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Summer precipitation in East Asia has significant quasi-biweekly (10–30-day) oscillation characteristics. By using gauge-based precipitation and ERA-Interim reanalysis data, the basic mode of the quasi-biweekly oscillation of summer precipitation in East Asia and the related circulation from 1979 to 2012 were analyzed. It was found that the middle and lower reaches of the Yangtze River and its south in China were among the key areas for the 10- to 30-day oscillation of summer precipitation. After selecting typical summer precipitation events with 10- to 30-day oscillation characteristics in key areas and conducting composite analysis, it is found that in the dry (wet) phase of quasi-biweekly precipitation in southern China, it is controlled by quasi-biweekly anticyclone (cyclone) at 500 hPa above the key area. During the evolution of quasi-biweekly precipitation, the ridge of the Northwest Pacific Subtropical High is located between 20 and 22°N latitude, and there is no significant variability in the large-scale background circulation. Furthermore, composite analysis of the precursory signal at 500 hPa during quasi-biweekly precipitation in southern China found that there was an obvious quasi-biweekly geopotential height anomaly over the North Atlantic Ocean almost 30 days before the peak day of quasi-biweekly precipitation. While the quasi-biweekly geopotential height anomaly at 500 hPa in the North Atlantic propagates eastward, it also leads the cold air to transport southward. Cold air from high latitudes and warm air from low latitudes converge in southern China, which affects the quasi-biweekly oscillation of precipitation. Hysteresis synthesis of precipitation based on 500 hPa geopotential height’s quasi-biweekly oscillation events over the North Atlantic Ocean comes to almost the same conclusion. Therefore, the 500 hPa geopotential height quasi-biweekly anomaly in the North Atlantic may have important prediction significance for an extended-range forecast of summer rainfall in China.
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INTRODUCTION
Located in the East Asian monsoon region, China has complicated weather and climatic characteristics and frequent meteorological disasters. The summer precipitation process in southern China and the corresponding drought and flood events have always been the focus of meteorologists’ research. With the development of numerical weather prediction technology and seasonal dynamic forecasting systems, medium- and short-term deterministic forecasts (several hours to a week) and climate (monthly, seasonal to interannual) probability prediction capabilities have been continuously improved (Jung and Vitart, 2006; Amador and Lovejoy, 2021; Yang et al., 2021). However, there are still large uncertainties in the field of 10–30 days extended-range forecasting (or subseasonal forecasting), which has long been considered to be a predictable desert (Vitart et al., 2012; Robertson et al., 2015). Understanding the predictability sources of extended-range forecasting is a major challenge in the frontier of meteorological research (Robertson et al., 2018), and it is particularly important to extract the precursory signals of the weather processes which lead to disasters.
Previous studies have shown that persistent severe weather processes are closely related to atmospheric low-frequency activities, and summer precipitation in China has obvious characteristics of intraseasonal oscillation (ISO) (Chen et al., 2015; Hsu et al., 2016; Li and Mao, 2019; Hong et al., 2021). For example, the two persistent heavy rainfall disaster events that occurred in the Yangtze River basin in 1998 were both in the active phase of the rainfall ISO (Zhu et al., 2003; Ju et al., 2005; Sun et al., 2016). Similarly, Meiyu in 2016 also has typical quasi-biweekly oscillation (QBWO) characteristics (Huang et al., 2020). In addition to the aforementioned typical events, the results of the climate statistics also confirm that China’s precipitation has significant ISO characteristics, including QBWOs and 30- to 60-day oscillations (Mao et al., 2010; Yang et al., 2010; Yin et al., 2011; Liu et al., 2018; Xia et al., 2021; Zhou et al., 2021).
The ISO of summer precipitation in China is the result of the coordinated control of atmospheric circulation at different latitudes, including the northward and northwestward propagation from low-latitude (Hsu et al., 2000; Shen et al., 2016; Liu et al., 2020) and the regulation of mid-high-latitude ISO signals (Wei et al., 2015; Lu et al., 2007; Buhe et al., 2008; Ren et al., 2020). Previous studies have also shown that the QBWO of precipitation is significantly affected by the Eurasian wave train (Mao et al., 2010; Ren et al., 2015; Liu et al., 2020). The midlatitude low-frequency Rossby wave trains propagate from Eurasia to East Asia and the North Pacific along the Westerlies, impacting the key circulation systems of Meiyu, such as the South Asian High and the Northwest Pacific Subtropical High, and ultimately influencing the QBWO characteristics of precipitation (Ren et al., 2015). However, most of the aforementioned studies have focused on the circulation evolution in the same period with quasi-biweekly precipitation and did not discuss too much about the precursory signals of low-frequency precipitation events. Therefore, while analyzing the QBWO of precipitation in southern China, this article pays more attention to the quasi-biweekly characteristics of atmospheric circulation more than 10 days in advance, hoping to find the precursory signals of precipitation and provide a reference for the extension period prediction of precipitation.
DATA AND METHOD
In this study, 0.5° daily precipitation data (gauge) constructed from more than 2,400 stations over China Mainland from 1979 to 2012 were used to clarify the QBWO events. In addition, we also chose the 1.5° ERA-Interim reanalysis products (Dee et al., 2011) at 6-h intervals to analyze the circulation characteristics. The summer defined in this article refers to the months June to August. In this study, the daily value is obtained by averaging the 6-h data before the whole analysis.
The power spectrum analysis was used to find the dominant period of precipitation. The Butterworth band-pass filter was used to get the QBWO signal of a meteorological element. The 10- to 30-day filtered precipitation greater than or equal to 1.5 standard deviations is defined as a typical QBWO event of precipitation. We conduct EOF techniques to obtain the basic modes of 10- to 30-day oscillation of the North Atlantic 500 hPa geopotential height. The first principal component (PC) of the EOF analysis of 10- to 30-day filtered 500hPa geopotential height in the North Atlantic Ocean is greater than 1.5 standard deviations, which is defined as a typical QBWO event of geopotential height. Based on the typical QBWO events obtained before, the synthesis analysis and Student’s test are carried out.
RESULTS
The QBWO of Summer Precipitation in Southern China
First, the characteristics of East Asian summer monsoon precipitation were analyzed by using the gauge-based observation (Figure 1A). The summer precipitation in China shows the distribution characteristics of more in the south and less in the north. In southern China, the precipitation intensity is more than 7 mm/d and more than 9 mm/d over some areas in summer. The spatial distribution of the mean square deviation presents similar characteristics to the total precipitation (Figure 1B). In southern China (the black box in Figure 1B, 24–32°N, 108–122°E), the mean square deviation of precipitation exceeds 13 mm/d and even the central maximum value reaches 17 mm/d, far exceeding the other regions in China. In addition, the mean square deviation of the precipitation is much higher than that of the mean precipitation.
[image: Figure 1]FIGURE 1 | Observed summer mean precipitation (A) and the mean square deviation (B) in China from 1979 to 2012, unit: mm/d. The black box in (B) represents southern China (24–32°N, 108–122°E).
In order to verify the characteristics of the dominant period of summer precipitation, we carried out the power spectrum analysis over southern China (Figure 2A). As shown in Figure 2, precipitation in boreal summer has significant periodic oscillation characteristics of 10–30 days on a subseasonal scale, which has passed the 0.05 significance test. The mean square deviation of the 10- to 30-day precipitation and the fractional variance are shown in Figure 2B. It is found that the quasi-biweekly mean square deviation of precipitation in the middle and lower reaches of the Yangtze River and its south is about 5–7 mm/d, and the fractional variance results show that the 10- to 30-day oscillation precipitation can explain more than 40% of the total variance. All the previous analysis indicates that summer precipitation in the middle and lower reaches of the Yangtze River and south of it has a very significant 10- to 30-day oscillation.
[image: Figure 2]FIGURE 2 | Power spectrum diagram of summer rainfall (A) in southern China (24–32°N, 108–122°E) from 1979 to 2012; the mean square deviation [(B), shaded, unit: mm/d] and the fractional variance [(B), contoured, unit: %] of 10–30-day filtered precipitation. In (A), the red line is the power spectral density, and the black line indicates the values of 95% confidence level.
From the previous analysis, it can be concluded that southern China (24–32°N, 108–122°E) is the key center of the 10- to 30-day oscillation of summer precipitation on the East Asian continent. Using the observation data and definition criteria for precipitation oscillation events described in Data and Method, a total of 75 typical precipitation QBWO events (listed in Table 1) occurred in southern China from 1979 to 2012, nearly 2 cases per year. We conducted the composite analysis of 75 selected typical events, and the results are shown in Figure 3. The peak day of quasi-biweekly precipitation is defined as day 0, day -1 represents 1 day before the peak day, day 1 represents 1 day after the peak day, and so on. In a typical event, the synthetic analysis results show that the regional average precipitation intensity can reach 4 mm/d or more, and quasi-biweekly precipitation occurs 3 days before the peak and lasts for about 6 days. From the interruption phase to the active phase and then to the interruption one, the entire cycle takes about 15 days, showing typical QBWO characteristics.
TABLE 1 | Date of the quasi-biweekly peak rainfall in southern China.
[image: Table 1][image: Figure 3]FIGURE 3 | Composite evolution of the 10- to 30-day filtered precipitation in southern China (24–32°N, 108–122°E) during the rainfall QBWO events from day -15 to day 15, unit: mm/d.
Figure 4 shows the spatial distribution and temporal evolution of quasi-biweekly precipitation in different phases from day -7 to day 7. On day -7 (Figure 4A), southern China is in the dry phase. From day -7 to day -5 (Figures 4A,B), the dry phase of precipitation in southern China slowly weakened. Southern China turned to the wet phase at day -3 (Figure 4C), after which the precipitation intensity kept increasing and reached a peak of about 8 mm/d from day -1 to day 1 (Figures 4D,E). Subsequently, the precipitation in Southern China began to decrease at day 3 (Figure 4F), and finally the entire region was converted to the dry phase again (Figures 4G,H) from day 5 to day 7.
[image: Figure 4]FIGURE 4 | Composite distribution of 10- to 30-day filtered precipitation during the rainfall QBWO events (unit: mm/d); the dotted area indicates that it has passed the 95% confidence test. (A–H) represent day -7 to day 7, with 2-day interval.
The circulation corresponding to the quasi-biweekly precipitation evolution is further analyzed (Figure 5). The ridge of subtropical high over the northwest Pacific Ocean at 500 hPa level is located at 20–22°N. The midlatitudes are controlled by zonal westerly airstream, and there is no significant variability in the large-scale background circulation during the quasi-biweekly precipitation evolution. In the 10- to 30-day scale, the results show that during the dry phase of quasi-biweekly precipitation in southern China, 500 hPa over the key area is controlled by abnormal quasi-biweekly anticyclone, and 850 hPa wind field also shows obvious anticyclonic circulation (Figures 5A,B,G,H). In the wet phase of precipitation (from day -3 to day 3), easterly and westerly winds prevail in the areas north and south of the Yangtze River Basin, respectively, under the control of abnormal cyclone at 500 hPa height (Figures 5C–F). Both easterly wind and southwesterly wind transport water vapor from the ocean to precipitation areas. Meanwhile, the abnormal anticyclone located near Lake Baikal brings cold air to the south, and the intersection of cold and warm air flow causes heavy precipitation. The response of 850hPa wind field reaches the strongest from day -1 to day 1 (Figures 5D,E). During the intermittent and active periods of quasi-biweekly precipitation in southern China, the characteristics of the 500 hPa geopotential height field are mainly manifested in the anti-phase distribution over southern China and its north and south sides at different latitudes. It should be noted that the quasi-biweekly geopotential anomalies at 500 hPa, 700 hPa, and 850 hPa have almost the same distribution characteristics (figure omitted). Meanwhile, weather systems that affect precipitation, such as subtropical high, blocking high, trough, and ridge, are usually analyzed at 500 hPa, so this article focuses on the geopotential height anomaly at 500 hPa.
[image: Figure 5]FIGURE 5 | Composite distribution of geopotential height (contoured, unit: dagpm), 10- to 30-day filtered geopotential height (color shaded, unit: gpm) at 500 hPa and the 10- to 30-day filtered wind at 850 hPa (vector, unit: m/s; only locally statistically significant (>95%) vectors are shown) during the rainfall QBWO events, the dotted area indicates that it has passed the 95% confidence test. (A–H) represent day -7 to day 7, with 2-day interval.
The Precursory Signals of the Precipitation QBWO Events
The aforementioned research analyzes the variation of circulation during QBWO of precipitation. In order to figure out the precursory signal of the precipitation oscillation process, it is necessary to further analyze the circulation characteristics before the precipitation of QBWO events. Figure 6 shows the evolution of the quasi-biweekly geopotential height in the northern hemisphere from 30 days before the peak of quasi-biweekly precipitation in southern China to the peak day. From day -30 to day -10 (Figures 6A–E), there are obvious quasi-biweekly geopotential height abnormalities in the North Atlantic. At day -30 (Figure 6A), there is a significant positive geopotential height anomaly in the North Atlantic Ocean south of Greenland, negative anomalies on the east and west sides, and obvious wave trains in the mid-high latitudes. The distributions of geopotential height tendency show that the wave train has the characteristics of eastward shifting. The east side of the center of the positive geopotential height anomaly usually shows positive tendency [image: image] and the negative tendency (\[image: image] on the west side, thus guiding the positive potential height center to move eastward. At day -20 (Figure 6C), the south of Greenland converted to a negative geopotential height anomaly, and the east of the North Atlantic Ocean became a positive anomaly. At −15 days (Figure 6D), the positive anomaly in the eastern North Atlantic Ocean further strengthened and moved eastward to western Europe. At −10 days (Figure 6E), there is still a significant oscillation signal over the North Atlantic Ocean. Similar to −30 days (Figure 6A), the positive anomaly center south of Greenland and the negative anomaly centers on both sides. From −5 days to 0 days (Figures 6F,G), the signal over the North Atlantic Ocean is relatively weakened. It should be noted that from −30 days to -10 days, there is no significant signal of geopotential height anomalies in East Asia, and only during the occurrence of precipitation QBWO events (about day −7 to day 7), there is a local response. Therefore, it may be more reasonable to choose the abnormal geopotential height of the North Atlantic as the premonitory signal of the 10- to 30-day oscillation of summer precipitation in southern China.
[image: Figure 6]FIGURE 6 | Composite quasi-biweekly geopotential height (shaded, unit: gpm) and its tendency distribution at 500hPa (contoured, unit: gpm/d) in the northern hemisphere from day -30 to day 0, the dotted area indicates that it has passed the 95% confidence test. (A–G) represent day -30 to day 0, with 5-day interval.
To reveal the propagation characteristics of the geopotential height anomaly, the time–longitude profile of the average quasi-biweekly geopotential height between 40°N and 60°N is further analyzed (Figure 7). At day −30, an anomalous positive center is located near about 50°W, that is, over the North Atlantic south of Greenland, with negative anomalies on the left and right sides. Both the positive and negative anomaly centers move eastward day by day. At day 0, the positive anomaly center propagates to 60°E near the Ural Mountains, and the zonal propagation velocity is about 3–3.5° longitude per day. About 10 days before the peak day of quasi-biweekly precipitation, the signal of the geopotential anomaly center began to weaken, and after the peak day, there was no obvious propagation characteristic. Combined with the evolution of the quasi-biweekly geopotential height in the northern hemisphere (Figure 6) and the 850 hPa wind field (Figure 5), the Ural Mountains are controlled by abnormal anticyclone during the active period of quasi-biweekly precipitation. To the east of the Ural Mountains, the geopotential height anomaly distribution characteristics of “−” “+” “−” “+” are formed from high to low latitude. The north of Lake Baikal is controlled by an abnormal low pressure system, indicating that the polar vortex is moving southward, while the abnormal anticyclone near Lake Baikal guides the cold air from the high latitude to southern China. At the same time, southwest and southeast winds transport the warm and humid air from the South China Sea and the Western Pacific to southern China, where the cold and warm air meet and form precipitation.
[image: Figure 7]FIGURE 7 | Composite temporal-longitude profile of quasi-biweekly geopotential height averaged from 40°N to 60°N at 500 hPa from day -30 to day 0 (unit: gpm), the shadowed area indicates that it has passed the 95% confidence test.
Furthermore, the midlatitude North Atlantic geopotential height is selected for EOF analysis for its main modes. The first mode (EOF1, Figure 8A) is mainly characterized by anomalous geopotential height of the North Atlantic Ocean south of Greenland and its opposite phases on its east and west sides, and the variance contribution of EOF1 is 16.4%. The distribution of EOF1 is similar to the quasi-biweekly circulation pattern at 500 hPa over the North Atlantic 20 days before the peak day of precipitation QBWO events (Figure 6C), and it is opposite to the pattern over the previous 30 days (Figure 6A). Will the abnormal geopotential height in the previous period lead to the response of precipitation in southern China? To answer this question, we first selected typical events of abnormal geopotential height at 500 hPa over the North Atlantic according to the method described in the Data and Method and found that a total of 63 typical QBWO events of geopotential height occurred in the North Atlantic region. A composite analysis of these events found that the wet phase of quasi-biweekly precipitation in southern China appeared at a lag of about 20 days (Figure 8B), while the quasi-biweekly dry phase appeared at a lag of about 30 days (Figure 8C). This is consistent with the previous conclusions and further confirms that the quasi-biweekly geopotential height anomaly over the North Atlantic Ocean can be used as the precursory signal of the quasi-biweekly precipitation in southern China.
[image: Figure 8]FIGURE 8 | First mode [EOF1, (A)] of the EOF analysis of 10–30-day filtered geopotential height at 500hPa over the North Atlantic Ocean and the composition of quasi-biweekly precipitation (unit: mm/d) based on the geopotential height QBWO events with 20-day lag (B) and 30-day lag (C).
DISCUSSION
This article reveals the basic characteristics of the 10- to 30-day oscillation of summer precipitation in southern China and points out that the 500 hPa quasi-biweekly geopotential height anomaly over the North Atlantic Ocean can be used as the precursory signal of the quasi-biweekly precipitation process. This meaningful conclusion can provide an important theoretical basis for the extended forecast of precipitation process in southern China. Regarding the influence of the North Atlantic Ocean on the weather and climate characteristics of East Asia, previous studies have mostly analyzed its influence on the interannual and interdecadal scales from the perspective of atmospheric teleconnection (Sung et al., 2006; Wu et al., 2012; Feng and Sun, 2013; Liu et al., 2015; Zhou et al., 2020). This article focuses on the process of North Atlantic geopotential height anomaly affecting quasi-biweekly precipitation in China at the intraseasonal scale, which is a significant difference from other studies.
CONCLUSION
Persistent disaster weather events are closely related to the quasi-biweekly activity of the atmosphere, and the summer precipitation in the Asian monsoon region has significant ISO characteristics. Based on observation data, it is found that southern China is a key area of precipitation QBWO in the monsoon region. There is no significant change in the large-scale circulation background with the quasi-biweekly evolution of precipitation. However, on the quasi-biweekly scale, there are obvious anomalies of the geopotential height, which shows the characteristics of eastward propagation in the midlatitude and the northward propagation in the low latitude. During the active period of the precipitation QBWO events, the quasi-biweekly cyclone controls southern China. The southwesterly wind and southeasterly wind carry water vapor from the South China Sea and northwest Pacific to southern China, respectively, which is conducive to the generation of precipitation.
By analyzing the precursory of the precipitation QBWO events, it is found that 500 hPa geopotential heights over the North Atlantic south of Greenland is obviously the positive anomaly, and it is the negative anomaly on both east and west sides 30 days before the peak day of precipitation. The wave train propagates eastward slowly. When the quasi-biweekly rainfall occurs in southern China, the geopotential height from the North Atlantic moves to the vicinity of the Ural Mountains. The negative quasi-biweekly geopotential height anomaly occurs in the high latitude area of the Asian continent ahead of the wave train, and the positive geopotential height anomaly occurs in Lake Baikal. This circulation situation leads the high latitude cold air southward and joins with the south warm and humid air flow to form persistent precipitation.
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