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Meiyu is a typical rainy season during the East Asian Summer Monsoon whose early or late onset is closely related to an abnormal amount of rainfall. Based on the ERA-interim daily reanalysis data from 1979 to 2019 and the Meiyu index dataset provided by the CMA (the China Meteorological Administration), the characteristics of the intraseasonal oscillation (ISO) in different latitudes during the Jiangnan Meiyu onset period were examined. During the Meiyu onset period, the analysis of 500 hPa geopotential height shows that the key regions of circulation anomaly include the Ural Mountains in mid-high latitudes and the Northwest Pacific in low latitudes. Moreover, the geopotential height anomaly of the two regions shows significant quasi-biweekly scale (10–30 days) characteristics. The diagnosis of quasi-biweekly geopotential tendency shows that height variation in the mid-high latitude key region mainly depends on the influence of temperature advection, while the variation in the low-latitude key region relies on vorticity advection. Over the mid-high latitudes, the height anomaly of the Ural Mountains gradually increases before the day of Meiyu onset, and the contribution of quasi-biweekly oscillation (QBWO) to the total anomaly is approximately 55.9%. The fluctuations from Europe and the Aleutians spread toward the key region, and the abnormal warm advection lies over the key region, contributing to formation of the Ural-blocking pattern. Meanwhile, in the key region located over the Western Pacific, the contribution of the quasi-biweekly component reaches 51.2%. The oscillations over the Western Pacific propagate southwestward along the East Asian coast, while fluctuations over the East Asian continent migrate southward. Throughout this period, the negative vorticity advection occupies the key region, which is conducive to both the positive geopotential height variation and maintenance of the Western Pacific Subtropical High. Thus, the migration of QBWO in different latitudes could be an extended-range signal of the Jiangnan Meiyu prediction.
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1 INTRODUCTION
Meiyu, known as Baiu in Japan and Chang-ma in South Korea, refers to continuous rainy weather in June and July in the middle and lower reaches of the Yangtze River in China, central and southern Japan, and southern South Korea. During the Meiyu period, continuous high temperature and humidity enhance the occurrence of extreme weather events, such as heavy rainfall, causing massive loss to life and property. Additionally, the study of the Meiyu period is an important component of short-term climate prediction in various countries. Therefore, to ensure disaster prevention and mitigation strategies, it is urgent to conduct further research on the evolutionary characteristics of Meiyu and improve forecasting capabilities for the Meiyu season (Ninomiya and Muraki, 1986; Lee, 1989; Oh et al., 1997; Kawamura and Murakami, 1998; Krishnan and Sugi, 2001).
Due to inconsistency of the definition of the Meiyu onset, previous conclusions have often lacked consistency and comparability. Early efforts have often used indicators of the circulation situation (Yu, 1980; Zhou, 1980), precipitation process (Fu, 1981; Zhang and Zheng, 1981), or both (Chen and Qian, 2004; Xu, 2007; Liang et al., 2010; Liu et al., 2014) to determine the onset of Meiyu. Under different standards for the same observed fact, they have always led to inconsistent conclusions about the variability of atmospheric circulation, evolution of precipitation, and mutual feedback between weather systems. This confusion was not resolved until 2017 when the China National Climate Centre proposed the “New Monitoring Indices”, which combines scientific zoning methods and detailed monitoring indicators.
Furthermore, multiple weather systems at different scales and their complex interactions in summer could be another challenge for Meiyu analyses. Major components of the East Asian Summer Monsoon (EASM) include the western Pacific subtropical high (WPSH), South Asian high (SAH), upper-level East Asian westerly jetstream, typhoons, and low-level southwesterly jets. All these components may affect EASM rainfall patterns and the evolution of Meiyu to varying degrees (Tao and Cheng, 1987; Ninomiya and Shibagaki, 2007; Sampe and Xie, 2010; Zhu et al., 2017; Liu et al., 2019; Ding et al., 2020). The location, dominant period, and intensity of the WPSH at low latitudes play an important role in setting the stage for the Meiyu season, providing plenty of water vapor for Meiyu precipitation (Tao et al., 1958; Wang, 1992; Huang and Tang, 1995; Yang et al., 2004; Mao and Wu, 2005; Liu et al., 2013b; Liu et al., 2013a). The formations of SAH and the East Asian subtropical westerly jet are considered to be the precursor signals of the Meiyu onset (Zhao et al., 2018). At mid-high latitudes, many studies have indicated that the variability of Meiyu circulation is closely related to the blocking pattern formation over the Urals, southward propagation of Rossby waves, cold southward airflow, and so on (Tao and Cheng, 1987; Wang, 1992; Chan et al., 2002; Wang and Gaoqiao, 2005).
As a part of the evolution of the EASM, the Meiyu onset implies that atmospheric circulation enters a short-term stable state. Numerous studies have pointed out that ISOs demonstrate great influence on the onset, maintenance, and extinction of the EASM and Meiyu (Chen et al., 2001; Wu and Wang, 2001; Li et al., 2003; Ju et al., 2005). The climatological intraseasonal oscillation (CISO) of the EASM is embodied in the oscillation characteristics of convection and wind fields at different time scales. The first mode of EASM CISO in the circulation shows that the jointly enhanced Mongolian cyclone, the western North Pacific subtropical high, and SAH correspond to a rainfall anomaly with strong Meiyu fronts over East Asia (Wang and Wu, 1997; Lian et al., 2016; Song et al., 2016). It has been found that Meiyu systems have typical ISO characteristics. For example, owing to the heat source of the Qinghai–Tibet Plateau and the southward transmission of low-frequency wave trains from Eurasia, the SAH has the characteristics of a 10–20-day oscillation, similar to the subtropical westerly jet. The aforementioned two factors have an important impact on precipitation in eastern China during Jianghuai Meiyu (Wang et al., 2016; Wang and Ge, 2016; Yang and Li, 2016; Amemiya and Sato, 2018; Ge, 2018). Meanwhile, as an important part of low-frequency waves at mid-high latitudes, the blocking high during the Meiyu period also has the characteristics of quasi-biweekly oscillation because of the atmospheric nonlinear interaction (Li et al., 2003). Moreover, the WPSH has both quasi-biweekly and 30–60-day oscillation characteristics (Su et al., 2017; Yang and Li, 2020). Some research studies have reported that remarkable ISO characteristics exist for meridional winds and water vapor transport in the lower troposphere (Zuo et al., 2009).
Previous study has been devoted to revealing the ISO feature and interactions between system members during the Meiyu season. However, few studies have been carried out on the mechanism of how ISO affects atmospheric circulation during the Meiyu onset. In addition, since the Jiangnan area defined in the new Meiyu monitoring indices is located at the southernmost end of the traditional Meiyu monitoring area, the determination of the Meiyu onset date in the Jiangnan area can provide advanced warning and indicative significance for the entire river basin during the Meiyu period. Consequently, this study aims to analyze the ISO characteristics at different latitudes during the Meiyu onset period (specified by the new indices) over the Jiangnan area to provide a theoretical reference for Meiyu forecasting. The rest of the study is organized as follows. Section 2 describes the data and methods used in this study. Section 3 illustrates the ISOs at different latitudes during the Jiangnan Meiyu onset. The main conclusions are summarized in Section 4, while the disscussion part is displayed in the last section.
2 DATA AND METHODS
2.1 Data
Based on the “Meiyu Monitoring Indices” released by the China Meteorological Administration (CMA) in 2017 (Standardization administration, 2017), the variations in atmospheric circulation during the Meiyu onset period over the Jiangnan area were analyzed. The distribution of Meiyu monitoring stations is shown in Figure 1, which includes 277 CMA stations. According to the climatic characteristics, the Meiyu monitoring area is divided from south to north into the Jiangnan area (red), the middle and lower reaches of the Yangtze River (blue), and the Jianghuai area (yellow). As the southernmost monitoring region, the Jiangnan area tends to witness the earliest onset of the Meiyu period. Therefore, the study of this region can help predict the onset of the whole Meiyu region. In addition, the updated climatic dataset of the Meiyu season (including the onset/retreat date, intensity, and precipitation) was obtained from the National Climate Center (NCC) of China (https://www.ncc-cma.net). Since it contains the common influences of multiple factors, such as precipitation, air temperature, and circulation, the new indices can more accurately reflect the activity characteristics of Meiyu. For instance, the indices stipulate that the regional average daily temperature should be equal to or greater than 22°C during the Meiyu onset period over the Jiangnan area. Additionally, the ridge line of WPSH at 500 hPa should remain between 18°N and 25°N. Therefore, we also used the geopotential height data of ERA-interim (resolution: 1° × 1°) daily reanalysis (Dee et al., 2011) provided by the ECMWF (the European Centre for Medium-Range Weather Forecasts).
[image: Figure 1]FIGURE 1 | Distribution of CMA stations over the Meiyu region (red dots: Jiangnan area; blue dots: middle and lower reaches of the Yangtze River; yellow dots: Jianghuai area).
2.2 Methodology
In this study, power spectrum analysis was carried out to obtain the dominant period of the geopotential height anomaly during the Meiyu onset over the Jiangnan area. Furthermore, for multiscale quantitative analysis, the geopotential height anomaly was decomposed into four terms as follows (Hsu and Li, 2011; Yao et al., 2019):
[image: image]
where [image: image]is the background condition with a time scale greater than 90 days and[image: image] and [image: image]represent the perturbations on the 30–90-day and 10–30-day time scales, respectively. Both values were the results of the Butterworth bandpass filter. [image: image] represents synoptic disturbances with a time scale less than 10 days and was extracted by applying the Lanczos high-frequency (<10 days) filter.
Considering that a circulation field is an important object of Meiyu monitoring, we focused on the evolution and intraseasonal oscillation characteristics of the center and intensity of systems at 500 hPa altitude. In this study, the geopotential height anomaly (the differences between the preset day and its climatic state) was calculated to carry out quantitative analysis. In addition, the geopotential tendency equation (Lau and Holopainen 1984; Fang and Yang 2016; Ren et al., 2021) was used to examine the key physical processes, which can be simply written as follows:
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where ([image: image]) represents the geopotential tendency at 500 hPa; the first term [image: image] is proportional to[image: image]; the second term ([image: image]) represents the geostrophic vorticity advection; the third term ([image: image]) represents the relative vorticity advection; and the last term ([image: image]) denotes the temperature advection with altitude variation.
3 RESULTS
3.1 Climatic characteristics of the Meiyu onset period over the Jiangnan area
We first sorted out the time series of the Meiyu periods over the Jiangnan area from 1979 to 2019, as shown in Figure 2A. The values plotted on the vertical ordinate are the duration of the Meiyu periods and the climatic Meiyu onset date. The results reveal that the onset dates are mainly concentrated from May to June and show obvious interannual and interdecadal variabilities. The earliest Meiyu onset date is on the 25th of May 1995, 15 days earlier than the climatological mean (8th of June). In contrast, in 2005, the Meiyu onset occurred on the 11th of July, 32 days later than normal.
[image: Figure 2]FIGURE 2 | (A) Meiyu periods (blue bars) over the Jiangnan area and the climatic Meiyu onset day (red line) during 1979–2019. Geopotential height (contours, unit: gpm) and its anomaly (shading, unit: gpm) at 100 hPa (B) and 500 hPa (C) on the Meiyu onset day. Wind (vector, unit: m/s) and geopotential height anomaly (shading, unit: gpm) at 850 hPa (D) on the Meiyu onset day (dots are the areas with statistical significance exceeding the 95% level).
On the Meiyu onset day, the climatic circulation and geopotential height anomaly at 100, 500, and 850 hPa are shown in Figures 2B–D. In the upper troposphere (Figure 2B), the latitudinal range of the South Asian high (SAH) extends from Africa eastward to the western Pacific, and the meridional range extends from the tropics to the mid-latitude westerly region, with the center located over the Tibetan Plateau. The Jianghuai area is controlled by a significant high anomaly, contributing to the eastward extension of the SAH. In the mid-troposphere (Figure 2C), it can be clearly seen at mid-high latitudes that the positive anomaly is mainly located over the Urals, while the negative centers dominate most of Europe and eastern Russia. The distribution of the anomalies not only contributes to the establishment of the blocking situation during the Meiyu onset period but also enhances the southward flow with cold and dry air. At lower latitudes, the western Pacific subtropical high (WPSH) is located in the South China Sea (SCS), with its ridge line remaining at approximately 20°N, while the ridge point extends to the west of 120°E. At the same time, the geopotential height from the Bay of Bengal to most of the Northwest Pacific shows a significant positive anomaly, with its center located to the northwest of the WPSH. The maintenance of the anomaly promotes the northwestward movement of the WPSH, thus providing abundant moisture to the Jiangnan area. The southward airflow in front of the Urals and the northward transportation of water vapor near the WPSH provide favorable conditions for the onset and maintenance of Meiyu over the Jiangnan area.
In the lower troposphere at 850 hPa (Figure 2D), parts of the Western Pacific at lower latitudes are similarly controlled by significant high-pressure anomalies, and pronounced low-pressure anomalies are situated in the mid-high latitudes east of Lake Baikal. The strong southwesterly winds at the periphery of the anomalous high pressure confront the northwesterly winds at the back of the low pressure in the Jiangnan region, contributing to a favorable background of warm moisture for Meiyu precipitation. In addition, the distribution of the height anomalies from the upper to lower troposphere is relatively consistent in Figure 2. As a result, we chose 500 hPa as a representation for further analysis.
3.2 The intraseasonal oscillation characteristics of atmospheric circulation at mid-high latitudes
As a member of the East Asia Summer Monsoon (Zhang et al., 2018), the atmospheric circulation at mid-high latitudes exhibits an obvious transformation process before Meiyu onset. Therefore, to reveal the ISO characteristics at mid-high latitudes, the geopotential height differences between the onset day and the 15-day lead, 10-day lead, and 5-day lead are provided in Figures 3A–C. Apparently, during the 15-day lead and 10-day lead, the geopotential height gradually increases over most regions at mid-high latitudes. However, only the Ural Mountains area keeps growing until the 5-day lead. We accordingly selected the persistently significant area of difference (indicated by the black dashed frame: 60°N-70°N, 60°E-85°E) as the key region of the mid-high latitudes.
[image: Figure 3]FIGURE 3 | Differences of geopotential height between the onset day and the lead 15 d (A), the lead 10 d (B), the lead 5 d (C) (black box: the mid-high-latitude key region (60°N-70°N, 60°E-85°E); unit: gpm; dots are the areas with statistical significance exceeding the 95% level).
The power spectrum of the key region average geopotential height anomaly from May to July from 1979 to 2019 (Figure 4A) was analyzed to obtain the dominant periods of the atmospheric circulation variation over the Jiangnan area. The results show that the average height anomaly has remarkably high-frequency oscillations with periods of 10–30 days, while the rest of the periods (<10 days and 30–90 days) are also significant. By calculating the variation contributions of the perturbations at different scales, we found that the quasi-biweekly disturbances dominate most in the Meiyu periods. The variance contribution of the quasi-biweekly scale component is 50.4% (Figure 4B); this value is larger than that of the synoptic scale component (<10 days), intraseasonal (30–90 days) component, and background component. Then, to confirm the dominant period during the Meiyu onset period, the geopotential height anomaly of the key region was differentiated into four terms based on Eq. 1 for further analyses.
[image: Figure 4]FIGURE 4 | (A) Power spectrum analysis of geopotential height anomaly over the mid-high-latitude key region during May to July (unit: W2 m−4). The green dashed line is the red noise spectrum, and the red (blue) dashed line indicates values above the 95% (5%) confidence level. (B) Variation contributions of the perturbations at different time scales (unit: %).
Figure 5 shows the evolution of the geopotential height anomaly at different time scales over the mid-high latitude key region. The regional average anomaly changes from negative to positive at the 6-day lead and continues to increase until it reaches a peak at the 2-day lead. This proves that enhancement of the positive anomaly of the key region with the Urals Mountains as the center is conducive to establishment of the blocking situation at mid-high latitudes. In addition, a quantitative diagnosis of the contribution of each component variation in the geopotential height anomaly 2 days ahead of Meiyu onset is provided in Table 1. The quasi-biweekly scale is the most important component of the oscillations, contributing approximately 55.9% of the total anomalies, indicating that the characteristics of the geopotential height anomaly variation in the key region are closely related to the quasi-biweekly (10–30 days) oscillations (QBWOs).
[image: Figure 5]FIGURE 5 | Variations of geopotential height anomaly over the mid-high-latitude key region at different time scales during Jiangnan Meiyu onset (unit: gpm; black, geopotential height anomaly; yellow, synoptic scale; blue, quasi-biweekly scale; red, intraseasonal scale; green, >90 d scale).
TABLE 1 | Contribution of different time-scale anomalies in mid-high latitude key region.
[image: Table 1]The propagation and evolution of the geopotential QBWO and its tendency were further analyzed (Figure 6). At the 10-day lead (Figure 6A), Eastern Europe is controlled by weak anomalous high pressure along with an obvious center of the positive tendency field. Meanwhile, the positive anomaly over Aleutian is relatively strong and extensive, and the tendency center is located west of the anomalous high. During the 10-day lead to 4-day lead (Figures 6A–D), the anomalous high over Europe gradually strengthens and is accompanied by a northeastward movement of the center. The high-pressure center over the Aleutian Islands continues to move westward. Then, these two centers merge at the 2-day lead (Figure 6E) and continue to increase southward. Eventually, the key region near the Urals Mountains, which was originally controlled by the abnormal low pressure, shifts to an anomalous high (Figure 6F). The propagation, evolution, and merging of two quasi-biweekly disturbances is an essential factor for the anomalous variation in geopotential height in the key region, and it is also one of the precursor signals of the Jiangnan Meiyu onset at mid-high latitudes.
[image: Figure 6]FIGURE 6 | Quasi-biweekly-scale geopotential height anomaly (shading) and its tendency (contour) from day -10 to day 0 during the Meiyu onset period (A–F) (unit: gpm; black box: the mid-high latitude key region; the latitude of the outermost line is 40°N; dots are the areas with statistical significance exceeding the 95% level).
Subsequently, to investigate the key physical process during the quasi-biweekly geopotential height variations in the mid-high latitude key region during the Jiangnan Meiyu onset, we calculated each term of the geopotential tendency equation by the given Eq. 2. It is obvious from Table 2 that the fourth component in the equation is −1.28, contributing most to the positive variation in the key region geopotential height. The quasi-biweekly geostrophic vorticity advection and relative vorticity advection are only 0.014 and −0.41, respectively, which indicates that the positive variation in the geopotential height in the key region mainly depends on the influence of quasi-biweekly temperature advection. The spatial distribution of the abnormal temperature advection is shown in Figure 7. In the mid-high latitudes, the regions over Europe and east of Lake Baikal are mainly controlled by anomalous cold advection, while the area to the north of Lake Balkhash shows significant warm advection anomalies. Over the key region, the quasi-biweekly warm advection anomaly promotes the increase in geopotential height in the key region before the Jiangnan Meiyu onset, which in turn encourages the establishment and maintenance of a blocking pattern in the Ural Mountains.
TABLE 2 | Quasi-biweekly components of geopotential tendency equation over the mid-high latitude key region (unit: 10−10 s−2).
[image: Table 2][image: Figure 7]FIGURE 7 | Quasi-biweekly temperature advection during the Meiyu onset period (unit: 10−5K s−1; dots are the areas with statistical significance exceeding the 95% level).
3.3 The intraseasonal oscillation characteristics of atmospheric circulation at low latitudes
Intraseasonal oscillations of low-latitude atmospheric circulation play an important role in Meiyu onset (Li et al., 2015; Li and Zhou, 2015). The Meiyu rain belts often appear on the western and northern sides of the 588 dagpm isoline of the WPSH, and the precipitation amount is closely related to the distribution, migration, and variation in the WPSH (Qian and Guan, 2020). Therefore, we examined the ISO characteristics of the region closely related to the variation in the WPSH in this section. Figure 8 shows the distributions of the 588 dagpm isolines of the WPSH from the 15-day lead to the onset day, with an interval of 5 days. The composite analysis indicates that the WPSH gradually strengthens and extends westward before the Meiyu onset, finally expanding to the South China Sea. Consequently, the red box zone (15°N-23°N; 118°E-127°E) in Figure 8 is selected to be the key region at low latitudes.
[image: Figure 8]FIGURE 8 | Distributions of 588 dagpm isograms from lead 15 d to the onset day (red box: the low-latitude key region (15°N-23°N,118°E-127°E); unit: dagpm; black counter, onset day; purple counter, lead 5 d; blue counter, lead 10 d; yellow counter, lead 15 d).
Similar to the analysis method in the mid-high latitudes, we also analyzed the power spectrum of the geopotential height anomaly in the key region in the low latitudes. As indicated in Figure 9A, the red noise test shows that the cycle from 10 to 30 days is dominant, while the power spectrum peak at the synoptic scale (<10 days) partially passes the test. The quasi-biweekly disturbances contribute most to the low-latitude key region geopotential height anomalies, which is up to 47.9% (Figure 9B). Similar to the mid-latitude key region, this value is also larger than that of the other components. However, to explore the dominant period during the onset period, a more elaborate diagnosis still needs to be conducted.
[image: Figure 9]FIGURE 9 | Same as Figure 4. (A) the power spectrum analysis and (B) variation contributions over the low-latitude key region.
Based on the scale separation method, the height anomaly in the key region of lower latitudes was examined. The anomaly remains constant in the negative phase until the 2-day lead (Figure 10), which suppresses the westward and northward extension of the WPSH. Then, with the increase in the 10–30-day anomaly, the geopotential height turns from a negative anomaly to a positive anomaly, promoting the intensification and westward extension of WPSH and transporting abundant water vapor to the Jiangnan area. During this process, the component of the 10–30-day scale contributes the most, reaching 51.2% of the total anomalies (Table 3). This indicates that during the Jiangnan Meiyu onset, the anomalous geopotential height variation in the low-latitude key region is mainly influenced by quasi-biweekly (10–30 days) scale oscillations.
[image: Figure 10]FIGURE 10 | Same as Figure 5, but for the low-latitude key region.
TABLE 3 | Contribution of different time-scale anomalies in the lower-latitude key region.
[image: Table 3]To explore the source and propagation path of the low-latitude quasi-biweekly signal before the Meiyu onset, we analyzed the evolution of potential height anomalies and their tendency at the 10–30-day scale. At the 10-day lead (Figure 11A), most of the Asian continent is controlled by the abnormally low pressure in the zonal distribution. The two low-pressure centers are located in northern India and over northeastern China. Subsequently, an abnormally high-pressure center develops in the northeastern part of Balkhash Lake to separate the originally continuous low-pressure zone and weakens it continuously from the 10-day lead to the 2-day lead (Figures 11A–E). Meanwhile, the abnormal depression originating over northeastern China moves eastward into the sea and then propagates southwestward to take control of the key region. Moreover, at the 10-day lead (Figure 11A), over the eastern Japan Sea, there is a northeast-trending abnormal high-pressure zone, which weakens and splits at the 8-day lead (Figure 11B). Then, the anomalous center spreads southward along the east coast of Asia and gradually strengthens. At 2 days, leading to the onset day (Figures 11E,F), the disturbance from the western Pacific moves southward and meets the abnormally high pressure southeast of the continent. In this process, the positive geopotential tendency field controls Northeast Asia, with the center propagating southwestward. Eventually, the key region’s potential height anomaly changes from a negative phase to a positive phase. Accordingly, the positive geopotential tendency takes control of the key region, which provides a conducive condition for the westward extension and maintenance of the WPSH in the precursor stage in regard to the Meiyu onset.
[image: Figure 11]FIGURE 11 | The quasi-biweekly-scale geopotential height anomaly (shading) and its tendency (contour) from day -10 to day 0 during the Meiyu onset period (A-F) (unit: gpm; black box: the low latitude key region; dots are the areas with statistical significance exceeding the 95% level).
Similarly, we analyzed the key physical process during the variation in the geopotential height in the low-latitude key region, and the results are presented in Table 4. By calculation of each component of Eq. 2, it is known that the most contributing term is the quasi-biweekly relative vorticity advection, which is approximately −0.135 during the Meiyu onset period. The other terms of the equation are −0.006 and −0.019, which indicates that the positive anomaly of the geopotential height in the key region at low latitudes relies mostly on the relative vorticity advection. Figure 12 presents a detailed analysis of the spatial distribution of the quasi-biweekly relative vorticity advection during the Meiyu onset. The results show that quasi-biweekly positive vorticity advection dominates most of the low-latitude sea surface. Significant negative anomalies lie along the southeastern coast of China, as well as the region east of Taiwan. Apparently, the significant quasi-biweekly negative vorticity advection in the key region favors the increasing potential height and induces the westward extension and northward shift of the Northwest Pacific Subtropical High.
TABLE 4 | Quasi-biweekly components of geopotential tendency equation over the low-latitude key region (unit: 10−10 s−2).
[image: Table 4][image: Figure 12]FIGURE 12 | Quasi-biweekly relative vorticity during the Meiyu onset period (unit: 10−6 s−1; dots are the areas with statistical significance exceeding the 95% level).
4 SUMMARY
Based on regional division and the Meiyu dataset defined by the Meiyu monitoring indicators, this study investigates the intraseasonal oscillation characteristics of the atmospheric circulation evolution during the Jiangnan Meiyu onset period from 1979 to 2019. The results reveal that there are significant interannual differences in the Meiyu onset in the Jiangnan area. On the onset day, the abnormal high over the Urals along with the anomalous low over Europe and eastern Russia promotes the formation of the blocking pattern in the mid-high latitudes. The positive height located to the northwest of the WPSH contributes to the advancing westward and northward shift of the WPSH at lower latitudes. As a result, abundant warm moisture accompanied by the peripheral flow of the WPSH meets with the cold air supplied by the blocking high, which provides favorable conditions for the occurrence and maintenance of precipitation during Jiangnan Meiyu periods.
During the Meiyu onset, intraseasonal oscillation characteristics of both mid-high latitudes and lower latitudes are studied by examining the filtered geopotential height anomaly. The results of the power spectrum analysis and the variation contributions of the perturbations at different time scales show that the circulation at different latitudes has significant quasi-biweekly scale (10–30 days) characteristics. The diagnostic analysis shows that the contribution of the quasi-biweekly scale oscillations accounts for 55.9% of the total height anomalies at mid-high latitudes and 51.2% at lower latitudes.
At mid-high latitudes, the abnormal high over the Aleutian Sea propagates westward, while the positive anomaly originating from Eastern Europe gradually enhances and spreads to the northeast. Then, the two positive anomalies merge, continuously strengthen, and expand southward to take control of the key region in the Urals Mountains. The propagation, evolution, and merging of two quasi-biweekly disturbances facilitates the establishment of a mid-high-latitude blocking situation by influencing the height of geopotential anomalies in the key region, thus favoring the southward invasion of cold air at high latitudes. Subsequently, the diagnostic results of the quasi-biweekly scale geopotential tendency in this process show that the contribution of the temperature advection term is comparatively larger. During the onset period, the mid-high key region is mainly controlled by quasi-biweekly warm advection, while Europe and the region east of Lake Baikal are dominated by significant cold advection. Obviously, with such abnormal background circulation, the Ural Mountains blocking situation is more likely to be established and maintained.
In addition, the quasi-biweekly oscillations of the atmospheric circulation in the low-latitude key region are mainly influenced by the southward propagating 10–30 day-scale anomalous high over the Asian continent and the mid-latitude Pacific. During the Meiyu onset, the anomalous high over the mid-latitude Pacific intensifies and propagates southward along the east coast of Asia, while the positive anomalous center over the Asian continent travels eastward and expands southward, and the two finally merge over the key region. These two southward quasi-biweekly scale signals not only enhance the key region’s geopotential height anomalies but also promote the westward extension of the WPSH. The warm and humid flow along the high ridge and the cold air transported from high latitudes standoff in the Jiangnan area, forming a favorable atmospheric circulation situation for Meiyu precipitation. Similarly, by diagnosing the quasi-biweekly geopotential height tendency in the low-latitude key region, it is found that the impact of relative vorticity advection is more significant. From the spatial distribution of the abnormal advection, the negative advection anomaly over the key region promotes the positive variation of geopotential height, which in turn influences the evolution of the position intensity of the western Pacific predominantly before Jiangnan Meiyu onset.
5 DISCUSSION
This study mainly determined the characteristics of intraseasonal oscillations at different latitudes during the Jiangnan Meiyu onset under the new indices. It is worth highlighting that most studies have suggested that the north-transmitted ISOs at low latitudes are the main influencing factors on the position and intensity variations of the WPSH as well as the summer precipitation in China (Zhou and Johnny, 2005; Hsu et al., 2016; Su, et al., 2017). In this study, we found that the south-transmitted quasi-biweekly oscillation signals over the mid-latitude Pacific and Asian continents are also closely related to the westward extension of the WPSH during Jiangnan Meiyu onset. A schematic diagram of the propagation of the oscillations is highlighted in Figure 13.
[image: Figure 13]FIGURE 13 | Schematic diagram of the evolution of atmospheric quasi-biweekly oscillations during Jiangnan Meiyu onset.
However, there are still some shortcomings that need to be studied in detail. For example, the Jiangnan Meiyu onset dates show a large interannual difference, but the relationship between the Meiyu onset date and the intensity and location of ISOs is still unclear. As indicated in Section 3.2, the origins of the quasi-biweekly disturbances with significant effects on the mid-high latitude key region are over Europe and the Aleutians. However, the annual analysis of individual cases shows that for some years, the geopotential height variation of the key region is mainly determined by the eastward disturbances over Europe, for example, in 1998 (Figure 14). At the 10-day lead (Figure 14A), the positive disturbance center lies in Europe, along with an obvious center of the positive tendency field in the northeastern area of Europe. However, over the Aleutians, the abnormal high is accompanied by a negative tendency field, which leads to a decrease in ISO intensity. Then, from the 8-day lead to the 0-day lead (Figures 14B–F), the positive anomaly over Europe continuously migrates eastward to the key region and then strengthens southward.
[image: Figure 14]FIGURE 14 | Quasi-biweekly-scale geopotential height anomaly (shading) and its tendency (contour) from day -10 to day 0 during the Meiyu onset period in 1998 (A–F) (unit: gpm; black box: the mid-high-latitude key region; the latitude of the outermost line is 40°N).
In contrast, for several years, the key region’s geopotential height is dominated by westward-moving disturbances over the Aleutian area, such as in 2011 (Figure 15). At the 10-day lead (Figure 15A), both Europe and the Aleutian area are controlled by abnormal high centers. The positive tendency field is located in the westward region of both centers. Then, during the days before onset (Figures 15B–F), the anomalous high over the Aleutian Sea exhibits westward shift characteristics and eventually impacts the key region’s geopotential height variation. In addition, the evolution of quasi-biweekly disturbances associated with the low-latitude key region also shows similar characteristics to that of mid-high latitudes. The examination of the causes of such interannual differences could be the focus of our future research study.
[image: Figure 15]FIGURE 15 | Quasi-biweekly-scale geopotential height anomaly (shading) and its tendency (contour) from day -10 to day 0 during the Meiyu onset period in 2011 (A–F) (unit: gpm; black box: the mid-high-latitude key region; the latitude of the outermost line is 40°N).
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