moreover, no other modifications were made except to the convection scheme in the atmospheric component of the NESM3. For each convection scheme, one experiment was conducted, and 100-year integrations were run with the external forcings for the 1990s. The last 50 years of monthly data were used for the analysis in this study.
Datasets and Methodology
Monthly sea surface temperature (SST) data from the National Oceanic and Atmospheric Administration Extended Reconstructed SST (NOAA ERSST) v4.0 ranging from 1956 to 2005 were used in this study (Huang et al., 2005). Monthly cloud cover data from 1984 to 2008 were obtained from the International Satellite Cloud Climatology Project (ISCCP) (Rossow et al., 1996). Monthly cloud radiation forcing data from 1984 to 2007 were obtained from the National Aeronautics and Space Administration Global Energy and Water Exchanges (NASA/GEWEX) surface radiation budget (SRB) project (Gupta et al., 2006). In addition, the 1984–2009 OAFlux monthly surface fluxes (Yu and Weller, 2007), the 1991–2010 zonal wind stress data derived from the National Center for Environmental Prediction and National Center for Atmospheric Research (NCEP NCAR) reanalysis (Kalnay et al., 1996), and the 1984–2009 ORAS4 (Ocean Reanalysis System 4) (Balmaseda et al., 2013) were used in this study. Moreover, five monthly SST datasets (1956–2005) from CMIP6 of the NESM3 historical simulation (i.e., r1i1p1f1, r2i1p1f1, r3i1p1f1, r4i1p1f1, and r5i1p1f1) were also used. It should be noted that, for convenience, the observation and reanalysis data are all referred to as observations in this study. Additionally, the modeled and observational atmospheric data were horizontally interpolated onto a 2.5° × 2.5° grid, whereas the ocean data were horizontally interpolated onto a 1° × 1° grid. The anomaly in each field was obtained by removing the long-term averaged seasonal cycle for each grid.
In order to explore how the convection scheme influences the modeled ENSO, two atmospheric feedback processes are discussed in addition to the basic evaluations (e.g., ENSO’s amplitude, phase locking, and period). One is the atmospheric Bjerknes feedback, τ′Niño4 = µSSTANiño3, which is measured by the linear regression coefficient between the time series of the zonal wind stress anomaly, [image: image], averaged over the Niño-4 region (5°S–5°N, 160–210°E), and the time series of the SST anomaly (SSTA) averaged over the Niño-3 region (5°S–5°N, 210–270°E) (Lloyd et al., 2012; Bellenger et al., 2014). The atmospheric Bjerknes feedback calculated in this study represents the nonlocal response of the zonal wind stresses to a given equatorial Pacific SSTA, which is a positive feedback and also measures the coupling strength between the Niño-3 SSTA and the Niño-4 zonal wind stress anomaly (e.g., Zebiak and Cane, 1987; Chen et al., 2016; Chen et al., 2019c). The other is the so-called heat flux feedback, [image: image], which is defined as the regression coefficient between the net surface heat flux anomaly and the SSTA in a specific region, and it measures the local negative feedback between the SSTA and the changes in the surface net heat flux (e.g., Jin et al., 2006).
Two additional objective metrics, the pattern correlation coefficient (PCC) (e.g., Zhu and Li, 2017) and the normalized root mean square error (NRMSE) (e.g., Lee and Wang, 2014), were also calculated to gauge and quantify the model’s performance. The PCC and NRMSE are calculated as follows:
[image: image]
[image: image]
where [image: image] and [image: image] are the covariance and standard deviation, respectively, and [image: image] and [image: image] are the observations and model simulation, respectively.
MODEL RESULTS
Responses of Cloud and Surface Radiation
There is no doubt that modifying the convection scheme results in changes in the cloud properties. Figure 1 shows the annual-mean low-level, middle-level, and high-level cloud cover in the observations and model simulations. With respect to the low-level cloud cover (Figures 1A–D), overall, all of the simulations underestimate it over the tropical Pacific compared to the observations, especially over the western Pacific. It should be noted that the model simulations exhibit different biases. The center of the negative bias in NESM_CTRL is located in the western Pacific, while those of NESM_SMCM and NESM_CMIP6 are located in the central Pacific. Moreover, among all the simulation, NESM_CMIP6 most severely underestimates the low-level cloud cover. Based on the PCC and NRMSE calculated over the tropical Pacific (20°S–20°N, 100–280°E), NESM_SMCM has the largest PCC, which is 0.86 versus 0.66 for NESM_CTRL and 0.65 for NESM_CMIP6. Moreover, NESM_CTRL has the smallest NRMSE, which is 1.45 versus 2.02 for NESM_SMCM and 2.51 for NESM_CMIP6. Regarding the middle-level cloud cover, NESM_CTRL underestimates it over the tropical Pacific (Figure 1F), while NESM_SMCM and NESM_CMIP6 overestimate it (Figures 1G,H). A comparison of all of the simulations indicates that NESM_CMIP6 has the best pattern correlation coefficient (PCC = 0.87) and NESM_SMCM has the smallest bias (NRMSE = 1.33). In addition, similar distributions were found for the modeled high-level cloud cover, which are overestimated compared to the observations (Figures 1I–L).
[image: Figure 1]FIGURE 1 | Annual-mean low-level (left panel), middle-level (middle panel), and high-level cloud cover (unit %): (A,E,I) observations, (B,F,J) NESM_CTRL, (C,G,K) NESM_SMCM, and (D,H,L) NESM_CMIP6. The PCC and NRMSE scores were calculated over the tropical Pacific Ocean (20°S–20°N, 100–280°E).
Figure 2 shows the annual mean of the total cloud cover, surface net solar radiation, and longwave radiation. As in the observations, the minimum amount of total cloud cover occurred over the southern central Pacific (Figure 2A), while the minimum total cloud cover in all of the simulations occurred in the southeastern corner of the tropical Pacific (south of 10°S) (Figures 2B–D). Additionally, three simulations overestimated the total cloud cover over the western Pacific, with the largest amount overestimation occurring for NESM_CMIP6. The PCC and NRMSE calculated over the tropical Pacific indicate that NESM_SMCM has slightly better performance; i.e., it has the largest pattern correlation (0.77) and the smallest bias (0.71). The discrepancies in the cloud cover no doubt lead to differences in the radiation distribution at the surface. Regarding the surface net solar radiation, first of all, the general spatial patterns were captured by all of the simulations but with amplitude and position biases. Compared to the observations (Figure 2E), NESM_CTRL has a comparable strength but is located too far to the west (Figure 2F), while NESM_SMCM and NESM_CMIP6 simulate the correct position but underestimate the strength (Figures 2G,H). Moreover, the minimum solar radiation occurred over the western Pacific in NESM_CMIP6 due to the maximum amount of total cloud cover being located there, which potentially induces the weakest zonal gradient in the sea surface temperature between the equatorial eastern and western Pacific. Similar distributions were found for longwave radiation (Figures 1I–L). The PCC and NRMSE demonstrate that NESM_SMCM has the best performance in terms of simulating the solar and longwave radiations, that is, 0.84 and 0.74 for solar radiation and 0.65 and 0.77 for longwave radiation, respectively.
[image: Figure 2]FIGURE 2 | Same as in Figure 1 except for the total cloud cover (left panel; in percentage), surface net shortwave radiation (middle panel; downward is positive; W m−2), and surface net longwave radiation (right panel; upward is positive; W m−2).
Sensitivity of ENSO Simulations to Convection Schemes
The responses of the ENSO’s basic features to the convection schemes are discussed in this section. Figure 3 shows the annual mean and standard deviation of the SST. In the observations, the 28°C isotherm of the equatorial SST extends westward to 170°W (Figure 3A). Among the three simulations, ECHAM_CMIP6 captures the eastward extension of the 28°C isotherm (Figure 3D), while the others mismodel this feature; that is, the 28°C isotherm of the equatorial SST extends eastward to 170°E in NESM_CTRL (Figure 3B) and extends eastward to the date line in NESM_SMCM (Figure 3C). Moreover, colder and narrower cold tongues occurred in all of the simulations, while warmer SSTs occurred along the coast of Peru, indicating that simulated trade winds are weaker than those observed. Moreover, a colder warm pool occurred in NESM_CTRL and NESM_CMIP6, whereas a positive SST bias in the warm pool occurred in NESM_SMCM. The coldest warm pool and the warmest SST in the equatorial eastern Pacific occurred in ECHAM_CMIP6, which is consistent with the distribution of the surface net solar radiation, implying that the weakest zonal gradient of the equatorial SST was modeled. As indicated by the standard deviation of the SST, all of the simulations underestimated the variability of the equatorial SST, suggesting that less ENSO events and weaker ENSO amplitudes were modeled compared to the observations (Figures 3E–H). It should be noted that NESM_CMIP6 performed best in terms of simulating the ENSO’s amplitude (PCC of 0.90), while NESM_CTRL had the smallest PCC (0.78).
[image: Figure 3]FIGURE 3 | Annual mean (left panel; °C) and standard deviation (right panel; °C) of the sea surface temperature: (A,E) observations, (B,F) NESM_CTRL, (C,G) NESM_SMCM, and (D,H) NESM_CMIP6. The lines represent the biases relative to the observation (CI = 0.25 for annual mean; CI = 0.1 for standard deviation). The thick black lines in (A–D) denote the 28°C isotherm.
It has been pointed out that the seasonal cycle of the SST anomalies (SSTA) along the equator plays a vital role in ENSO evaluation (e.g., An and Choi, 2013). The observed seasonal cycle of the SSTA is reproduced by all of the simulations with a warm phase in the first half of the year and a cold phase in the second half of the year (Figures 4A–D). However, biases were also found in simulations, especially in the eastern equatorial Pacific. Larger positive and negative biases were found in NESM_CTRL and NESM_CMIP6, while they were alleviated in NESM_SMCM (Figures 4E–G). The PCC and NRMSE in the longitudinal range of the Niño 3 indicate that NESM_SMCM performs best in terms of simulating the seasonal cycle of the equatorial SSTAs compared to NESM_CTRL and NESM_CMIP6, potentially indicating that the ENSO’s evolution is best simulated by NESM_SMCM.
[image: Figure 4]FIGURE 4 | Seasonal cycle of the SST anomaly (left panel; °C) along the equator (averaged over 5°S–5°N): (A) observations, (B) NESM_CTRL, (C) NESM_SMCM, and (D) NESM_CMIP6, and the differences of (E) NESM_CTRL, (F) NESM_SMCM, and (G) NESM_CMIP6 relative to the observations.
The observed variability of the ENSO in the Niño 3, which exhibits a strong phase locking of the seasonal cycle with a minimum during the March–May period and a maximum during the November–January period in terms of the standard deviation of the SSTA during each month, is not well resolved by the model simulations (Figure 5A). The seasonal cycle of the ENSO’s variability is completely reversed in NESM_CTRL and NESM_CMIP6, with a maximum SSTA standard deviation during the March–May period and a minimum during the November–January period. Moreover, the maximum and minimum SSTA standard deviations in NESM_SMCM occurred in May and November, respectively. A seasonality metric, which is defined as the ratio of the seasonal cycle of the SSTA standard deviation between the November–January and March–May periods, was calculated to further assess the seasonal amplitude and phase of the modeled ENSO (Bellenger et al., 2014). The seasonality metrics in NESM_CTRL, NESM_SMCM, and NESM_CMIP6 were 0.86, 1.08, and 0.86, respectively, which are smaller than those in the observations (1.57). Moreover, the temporal correlation of the seasonal cycles of the SSTA standard deviation between NESM_SMCM (NESM_CTRL, NESM_CMIP6) and the observations was 0.50 (−0.53, −0.73). The power spectrum of the time series of the Niño-3 SSTA was also calculated. The observed power spectrum exhibits a broad spectral range with four peaks, which are in the 95% confidence level, during the 2–7 year period (dashed line in Figures 5B–D). In general, the modeled Niño-3 SSTAs exhibit the observed broad spectral range during the 2–7 year period, but fewer peaks are in the 95% confidence level. For example, peaks occurred between the 3–5 year period and the 2–3 year period in the 95% confidence level in NESM_CTRL and NESM_SMCM, respectively (Figures 5B,C). Moreover, two peaks occurred in the 95% confidence level during the 2–5 year period in NESM_CMIP6 (Figure 5D). In order to evaluate the resemblance of the power spectra of the Niño-3 SSTA among the observations and model simulations, the correlation coefficients between the model simulations and the observations with respect to the spectral range of the 2–7 year period were computed, and the results were 0.26, 0.43, and 0.17 for NESM_CTRL, NESM_SMCM, and NESM_CMIP6, respectively. This indicates that the variation in the Niño-3 SSTA in NESM_SMCM most closely resembles the observations.
[image: Figure 5]FIGURE 5 | (A) Monthly average standard deviation of the Niño-3 SST anomalies (°C). Power spectra of the Niño-3 SST anomalies in (B) NESM_CTRL, (C) NESM_SMCM, and (D) ENSM_CMIP6. The dashed lines in (B–D) represent the power spectra of the observations. The red and blue lines in (B–D) denote the 95% confidence level and red noise, respectively.
The simulations of the ENSO’s variability were better in the Niño-3.4 region (Supplementary Figure S1A). The temporal correlations between the modeled and observed seasonal cycle of the SSTA standard deviation were 0.60, 0.91, and 0.60 for NESM_CTRL, NESM_SMCM, and NESM_CMIP6, respectively. Moreover, the seasonality metrics in the observations, NESM_CTRL, NESM_SMCM, and NESM_CMIP6 were 1.79, 1.11, 1.35, and 1.07, respectively. It should be noted that NESM_SMCM also outperforms the others in simulating the ENSO’s variability in the Niño-3.4 region. However, there were no significant changes with respect to the power spectra of the modeled time series of Niño-3.4 SSTA compared to those of the Niño-3 SSTA (Supplementary Figures S1B–D). Additionally, five members from historical experiments using the NESM3 submitted to the CMIP6 were also analyzed here. As shown in Supplementary Figure S2, differences in the ENSO’s variability and period in terms of the time series of the Niño-3.4 SSTA were found, which deserves further investigation in future studies.
The ENSO’s asymmetry is a salient feature, which reflects the unequivalence of the amplitudes between the two phases of the ENSO (e.g., Burgers and Stepenson, 1999; Zhang and Sun, 2014; Tang et al., 2019). Figure 6 shows the distribution histograms of the time series of the Niño-3 SSTA in the observation and model simulations. It is shown that the observed SSTA exhibits a long tail on the right, implying that the frequency (amplitude) of strong El Niño events is higher (larger) than that of strong La Niña events (Figure 6A). This observed feature, i.e., a long tail on the right, is not captured by NESM_CTRL and NESM_CMIP6 (Figures 6B,D), while it appears in NESM_SMCM (Figure 6C). Moreover, the maxima of the simulated positive anomalies are smaller than that in the observations, suggesting that the simulated strong El Niño events are weaker than those in the observations. To further illustrate the asymmetry of the ENSO’s amplitude, a metric, i.e., skewness, which measures the ENSO’s nonlinearity, was calculated. The positive skewness indicates that the amplitude of the warm events is frequently larger than that of the cold events. However, the skewness in NESM_CTRL is −0.03, suggesting that the amplitude of the warm events is even weaker than that of the cold events. Moreover, the skewness in NESM_SMCM is 0.83, which is comparable to the observed skewness (0.81), while the skewness in NESM_CMIP6 is 0.29.
[image: Figure 6]FIGURE 6 | Distribution histograms of the monthly Niño-3 SST anomalies: (A) observations, (B) NESM_CTRL, (C) NESM_SMCM, and (D) NESM_CMIP6. The width of the bin was 0.25°C.
Atmospheric Feedback Processes
Theoretical and modeled analyses have pointed out that atmospheric processes play vital roles in shaping the activities of simulated ENSO events (e.g., Wang and Picaut, 2004; Watanabe et al., 2010; Llyod et al., 2012). As discussed above, the responses of the ENSO amplitude to the convection schemes are diverse, which is potentially dominated by the intermodel differences in the thermodynamic damping of the SSTs (e.g., Lloyd et al., 2009; Lloyd et al., 2012). Thus, two associated atmospheric feedback processes, the atmospheric Bjerknes and heat flux feedbacks, are discussed to investigate the influences of the convection schemes used in this study on the modeled ENSO. Figure 7 shows the atmospheric Bjerknes feedback µ in the observations and model simulations. Compared to the observed µ (9.76 × 10–3 N m−2/°C), a comparable µ was found in NESM_SMCM (9.57 × 10–3 N m−2/°C), while NEMS_CTRL underestimates (8.43 × 10–3 N m−2/°C) the coupling strength between the Niño-4 [image: image] and the Niño-3 SSTA and NESM_CMIP6 overestimates it (11.88 × 10–3 N m−2/°C). Recall that the standard deviations of the time series of the SSTA in the Niño 3 were 0.86, 0.67, 0.65, and 0.73 in the observations, NESM_CTRL, NESM_SMCM, and NESM_CMIP6, respectively (Figure 6). This indicates that the remote coupling strength between [image: image] in the Niño 4 and the SSTA in the Niño 3 may be a major factor in shaping and modulating the ENSO’s amplitude.
[image: Figure 7]FIGURE 7 | The Niño-4 zonal wind stress (10–3 N m−2) as a function of the Niño-3 SST anomalies (°C): (A) observations, (B) NESM_CTRL, (C) NESM_SMCM, and (D) NESM_CMIP6.
Figure 8 shows the linear pointwise regression coefficients between the surface net heat flux anomaly and the SSTA. All of the simulations have the capability to reproduce the observed negative heat flux feedback over the equatorial Pacific; i.e., an intense [image: image] is located over the western Pacific, and a weak [image: image] is located over the central-eastern equator. The area-averaged net heat flux [image: image] over the Niño 3 was −16.45, −8.36, −10.71, and −12.79 W m−2/°C in the observations, NESM_CTRL, NESM_SMCM, and NESM_CMIP6, respectively. It is desired that the larger thermodynamic damping leads to a weaker ENSO amplitude. This relationship does not hold true in NESM_CMIP6, potentially suggesting that, in addition to the atmospheric Bjerknes feedback, ocean processes also have great influence on the ENSO’s amplitude.
[image: Figure 8]FIGURE 8 | Spatial patterns of the linear pointwise net surface heat flux regression (W m−2/°C) against the SST in the tropical Pacific: (A) observations, (B) NESM_CTRL, (C) NESM_SMCM, and (D) NESM_CMIP6. Dashed red and black boxes in (A–D) denote the Niño-4 and Niño-3 regions, respectively.
The surface net heat flux feedback [image: image] is composed of four components: shortwave radiation, longwave radiation, the latent heat flux, and the sensible heat flux. Figure 9 presents scatterplots of the shortwave radiation ([image: image]) and latent heat flux ([image: image]) as a function of the SSTA in the Niño 3. The negative thermodynamic damping of the shortwave radiation is reproduced in NESM_SMCM and NESM_CMIP6, while it is mismodeled in NESM_CTRL (Figures 9A–D). However, the modeled [image: image] in NESM_SMCM and NESM_CMIP6 are underestimated. With respect to [image: image], the observations and all of the simulations exhibit negative damping effects on the Niño-3 SSTAs (Figures 9I–L). Moreover, all of the simulations underestimate the damping effect of the latent heat flux. In addition, as shown in Figures 9E–H,M–P, the feedbacks of the longwave radiation and the sensible heat flux play less significant roles in the surface net heat flux feedback, which indicates that the surface net heat flux feedback is dominated by the shortwave radiation and the latent heat flux feedbacks in the Niño-3 region (e.g., Lloyd et al., 2009).
[image: Figure 9]FIGURE 9 | Surface shortwave radiation (left panel) and latent heat flux (right panel) in the Niño 3 as a function of the Niño-3 SST anomalies: (A,E) observations, (B,F) NESM_CTRL, (C,G) NESM_SMCM, and (D,H) NESM_CMIP6. The red lines in (A–H) represent the linear regression relationship. The blue lines in (A–D) separately denote the linear regression with respect to negative and positive SSTA.
The scatterplot of the observed shortwave radiation versus the SSTA in the Niño 3 (Figure 9A) illustrates their nonlinear relationship; that is, the shortwave feedback is positive for cold SSTAs and negative for positive SSTAs (e.g., Zebiak and Cane, 1987; Barnet et al., 1991; Lloyd et al., 2012; Bellenger et al., 2014). Thus, the linear regression coefficient of the shortwave radiation anomaly was separately calculated for the negative SSTA ([image: image]) and for the positive SSTA ([image: image]), which were used to evaluate the nonlinearity of the shortwave radiation feedback ([image: image]). As for [image: image], NESM_SMCM mismodeled it, with a negative feedback of the shortwave radiation with respect to the negative SSTAs in the Niño-3 region. In addition, NESM_CTRL failed to reproduce the negative feedback of the shortwave radiation with respect to the positive SSTAs in the Niño-3 region. It should be pointed out that NESM_CMIP6 produces the right shortwave feedback for both the negative/positive SSTAs in the Niño-3 region. Thus, the nonlinearity [image: image] in NESM_CTRL, NESM_SMCM, and NESM_CMIP6 was 0.89, 3.14, and 8.45 W m−2/°C, respectively, which are smaller than that of the observations (13.76 W m−2/°C).
It has been reported that the shortwave radiation feedback [image: image] is influenced by the modeled cloud biases, which can be highlighted by the cloud radiation forcing (CRF) (Lloyd et al., 2011, 2012; Chen et al., 2019). Because large cloud biases were found over the tropics (Figures 1, 2), the CRF is discussed here to explore the model biases for the shortwave radiation feedback. Consistently, the regression between SSTA and CRF was calculated for the positive and negative Niño-3 SSTAs separately. Figure 10 shows the shortwave CRF response to the SSTA changes with respect to the positive and negative Niño-3 SSTA. In the observations, a prominent anomalous negative shortwave CRF was found, and it was centered to the east of the date line (Figure 10A). In NESM_CTRL, the pronounced negative shortwave CRF anomalies were weakened and shifted westward compared to the observations (Figure 10B). A similar distribution was found in NESM_SMCM but with stronger shortwave CRF anomalies compared to NESM_CTRL (Figure 10C). In contrast, the negative shortwave CRF anomalies in NESM_CMIP6 were comparable to the observations, but with enhanced positive shortwave CRF anomalies over the tropical western Pacific (Figure 10D). In addition, the PCC and NRMSE scores between the observations and simulations were calculated over the tropical Pacific region (20S–20ºN, 160–210ºE). The results show that the PCC between NESM_CMIP6 and the observations (0.57) was larger than that between NESM_CTRL and the observational result (0.17) and between NESM_SMCM and the observational results (0.50), while NESM_CMIP6 has the largest NRMSE (1.73). With respect to the negative Niño-3 SSTA, two prominent negative shortwave CRF anomalies were located over both sides of the central equatorial Pacific in the observations (Figure 10E). The modeled biases vary in the different simulations. Compared to the observations, the negative shortwave CRF anomalies were seriously underestimated in NESM_CTRL (Figure 10F), while the biases were alleviated in NESM_SMCM (Figure 10G) and NESM_CMIP6 (Figure 10H). The PCC score also indicates that NESM_SMCM performs best in simulating the spatial pattern of the observed shortwave CRF under the conditions of a negative Niño-3 SSTA. The performance of the shortwave CRF response to the Niño-3 SSTA is consistent with the nonlinearity of the shortwave feedback [image: image]. This implies that the modeled CRF has the potential to modulate the performance of the simulated shortwave feedback [image: image] (e.g., Lloyd et al., 2011).
[image: Figure 10]FIGURE 10 | The response of the shortwave CRF to the SSTA changes (W m−2/°C) during the period of the positive (left panel) and negative (right panel) Niño-3 SSTA for the (A,E) observations, (B,F) NESM_CTRL, (C,G) NESM_SMCM, and (D,H) NESM_CMIP6.
DISCUSSIONS AND CONCLUSION
The influence of the convection schemes on the ENSO simulations in the NESM3 was explored in this study. Three convection schemes were implemented and investigated using the NESM3. First, the model results revealed that the changes in the convection schemes significantly redistribute the cloud cover and the surface heat flux, including the solar radiation. Modification with the SMCM improves the spatial pattern of the low-level cloud cover over the tropical Pacific, while NESM_CMIP6 improves the spatial pattern of the middle-level cloud cover compared to the default convection scheme used in the NESM3. Improvements in simulating the surface net solar radiation were obtained for NESM_SMCM and NESM_CMIP6, and improvements in simulating the longwave radiation were obtained for NESM_SMCM. Furthermore, the solar radiation was underestimated over the western Pacific in NESM_CTRL due to the intense total cloud cover there.
The annual mean and standard deviation of the SST were also altered. Specifically, the westward extension of the 28°C isotherm in NESM_CMIP6 was comparable to the observations, while the 28°C isotherm extended too far westward in NESM_CTRL and NESM_SMCM. In addition, both modified convection schemes produced better SST standard deviation spatial patterns over the tropical Pacific, while the weakest variability in the equatorial Pacific occurred in NESM_SMCM. As for the annual cycle of the SSTA along the equator, the bias was reduced in the eastern Pacific in NESM_SMCM, leading to a better performance, whereas it was slightly worse in NESM_CMIP6.
Consistent with the diverse performances in terms of the mean state of the simulated SST, the characteristics of the modeled ENSOs were also different for the different convection schemes. When the default scheme was coupled with the SMCM, the seasonality and phase locking were reproduced the best, while the seasonal cycle of the modeled ENSO variability was totally reversed; that is, the maximum SSTA standard deviation occurred in March–May and the minimum occurred in November–January, in NESM_CTRL and NESM_SMCM. However, the simulated ENSO was weakest in NESM_SMCM. Additionally, the ENSO nonlinearity measured by the skewness of the SSTA in the Niño 3 and the observed broad spectral range were simulated best in NESM_SMCM.
The analyses related to the atmospheric feedback processes revealed that the factors responsible for the ENSO’s amplitude are complex. Strongest positive atmospheric Bjerknes feedback was found in NESM_CMIP6, which potentially enhances the ENSO’s amplitude compared to the other two simulations. Regarding the negative surface heat flux feedback, the strongest damping in NESM_CMIP6 was desired to form the weakest modeled ENSO, but this does not hold true. This indicates that the atmospheric Bjerknes feedback may dominate the thermodynamic damping feedback and other processes, such as ocean processes, i.e., the zonal transport of the seawater temperature from the equatorial western Pacific, and it may also play central roles in determining the simulated ENSO’s amplitude (e.g., Chen et al., 2019). Thus, further analyses related to ocean processes based on the upper-ocean heat budget and stability analysis (i.e., the BJ index) will be studied in the future. Moreover, the nonlinear relationship between the shortwave feedback and the SSTA in the Niño 3 was captured in NESM_CMIP6, while the negative shortwave feedback was misrepresented in the model containing the default convection scheme.
This study emphasizes that as a climate system with strong atmosphere-ocean interactions, ENSO’s characteristics are hard to reasonably simulate by modifying only one aspect. Other physical aspects also need to be taken into consideration. For example, the resolutions of the ocean and atmospheric components in a CSM are considered to be an important factor for improving ENSO simulations (e.g., Schneider et al., 2003; Gualdi et al., 2005). In addition, ENSO simulations are also tightly linked to the ocean mixing (e.g., Richards et al., 2012; Qiao et al., 2013), the parameterization of the subsurface entrainment (e.g., Zhu et al., 2013), and so on. Thus, fully understanding the ENSO’s physics is of significance for improving the model’s ability to simulate ENSO and for ENSO prediction. However, when modifying the physical processes associated with ENSO, one should be careful and should consider the interactions and feedbacks with other processes, avoiding the occurrence of the “error-cancel-error” phenomena, which leads to improvements in some aspects of the modeled ENSO. It should be noted that NESM_CMIP6 had the strongest atmospheric Bjerknes feedback and thermodynamic damping. However, NESM_CMIP6 overestimates the two atmospheric feedback processes, which make opposite contributions to the ENSO’s amplitude, compared to the observations. This raises questions as to whether the largest ENSO amplitude found in NESM_CMIP6 is a process-compensating product and which physical processes control and dominate the ENSO’s amplitude. These issues deserve further study and are important for improving the models’ performance during future model development.
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The influence of ENSO events on winter precipitation anomalies in the Philippines has been well known since decades, but whether this effect is different between months needs further exploration. In this study, the monthly variations of precipitation over the Philippines in winter during the mature phases of ENSO events are investigated with datasets of reanalysis and observations from 1979 to 2019. Results indicate that only the eastern Pacific (EP) El Niño shows different influences on the Philippines winter precipitation among different months. In December during mature EP El Niño events, precipitation deficiency is not significant over the whole Philippines, whereas in January and February, precipitation decreases significantly over the southern Philippines as well as the areas to the southeast of the Philippines. Besides, the correlation between consecutive dry days over the southeast Philippines and ENSO is significantly positive in January and February but not in December. The eastward propagation of EP El Niño–related anomalous anticyclone over the western North Pacific (WNPAC) from December to February is proved responsible for the changed relationship between EP El Niño and precipitation. In December, the center of the WNPAC is located to the southeast of the Indo-China Peninsula, inducing weak lower-level wind anomalies and, consequently, weak vertical movement and water vapor transport anomalies over the Philippines, which exerts limited influence on the local precipitation. In January and February, by contrast, the center of WNPAC is located to the southeast of the Philippines, and therefore the southern Philippines is occupied by anticyclonic moisture transports and downward vertical motions, favoring less precipitations and larger than normal consecutive dry days over there.
Keywords: El Niño, the Philippines, precipitation, WNPAC, consecutive dry days
INTRODUCTION
El Niño–Southern Oscillation (ENSO) is characterized by anomalous sea surface temperature (SST) in the tropical Pacific Ocean, exerting significant influence on global climate. During the life cycle of a typical El Niño event, SST anomalies develop in the boreal autumn, reach the peak in the subsequent winter, and decay in summer, which is often mentioned as the phase-locking of ENSO (Neelin et al., 2000; Chen and Jin, 2020). Accordingly, the boreal winter is often considered as the El Niño mature phase, during which an anomalous anticyclone over the western North Pacific (WNPAC) is resulted from the Rossby wave feedback exerted from the warmer than normal eastern Pacific Ocean and the Kelvin wave response from the warm Indian Ocean (Zhang et al., 1999; Wang et al., 2000; Xie et al., 2009; Wen et al., 2019). The anomalous WNPAC modifies the climatological wind over Southeast Asia at the level of 850 hPa, inducing anomalous precipitation and extreme climate. Besides, it has been pointed out that ENSO influences the South China Sea (SCS) summer monsoon onset (Zhou and Chan, 2010; Zhu and Li, 2017), the western North Pacific tropical cyclones, and the interannual variation of precipitation (Du et al., 2011; Ge et al., 2016). Negative correlation exists between ENSO and the winter precipitation in Southeast Asia (Wang et al., 2020). However, previous studies about the ENSO influence on Southeast Asia precipitation have mainly concentrated on seasonal averages, while the sub-seasonal characteristics have not yet been comprehensively revealed. In fact, the influence of Pacific SST anomalies on northeast Asia summer precipitation has been reported non-consistent during the whole summer and sometimes shows significant sub-seasonal variations (Xu et al., 2017). The El Niño–related precipitation anomalies over Southeast Asia is different between periods of early and late summer (Fan et al., 2019). Therefore, to investigate the ENSO-related winter precipitation anomaly from a monthly perspective is of great importance.
Recently, a center type of ENSO has gained worldwide attention (Larkin and Harrison, 2005; Yu and Kao, 2007; Ashok and Yamagata, 2009; Zhang et al., 2011; Zhang et al., 2019). The extraordinary SST anomalies during a classic ENSO are confined to the eastern tropical Pacific Ocean, which is hereafter abbreviated as eastern Pacific (EP) ENSO, while the center Pacific (CP) ENSO represents events with dominant SST anomalies over the central Pacific Ocean. These two types of ENSO have been demonstrated to have different influences on the atmospheric circulation, temperature, and precipitation over East Asia (e.g., Zhu et al., 2013; Li et al., 2018). Nevertheless, previous studies on ENSO-related precipitation anomalies over Southeast Asia seldom make the two types of ENSO distinguished. In order to investigate the impact of a certain type of ENSO on the precipitation in Southeast Asia in more details, we calculated the precipitation anomalies during EP ENSO and CP ENSO first. It is found that only the EP-El Niño event has considerable different influences on Philippines precipitations in different winter months (figure not shown). Therefore, the following study only focuses on the monthly variations of precipitation anomalies over the Philippines during mature phase of the EP El Niño.
The Philippines is located in the Southeast of Asia with tropical climate. Warm temperature and abundant precipitation features developed agriculture economy in the Philippines. It is pointed out that the extreme dry events mostly occur in winter over the Southeast Asia (Yao et al., 2010), and the strongest influence of El Niño on Southeast Asia is also in winter. Precipitation deficiency and long consecutive dry days without rainfall highly impact the irrigation and human activity. Therefore, this study concentrates on the precipitation anomalies during the winter of El Niño mature phases, and to further investigate the anomalous precipitation over the Philippines during EP-El Niño in a monthly view is of great importance to the prediction source and provide theoretical support for local disaster prevention and mitigation and climate prediction.
The rest of this article is organized as follows: Datasets and methods are introduced in Datasets and methods; the monthly variation of precipitation anomalies and consecutive dry days (CDD) around the Philippines in winter during the mature phase of ENSO is revealed in Precipitation anomalies during mature phase of El Niño, and the responsible reasons are analyzed in Reason analysis; a conclusion and discussion is made finally in Conclusion and Discussion.
DATASETS AND METHODS
Monthly precipitation datasets used in this study are derived from the Climate Prediction Center Merged Analysis of Precipitation (CMAP) with a horizontal resolution of 2.5 ° × 2.5 °over both land and ocean (https://psl.noaa.gov/data/gridded/data.cmap.html), which have been proven predominant in the tropical areas (Xie and Arkin, 1997). Besides, the monthly Climatic Research Unit (CRU) Time-Series version 4.04 land precipitation data (https://crudata.uea.ac.uk/cru/data/hrg/) with a finer horizontal resolution of 0.5 ° × 0.5 ° (Harris et al., 2020) are also employed to validate the CMAP results and eliminate the uncertainty brought from data. Both datasets cover the study period of 1979–2019. The corresponding circulation and moisture data are obtained from the NCEP/DOE Reanalysis II with a resolution of 2.5 ° × 2.5 ° (https://psl.noaa.gov/data/gridded/data.ncep.reanalysis2.html). The outgoing long radiation dataset is provided by the NOAA Interpolated Outgoing Longwave Radiation (OLR) dataset (https://psl.noaa.gov/data/gridded/data.interp_OLR.html).
The historical EP El Niño events (1979–1980; 1982–1983; 1986–1988; 1991–1992; 1997–1998; 2006–2007; 2014–2016) are defined by the National Climate Center, China Meteorological Administration (https://cmdp.ncc-cma.net/pred/cn_enso_index.php). The EP ENSO index is calculated as
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where INiño3 and INiño4 represent the SST anomalies averaged over the Niño three region (150 °W–90 °W, 5 °S–5 °N) and the Niño four region (160 °W–150 °W, 5 °S–5 °N). To be noted, α equals 0.4 when INiño3 and INiño4 are consistently positive or negative, otherwise α equals 0. An EP El Niño is determined when IEP is larger than 0.5 °C for at least three months. The CDD is defined as the number of consecutive dry days (when precipitation <1.0 mm) during a certain period, and the monthly dataset of CDD is derived from the Met Office Hadley Centre observation dataset HadEX3 (https://www.metoffice.gov.uk/hadobs/hadex3/download.html). The CDD index over the southeast of the Philippines is calculated as the spatial average of CDD values over the area of 5 °N–15 °N, 122 °E–127 °E.
In this study, winter is defined as the period from December of the previous year to February of the current year. For example, winter for 1980 refers to December of 1979 and January and February of 1980. The two-tailed Student’s t-test is used to test the significance of the difference and correlation between two samples, with the significance level set as 0.05 in the current study.
RESULT
Precipitation Anomalies During Mature Phase of El Niño
Aiming at more accurate investigations on the impact of a certain type of ENSO on the precipitation over the Philippines, we calculate the precipitation anomalies during EP and CP ENSO. Among four types of ENSO events (EP El Niño, CP El Niño, EP La Niña, and CP La Niña), only the influence from EP El Niño features considerable monthly variations (figures not shown). Therefore, the following analyses focus on the precipitation anomalies in winter months during the mature phase of EP El Niño.
As shown in Figures 1 and 2, El Niño shows weak impact on the simultaneous precipitation in December, whereas significant influence can be detected in January and February. In December during mature El Niño events, precipitation deficiency over the Philippines is not significant, while in January and February, precipitation decreases significantly over the southern Philippines and the ocean to the southeast of the Philippines (Figure 1). The ocean to the east of the Philippines is covered by stronger negative precipitation anomalies in January and February (Figures 1B,C) than in December (Figure 1A). The maxima anomalous center of precipitation is located at around 128 °E and 12 °N in December with an intensity of around –3 mm per day (Figure 1A), while the maxima anomalous center of precipitation is located at around 128 °E and 9 °N in January and February with a negative value stronger than –4 mm per day. Moreover, similar results are also derived from land precipitation dataset with a finer resolution (Figure 2). In December, precipitation anomalies are relatively weak and not significant over the Philippine Islands (Figure 2A). In January and February, by contrast, significantly negative anomalies of precipitation occupy the southeast of the Philippines (Figures 2B,C).
[image: Figure 1]FIGURE 1 | Composite precipitation anomalies (units: mm day−1) derived from the CMAP dataset during El Niño mature phases in (A) December, (B) January, and (C) February. Dotted areas indicate the 0.05 significance level.
[image: Figure 2]FIGURE 2 | Composite precipitation anomalies (units: mm month−1) derived from the CRU dataset during El Niño mature phases in (A) December, (B) January, and (C) February. Shaded areas indicate the 0.05 significance level.
Furthermore, the significant precipitation deficiency over the southeast of the Philippines in January and February during the mature phase of El Niño is accompanied by anomalous CDD over there. The CDD index over the southeast Philippines is calculated and compared with the Niño 3.4 index as shown in Figure 3 for different months in winter. To be noted, limited by the length of valid data, the CDD index only covers a period of 1978–2009. In December, the ENSO index shows nonsignificant correlation with the CDD index with a correlation coefficient of 0.19 (Figure 3A), whereas in January and February, the correlations are significant with correlation coefficients of 0.55 and 0.48, respectively (Figures 3B,C). That is, in consistent with the monthly mean precipitation anomaly, the extreme events in terms of CDD also show monthly variations in winter under influences of El Niño. Relationship between El Niño and the CDD index over the southeast Philippines is weak in December but intense in January and February.
[image: Figure 3]FIGURE 3 | Time series for CDD index (orange) over the southeast Philippines and ENSO index (blue) in (A) December, (B) January, and (C) February.
Reason Analysis
Analysis in (Precipitation anomalies during mature phase of El Niño) reveals that El Niño exerts relatively weak influence on the precipitation anomalies around the Philippines in December while strong influence in January and February. The possible underlying mechanisms for such a monthly variation are further explored in this subsection. Previous studies have pointed out that the WNPAC is an important linkage between El Niño and precipitation anomalies in Southeast Asia (Zhang et al., 1999; Wang et al., 2000). As a Rossby wave feedback of the warmer than normal eastern Pacific Ocean, anticyclonic wind anomalies occupy the Philippines during El Niño mature phase, leading to less precipitation over there. The SST anomaly over the SCS and the position of the WNPAC evolve from the El Niño developing autumn to its mature phase: warm (cold) SST anomaly over the SCS increases (decreases) rapidly and the anticyclonic anomaly moves eastward from the Indian Ocean to the SCS (Wu et al., 2003; Huang et al., 2013). Similar pattern is also detected in the evolution of the WNPAC from December to February in the winter during mature El Niño (Figure 4). Warm SST anomalies expand to the SCS from December to January and finally cover the whole SCS in February. Meanwhile, cold SST anomalies withdraw from the SCS and move eastward to the western North Pacific Ocean. Consistently, the WNPAC marches eastward from the SCS to the southeast of the Philippines (Figure 5). Such eastward motion of the WNPAC could be attributed to the air–sea interactions induced by the changing SST anomalies over the SCS (Chen et al., 2007) and modulate the local circulation and precipitation over the Philippines.
[image: Figure 4]FIGURE 4 | SST anomalies (units: k) during El Niño mature phases in (A) December, (B) January, and (C) February. The red box indicates the study area.
[image: Figure 5]FIGURE 5 | 850 hPa wind anomalies (units: m s−1) during El Niño mature phases in (A) December, (B) January, and (C) February. Dotted areas indicate the 0.05 significance level. “A” indicates the center of an anticyclone.
In December, the center of the WNPAC is located at around 111 °E and 10 °N to the southeast of the Indo-China Peninsula, showing relatively weak influence on the lower-level wind anomalies over the Philippines with nonsignificant wind anomalies at 850 hPa (Figure 5A). In January and February, the center of the WNPAC shifts to the east of 128 °E dominating the Philippines (Figures 5B,C), which tends to suppress the local precipitation. Considering that the upward motion and sufficient water vapor are crucial conditions favoring precipitation, further analyses focus on the OLR, vertical velocity, and water vapor transport anomalies during El Niño mature phase for December, January, and February, respectively. The negative (positive) OLR represents the enhanced (suppressed) convection and hence more (less) cloud coverage. As shown in Figure 6, in winter during mature phase of El Niño, the southern Philippines is occupied by positive OLR anomalies. The anomalous OLR in January (Figure 6B) and February (Figure 6C) are stronger than that in December (Figure 6A), showing more favorable conditions for the occurrence of precipitation deficiency in January and February. Besides, vertical velocity anomalies over the Philippines are almost zero in December during the mature phase of El Niño (Figure 7A). By contrast, significant positive vertical velocity anomalies with magnitudes of ∼0.02 Pa s−1 occur over the southeast to the Philippines in January (Figure 7B) and February (Figure 7C). That is, significant descending anomalies dominate the Philippines in January (Figure 7B) and February (Figure 7C) and reduce the local precipitation, while the downward motion is rather weak and not significant in December (Figure 7A). Moreover, Figure 8 describes the lower-level water vapor transport anomalies over Southeast Asia to present the conditions of moisture supply. In December during the winter of El Niño mature phase, anticyclonic water vapor transport anomalies are located over the center of the SCS, exerting limited influence on the Philippines (Figure 8A). With respect to January (Figure 8B) and February (Figure 8C), the anomalous anticyclonic water vapor transport occurs over the southeast to the Philippines, which is favorable for negative precipitation anomalies.
[image: Figure 6]FIGURE 6 | OLR anomalies (units: W m −2) during El Niño mature phases in (A) December, (B) January, and (C) February. Dotted areas indicate the 0.05 significance level.
[image: Figure 7]FIGURE 7 | Vertical velocity anomalies (units: Pa s−1) during El Niño mature phases in (A) December, (B) January, and (C) February. Dotted areas indicate the 0.05 significance level.
[image: Figure 8]FIGURE 8 | Water vapor transport anomalies (units: kg m−1 s−1) during El Niño mature phases in (A) December, (B) January, and (C) February. Dotted areas indicate the 0.05 significance level. “A” indicates the center of an anticyclone.
CONCLUSION AND DISCUSSION
Based on multiple datasets of reanalysis and observation, this study reveals a sub-seasonal variation of the El Niño–related precipitation anomalies over the Philippines from December to February. The present study emphasizes the evolutions of relationship between El Niño and monthly precipitation in winter, reflecting the importance to reveal the source of sub-seasonal climate variation and sub-seasonal predictions. Compared with previous studies, there have been greater focuses on the month-to-month variation of ENSO influences on specific regions. In the December during EP El Niño mature phase, precipitation anomalies are relatively weak over the Philippines and its surrounding areas. In January and February, by contrast, significant precipitation anomalies are detected over the southeast Philippines and the sea surface to the east of the Philippines. Besides, the relationship between ENSO and the consecutive dry days (CDD) over southeast of the Philippines in December is nonsignificant with a correlation coefficient of 0.19, whereas the correlation coefficients between ENSO and CDD in January and February are 0.55 and 0.48, respectively, being significant according to the Student’s t-test at the 0.05 significance level. Such a sub-seasonal variation of precipitation anomalies could be attributed to the eastward moving of the WNPAC. The WNPAC induced by El Niño–related warm SST anomalies is located to the south of Indo-China Peninsula in December, while over the south Philippines in January and February (Figure 4), corresponding well to previous studies which indicate that from autumn to winter during El Niño events, the warm SST over the SCS increases rapidly along with the anticyclonic anomaly moving eastward from the Indian Ocean to the SCS (Wu et al., 2003; Huang et al., 2013). Therefore, in December, the weak circulation anomalies show limited influence on the OLR (Figure 6), vertical velocity (Figure 7), and the water vapour transport over the Philippines (Figure 8), and finally result in nonsignificant precipitation anomalies. In January and February, by contrast, the suppressed convection (Figure 6), downward motion (Figure 7), as well as the unfavorable moisture conditions induced by the anomalous anticyclonic water vapour transport over the Philippines (Figure 8) jointly lead to deficient precipitation and larger CDD.
It has been pointed out that the Kuroshio anticyclonic anomalies can significantly modulate the influences of ENSO on the western Pacific winter climate (Gong et al., 2019). The existence of the Kuroshio anticyclone may decrease the pressure gradient between East Asia and the North Pacific, which facilitates the northward extension of the southerly wind anomalies from the anticyclone over the Philippines. Therefore, the intensity of the ENSO-related Kuroshio anticyclone might be a factor influencing the winter precipitation over the Philippines, which is to be further investigated in the future. Besides, model simulations of the Coupled Model Intercomparison Project are effective in investigating the impact of ENSO on climate variability (Gong et al., 2014, 2015). Therefore, the state-of-the-art models would also be employed for associated simulations and predictions in the future. To be noted, the study only focuses on the El Niño mature phases, but how the other phases of El Niño exert influences on the local sub-seasonal climate is in need of further investigation.
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The ensemble technique is considered to be an effective approach in enhancing the model capacity of intra-seasonal climate change. Since El Niño-Southern Oscillation is one of the critical modes of interannual variability in the tropical Pacific, an appropriate ensemble technique may help minimize model bias in ENSO forecast. This research includes a modified stochastically perturbed parameterization tendencies scheme in the Community Earth System Model to investigate its impact on ENSO prediction. This revised scheme uses independent noise patterns to perturb the tendencies from different physical parameterizations. In the original scheme, only the same noise is employed. The result suggests that the altered approach is in a position to further reduce sea surface temperatures and gain more skill in uncertainty estimation compared to the original one. ENSO’s amplitude is improved especially of its warm phase El Niño, but there is a limited improvement in its spatial structure. The modified scheme also ameliorated the variability of ENSO by increasing the magnitude toward observation. The power spectrum exhibits an increased representation. Besides those findings, we notice that simple ensemble mean may not be able to represent the climate status as it smoothes out some useful signals.
Keywords: ensemble forecast, stochastic physics, ENSO, parameterization, tendency term, coupled climate model
INTRODUCTION
El Niño-Southern Oscillation (ENSO) is one primary mode of tropical variability phenomenon in the climate system (Rasmusson and Carpenter, 1982). Its warm phase (El Niño) is associated with the central and eastern equatorial regions with sea surface temperatures (SSTs) above normal. Opposite-signed changes occurred during the cold period (La Niña) (Deser et al., 2017). This naturally occurring fluctuation originates in the tropical Pacific zone. It affects the weather across the globe, including the impact on precipitation strength in the monsoon season and hurricane numbers affecting America (Ropelewski and Halpert, 1996; Bove et al., 1998). Because of ENSO’s crucial role in controlling climate, it has been the focus of intense investigation in recent years (Wang and Fiedler, 2006).
Effective ENSO forecasts could provide a chance for policy planners to take into consideration estimated climate abnormalities that could minimize the economic and cultural damage suffered by this climate event. A variety of studies have shown that coupled atmospheric-ocean general circulation models (CGCMs) have been an important tool for ENSO prediction (Paolino et al., 2012; Levine and Jin, 2015; Wu et al., 2015; Zhang et al., 2015; Kumar et al., 2016; Barnston et al., 2019; Wang et al., 2020). Despite the fact that the model improves during the last few decades, there remain systemic errors and other shortcomings in ENSO simulation even with state-of-the-art climate models (Bauer et al., 2015; Kumar et al., 2016; Vega-Westhoff and Sriver, 2017; Haszpra et al., 2020; Watterson et al., 2020). Despite using the data assimilation technique to initialize the model, fully coupled models still have deficiencies and are marginally better than the mathematical models in the ENSO process and intensity prediction. ENSO’s predictability is still constrained by various errors such as model, initial condition, and stochastic “noise” of the atmosphere (Moore and Kleeman, 1999; Balmaseda and Anderson, 2009). Numerous attempts, such as statistics, statistical dynamics, and ensemble techniques, are widely applied to ENSO predictions to increase predictability (Lau and Nath, 2006; Wang and Fiedler, 2006; Neale et al., 2008; Kirtman and Min, 2009; Zhang et al., 2013; Brown et al., 2015; Levine and Jin, 2015; Wu et al., 2015; Zhang et al., 2015; Atwood et al., 2016; Kumar et al., 2016; Levine et al., 2016; Vega-Westhoff and Sriver, 2017; Maher et al., 2018; Wang et al., 2020). Subsequent studies have suggested that model errors, especially uncertainty that raised from parametrization, generally have more impact than initial conditions, especially in climate prediction models (Stainforth et al., 2005; Christensen et al., 2015a; Christensen et al., 2017a; Yang et al., 2019). Thus, using ensemble approaches to estimate model errors and increase forecasting skills is recommended by the scientific community (Berner et al., 2016).
The European Centre for Medium-Range Weather Forecasts (ECMWF) has employed the stochastic parameterization scheme describing unresolved subgrid (Berner et al., 2009; Palmer et al., 2009; Leutbecher et al., 2017). This new ensemble approach is capable of sampling the instability of unsolved atmospheric processes, and this technique could be modified to monitor the model error representation capability. Including this zero-mean noise term in the general circulation model (GCM) can reduce model biases, increase ensemble spread, and forecast skill. Even in the absence of nonlinearity, this multiplicate noise is still able to shift the mean climate of the model, which is beneficial to model performance (Lin and Neelin, 2000, 2003; Berner et al., 2009; Christensen et al., 2015b; Berner et al., 2015; Berner et al., 2016).
Multiple studies have elucidated the significance of stochastic processes in ENSO forcing (Flügel et al., 2004; Yeh and Kirtman, 2006). The value of stochastic perturbation is recognized in ocean modeling already (Hasselmann, 1976). However, this stochastic approach has not been widely investigated in coupled climate models (Yang et al., 2019). Christensen et al. (2017b) applied the stochastically perturbed parametrization tendency (SPPT) scheme into the Community Climate System Model version 4 (CCSM4) and found that this scheme can reduce excessive ENSO spectrum power. The overestimated ENSO magnitude was also reduced due to improved zonal wind variability. Yang et al. (2019) followed Christensen et al. (2017b) and put both SPPT and stochastic kinetic energy backscatter (SKEB) schemes into the European Community Earth-System Model (EC-Earth), resulting in the improvement of the excessively weak representation of ENSO.
Wu et al. (2019) adjusted SPPT and applied this stochastic scheme to estimate the uncertainty introduced by cumulus parameterization in the Weather Research and Forecasting (WRF) model, finding that this modified approach could substantially reduce precipitation bias. Christensen et al. (2017b) and Wastl et al. (2019) proposed that different parametrization schemes or tendencies terms may have distinctive errors. Those schemes or terms should be perturbed with independent noise patterns. The independent SPPT (iSPPT) can accomplish this idea and results in an increase in model spread as well as model performance.
According to Neale et al. (2008), altering the deep convection parameterization will adjust the performance of ENSO representation in CCSM3. This may ring a bell that each parametrization may play a different role when attempting to simulate ENSO, and various parametrization processes, even in separate tendency terms, may yield different error characteristics. However, Christensen et al. (2017b) and Yang et al. (2019) did not use iSPPT for ENSO prediction. We consider this independent perturbation, especially on convection parameterization, which may be beneficial on ENSO forecasting. According to Wastl et al. (2019), applying different perturbations on different tendency terms can further raise the model performance. We assume that this independent perturbation approach, on both separate parametrization processes and distinct tendency terms, is more reasonable to represent the model error. Therefore, this paper includes a modified version of SPPT scheme into the Community Earth System Model (CESM) and investigates its impact on ENSO prediction as well as model performance. In addition, modified SPPT grouped the tendency terms to make the numerical model more robust and stable.
Model, Methods, Experiments, and Data
CESM 1.2.2 and Configuration
The CESM is a fully coupled global climate model. It was developed and is maintained by the National Center for Atmospheric Research (NCAR). In this research, version 1.2.2 is employed to explore the impact of different stochastic physics. More precisely, the stochastic parameterization scheme is implemented into CAM version 4, the atmosphere component model of CESM. The primary reason to choose CESM is that previous studies have shown that CESM exhibits a certain degree of competence in simulating climate change and annual variability, as well as the inter-decade change in the East Asian climate (Li et al., 2016; Vega-Westhoff and Sriver, 2017; Jiang et al., 2020).
This fully coupled global climate model has several components. The atmosphere component is the Community Atmosphere Model (CAM). In this research, only CAM4 is activated. CAM4 uses a finite-volume dynamic core with a horizontal resolution of 0.9° × 1.25°. The focus of this paper is lower atmospheric and ocean status. Therefore, CAM4 is only running under 26 vertical levels of configuration. Ocean status is provided by the Parallel Ocean Program (POP). The component has approximately 1° horizontal resolution with 60 vertical levels. The sea-ice component usually shares the same resolution with the ocean. This research is no exception; the same 1° horizontal and 60 vertical levels are employed in the sea-ice model Community Ice CodE (CICE) and Community Ice Sheet Model (Glimmer-CISM). CESM also includes the Community Land Model (CLM) and the River Transport Model (RTM), which share the same resolution configuration as the atmosphere component.
The Stochastically Perturbed Parameterization Schemes
The Original SPPT Scheme
The original SPPT scheme is used wildly in the medium-range weather forecast. The European Centre is the first major operational model center to use this approach. Researchers test this method in much smaller scales, such as convective allowing scale (Dorrestijn et al., 2013). Various climate models apply this very scheme to archive better results (Berner et al., 2016; Christensen et al., 2017a). The original SPPT scheme is also referred to as the Buizza–Miller–Palmer (BMP) scheme (Buizza et al., 1999). The BMP scheme was later replaced by a more efficient spectral pattern generator created by Palmer et al. (2009). This SPPT scheme assumes that the method of averaging is not effective and that parameterization uncertainties are representable as multiplicative noise terms. The noise used in the SPPT scheme is a random two-dimensional field, with temporal and spatial correlations; the amputation of each perturbation is limited to within [−2σ, 2σ], where σ denotes one standard deviation; this standard deviation is prescribed before generating perturbation pattern. The perturbed net tendency term (x) at each gridpoint is shown in formula (1):
[image: image]
where [image: image] represents tendency calculated from model dynamical processes, [image: image] stands for horizontal diffusion term, and [image: image] represents the tendencies from parametrization processes. More precisely, [image: image] denotes various parametrization physics tendencies combined. The SPPT scheme intends to represent the effects of subgrid-scale fluctuations. Therefore, the model’s dynamic tendency is not necessary to touch. Zhijie et al. (2011) also showed that a perturbation on dynamic tendency will not yield the desired outcome.
The detailed information about how to generate a random field [image: image] is described in Berner et al. (2015). Nevertheless, what is different in this research is that we limit [image: image] in the range of [−1,1] to avoid reverting the sign of tendency term, which also helps to avoid numerical instability. According to Christensen et al. (2017a), the suitable parameters for the global coupled climate model are horizontal decorrelation 500 km and temporal decorrelation of 6 h. The same setting is also applied in this research for inter-comparison purposes.
Most studies suggest that the near-surface perturbation may be too strong due to relatively large tendencies in the stratosphere (Bouttier et al., 2012; Berner et al., 2015; Jankov et al., 2019; Lock et al., 2019; Wastl et al., 2019). Therefore, we slightly deviated from Christensen et al. (2017a) and smoothly reduced the perturbation to zero at the surface and in the stratosphere for more stable model runs.
The Modified SPPT Scheme
As stated above, Christensen et al. (2017b) suggest that different parameterizations should be independently perturbed due to different error characteristics or properties. Wastl et al. (2019) also recommended such a strategy, but took one step further, using a different pattern to perturb various tendency terms. Interestingly, this approach is the original BMP scheme, which is the prototype of the SPPT scheme, we are trying to use, but quickly dropped due to instability reasons. There is no sufficient research for a decisive conclusion on whether the tendency terms should be perturbed independently or not. But for different parameterizations, this independent perturbation should be applied.
According to those researches, we modified the original SPPT scheme used in Christensen et al. (2017b) and let the altered scheme have the following ability: 1) each parametrization process, especially deep convection, can be perturbed independently; 2) tendency terms can be perturbed by two groups, wind tendency terms (U and V) and temperature and moist tendency terms (T and Q). This is unlike the Wastl et al. (2019) approach, four tendency terms (U, V, T, and Q) are perturbed by four independent noise pattern. The purpose of deviating from Wastl et al. (2019) is that we observe numerical instabilities during integration while using all different patterns on those four tendency terms.
In order to compare with the original scheme, we used the same parameters to generate perturbation in this modified scheme, which is horizontal decorrelation 500 km and temporal decorrelation of 6 h. The gridpoint variance is set to 0.5 because this is an empirical value.
Figure 1 shows the perturbation pattern snapshots in two continuous timesteps.
[image: Figure 1]FIGURE 1 | Snapshots of perturbation pattern used in this research. These two snapshots are taken from two continuous timesteps of the model.
Experiments Setup
To show the efficacy of the altered SPPT scheme and compare it to the original scheme, three sets of experiments are performed. These three sets are control (CTRL) experiments without stochastic physics, SPPT experiments employing the original stochastic scheme, and modified SPPT (ModSPPT) experiments.
Control Experiment
The control experiment aims to demonstrate the original performance of the coupled climate model and evaluate how accurate the ensemble system is when simulating the recent past. The historical integrations cover the period of 1850–2000, with the forcing from the fifth Coupled Model Intercomparison Project (Taylor et al., 2012). The period from 1850 to 1870 is used as a spin-up run in order to have a more favorable ocean state to run with the atmosphere model. The control experiment includes four members. The first member uses standard forcing without any ensemble technique. Member 2 is applying the same forcing but started with two days of the lagged ocean state. The configurations of members 3 and 4 are the same as those of member 2, but the ocean state is lagged for three and four days, respectively. Figure 2 demonstrates the experiment setup and configuration. This control experiment is labeled as CTRL.
The Experiment Using the Original SPPT Scheme
The SPPT experiment also involves four members, and those members share the same settings as CTRL. But in this experiment, the four total tendency terms (U, V, T, Q, as described in “The Original SPPT Scheme” section in the CAM4 model) are perturbed using the same noise pattern created by the spectral pattern generator. “The Original SPPT Scheme” section includes the specifics about the design of this scheme. The experiment using the original SPPT method is marked as SPPT.
The Experiment Using the Modified SPPT Scheme
As discussed above, different parameterizations should be perturbed separately since they have different error profiles. Therefore, in this experiment, radiation, convection, boundary layer processes, and other parameterizations are perturbed using different noise patterns. Wind tendency terms (U and V) in the same parameterization are perturbed by one noise pattern, and temperature and moist tendency terms (T and Q) in the same physics are perturbed by another noise pattern. The experiment using the original SPPT method is marked as ModSPPT.
Observations and Reanalysis Data
The observations and reanalysis data of sea surface temperature (SST) used in this paper for comparison are the Hadley Centre Global Sea Ice and Sea Surface Temperature (HadISST) version 1 (Rayner et al., 2003).
This paper makes use of the Climate Variability Diagnostics Package (CVDP) of the Community Earth System Model working group (Phillips et al., 2014) to compute various indices. Some figures in this manuscript were also using code from this package.
RESULTS
Ensemble Performance
Since this study focuses on the ensemble method employed in a coupled climate model, the first question we want to address is how different ensemble approaches behave. Moreover, SST offers critical information on the global climate system, notably useful for detecting the El Niño and La Niña periods. Therefore, we concentrate on the model simulation capacity of SST. The root-mean-square error (RMSE) and ensemble spread were used as evaluation criteria.
Figure 3 displays global SST RMSE between model runs and HadISST. The RMSE is calculated for all four ensemble members; then averaged RMSE is displayed in this plot. Error bars show the standard deviation across different ensemble members. This plot suggests that both different stochastic physics schemes can reduce SST RMSE at least 15%, and modified SPPT can further reduce SST bias. The CTRL experiment has a relatively large bias in January, February, and March, which will result in a significant impact on ENSO forecast and simulation. But applying SPPT and ModSPPT scheme, this RMSE is decreased by 0.384 and 0.39 in January, 0.465 and 0.468 in February, and 0.462 and 0.469 in March. These RMSE reductions, despite small but nonzero differences in SPPT and ModSPPT scheme, imply that perturbing parameterization physics and tendencies with independent noise patterns will increase the performance of the ensemble system, at least in SST simulation.
[image: Figure 2]FIGURE 2 | The diagram of the ensemble experiment setup.
[image: Figure 3]FIGURE 3 | Ensemble mean RMSE of global SST in different months. The RMSE is calculated between the observations and model simulations.
Ensemble simulations usually allow measuring uncertainty among the systems by calculating the variance of ensemble members to quantify the spread within the ensemble. Although increased ensemble spread does not necessarily mean the best result, this score is an important criterion to identify the performance of the ensemble system. Another diagnostic that is often used to evaluate the ensemble system is the comparison of the standard deviation to the RMSE of the ensemble mean (RMSE/STD) ratio. Figure 4 displays both the spread and RMSE/STD to identify the skill of different ensemble approaches. The ModSPPT has a relatively large spread at practically all months, except February, March, and April, which have almost the same spread as the original SPPT scheme. SPPT, on the other hand, also increases model spread but not as much as ModSPPT does. This suggests that ModSPPT has more capability to estimate model uncertainty. RMSE/STD provides a more reasonable comparison of these two approaches. This ratio led to the same conclusion that ModSPPT has better performance in coupled climate ensemble system. The CTRL experiment fails behind SPPT and ModSPPT due to large RMSE in SST simulation.
[image: Figure 4]FIGURE 4 | The spread of different sets of experiments and RMSE/spread ratio. Dotted lines indicate the spread of each experiment; solid lines show the ratio of RMSE dividing by ensemble spread. Blue, brown, and gray exhibit the result of ModSPPT, SPPT, and CTRL, respectively.
Those multiple comparisons prove that the assumptions we proposed are beneficial for the coupled climate ensemble system. We also observe model outputs 6–9 “QNEG” or “QNEG” violation warnings every timestep during SPPT runs but only 3–5 warnings in CTRL and ModSPPT runs. Although this is within the normal range, this may suggest that ModSPPT perturbation is more favorable for CESM 1.2.2, and SPPT may need more turning. Despite this, stochastic physics can still increase model performance, especially the ModSPPT scheme, perturbing parameterization physics and variables with independent noise.
Impact on ENSO Simulation
The ENSO Spatial Composite
Many researchers suggest that most models have deficiencies that will cause systematic errors in both amplitude and temporal variability when simulating ENSO events (Lau and Nath, 2006; Kirtman and Min, 2009; Wu et al., 2015; Kumar et al., 2016; Wang et al., 2020; Watterson et al., 2020). Although the coupled climate model has improved over time, those deficiencies could be equally present in the CESM 1.2.2 model. The composite of El Niño and La Niña events is usually used to evaluate model performance. In this research, the definition of ENSO is based on a time series of SST in the box of 170°W–120°W, 5°S–5°N. Seasonal average SST in boreal winter (DJF; December, January, and February) is used to classify if a year is El Niño or La Niña. If the SST average exceeds one standard deviation of the monthly mean in the corresponding experiment output, it is called El Niño this year. Below one standard deviation will be considered as La Niña. Typically, only the ensemble mean is used for classification and evaluation. Since the first member of the CTRL experiment has the same configuration as the 1850–2000 historical run, it can therefore be treated as a reference to the deterministic forecast, so we also include the first member of three different sets of experiments for assessment purpose. Besides that, there is also a study on the original SPPT results of the CCSM 4 model with just one member (Christensen et al., 2017a).
Figures 5 and 6 show spatial composites of El Niño and La Niña in different ensemble approaches. The results are produced from the averaging model outputs obtained from all the years that have been defined as El Niño or La Niña by Niño-3.4 time series. The colors indicate the average SST anomaly for corresponding events. Over the land, SST anomaly is replaced with surface air temperature anomaly.
[image: Figure 5]FIGURE 5 | The spatial composite of El Niño for (A) ensemble mean CTRL, (B) first member of CTRL, (C) ensemble mean SPPT, (D) first member of SPPT, (E) ensemble mean ModSPPT, (F) first member of ModSPPT, and (G) observations. The shaded area repersent the sea air temperature anomaly over the ocean, and surface air temperature anomaly over land.
[image: Figure 6]FIGURE 6 | Same as Figure 5 but of La Niña.
The spatial structure of El Niño anomaly is well simulated by the CTRL experiment, as displayed in Figure 5, as well as two different stochastic physics schemes. The width and extent of warm tongue suggested by HadISST are reasonably simulated in all three sets of experiments, including both ensemble mean and the first member of experiments. However, the CTRL run shows a much weaker anomaly in the ensemble mean, whereas the original SPPT scheme can correct this by increasing the amplitude of El Niño. This result is consistent with that of Yang et al. (2019), who used SPPT combined with another stochastic physics. Even though ModSPPT is able to further increase the skill of the model, in particular, the Central Eastern Pacific Ocean with the highest magnitude of El Niño is comparable to that of HadISST. But, model results for the first member of the ensemble are quite different from the ensemble average. Member 1 of the CTRL experiment has a stronger magnitude of El Niño than observation. This indicates that CESM 1850–2000 historical run has a warm bias of El Niño simulation and is consistent with previous studies (Kirtman and Min, 2009; Berner et al., 2016; Christensen et al., 2017a). Employing only stochastic physics in the deterministic forecast, as Christensen et al. (2017a) did in their research, can also increase the model skill by reducing this bias in El Niño simulation. ModSPPT, on the other hand, is even more effective in bringing model simulation close to HadISST. This modified SPPT scheme yielded the best results in this comparison.
La Niña anomaly is also captured by these three sets of experiments but not as well as El Niño. Figure 6 suggests that, in La Niña events, this anomaly structure is not extending far enough as HadISST does. These three experiments face the same dilemma. For the magnitude, the ensemble mean of CTRL experiment has not enough cold anomaly at the equator, whereas SPPT can increase this anomaly by about 0.5°. ModSPPT cannot improve La Niña anomalies compared to SPPT; however, this modified scheme is still yielding a better result than CTRL. This comparison finding also holds for the first member of different experiments, except that the bias is in another direction (too cold).
We use two different scores to quantify the performance of the model. The pattern correlation (PC) generally shows how the model simulates the ENSO structure, and root-mean-square (RMS) differences show how far the model deviates from observations, with that score being displayed in Figure 7. In this plot, the red color indicates a better result. The TAS is used here instead of SST because we also want to include temperature over land. The PC of ENSO TAS in DJF is displayed. We found that stochastic physics can increase the forecast skill of ENSO spatial structure. However, PC shows no significant difference between SPPT and ModSPPT, indicating that ModSPPT is unable to gain benefit while the model trying to simulate ENSO structure. However, the RMS difference has been reduced from 0.53 to 0.49, implying that the forecast skill of ENSO magnitude has been increased when modifying the original SPPT scheme.
[image: Figure 7]FIGURE 7 | Pattern correlation scores and RMSD scores. Red indicates the desired result, which shows better performance. Blue suggests the opposite conclusion.
Figure 8 is the El Niño and La Niña composite Hovmöller diagrams of HadISST and ensemble mean status of different sets of experiments. This plot suggests that numeral simulation can capture the main pattern of El Niño and La Niña, as shown in Figures 5 and 6. SPPT has closer amplitude to observation, whereas ModSPPT corrects the pattern. The quantified result proves the La Niña Hovmöller pattern, and the SPPT scheme is not well simulated in previous research (Christensen et al., 2017a; Yang et al., 2019) improved by 0.07 in PC score. SPPT scheme can improve the performance in El Niño Hovmöller pattern, but ModSPPT is still able to gain that increment by 0.01 more.
[image: Figure 8]FIGURE 8 | Hovmöller diagrams of El Niño composites (A)–(D) and La Niña composites (E)–(H) for HadISST, ensemble mean CTRL, ensemble mean SPPT, and ensemble mean SPPT. SSTs are averaged between 5°S and 5°N.
The result of the El Niño and La Niña composites indicates that the application of stochastic physics to a coupled climate model is capable of improving the amplitude of ENSO in ensemble simulation, but less improvement in spatial structure. By changing the original SPPT scheme, ModSPPT could enable further enhancement of ENSO prediction. Applying those schemes in deterministic simulation, not a recommended approach but a practical one, still yields a favorable result when it comes to ENSO amplitude prediction.
The Temporal Variability of ENSO
Since fully coupled climate model simulation is used extensively in the ENSO variability investigation, in particular on decadal and longer time frames, therefore, whether ModSPPT is able to gain the skill of simulating ENSO in temporal variability is another question we want to answer.
The variability of ENSO can be diagnosed using the time series of Niño-3.4 annual cycle. Figure 9 shows ENSO by calculating the standard deviation of the monthly means in different experiments as well as HadISST. This is different from Figure 4, which is the ensemble mean of monthly means. Another difference is that Figure 9 only includes Niño-3.4, but Figure 4 demonstrates the global performance of ensemble approaches. From this plot, we can quickly diagnose that ModSPPT has the strongest variability compared to other ensemble methods in almost all 12 months. The increment of this benefit is more than 0.075, which is almost 15% of the CTRL ensemble mean. But all three sets of experiments show variability levels below HadISST, indicating that all ensemble systems underestimate the ENSO variability.
[image: Figure 9]FIGURE 9 | The monthly variability of Niño 3.4. Solid lines show the mean of the annual cycle in Niño-3.4 variability. This value is calculated by the standard deviation of the monthly means of the Niño-3.4 time series. Marks show the same value but for the first member only. Blue, brown, and gray show the result of ModSPPT, SPPT, and CTRL, respectively.
Various studies reporting applying ensemble mean without any weight may result in weaker ENSO variability (Atwood et al., 2016; Vega-Westhoff and Sriver, 2017). Only including one member will indeed get a stronger variability because the ensemble means usually smooth the result especially where the negative and positive change occurred in different members. Therefore, Figure 9 also included the first member of each set of experiments. This first member comparison suggests that ModSPPT is still able to bring the original SPPT scheme close to observation, whereas SPPT already weakens the overestimated variability in the CTRL experiment. The result from the first member, which has the same configuration as the deterministic historical run, proves that this modified SPPT scheme has better results as the ensemble means suggested.
The power spectrum is demonstrated in Figure 10. The CTRL has flattened and weaker response and missing 6–7 years oscillations. The 3–4 years oscillations are also significantly reduced. This is not similar to what previous researchers have found where CMIP5 coupled models may have narrow and sharp results. The deviation from previous researchers may also be due to the averaged ensemble result, which is smoothed too much. The SPPT scheme can preserve a 3-year signal but not as strong as HadISST. But ModSPPT is able to get a stronger signal on 2–3 years’ oscillations while having a 5-year signal. The effect of stochastic physics on ENSO is consistent with what’s seen in the CCSM, where warmer SSTs are correlated with strong El Niño events with a sharp ENSO power spectrum. However, the root of the problem requires further analysis such as using the delayed oscillator model.
[image: Figure 10]FIGURE 10 | The power spectrum of the Niño 3.4 time series. The top x-axis suggests the period in years, and the bottom x-axis is the frequency in cycles per month. Blue and green lines are the 95 and 99% confidence bounds of the best-fit auto-regressive spectrum. This best-fit spectrum is shown as red lines.
The performance of the temporal variability of ENSO is boosted by introducing this modified SPPT scheme. It can increase underestimated Niño-3.4 variability and reduce the same variability when it comes to deterministic run. Results confirm that ModSPPT has better performance than the original scheme. We can also learn from this intercomparison that ensemble mean is not a satisfactory summary statistic since the average of members could be almost zero when there is more significant variance in fact.
DISCUSSION
This study demonstrates the performance of a modified SPPT scheme on ENSO simulation and prediction using CESM 1.2.2. Three sets of four-member historical ensemble experiments, including time-lagged CTRL, original SPPT scheme, and ModSPPT scheme, are analyzed and compared with observation. The main findings of this work are summarized as follows.
1)Applying independent noise patterns to different parameterization physics and different tendency terms is beneficial to model performance. The modified scheme is able to reduce global SST RMSE by 20.5% and increase the model spread by 21.6% compared to the CTRL experiment, that is, 0.4 and 6.2% performance boosts, respectively, compared to the original scheme. This comparison suggests that independent perturbation approaches are advantageous to CESM, similar to those performed in the convective-allowing scale model. But unlike such a scale, if all tendency terms are perturbed with the independent pattern, it will cause numerical model instability in CESM. Therefore, grouping the tendency terms and then applying the different patterns to that group is a more reasonable approach.
2)The stochastic physics can improve ENSO’s amplitude, but this modified SPPT scheme can further improve the amplitude of ENSO. Although there is less improvement in spatial structure, the ModSPPT scheme has the ability to boost the pattern correlation score of La Niña Hovmöller by 0.07 compared to the original scheme. This is primarily due to the increase in the ocean’s mean status in the tropical Pacific, where the major model has deficiencies. The variability also demonstrates amplitude increment for interannual timescales compared to the original scheme.
3)Both the first member of the ensemble system and ensemble mean of the modified scheme can show improvement but in a different manner. Ensemble means generally show underestimating amplitude and not enough ENSO variability, while the first member usually overestimates them. A simple average without any weighting of ensemble member status will result in ignoring the useful signals. This may call for proper weights, as Sun et al. (2017) proposed, to be determined before summarizing such a collection of projections.
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Drought in eastern Northwest China (ENC) is severely affected by water vapor conditions. An in-depth study of the primary sources of water vapor and its characteristics, at intraseasonal and interannual timescales, was conducted. This information is crucial for further study of the causes and mechanisms of extreme droughts and floods in the ENC. This study evaluated the spatial distribution and transport characteristics of water vapor over ENC during the 1981–2019 period based on the fifth generation of the European Center for Medium-Range Weather Forecasts atmospheric reanalyzes data of the global climate (ERA5). We studied the water vapor transport routes, water vapor convergence, water vapor budgets as well as the changes in water vapor fluxes and budgets over time in four areas surrounding ENC. The Mediterranean Sea, Black Sea, Caspian Sea, Indian Ocean, Bay of Bengal, and the South China Sea were the main sources of water vapor in ENC, supplemented by mid to high-latitude continental sources. The monthly change in water vapor flux in ENC exhibited the peak on July. The transport of water vapor in ENC was mainly toward the east and north. For most cross-seasonal drought events, the water vapor output is the main way in the south boundary and the west boundary. However, for the longest duration of cross-seasonal strong drought events, it is characterized by that the water vapor output is the main way in the south boundary, while the water vapor input in the north boundary is obviously weak. Water vapor paths in cross-seasonal strong drought events are analyzed, by which the Hybrid Single-Particle Lagrangian Integrated Trajectory model (HYSPLIT). The intensity of the subtropical high in the western Pacific is weak and the position is south, which corresponds to the occurrence of cross-seasonal strong drought in the ENC.
Keywords: water vapor source, water vapor budget, water vapor transport routes, water vapor convergence, eastern region of northwest China, cross-seasonal strong drought events
INTRODUCTION
The ENC is located on the northeastern side of the Qinghai-Tibet Plateau, including the 30–40°N, 100–110°E area in China. This region has a temperate mainland climate and is affected by summer monsoons, and the precipitation variability is large (Sun, 1997). In the past half century, the eastern part of Northwest China has experienced a trend of warm drying, especially after the 1970s (Zhang et al., 2003). However, precipitation in the eastern part of Northwest China changed from decreasing to increasing in the early 21st century (Ma et al., 2020). When the East Asian summer monsoon is affected by peripheral airflow and the plateau topography of the western extension subtropical high, droughts and floods in the eastern part of the Northwestern region will be affected by the water vapor transport of the East Asian monsoon (Qian et al., 2018). The action of plateau geomorphism results in the ENC functioning as a “gateway” for the warm and wet ocean current to enter the northwestern inland area, which is the key area to maintain air–water sources and even the water circulation process in the northwestern inland area (Ren et al., 2004).
Water vapor transport is a key link in the water circulation process, especially atmospheric water sources. Climate studies have determined the characteristics of water vapor transport and water vapor budgets over land. Researchers have also evaluated the distribution of water and gas resources and the characteristics of movement over watersheds. For example, Roads et al. (1994), Ninomiya (1999), and Bisselink and Dolman (2008) used reanalysis data to explore the relationship between water vapor transport and the water cycle in North America, Europe, Asia, and Australia. They obtained the following results from studies in different regions: Precipitation anomalies were approximately equal to atmospheric moisture flux convergence anomalies. Liu and Stewart (2003) and Draper and Mills (2008) found a significant difference in water vapor transport between the meridional and latitudinal directions by studying the water vapor transport characteristics of watersheds in North America and Australia, which is the direction of the meridional moisture fluxes changes with seasons, but that of the zonal moisture fluxes does not. Arraut and Satyamurty (2009) studied the characteristics of winter precipitation and tropospheric water vapor transport in the Southern Hemisphere. They found that on the South American continent, precipitation was highly correlated with water vapor transport, while the correlation coefficient was lower for the ocean. Knippertz and Wernli (2010) documented the impact of strong water vapor output in summer in tropical regions. The influence of the components of some monsoon systems on airborne water sources has also been studied. Kwon et al. (2005) analyzed the connection with the Indian monsoon. Muñoz et al. (2008) demonstrated the relationship between the precipitation and convergence/divergence of water vapor flux in low-level jets by studying low-level jets in the Caribbean during summer. The strongest characteristics of low-level jets occurred from May to September Sohn and Park (2010) showed the effects of Hadley circulation and Walker circulation on water vapor transport. According to Perdigón-Morales et al. (2020), the main moisture sources for modulating the midsummer drought region in Mexico during summer were identified using the Lagrangian particle dispersion model on the Flexible Particle Dispersion Model (FLEXPART) for the 1979–2017 period. From this analysis, the Caribbean Sea was identified as one of the main moisture sources. Dai and Wang, (2020) pointed out that the seasonal distribution of precipitation in the arid region of central Asia is related to the meridional component of local water vapor transport, and the seasonal water vapor transport is accompanied by water vapor convergence/divergence to the north/south, corresponding to the high/low seasonal precipitation ratio. Most of central Asia is characterized by water vapor divergence in spring and summer and by water vapor convergence in winter. In the arid region of China, input of water vapor occurs mainly along the western and northern boundaries, whereas output occurs along the eastern boundary and remains largely constant in autumn and summer (Guan et al., 2019).
Under global warming (especially in recent decades), the precipitation increase and the climate humidification trend in the arid region of Northwest China (NWC) are important scientific issues that have attracted academic attention (Chen et al., 2019). Ren et al. (2016) pointed out that since 1979, in the arid region of NWC, there has been a significant increase in the whole-layer integral water vapor flux, which is mainly due to a significant decrease in the output flux of the eastern boundary rather than an increase in the input flux of the western, southern, and northern boundaries. Peng and Zhou (2017) argued that, from a thermodynamic point of view, the increase in precipitation is related to the increase in local evapotranspiration, while from a kinetic point of view, the southward shift of the westerly belt leads to an increase in precipitation due to the abnormal convergence of water vapor over the northwest. The climate in the arid region of NWC is mainly controlled by westerly circulation, predominantly summer precipitation, and the annual water vapor is mainly derived from westerly transport at mid-latitudes (Zhang et al., 2019). The extreme western extension of the western Pacific subtropical high can also strengthen the high ridge above the Mongolian plateau and strengthen the divergence over the Mongolian plateau. Anti-cyclone activity on the Mongolian Plateau contributes to the westward transport of water vapor, resulting in an increase in precipitation in the arid region of the Northwest (Chen F et al., 2021). In recent years, academic circles have gained a new understanding of the mechanism of summer precipitation increase in NWC’s arid region, but there are great differences in sources (Wu et al., 2019). Chen C et al. (2021) showed that there is no obvious prevailing wind direction in the northern part of the Qinghai-Tibet Plateau in summer. Therefore, it is necessary to use seasonal average water vapor to study water vapor transport in northwestern arid regions. If the water vapor transport of extreme precipitation in northwestern arid regions is ignored, the contribution of local evaporation to precipitation change in northwestern arid regions may be exaggerated.
Since the beginning of the 21st century, some scholars have called for strengthening of the analysis of water vapor transport in the arid region of NWC, but the study of water vapor in the ENC mainly focuses on wet events. However, dry events are rarely analyzed in terms of water vapor source and transport. Relatively few other studies have been conducted on water vapor transport in this region. Airborne water sources are not only seasonal features but also important processes that exist throughout the year and constitute the water cycle in the region. Cross-seasonal drought in the north is frequent, long, and intense, and more importantly, the impact of seasonal persistent drought on agricultural production, ecological improvement, and water source replenishment in the above areas is more serious than that caused by a single seasonal drought (Yang et al., 2013). Therefore, it is important to study the main sources of water vapor in the ENC as well as the variation in extreme drought events. In this paper, we aim to understand the cause of droughts and floods in the ENC by studying the characteristics of water vapor in the whole year and the characteristics of water vapor transport during extreme drought events.
DATA AND METHODS
Data
In this paper, ERA5 daily and monthly data (0.25° × 0.25° latitude and longitude) from 1981 to 2019 were used. The elements used include the specific humidity in each layer from 1,000 hPa to 100 hPa, u-wind, and v-wind. And sea surface temperature (SST). The scope of the eastern part of ENC is based on previous research results. The ENC is outlined by the rectangular range (30–40°N, 100–110°E) shown in Figure 1.
[image: Figure 1]FIGURE 1 | The range of the eastern region of eastern Northwest China.
Methods

(1) Water vapor flux and water vapor flux divergence
Assuming that there is less water vapor in the atmosphere above 300 hPa, the entire water vapor transport flux Q = (Qλ, Qφ) per unit gas column can be calculated by the following formulas.
[image: image]
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We determined the water vapor flux of each grid point. Then, the water vapor fluxes of all grid points in the study area were averaged to provide a measure of the water vapor flux in the area.
(2) Water vapor balance along each boundary was calculated as follows:
[image: image]
[image: image]
If Fλ > 0, water vapor is transported eastward; if Fλ < 0, water vapor is transported westward. If Fφ > 0, water vapor is transported northward; if Fφ < 0, water vapor is transported southward. When F > 0, water vapor is considered water vapor input, when F < 0, water vapor is considered water vapor output.
(3) Water vapor flux divergence
In the spherical coordinate system, the divergence of water vapor transport flux in a certain area can be calculated by the following formula.
[image: image]
[image: image], indicates water vapor divergence; [image: image], indicates water vapor convergence.
(3) Cross-Seasonal Strong Drought Events
Atmospheric drought is studied in this paper, and the cross-seasonal drought events are based on the CI.
(4) HYSPLIT
In this paper, the Lagrangian model on Hybrid Single-Particle Lagrangian Integrated Trajectory model (HYSPLIT) driven by ERA5 data was used to analyze the moisture transport track and the track of the different grades of the cross-seasonal strong drought events in the ENC. The HYSPLIT model is a complete system for computing simple air parcel trajectories, as well as complex transport, dispersion, chemical transformation, and deposition simulations. HYSPLIT continues to be one of the most extensively used atmospheric transport and dispersion models in the atmospheric sciences community. A common application is a back trajectory analysis to determine the origin of air masses and establish source-receptor relationships.
ANALYSIS OF WATER VAPOR FACTORS AFFECTING EXTREME DROUGHT EVENTS
Water Vapor Source
The monthly average vapor flux (Figure 2) shows that from December to February, an anticyclonic circulation exists in the Mediterranean Sea, Black Sea and the Caspian Sea. The maximum of water vapor flux can exceed 50 g cm−1 hPa−1 s−1. The westerlies to the east of the anticyclonic circulation are blocked by the western part of the Qinghai-Tibet Plateau, which affect the upper-layer circulation over the plateau. The upper-layer airflow over the plateau further influence the circulation in the ENC. Due to the long distance traveled and the ascent, the water vapor flux is less than 50 gcm−1·hPa−1·s−1 by the time it reaches ENC. From December to February, the anticyclonic circulation exists under a stable state and it is the main source of water vapor in ENC. Compared to winter, the flow field form changes little from March to April, but the curvature of the streamline over the Qinghai-Tibet Plateau decreases. This indicates that the water vapor reaching the eastern part of the NWC increases slightly. Additionally, there are large-value centers with water vapor fluxes exceeding 100 g·cm−1·hPa−1·s−1 in the Bay of Bengal and the Indian Peninsula. The anticyclonic circulation in the western Pacific `moves slightly northward, and it reaches the ENC under the westerly airflow. At this time, the water transport of the western Pacific Ocean is lifted to the north than last month and the water vapor of Indian Ocean transported to the ENC. Convergence has been formed at Indian Ocean April. In May, the flow field is adjusted more complex than that in March and April. The anticyclonic circulation in the Arabian Sea and the Mediterranean Sea has disappeared. And this phenomenon has been replaced, by which the westward flow is diverted to the east and south. At the same time, large-value centers of a water vapor flux greater than 100 g·cm−1·hPa−1·s−1 appear near the Indian peninsula in the Arabian Sea. Further, there is a trough in the eastern part of the Indian peninsula, and there is a southwesterly airflow in front of the trough transporting water vapor to the east of the midwest regions. Another important feature in May is the increase in water vapor flux in the mid to high latitudes of Asia, which is transported by the northwesterly airstream to the ENC.
[image: Figure 2]FIGURE 2 | The monthly average vapor flux (Unit: gcm−1·hPa−1·s−1).
From June to August, there are three water vapor channels in the ENC. The main water vapor channel is from the Indian Ocean and the Bay of Bengal. The water vapor channel flows northward through Tibet and the Sichuan Basin to the ENC. The second channel is from the western Pacific Ocean and is transported northward by the Indian Ocean monsoon to the ENC. The third channel is from the northwesterly flow of the mid- and high latitudes. In August, these three channels of water vapor converge and benefit the generation of the rainy season in ENC.
The water vapor in the ENC is mainly derived from the Bay of Bengal and the South China Sea in September. The water vapor is transported by the Indian monsoon and subtropical high circulation to the ENC forming a convergence. In October, the water vapor in the Indian Ocean decreases. The water vapor mainly originates from the South China Sea and is transported by subtropical high pressure to the ENC. There is also a relatively weak water vapor transport by the northwest airflow to the ENC. The water vapor from the Indian Ocean and the subtropical high is disappeared in November, and the main water vapor source is the Arabian Peninsula.
This analysis shows that the water vapor in the ENC derives mainly from the Mediterranean Sea, Black Sea, Caspian Sea, Indian Ocean, Bay of Bengal, South China Sea, and the mid-high latitude continent. From December to March, the water vapor is mainly transported from the Mediterranean Sea, Black Sea, Caspian Sea, and Indian Ocean, supplemented by water vapor transport in the mid- and high latitudes. From September to November, the Bay of Bengal and the South China Sea are most important for water transport. From June to August, all four water vapor sources contribute to the convergence in the ENC.
The average water vapor flux in ENC (Figure 3) shows that from December to February, the water vapor in the ENC is mainly transported to the east, and the turbulent water vapor flux is small. In January and February, the zonal water vapor transport increases slightly, and the zonal water vapor flux in the south of Gansu and Shanxi provinces is 40 g·cm−1·hPa−1·s−1. In the spring, the zonal water vapor transport in the ENC is dominated by weak eastward transport, with relatively high eastward transport in March In summer, the zonal transport of water vapor in the ENC is mainly eastward, but the water vapor transport in the central part of Gansu, northern Ningxia and northern Shanxi is negative, indicating that there is a weak westward transport of water vapor. The ENC is in the convergence area of the east-west water vapor transport. From September to November, the zonal water vapor transport is still mainly eastward. The zonal water vapor flux in September is relatively high. The water vapor is the smallest in November, corresponding to the period of lowest precipitation in the eastern part of the western region.
[image: Figure 3]FIGURE 3 | Average water vapor flux in eastern Northwest China.
The monthly change in the water vapor flux in the ENC is parabolic. Overall, the change within a year shows two peaks. In Jan., the water vapor flux is 34.12 g·cm−1·hPa−1·s−1, after which the water vapor flux gradually increases. In Jun., the water vapor flux increases rapidly to 60 g·cm−1·hPa−1·s−1. However, there is a dramatic reduction in the August. Then, the water vapor flux increases again to reach the highest value in Sep., i.e., 64.21 g·cm−1·hPa−1·s−1. The water vapor flux is the smallest in Jan., i.e., 34.12 g·cm−1·hPa−1·s−1. The meridional water vapor flux for the entire year (January–December) in the ENC is weakly positive, indicating that the water vapor is mainly transported northward.
Based on the above analysis, the water vapor in the ENC is mainly transported to the north and east. Water vapor is high during the main rainy season (June–August) but relatively low in the other seasons.
Water Vapor Convergence
The monthly water vapor flux divergence (Figure 4) shows that the ENC is largely in the weak water vapor convergence zone in winter, but the water vapor gradually increases over time. By March, the water vapor flux divergence reaches −0.5 g·cm−2·hPa−1·s−1. The water vapor convergence center is located at the junction of Sichuan, Gansu and Shanxi provinces. Compared with the winter, the position of the negative area of the water vapor flux divergence increases in addition to the central value and the convergence. The water vapor flux divergence reaches −1 g·cm−2·hPa−1·s−1 in May, and the water vapor convergence center is still at the junction of Gansu, Sichuan and Shanxi provinces. From June–August, the convergence area increases compared with the spring, but the convergence intensity is similar. The water vapor flux divergence is greatest in September, with a central value of −1.5 g·cm−2·hPa−1·s−1.
[image: Figure 4]FIGURE 4 | Monthly water vapor flux divergence (Unit: gcm−2·hPa−1·s−1).
The ENC is in the water vapor convergence zone, and the convergence center is at the junction of Gansu, Sichuan and Shanxi provinces.
Water Vapor Budget
The water vapor budget in four boundaries is referenced as the four sides of a rectangle shown in Figure 5. The monthly water vapor flux analysis shows that the water vapor in the ENC mainly originated from the southern, western, and northern boundaries. The southern boundary and the western boundary are the main water vapor input channels, while the eastern boundary is an output for water vapor. Based on analysis of the percentage water vapor flux along each boundary, the ENC is the water vapor flux output area in November, December, and January. The percentage water vapor output along the eastern boundary in winter is 51.5% in December, 53.7% in January, 52.0% in February, respectively. In other months, the percentage water vapor flux along the eastern boundary is less than 50%, indicating a net influx of water vapor in ENC. Based on analysis of the percentage water vapor fluxes along the western, southern, and northern boundaries, the proportion of water vapor flux along the northern boundary is slightly greater than 10% in December and January, whereas that for the remaining months is less than 10%. The northern boundary also had a decreasing proportion of water vapor flux from winter to summer. This indicated that NWC is located at the edge of the monsoon region, and it would not be affected by monsoons from December to March, but it is significantly affected by the northern system. In the ENC from April to September, with the increase in monsoons, the proportion of water vapor along the northern boundary decreased. The percentage monthly water vapor flux on the western border remained largely unchanged; it is approximately 25% each month, and it is 19.2% in July. The proportion of water vapor transported along the southern boundary increased to 37.9%. From August onwards, the percentage water vapor along the western boundary began to increase (to 23.7%), while it started to decrease along the southern boundary (to 31.7%). In Sep., the water vapor on the western border increased to 27.5%, while the water vapor on the southern border decreased to 31.7% (but it is still the largest source of water vapor). In October, the water vapor along the western boundary exceeded that along the southern boundary, and it decreased to 24.3% along the southern boundary. At this time, the water vapor along the northern boundary began to increase to 4.1%. In November, the water vapor along the southern boundary decreased to 17.1%. The water vapor along the western boundary decreased slowly, and the water vapor along the northern boundary increased to 8.0%.
[image: Figure 5]FIGURE 5 | Monthly water vapor flux percentage along the eastern, western, southern, and northern boundaries of eastern Northwest China.
The western and southern boundaries are the main input channels of water vapor, while the water vapor transport along the northern boundary played a complementary role. The percentage water vapor along the western boundary is stable from month to month, but the southern boundary had obvious seasonal characteristics. The output of water vapor in the ENC is characterized by seasonal differences. The eastern boundary is mainly dominated by water vapor output, and its water vapor output in winter is greater than the input. This produced drought conditions in the ENC in winter.
CHARACTERISTICS OF WATER VAPOR VARIATIONS IN EXTREME DROUGHT EVENTS
Based on analysis of the water vapor budget in the ENC, the characteristics of the water vapor budget in cross-seasonal strong drought events are studied using ERA5 (0.25° × 0.25°) grid reanalysis daily data. The characteristics of the water vapor in different directions are also studied. Major extreme drought events are achieved by referencing existing research results (Ren et al., 2015).
The water vapor flux, water vapor flux divergence, and differences between the water vapor fluxes with the average value for the four boundaries of the ENC in the cross-seasonal strong drought events (Table 1) are calculated. Table 1 shows that 75% of the extreme drought events had a low water vapor flux, indicating that a water vapor transport anomaly is a major cause of extreme drought. The water vapor is under weak convergence or weak divergence in all extreme drought events. With respect to the water vapor budget, the outputs of the water vapor along the eastern boundary are all positively biased and larger than the average value. This indicated that the water vapor output increased during extreme drought events. The percentage water vapor along the western boundary is reduced in most cases. The percentage change in water vapor along the southern boundary is the greatest in extreme drought events, while the proportion of water vapor on the north border increased.
TABLE 1 | The difference in the total and four boundary water vapor fluxes of the cross-seasonal strong drought events in the ENC.
[image: Table 1]The seven cases are studied by HYSPLIT, which is driven by reanalysis data (ERA5). In this paper, the moisture transport track is studied on 500 hPa, and calculate a water vapor trajectory to the ENC at intervals of 6 h. Water vapor track tracked to the first 240 h and the simulation range is (0–90°N, 0–180°E). Firstly, the water vapor trajectories contained in seven examples are tracked, and then the number of water vapor trajectories of each lattice point in monthly is calculated in the scope of study. Finally, the probability of water vapor trajectories on each lattice point in monthly is obtained. That is, the average characteristics of water vapor trajectory on cross-seasonal strong drought in monthly are obtained. Existing conclusions (Figure 6A) validated the following: Anomalous water vapor transport is a major cause of the cross-seasonal strong drought events. In the cross-seasonal strong drought events, water vapor output on the eastern border increased; the percentage water vapor along the western boundary is reduced in most cases; the percentage water vapor along the southern boundary is the highest in cross-seasonal strong drought events, while the proportion of water vapor on the north border increased. Concerning the conclusions mentioned above the drought analysis, it is found that when cross-seasonal drought occurs, the water origin affects the occurrence of drought, and the transport path of water vapor will affect the occurrence of cross-seasonal drought in the ENC.
[image: Figure 6]FIGURE 6 | Water vapor path of the cross-seasonal strong drought events and influencing factors (A): During the month of the cross-seasonal strong drought, probability of water vapor trajectories at lattice points (Unit: %). (B): The characteristics of height field on 500 hPa (Lines: The height field average, Shadow: The height field anomaly, Unit: dagpm). (C): The characteristics of SST during the month of the cross-seasonal strong drought (Unit: °C).
The characteristics of spatial distribution on the height field on 500 hPa and the SST are synthesized according to the month of the cross-seasonal strong drought event. At the same time, the anomaly characteristics of height field and SST are also analyzed. The corresponding features of the height field (Figure 6B) and the SST (Figure 6C) show that: The ENC are controlled by Northwest airflow when the cross-seasonal strong drought occurred in the months except June, July, and August. In June, July, and August, it has a flat flow. According to the characteristics of the anomaly, the western Pacific subtropical high is found to be weak in intensity and southward in location. When this happens, it means that the ENC lacks water vapor from the south, because it lacks the dynamic conditions to transport water vapor. Abnormal SST are found mainly in the Arctic and western Pacific Ocean, when the cross-seasonal strong drought occurred. The SST is cooler the climatic average in the Arctic when the cross-seasonal strong drought occurred in February, March, April, May, and July. The SST of the Arctic is warmer, on which the cross-seasonal strong drought occurred in other months. The SST is cooler in the Western Pacific when the cross-seasonal strong drought occurred in June, July and August.
From what has been discussed above: When the cross-seasonal strong drought occurs, the water vapor transport path does not change much. The main reason is that the water vapor transport capacity is affected in the process of water vapor transport. Finally led to the occurrence and development of drought events.
CONCLUSION

(1) The Mediterranean Sea, Black Sea, Caspian Sea, Indian Ocean, Bay of Bengal, and South China Sea were the main sources of water vapor in the ENC, supplemented by water vapor from the mid-to high-latitude continents. From December to March, the water vapor transport from the Mediterranean Sea, Black Sea, Caspian Sea and the Indian Ocean played dominant roles, supplemented by water vapor transport in the mid-to high latitudes. In autumn, the Bay of Bengal and the South China Sea were dominant. In summer, all four water vapor sources contributed, and convergence occurred in the eastern part of the northwestern region. The transport direction of water vapor in the northwestern region was mainly to the east and north. In the water vapor flux divergence field, the eastern part of the NWC was located in the water vapor convergence zone, and the convergence center was at the junction of Gansu, Sichuan, and Shanxi provinces. The monthly water vapor flux change in the ENC was parabolic.
(2) The water vapor input in the ENC mainly originated from the western and southern borders, and the northern boundary also provided a relatively weak water vapor input. The percentage water vapor in the western boundary had little monthly change, but the southern boundary had obvious seasonal characteristics. The eastern boundary was mainly dominated by water vapor output, which exhibited seasonal differences. The water vapor output in winter was greater than the influx of water vapor, which led to winter droughts in the ENC. The input of water vapor in the western and southern borders decreased, while the output of water vapor in the eastern boundary increased. The input of water vapor along the northern boundary increased slightly. The interannual variation of the four boundaries was greatest in summer.
(3) When cross-seasonal drought occurs, the water origin affects the occurrence of drought, and the transport path of water vapor will affect the occurrence of cross-seasonal drought in the ENC.
(4) This article reveals only the causes of extreme drought in the ENC from the aspect of water vapor characteristics, but this is far from enough. In our future work, we will continue to follow this research direction to explain the problems that this article does not explain through the influence of atmospheric circulation. For example, the effects of polar vortices and the Siberian high on cross-seasonal drought events. And we will compare common drought events with cross-seasonal drought events, so that we can get the special features of cross-seasonal drought. Then we will calculate the contribution of the water vapor source for which another means to find the water vapor source site. Finally, by means of numerical simulation, the theoretical results are verified.
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Short-term Pr 2.8 (8) 2.7 (5) 2.7 (11) —1.0 (—4.5) —-1.1(-8.2) —1.0(-3.4)
P4 1.8(Q) 2.6 (4) 2.7 (4) —0.6 (—2.0) —-1.2(-3.2) -1.0(-3.4)
Po 3.7 (8) 2.9(5) 2.8 (11) —1.4 (—4.5) —1.1(-3.0) -0.9(-2.8)
Medium-term Pr 5.7 (15) 3.9 (11) 4 (10) —2.3(-9.0) —-1.3(=3.0) -1.4(-5.4)
P4 253 3.1 3.8(7) —0.7 (-1.0) —1.2(-4.7) -1.2(-2.5)
P2 7.5(15) 4.4 (11) 4.2 (10) —-3.2 (-9.0) —1.4(-4.7) -1.7 (-5.4)
Long-term Pr 7.4 (23) 6.4 (14) 5.6 (10) —2.9(-9.2) —2.6(-8.4) —2.5(-7.4)
P4 7.0(7) 5.0 (14) 5(10) —2.0(-2.0 —2.0(-5.8) -1.8(-3.5)
Py 7528 8.5(12) 7.3(9) -3.0(9.2 -3.4(-8.4) -4.3 (-7.4)

The recorded maximum duration and severity of each drought event during the P1, P2, and Pt periods are given within brackets.
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Yingkou 2 7.28-7.30,8.1-8.4 348
Dandong 1 7.27-8.03 37.3
Daliang 1 7.28-8.05 36.9
Balinzuogi 3 7.18-7.23,7.28-7.30, 8.01-8.04 408
Xiinhaote 2 7.28-7.30, 8.01-8.04 36
Duolun 1 7.30-8.04 348
Chifeng 3 7.21-7.23,7.28-7.30, 8.01-8.04 36.1
Chengde 2 7.21-7.23,7.27-8.04 369
Zhangjiakou 1 7.29-8.05 366
Huhehaote 0 - 339
Beiing 1 7.19-8.05 37
Tianjin 2 7.18-7.23,7.26-8.05 36.9
Xingtai 2 7.18-7.26,7.30-8.04 353
Anyang 2 7.18-7.26,8.01-8.04 37
Qingdao 0 - 343
Weitang 2 7.18-7.22,7.24-8.05 365
Jinan 3 7.18-7.22,7.24-7.27, 7.29-8.05 36.7
Changzhi 0 - 326
Taiyuan 2 7.18-7.22,801-8.04 348
Linfen 2 7.18-7.30, 8.01-8.05 371

Average: 36.1
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ENSO phase El Nifio La Nifa
1982, 1986, 1987, 1991, 1994, 1997, 2002, 2004, 2006, 2009, 2016, 1983, 1988, 1995, 1998, 1999, 2000, 2007, 2010, 2011, 2017, 2018

2019
EAP phase Day number MTC genesis number MTC genesis frequency Day number MTC genesis number MTC genesis frequency
1 235 24 28 204 20 10.2

2 248 27 92 226 33 68

3 253 12 211 223 2% 85

4 226 6 37.7 230 21 109

5 241 8 30.1 237 6 395

6 261 12 218 202 8 278

Total 8 114

Yearly mean 74 103

The bold numbers represent the value passing the 95% confidence level testad by the Monte Carlo way i = 5,000).
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Type Year

Single period domination type 1984, 1986, 1987, 1988, 1993, 1996, 2002, 2005,
2007, 2010, 2013, 2015, 2016, 2017, 2019

Multiple periods coexistence type 1979, 1983, 1985, 1997, 1999, 2001, 2004, 2006, 2009, 2018

Transition type 1980, 1981, 1982, 71989, 1990, 1991, 1992,

1994, 1995, 1998, 2000, 2003, 2008, 2011, 2012, 2014

The vears in Bold (italics) represent the El Nifio (La Nifa) vear.

Percentage

Total years El Nifio years La Nifia years
36.6% 58.3% 27.3%
24.4% 8.3% 27.3%
39.0% 33.3% 45.4%
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TC number ID 0008 0216 0308 0417 0423 0604 0613 0615 0715 0722
TC name JELAWAT SINLAKU KONI AERE TOKAGE BILIS SHANSHAN XANGSANE LIKEMA PEIPAH
AT (10d) -0.39 -0.28 0.04 -0.12 0.18 -0.42 0.20 0.18 -0.15 0.47
AT (10 — 30d) 1.06* 0.41 -0.18 0.55* 0.03 1.03" 0.26 0.32 0.33 -0.91
AT (30 — 90d) 0.04 1.04* 0.34 0.09 0.04 -0.11 -0.06 0.04 -0.03 -0.09
AT (90d) 0.08 -0.28 0.49* 0.37 0.54* 0.38 0.34* 0.36* 0.69" 1.02*
TC number ID 0916 1002 1104 1109 1214 1323 1329 1510 1709 1814
TC name KETSANA KONSON HAIMA MUIFA TEMBIN FITOW KROSA LINFA NESAT YAGI
AT (10d) -0.39 0.20 0.06 -0.12 -0.42 -0.20 0.16 0.40 0.09 0.03
AT (10 — 30d) -0.01 0.07 0.35* 0.27 0.01 0.38 0.14 0.76* 0.44* 0.36*
AT (30 — 90d) 0.33 0.17 0.25 0.25 0.25 0.56* 0.57* -0.48 0.08 -0.02
AT (90d) 0.84* 0.33" -0.25 0.62* 0.79* 0.29 0.16 0.54 0.30 0.33

The AT value with an asterisk denote the impact from dominant wave mode. Each case is represented by the international tropical cyclone number ID and name from the
RSMC best track data.
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TC number ID 0014 0020 0102 0121 0314 0407 0421 0422
TC name SAOMAI XANGSANE CHEBI HAIYAN MAEMI MINDULE MEARI MAON
AT (10d) 1.09* 0.98* 0.12 1.277 0.24 0.78* 210 -0.56
AT (10 — 30d) 0.66 0.39 0.12 0.08 0.54* -0.04 -1.49 0.83"
AT (30 — 90d) -0.71 -0.27 0.26 -0.29 0.20 -0.08 0.31 -0.02
AT (90d) 0.30 0.01 0.51* 0.15 0.21 0.30 0.30 0.59
TC number ID 0601 0725 0813 0815 0908 0920 1013 1102
TC name CHANCHU HAGIBIS SINLAKU JANGMI MORAKOT LUPIT MEGI SONGDA
AT (10d) 1.41* 0.85 0.77* 0.96* 0.17 0.78 0.30 -0.31
AT (10 — 30d) -0.29 1.00 -0.12 -0.01 0.35 1.20* 0.50* -0.10
AT (30 — 90d) -0.23 0.95 -0.25 0.31 -0.01 -0.57 -0.25 -0.26
AT (90d) 0.58 -2.49 0.07 0.01 0.41% -0.20 0.14 1.25
TC number ID 1108 1111 1204 1221 1319 1327 1416 1510
TC name NOCKTEN NANMADOL GUCHOL PRAPIRON USAGI FRANCISCO FUNGWONG LINFA
AT (10d) 0.21 0.37* 0.19 0.07 0.64* 1.39* 0.63* 0.36
AT (10 — 30d) 0.35% -0.02 -0.21 1.26* -0.09 -0.27 0.60 0.04
AT (30 — 90d) 0.06 0.19 0.03 -0.39 -0.17 -0.30 0.32 -0.50
AT (90d) 0.07 0.26 0.75 0.23 0.28 0.38 -0.35 0.88"
TC number ID 1515 1616 1705 1718 1720 1824 1918 1920
TC name GONI MALAKAS NORU TALIM KHANUN TRAMI MITAG NEOGURI
AT (10d) 0.61 -0.34 1.727 0.40* 0.27 0.12 0.63" 0.28
AT (10 — 30d) -0.20 0.56 -0.32 -0.18 0.17 -0.12 0.29 0.61*
AT (30 —90d) 0.65* 0.29 -0.16 0.11 -0.13 0.565% 0.22 -0.32
AT (90d) 0.14 0.60" 0.26 0.30 1.06" 0.19 -0.01 0.25

The AT value with an asterisk denote the impact from dominant wave mode. Each case is represented by the international tropical cyclone number ID and name from the
RSMC best track data.
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Active phase (MTC events) Normal phase Inactive phase

Year Start Start  End End  TCs Lasting Year Start Stat  End End  TCs Lasting Year Start Stat  End End  TCs Lasting
mon day  mon day days mon day  mon day days mon day  mon day days
1979 9 16 10 6 7 21 181 7 18 9 3 1" 48 1979 7 4 7 2 [ 22
1982 8 19 9 6 6 19 188 9 20 10 31 8 @2 180 7 3 9 5 2 38
198 9 24 10 23 1 8 1987 8 9 9 5 7 28 198 7 18 8 4 1 23
1985 8 4 9 1 9 29 1989 9 29 10 22 6 24 1983 8 20 9 19 1 31
198 7 31 8 18 6 19 190 7 28 8 2 8 31 14 7 2% 8 14 1 20
1988 8 28 10 1 1 8 1992 6 2 8 6 10 4 1984 8 29 9 23 1 2
1989 7 7 8 1 7 2% 1993 7 8 10 8 19 9 1986 7 4 7 0 1 27
1991 8 % 9 16 7 18 197 7 19 10 2 16 7% 1986 8 19 9 13 [ 2
1992 8 16 9 7 7 23 2000 7 18 9 18 15 63 195 9 17 10 9 1 23
1992 10 8 10 EY 7 23 2000 7 2 8 14 6 25 198 8 8 9 12 1 36
1994 7 20 10 3 18 67 2002 8 3 8 29 6 27 2000 9 19 10 21 1 3
1995 8 9 9 6 10 3 2004 8 4 9 20 N 48 2002 8 30 9 23 1 2
1995 10 10 10 2 6 17 205 8 10 9 5 6 27 2002 9 27 10 31 2 3
1996 7 6 9 24 2 81 2007 8 29 10 % 1 59 2008 9 27 10 18 0 22
1999 9 13 10 3 ) 21 2012 9 1" 10 14 7 3 205 9 27 10 3 2 35
000 6 29 7 20 7 2 2018 7 8 9 2 6 3 2008 8 15 9 9 0 2
2006 8 1 8 14 6 14 2014 9 7 10 3 6 27 2008 8 18 9 7 1 21
2008 9 [ 9 29 7 22 2000 7 2 8 2 1 3
0100 8 2 9 21 8 30 2000 9 2 10 31 2 0
011 8 2 9 27 9 36 2011 9 28 10 31 0 3
012 7 16 8 20 9 36 202 8 2t 9 10 0 21
2013 9 13 10 20 1 38 2014 7 3 9 6 0 39
2015 8 16 9 6 0 22
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03575
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02535
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01866
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01651
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03267
04013
03656
03008
01468
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03455
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0.1808
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02241
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02584
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of HWCG (N)

25.30
26.16
2662
26.43
2771
2665
27.79
2525
2663
25.07
26,69
28.26
27.66
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25.42
27.35
2581
2867
2815
2825
2818
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2801
25.26
28.35
2175
2625
2832
2672
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28.98
27.55
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27.40
25.47
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27.01
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27.66
26.26
27.20
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2614
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27.06
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27.45
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Longitude
of HWCG (E)

11383
11251
114.49
11170
11230
11217
11881
113.40
11539
11295
11515
11407
112.10
11688
11469
11520
11495
11651
11485
11531
11369
11486
11812
11190
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11531
113.46
11627
11239
113.10
11489
11408
116.48
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114.12
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113.40
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11821
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11667
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115,14
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073
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1979
1980
1981
1981
1986
1986
1988
1990
1990
1991
1992
1992
1993
1994
1994
1994
1994
1994
1994
1996
1996
1997
1997
1997
1997
1997
1997
1998
1999
1999
1999

2001
2001
2002
2002
2006
2005
2006
2005
2006
2006
2006
2006
2007
2008
2009
2009
2009
2010
2010
2010
2011
2011
2012
2012
2013
2013
2014
2015
2016
2016
2017
2017
2017
2018
2019
2019

Pentad

45
4
34
38
36
45
33
38
44
39
a7
38
39
38
41
42
44
45
46
33

35
39
a4
42
45
47
36
37
4
42
4
38
40
40
43
33
34
35
37
39
34
40
44
32
38
35
36
37
35
4
42
37
45
34
35
38

42
42
44

34
a7
39

37
Pl

HWA

0.1665
0.1930
0.3440
0.1820
0.1000
0.1755
0.1175
0.1385
0.0200
0.0230
0.1475
0.1455
0.0935
0.2105
0.1415
0.1745
0.1500
0.1350
0.0335
0.1360
0.1040
02410
0.1250
0.1170
0.1435
0.0965
0.1070
0.1610
0.0990
0.1035
0.2155
0.1745
0.2540
0.1065
0.2985
0.1705
0.1655
0.2540
0.6645
0.1880
0.0820
0.4305
0.0475
0.0095
0.1560
0.0150
0.2170
0.3365
0.1815
0.1160
0.0145
0.1695
0.1590
0.0160
0.1250
0.1810
0.1010
0.0720
0.0695
0.0810
0.1027
0.1245
0.0615
0.1500
0.3745
02110
0.1685
0.3190

Latitude
of HWCG ('N)

32.47
35.87
33.67
32.76
34.37
3291
37.09
34.18
33.63
36.16
36.37
36.56
32.60
32.80
33.21
32.87
31.71
31.60
31.94
34.92
32.33
36.43
37.97
36.556
36.35
33.36
33.31
37.11
37.54
34.75
36.53
35.88
34.48
35.05
34.15
34.42
356.91
35.17
36.69
34.04
36.92
34.80
31.45
31.56
37.07
31.94
35.60
35.98
36.42
36.42
38.57
36.54
33.91
31.74
35.43
33.95
36.77
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32.13
35.49
33.81
3213
38.71
36.67
36.65
33.72
36.66
34.00

Longitude
of HWCG (E)

112.84
112.84
113.84
114.66
115.28
112.32
115.61
114.74
109.68
110.11
114.30
114.53
114.02
115.58
115.21
114.69
113.20
112.45
110.23
114.70
116.29
114.47
115.80
111.36
114.89
111.94
110.53
114.16
115.98
113.99
112.84
1277
112.84
111.26
11278
115.07
114.43
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113.81
115.08
111.00
113.41
109.85
110.29
115.69
113.59
113.87
114.62
114.28
1277
113.73
113.38
114.25
109.61
114.11
113.51
114.76
114.94
110.65
111.48
11229
113.10
116.38
114.68
11315
114.42
115.02
114.96

HWI ('C per pentad)

0.69
0.93
1.63
131
071
0.87
224
074
0.82
0.64
1.05
1.02
0.85
1.20
0.58
0.53
113
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1.03

1.15

HWD (day)

NN NN ENANBNONENNNNNNENNENNNNNNNENNNNNNERENNNNNNANRANNNANNNNEBENNENOREN OO





OPS/images/feart-08-592564/feart-08-592564-001.gif





OPS/images/feart-09-596442/feart-09-596442-g004.gif





OPS/images/feart-08-594704/feart-08-594704-g001.gif
10 B

14 E

16 B

118" E

v






OPS/images/feart-08-598027/feart-08-598027-t002.jpg
Year

1979
1980
1983
1983
1988
1988
1989
1990
1991
1991
1992
1992
1994
1994
1998
2000
2001
2001
2001
2002
2003
2003
2003
2004
2004
2005
2007
2009
2010
2010
2011
2011
2012
2013
2013
2013
2013
2013
2013
2013
2014
2016
2016
2016
2016
2017
2017
2017
2018
2018
2018
2018
2019
2019
2019

Pentad

44
42
43
44
38
40
40
41
4
42
42
43
37
43
39
40
37
41
42
39
42
43
44
4
42
45
43
40
43
45
42
46
42
34
39
42
43
44
45
46
41
4
42
43
46
4
42
44
40
4
42
45
42
43
46

HWA

0.3429
0.2921
0.2964
0.3164
0.4398
0.5250
0.3226
0.3023
0.2914
0.3679
0.4378
0.3710
0.3378
0.3156
0.3226
0.2664
03167
0.3425
0.2843
0.3687
0.5242
0.6804
0.3609
0.3394
0.3667
0.3343
0.4066
0.4371
0.46056
0.6757
0.4660
0.3773
0.3234
0.2777
0.4035
04718
0.4085
0.6792
0.6890
0.4554
0.3742
03312
0.6812
0.3593
0.3789
0.5925
0.6148
04710
0.3554
0.4335
0.3820
0.3429
05175
0.2816
0.3664

Latitude of HWCG (N)

30.20
29.78
30.16
29.34
30.37
30.34
29.67
29.62
30.76
29.43
30.64
29.77
30.20
29.60
30.88
30.18
30.74
30.52
30.29
30.96
2002
29.62
29.62
30.46
30.65
29.38
29.41
29.95
30.31
29.82
29.46
29.42
31.49
31.23
30.16
30.65
29.73
29.76
29.96
31.27
30.87
30.21
30.13
30.07
30.57
30.36
29.75
29.89
30.77
30.34
29.76
29.98
30.55
30.09
29.55

Longitude of HWCG (E)

114.83
113.63
17.37
116.37
116.28
115.25
113.93
115,68
114.97
114.22
115.37
113.79
116.18
113.63
116.03
11347
116.67
114.72
115.29
111.89
116.36
114.85
114.09
117.58
115.41
114.05
116.97
113.54
1156.05
13.71
114.28
112.65
114.93
113.20
114.15
114.95
115.40
115.96
114.92
114.67
113.99
116.20
115.29
113.90
113.84
115.33
114.33
114.75
113.34
112.76
115.35
113.83
114.79
115.92
12,77

HWI ('C per pentad)

1.01
0.89
0.90
1.20
1.61
1.79
0.95
1.00
097
1.39
1.05
1.40
1.15
1.02
1.02
1.03
127
1.21
0.94
1.1
1.78
250
1.26
144
1.18
1.15
1.69
1.36
1.33
1.60
143
1.37
1.02
1.08
1.40
1.44
134
2.04
are
2.03
1.05
129
1.69
1.04
1.28
1.95
222
1.40
0.90
145
1.34
1.01
1.35
1.08
1.34

HWD (day)
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Metrics

HWF
HWCT
HWI
HWA
HWCG

HWP
HWD

Definition
Number of RPHWs per year
Cumulative temperature of RPHW
Intensity of RPHW.
Area of RPHW
Center of gravity of RPHW

Number of pentads @ RPHW event can last
Number of days of temperature above 35°C in a pentad

Formula

K
HWF = 3 VK
HWCT='S T

K &k
HWI = 3 (T-35)/3 N
]
HWA = gndsofHW/toﬁa‘l grids

e 3 e
B

Unit

Pentad per year
c
°C per pentad

Degree
Pentad

Day
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Phase 1
MO NWP  Number/ 104/+30.1
TCs  deviation (ratio)  (16.4%)
Longitude 1429
Latitude 16,8
QBWO NWP  Number/ 92/+18.1
TCs  deviation (ratio)  (27.2%)
Longitude 143.4
Latitude 135"

2
63/-10.9
(19.1%)
1463
15.8
98/+24.1
(36.7%)
1393
14.4%

3
57/-169
(17.5%)
1487
16.8"
97/+23.1
(27.8%)
1396
16.6"

4
40/-339
(20.0%)
14824
184"
63/-10.9
(17.5%)
1447
170"

5
48/-25.9
(31.3%)
144.1
163
60/-13.9
(1.7%)
144.4
18.4*

6
66/-7.9
(37.9%)

142.8
129
60/-13.9
(21.7%)
1445
17.6*

7
104/+30.1
(26.0%)
1427
138"
49/-249
(14.3%)
153.4"
157

8
100/+35.1
(28.4%)
1394
151
72/-19
(26.4%)
145.9°
124"

Total
591
(24.5%)
1436
155
591
(24.5%)
1436
165

The deviation of the number of AP TCs is cakoulated as the number i each phase sublracting the meen number ofaf phases. The phaseis determined based on the geness time of the NWP TCs. The
percentage i the brackets denoies the o beween the nonlocal TCs and the total WP TCe. The numbers albwed! by one and wo asteniskes ans statistically sioniicant at the 90 and 95% C1, respectively.
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Phase

MJO

QBWO

Non-local TCs

Non-local TCs

Number/deviation
DER
Number/deviation
DER

1 2 3 4 5
21/+2.9 16/-3.1 13/-5.1 9/-9.1 11/-7.1
2.56 1.93 1.76 1.37* 1.43
1441 19/+0.9  30/+119 434249  18/-0.1
1.78 263 415" 5.84" 233

6

18/-0.1
246
9/-9.1
115

7

31/+12.9
3.64™

8/-10.1
1.02+

8

27/+8.9
3.50"

4/-14.1
0.49"

Total

145
237
145
237

The number of the noniocal TCs in each phase is determined based on the phase of the day that the nonlocal TCs entered the SCS and its deviation is calculated as the number in each
phase sublracting the mean number of al phases. The numbere followed by one and two asterisks are statistically significant at the 90 and 85% confidence levels, respeciively.
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1-month 3-month 6-month 12-month

Correlation 0.10 0.29 0.42 0.65*

* means that the cormelation coefficient is significant at the 95% confidence level
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Model name

BCC-CSM1.1
BNU-ESM
CanESM2
CNRM-CM5
CSIRO-Mk3-6-0
GFDL-CM3
GFDL-ESM2M
HadGEM2-ES
IPSL-CM5A-LR
IPSL-CMSA-MR
MIROC-ESM-CHEM
MIROC-ESM
MRI-CGCM3
NorESM1-M

Nation

China
China
Canada
France
Australia
America
America
Britain
France
France
Japan
Japan
Japan
Norway

Agency

BCC

GCESS
CCCMA
CNRM-CERFACS
CSIRO-QCCCE
NOAA-GFDL
NOAA-GFDL
MOHC

IPSL

IPSL

MIROC

MIROC

MRI

NCC

Resolution (pixels)

28x28°
28x28°
28x28"
14x14°
19x19°
25x20°
25x20°
19x13°
38x19°
25x13°
28x28°
28x28°
11x11°
25x19°
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Station name Latitude (N) Longitude (E) Elevation (m) Annual precipitation Annual PET Annual aridity
(mma) (mma) index K
(dimensionless)

WDL 3513 93.05 4612 290.67 1,687.73 581
XH 35.35 99.59 3323 446.82 1773.26 397
ZD 32.54 95.18 4,066 823.41 1,384.40 168
QML 34.08 95.47 4,175 558.83 1,620.79 274
YS 33.01 97.01 3681 787.73 1,619.45 206
MD 34.55 98.13 4,272 520.34 1760.75 3.33
QSH 33.48 97.08 4,415 660.51 1,672.43 253
GL 34.28 100.15 3719 684.18 1,600.46 221
DR 33.45 99.39 3,968 768.73 1,646.06 201
HN 34.44 101.36 3414 674.41 1862.37 275
Jz 33.26 101.29 3629 980.63 1,414.65 144
NQ 32.12 96.29 3644 850.16 1734.51 2.04
BM 32.56 100.45 3,530 890.84 1,681.10 1.89

TTH 3422 92.43 4533 339.82 1814.71 534
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Weather stations PET (mm)

RMSE Bias R
WDL 215 -1.08 0.92°
XH 1.60 -1.44 0.92*
ZD 20 -1.71 0.74*
QML 1.5 -1.27 0.82*
Ys 1.48 -1.04 0.80°
MD 2226 -2.09 0.88"
QsH 225 -2.04 0.85*
GL 13 -1.01 0.84*
DR 1.51 -1.28 0.87*
HN 221 -2.07 0.84*
Jz 1.39 -0.85 0.67
NQ 1.46 -1.16 0.84*
BM 1.59 -1.25 0.76*
TTH 223 -2.08 0.87*

*Indicates result passed the significance level t-test of « = 0.01.
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Soil layers Soil temperature ('C) Soil moisture (cm®cm™)

(cm) Grass land Open shrubland Barren or Grass land Open shrubland Barren or
sparsely vegetated sparsely vegetated

0-10 1.32 -1 1.76 0.26 0.23 0.18

10-40 0.91 2.1 145 025 023 0.18

40-100 0.15 -2.82 011 0.25 0.22 0.15

100-200 095 -4.0 -1.26 024 022 018
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Lead

20
20
20
20
20
20
20
20
20

15
15
15
15

KF

NA
0
5

15
30
0
5
15
30

In-phase (Raw/VMD) (%)

42.9/57.8
25.1/26.0
47.6/47.3
49.3/49.9
49.4/49.9
37.8/38.6
52.7/54.1
54.0/56.6
52.5/55.3

ACC (Raw/VMD)

0.51/0.63
0.51/0.53
0.51/0.50
0.51/0.51
0.61/0.51
051/0.51
0.51/0.54
0.51/0.55
0.51/0.53

The first line is for the result in the regular real-time forecast and intraseasonal fitered
historical forecast. The latter and the best improved results are marked by red.
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Test name

NAT (Apri)

South-north inverse SST in the Northwest Pacific Ocean (March)

SST of the tropical Southeast Pacific Ocean (May)

NAT. North Atiantic Trioole; WP, Westem Pacific.

Control test

Take the SST forcing mod of the global cimate state in Apr
(NAT-Apr-Ot)

Take the global SST forcing model of the global cimate in March
(southenorth inverse SST i the WP-Mar-Ctr)

Take the global SST forcing model of the climate state in May (SST
of the tropical Southeast Pacific-May-Ctr)

Sensitivity tost

On the basis of the control test, a NAT-SST anomaly type forcing
model was added to the North Atlntic area in April (NAT-Apr-
Sensitive)

On the basis of the control test, the south-north inverse SST
anomaly orcing model of the Northwest Paciic was added fo the
WP area in March (south-north inverse SST in the WP-Mar-
Sensitive)

On the basis of the control test, the Southeast Pacific SST
‘anomaly type forcing model was added to the Southeast Pacific
area in May (Southeast Paciic-Mey-Snsive)
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Historical Forecast (ISO-Filtered)

norhem Porinsiar ndia (725-67.5 €, 175-22.5 ), 2004-2010 A Forocas Loading = 15 days
—— Observe Anomaly (20-60.dy lered) —— Forecast Anoraly (20-80-day fiered: x 20)

Observed Anomaly (Raw) * InPhase between Observaion and Forecast





