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This article investigates the climatic characteristics of Meiyu over the Yangtze-Huaihe River Basin and the primary impact system based on Meiyu onset data from 1954 to 2020, precipitation during the Meiyu Period, NCEP/NCAR reanalysis data, sea surface temperature (SST) data of NOAA, and western Pacific subtropical high (sub-high) data provided by the National Climate Center. The main analytical method used is synthetic analysis. The results indicate that the Meiyu onset date has enormous interannual variation. The date of the earliest Meiyu emergence is 27 days prior to the latest. There is a strong relationship between the duration of Meiyu and rainfall. The start of Meiyu correlates with the northward motion of the South Asia High, the northward jump of the westerly jet, the northward jump of the subtropical high, and the northward motion of the low-level jet. In the early Meiyu years featured in this study, the northward jump of the aforementioned systems occurred earlier and the position of the westerly jet shifted from 34–35°N to 38–40°N, which is much further north than its position under typical climatic circumstances. From late May to early June, the subtropical high was extraordinarily powerful, the ridgeline reached 20°N, and its position was further to the north. In years with a late Meiyu onset, the position of the westerly jet and the ridgeline were further south than the climatological average from early to late June; the jump to the north was not evident until late June. In addition, SST anomalies of the Indian Ocean and Pacific Ocean are significant external forcing variables that influence the Meiyu start date. The high SST of the equatorial Indian Ocean and the equatorial tropical eastern Pacific in the autumn of the preceding year and the high SST of the equatorial Indian Ocean in the spring of that year are prophase indicators of an early Meiyu start in the Yangtze-Huaihe River Basin.
Keywords: Meiyu over the Yangtze-Huaihe River Basin, Meiyu onset date, abnormal circulation, subtropical high, South Asia high
1 INTRODUCTION
Meiyu is a climatic phenomenon characterized by persistent rainfall in June and July in the middle and lower reaches of the Yangtze River in China, Taiwan, south-central Japan, and southern Korea (Ding et al., 2007). The seasonal rainy period in early summer in East Asia is described differently in different regions and is referred to as Meiyu in China, Baiu in Japan (Takaya et al., 2020), and the “Changma” season in Korea (Choi et al., 2020). Meiyu is closely related to the interannual variability of the East Asian summer wind circulation; the early start and duration of Meiyu and the amount of rainfall it brings are significantly influenced by East Asian atmospheric circulation (Huang et al., 2012; Sun and Li, 2019; Tang and Li, 2020). According to extensive previous studies, China’s rainbands experience two northward jumps and three stagnations (Ding et al., 2007), and in early June, the East Asian summer winds advance northward and the rain belt moves from South China to the Jianghuai basin. The summer Meiyu anomaly is the main cause of flooding in eastern China (Liu et al., 2013), and flooding can bring great harm to various industries (Zhou et al., 2019). Therefore, there is great significance, for short-term climate prediction, in studying the climatic characteristics of Meiyu anomaly years and analyzing the influence of the East Asian summer wind, so as to make accurate forecasts for Meiyu anomaly years, which can greatly reduce people’s losses.
Many previous studies have been conducted on the influence of East Asian summer winds on anomalous Meiyu years. According to previous studies, the main influence systems in the upper troposphere are the South Asian high and the subtropical westerly jet stream. The time of the northward jump, the area, and the intensity of the South Asian high and the time of the two northward jumps of the subtropical westerly jet are closely related to the duration of Meiyu in China (Liu et al., 2007) and the time of Meiyu onset (Li et al., 2015). The influence system of the middle troposphere is mainly the large-scale circulation and western Pacific subtropical high. The subtropical high transports a large amount of water vapor to the eastern part of China, so the time of the westward extension and the northward jump of the subtropical high have a significant influence on the location of the main rain belt in China (Zhao et al., 2018), and while the circulation at middle and high latitudes determines whether the cold air moves southward, both determine the duration of Meiyu (Luo et al., 2019). Low-level circulation mainly determines whether the location of the low-level jet is conducive to precipitation. Chinese Meiyu is influenced by the early and late outbreak of the Somali rapids and the South China Sea summer winds (Li and Wu, 2002). In addition, Meiyu is also influenced by precursors, including SST anomaly, soil moisture anomaly, snow cover anomaly, etc. (Chen et al., 2020; Xu et al., 2021; Zhao et al., 2021). SST anomaly is one of the most important factors; by influencing the circulation system of the East Asian summer monsoon, it further affects Meiyu over the Yangtze-Huaihe River Basin. The interannual variation of the East Asian summer wind circulation and sea surface temperature led to a significant difference in the start and end dates of Meiyu in the Jianghuai region between 1954 and 2020. This paper discusses the following questions: what are the characteristics of the early and late entry and exit of Meiyu in the Jianghuai region in the past 67 years; what are the characteristics of the East Asian monsoon circulation in the anomalous years; and what is the influence of the precursor SST on Meiyu, and which region’s SST has a greater impact.
This paper analyzes the climatic characteristics of Meiyu in Jianghuai regions from 1954 to 2020, focusing on the climatic characteristics of the start and end of Meiyu anomalies and the systematic analysis of East Asian summer winds. On this basis, the correlation between the Meiyu onset date and the SST in different periods is analyzed. The key SST area was selected to analysis the influence of SST on the western Pacific subtropical high index and the start and end dates of Meiyu. The conclusion has great significance in predicting Meiyu in the Yangtze-Huaihe River Basin.
2 DATA AND METHODS
In order to display the contribution of the weather system and SST, the following datasets are employed:
(1) According to the division of Meiyu regions provided by the National Climate Center’s “Operational Regulations for Meiyu Monitoring,” the Meiyu regions in China are divided into three regions: Jiangnan region, Yangtze region, and Jianghuai region. In this paper, analysis is mainly carried out on Meiyu in the Jianghuai region, represented by Jiangsu and Anhui, and data relating to Meiyu onset dates in Jiangsu and Anhui from 1954 to 2020 are collated and used. (2) The first set of reanalysis data from the National Centers for Environmental Prediction and National Center for Atmospheric Research (NCEP/NCAR): height field, wind field, and relative humidity field with a horizontal resolution of 2.5° [image: image] 2.5°; (3) the global ERSST_V5 SST reconstruction data from the National Oceanic and Atmospheric Administration (NOAA) with a horizontal resolution of 2.0° [image: image] 2.0°; and (4) the western Pacific subtropical high intensity, area, ridge line, and westward-extending ridge point information provided by the National Climate Center. (5) The climatic averages of height and wind fields in this paper are adopted from 1981 to 2010.
In order to analyze the influence of key weather systems on the annual pattern of Meiyu and explore the indicators of forecasting significance, this paper conducts a synthetic analysis of the circulation situation in the years that saw abnormal Meiyu onset, focusing on the differences between the circulation situation in the early and late years of Meiyu on June 5 (the average Meiyu start date in early years), June 17 (the average Meiyu start date in climatic average years), and June 28 (the average Meiyu start date in the late years) respectively, and analyzes the influence of key systems on the day of Meiyu entry.
3 ANOMALOUS CHARACTERISTICS OF THE START DATE OF MEIYU IN JIANGHUAI
The standardization of the Meiyu onset date, the duration of the Meiyu period, and the interannual variation of the amount of rainfall during Meiyu in the Jiangsu Province from 1954 to 2020 (the figure of Anhui Province is omitted) are shown in Figure 1. There are significant interannual variations in the onset date of Meiyu, the duration of the Meiyu period, and the amount of rainfall during Meiyu in the Jianghuai region, and there is a significant correlation between the onset date of Meiyu, the duration of the Meiyu period, and the amount of rainfall during Meiyu. The correlation coefficients of the onset date of Meiyu and the duration of the Meiyu period in Anhui and Jiangsu are −0.47 and −0.53, respectively. The correlation coefficients of the onset date of Meiyu and the amount of rainfall during Meiyu are −0.24 and −0.30, respectively. Thus, the duration of the Meiyu period is usually longer and the amount of rainfall during Meiyu is generally greater when the onset date of Meiyu is early, so it can be seen that early and late Meiyu start dates have greater influence on the duration of the Meiyu period and the amount of rainfall during Meiyu in that year, especially in years when the onset date of Meiyu is unusually early and late, which is a key factor in the ruling of “extreme Meiyu.” At the same time, it can be found that the correlation between the start date of Meiyu and the duration of Meiyu is higher than its correlation with the amount of rainfall duringMeiyu, mainly because the early onset of Meiyu generally causes the end of Meiyu rain to occur later, and the amount of rainfall during Meiyu rain is related to the precipitation characteristics during the Meiyu period. Therefore, the analysis of the anomalous characteristics of Meiyu is important for the prediction of the Meiyu onset date. Taking 0.9 times standard deviation as the standard, the year when the two provinces’ Meiyu onset days were less than 0.9 times standard deviation was selected as the early year, and the year when the two provinces’ Meiyu onset days are more than 0.9 times standard deviation was selected as the late year of Meiyu onset. See Table 1 for abnormal years. The average onset date of Meiyu in the last 67 years in Jiangsu and Anhui was June 17, and the average end date was July 12. Among them, the earliest start date was June 3 (1956) and the latest was June 30 (1965), with a difference of 27 days between the earliest and latest entry dates. This shows that the onset date varies significantly each year. According to the statistics, early and late years of Meiyu onset are 8 and 6 years, respectively.
[image: Figure 1]FIGURE 1 | (A) Standardized time series of the onset date of Meiyu and the duration of Meiyu (the dotted line represents 0.9 times the standard deviation) in Jiangsu from 1954 to 2020 (B) Rainfall during Meiyu period and the onset date of Meiyu (The bar represents the duration of Meiyu and rainfall during Meiyu, and the broken line represents the onset date of Meiyu).
TABLE 1 | Statistics of the Meiyu onset dates over the Yangtze-Huaihe River Basin from 1954 to 2020.
[image: Table 1]4 THE RELATIONSHIP BETWEEN THE MEIYU START DATE AND KEY WEATHER SYSTEMS
Summer wind activity in East Asia has a significant influence on the interannual variation of Meiyu. Different levels of circulation systems change significantly before and after the onset and end of Meiyu, such as the northward enhancement of South Asian high pressure and the northward jump of subtropical high pressure; accompanied by the stabilization and maintenance of the low-level jet and the formation of the Meiyu bands, this is a comprehensive reflection of the multi-scale weather systems. Therefore, different levels of weather systems play key roles in the formation of the rainy season, and changes in these systems determine the beginning and end of the rainy season.
4.1 The influence of the upper tropospheric South Asia High on Meiyu anomaly
The main influence system of the upper troposphere for Meiyu is South Asian high pressure, located in southern Asia, which is a strong and stable center of atmospheric activity and is an important part of the Meiyu weather system. The time, area, and intensity of South Asian high pressure starting to jump north and east in summer are closely related to the time of Meiyu onset in China (Liu et al., 2007). Figure 2 displays the analysis of the 200 hPa height occasion at different times of Meiyu; it shows that on June 5, the west ring of South Asian high pressure in the early Meiyu year was further west and slightly further north compared with climatic average years and the average late year, indicating that South Asian high pressure was established in the early Meiyu year and moved northward earlier, but its east ring does not show a strong advantage. On June 17, South Asian high pressure in the early Meiyu onset year was further north compared with the climatic average year and the average late year, and the east ring, in particular, was more pronounced. The position of the ridge of South Asian high pressure was close to that of -climatic average years and the late year, the position of the eastern extension of South Asian high pressure was close to that during climatic average years and the early year, and the ridge of South Asian high pressure in climatic average years and the late year was further north and east compared with June 5. On June 28, there was little difference between the position of the ridge line of South Asia high pressure in the early year, climatic average years, and the late year, indicating that Meiyuonset occurred at this time in each of the years. The changes and differences in the positions of South Asian high pressure on the anomalous and average onset days indicate that South Asian high pressure has a close relationship with the beginning and the progress of Meiyu, and the early and late jump of inSouth Asian high pressure to the north affects the early and late start of Meiyu.
[image: Figure 2]FIGURE 2 | Comparative analysis of 200 hPa geopotential height (A). June 5th, (B). June 17th, (C). June 28th, unit: gpm) (Shaded area: the difference between early years and late years, contour: South Asia High (12500 gpm), blue: early years, red: late years, black: climatic average).
Another difference between the early and late years is that 200 hPa height fields also have obvious features and differences at certain times, the most obvious being that between June 5 and 17 on the north side of the high pressure in South Asia, distribution is "+-+", the Iranian plateau and the vicinity of Japan show a significant positive distribution, and the rest of the areas have negative distribution. The positive center on June 17 in the Iranian plateau decreased compared with the central value on June 5, and the positive center on the island of Japan increased compared with the 5th, and the center moved westward to the north China plain area. By June 28, there was no obvious positive or negative zone between the two height differences, and the situation was already relatively close in different years. Therefore, the difference between the early and late 200 hPa height fields is mainly manifested in early and mid-June, and the early height field near Japan is strongly correlated with the early onset of Meiyu, which is indicative of the early arrival of Meiyu.
The East Asian subtropical westerly rapid is a high-value wind speed zone located in north of the South Asian high pressure. Generally speaking, the time of the second northward jump of the westerly jet stream is closely related to the time of Meiyu onset in Jianghuai (Li et al., 2004). This article presents a synthetic analysis of the subtropical westerly jet stream in the years of early and late Meiyu onset. As shown in Figure 3, in the early onset year (Figure 3A), the center of the westerly rapid and the climatic mean state were close to each other before June 4, but after June 4, there was an obvious northward jump, and the rapid axis jump from 34°N to 38°N was obviously further north than the climatic mean state of the westerly rapid, which corresponded to the early start of the Meiyu in Jianghuai and Huaihua. In the late onset year (Figure 3B), the position of the westerly rapids from early to mid-June was stable at nearly 35°N, which was close to the climatic average position, and the wind speed of the rapids axis was slightly lower than that in the early onset year, with the central wind speed about 35 m/s. In late June, the westerly rapids axis jumped significantly northward, which corresponded to the late onset date. Therefore, the differences in the distribution of 200 hPa latitudinal winds between the early year, climatic average years, and the late year are obvious, fully reflecting the close relationship between the westerly rapids and the early and late onset of Meiyu.
[image: Figure 3]FIGURE 3 | East Asia 110°-120°E average of 200 hPa zonal wind anomaly (unit: m/s) time-latitude cross sections in abnormal years of Meiyu onset (A): early years (B): late years The shaded area is the anomaly, and the dashed (solid) line represents the 30 m/s, 35 m/s contour of the climatic average in abnormal years.
The differences between South Asian high pressure and the westerly jet stream in the upper troposphere in the abnormal Meiyu onset year show that before the onset of Meiyu in the Jianghuai region, the upper East Asian summer wind circulation system underwent a rapid adjustment, with the southern high pressure gradually pushing northward, strengthening the center and increasing the area; the westerly jet stream took a second jump northward, from 34–35°N to 38–40°N, and maintained its position steadily or gradually moved northward. In general, in early Meiyu onset years, high pressure in South Asia is north-westerly and the westerly rush adjusts northward earlier, while the opposite is true of late Meiyu onset years.
4.2 The influence of mid-level subtropical high pressure on Meiyu anomaly
The 500 hPa height field is representative of the mid-tropospheric circulation system, and the main object of study is the large-scale circulation situation and the characteristics of the western Pacific sub-high. The analysis of the 500 hPa height field at different times in anomalous years (Figure 4) shows that on June 5, in early Meiyu onset years, the blockage in the middle and high latitudes of Europe and Asia is obvious, the positive height leveling area is located in the Ural Mountains and the East Siberian mountains, and the negative leveling area is located from the West Siberian plain to the Central Siberian plateau; the position of the sub-high is further west and north than the climatic average position, but the intensity is weaker than in climatic average years (Figure 4A). On June 17, the circulation situation in the middle and high latitudes of Eurasia still maintained an obvious double blocking high pressure, and the positive height deviation level located in the Ural Mountains was further strengthened, the ridge position and westward extension of the ridge point of the sub-high was close to that in climatic average years, and the intensity was less than in climatic average years (Figure 4B). On June 28, the blockage of the circulation in the middle and high latitudes of Eurasia weakened, the flat westerly zone was dominated by the circulation, and the position of the sub-high was close to the climatic average position (Figure 4C). In summary, the early westward extension of the sub-high’s northward jump is conducive to the early onset of Meiyu in the Jianghuai and Huaihua areas. In addition, the early onset of Meiyu shows a clear blockage of high-latitude circulation at different times in June, while mid-latitude circulation is flatter and straighter, and the sub-high maintains a longer period of stability and less movement.
[image: Figure 4]FIGURE 4 | The characteristics of the 500 hPa geopotential height (unit: gpm) in the early and late years of the Meiyu onset date in the Yangtze-Huaiher River Basin (Shaded area: anomaly, black solid line: height field, gray dotted line: climatic average position of subtropical high). (A): June 5th in early years (B): June 17th in early years (C): June 28th in early years (D): June 5th in later years (E): June 17th in later years (F): June 28th in later years.
The situation surrounding circulation in the middle troposphere and the characteristics of the western Pacific subsurface are significantly different to those in the early year; the position of the sub-high in the late year, on June 5 (Figure 4D), is significantly more easterly and southerly than the climatic average position, and the latitudinal circulation is dominant at high latitudes, and the coastal trough is controlled in the Jianghuai region, which is not conducive to the onset of Meiyu in the Jianghuai region. On June 17, the position and intensity of the sub-high (Figure 4E) were close to those in climatic average years, but the height field in the middle and high latitudes of Eurasia became obviously negative, and the coastal trough was still controlling the Jianghuai area. By June 28 (Figure 4F), the sub-high was close to normal, and the coastal trough in the JH region disappeared and turned into a flatter trough fluctuation type. The circulation situation is conducive to the onset of Meiyu.
The blockage is a prerequisite for the onset of Meiyu as it is conducive to the accumulation of cold air and provides favorable cold air transport for the occurrence of heavy rainfall during the Meiyu period. The characteristics of the western Pacific sub-high are also significant in the onset of Meiyu in Jianghuai and Huaihua, and it, therefore, deserves further discussion. The study shows that the time of the second northward jump of the subsurface corresponds with the end of Meiyu in Jianghuai (Liu et al., 2013). As shown in Figure 5, the ridge of the sub-high in the early year (Figure 5A) was significantly further north than in climatic average years and it was generally maintained north of 19°N. Between June 25 and June 29, the sub-high suddenly jumped north, and the ridge position was adjusted from 19°N to 23°N (Figure 5B), which was the same time as the northward jump of the upper jet at this time in the late Meiyu onset year in the Jianghuai region. It can be seen that the position and time of the northward jump of the sub-high ridge have a strong relationship with the start of Meiyu in the Jianghuai region. The sub-high ridge jumps northward early and stably maintains a more northerly position in the year of early Meiyu onset, while the sub-high ridge is more southerly than the climatic average position in the year of abnormally late Meiyu onset and surpasses 20°N later.
[image: Figure 5]FIGURE 5 | 110°-140°E average of 500 hPa geopotential height time-latitude cross sections in the early and late years of Meiyu onset (A): early years (B): late years (The shaded area is the anomaly, and the dashed (solid) line represents the climatic average position (abnormal year) of the subtropical high ridgeline).
4.3 Influence of the low-level jet on the early and late onset of Meiyu
The trans-equatorial flow in the low-level system, the early and late summer wind outbreak in the South China Sea, and the strength of the low-level rapids all reflect the water vapor supply, which has a significant influence on the early and late onset of Meiyu and the amount of precipitation in the Jianghuai region of China. According to Li Chongyin (Li and Wu, 2002), Ding Yihui (Ding et al., 2007), and others, the Bay of Bengal-Central Indian Peninsula-South China Sea region is the main water vapor supply zone during the Meiyu period in China, and the time of the summer wind outbreak in the South China Sea, the time of the establishment of the Somali equator crossing, and the date of Meiyu onset are closely related. Figure 6 shows the comparison of the 850 hPa wind field at different stages of the years of the Meiyu onset anomaly. As shown in the figure, on June 5 of the early year (Figure 6A), there was a southwest wind anomaly in the Somali Basin, a significant westerly wind anomaly in the water vapor conveyor belt of the Bay of Bengal-Central Indian Peninsula-South China Sea, and significant anticyclonic anomalous circulation over the western Pacific Ocean off the eastern coast of China. In the late year (Figure 6D), there was a northwesterly wind anomaly on the sea surface of the southern coast of China and cyclonic abnormal circulation on the sea surface of the eastern coast; thus, the outbreak of trans-equatorial flow in the early year was earlier than in the late year, and the anticyclone intensity east of the Philippines was stronger than in the late year. The supply of low-level water vapor was more abundant on June 5 in the early year, which was favorable to Meiyu onset. On June 17 (Figure 6B), when Meiyu began, the southwesterly low-level jet in Guangxi and the middle and lower reaches of the Yangtze River were unusually strong, which was conducive to the transport of water vapor and the maintenance of Meiyu in the Jianghuai region. The low-level wind field from the Bay of Bengal to the Indian Peninsula and the South China Sea is controlled by anticyclones, and the west of Jianghuai is controlled by an abnormally strong northwesterly wind field. The low-level circulation configuration is still unfavorable for water vapor transportation to the Jianghuai area, which, in turn, is unfavorable to the onset of Meiyu in the Jianghuai area. On June 28, in both abnormally early Meiyu years and abnormally late Meiyu years, there are no obvious system and element anomalies in low-level circulation, which means that both are closer to the average-climate situation.
[image: Figure 6]FIGURE 6 | 850 hPa wind field (unit: m/s) anomalies in the early years (A), (B), (C) and late years (D), (E), (F) of the Yangtze-Huaihe River (A), (D): June 5th; (B), (E): June 17th; (C), (F): June 28th).
The location, duration, and high humidity zone of the low-level rapids determine the time of the onset of Meiyu and the duration of the Meiyu period, and the change of the 850 hPa high relative humidity zone is an indicator of the distribution of water vapor, and is a reference basis on which the start and end of Meiyu can be determined. In the early year (Figure 7A), from late May to early June, the high relative humidity zone was stable at nearly 26°N. The low-level jet was enhanced from early June, the southwesterly wind was obviously strengthened, and a steady stream of water vapor was transported to the Jianghuai region. The high relative humidity zone was pushed northward to around 28–32°N on June 7, when Meiyu started in Jianghuai, and a continuous high humidity and rapid convergence zone appeared in the region. In the late year (Figure 7B), before June 20, the low-level jet in the range of 110°–120°E was not significantly enhanced, the southwesterly wind was obviously weak, and the high relative humidity zone was located around 25–28°N until late June. When the low-level rapids appeared significantly northerly, the high humidity zone was pushed further north to around 28–30°N, and Meiyu began in the Jianghuai and Huaihua areas.
[image: Figure 7]FIGURE 7 | 110°-120°E average of 850 hPa relative humidity (shadow, unit: %) and wind field (unit: m/s) time-latitude cross sections in the early and late years of Meiyu onset (A): early years (B): late years.
From the above analysis, it can be concluded that the strength of the trans-equatorial jet stream—especially the Somali rapids, the early and late outbreak of the South China Sea summer winds, and the location and intensity of the Philippine anticyclone—has important effects on the levels of water vapor in the Jianghuai region. When the Somali rapids and the South China Sea summer winds break out early, and when the intensity of the Philippine anticyclone is greater, water vapor in the Jianghuai region of China is more abundant, which is conducive to the earlier onset of Meiyu. Meanwhile, the distribution of low level water vapor and the northward jump of low-level rapids also have a strong correspondence with the time of Meiyu onset.
5 PRECURSOR SIGNAL OF EARLY AND LATE MEIYU IN THE JAC REGION
In addition to the internal dynamic processes, atmospheric circulation anomalies are also influenced by external forcing signals. For China, SST, snow cover, and soil moisture are the main factors considered, and this paper focuses on the influence of SST anomalies on the day of Meiyu onset in the Jianghuai region. As shown in Figure 8A, the day of Meiyu onset in the Jianghuai region is significantly negatively correlated with the tropical Indian Ocean and the central-eastern equatorial Pacific Ocean and significantly positively correlated with the north Pacific Ocean in the previous autumn (September-November). The correlation between the day of Meiyu onset and the SST in the previous winter (December-February) (Figure 8B) has changed significantly compared with the spring, with a negative correlation in the ocean north of the equator and a positive correlation in the ocean south of the equator; the area with the strongest correlation is the Arabian Sea-Gulf of Bengal—South China Sea area, with a significant negative correlation. The correlation distribution between the day of Meiyu onset and pre-spring (March-May) SSTs (Figure 8C) is almost opposite to that in autumn, with a positive correlation in the Indian Ocean and South Pacific regions and a negative correlation in the North Pacific region.
[image: Figure 8]FIGURE 8 | The distribution of correlation coefficients between the sea surface temperature in the early autumn (A), winter (B), and spring (C), and the Meiyu onset date from 1954 to 2020 (the dotted area passed the 99% T-test).
The Indian Ocean and Pacific Ocean SST anomalies mainly affect the East Asian subtropical summer wind, which, in turn, affects summer precipitation in the Jianghuai region (Li et al., 2007). The Indian Ocean transports a large amount of warm and humid water vapor to China, which can significantly affect precipitation in the middle and lower reaches of the Yangtze River. In the following spring and summer, the ENSO signal is retained through a “discharge” effect, which causes the western Pacific subsurface to maintain an abnormally strong state, favoring the weak Indian summer winds and high summer precipitation in the middle and lower reaches of the Yangtze River (Wang et al., 2000; Yang et al., 2008). Therefore, the key SST zones in the Indian and Pacific Oceans are selected for analysis of their influence on the day of Meiyu onset.
From the analysis of Figure 9, it is clear that early and late Meiyu onset dates are best correlated with the Indian Ocean and the eastern Pacific Ocean. The mean SSTA of the (10°S- 10°N, 60°- 100°E) region is selected to represent the equatorial Indian Ocean region (Zone I); the mean SSTA of the (15°-25°N, 60°-130°E) region represents the Bay of Bengal—South Sea region (Zone II); the (5°S-20°S, 150°-80°W) region and the (0°-20°S, 120°-80°W) region represent eastern equatorial Pacific region (Zones III and IV). The correlation coefficients of autumn, winter, and spring SSTs in key zones with the characteristic parameters of the western Pacific subtropical high pressure in June and the day of Meiyu onset are further analyzed, and the data of the more strongly correlated parts are shown in Table 2. As can be seen in Table 2, the correlation between autumn SST and subtropical high parameters in zone I is not strong, but there is a strong negative correlation with the day of Meiyu onset; this means that the higher the SST in Zone I in autumn, the earlier the day of Meiyu onset in the Jianghuai area in the following year. Although the correlation coefficient of winter SST in Zone I with the day of Meiyu onset is small, it is positively correlated with the high intensity and area of the sub-high and negatively correlated with the westward extension of the sub-high ridge; this means that the higher the SST in this area in winter, the higher the intensity and area of the sub-high in June of the following year and the more southerly the position of the sub-high. Therefore, the winter SST in Zone I has a significant influence on the western Pacific sub-high, but because the intensity and area are positively correlated and the position is negatively correlated, it is generally not strongly correlated with the day of Meiyu onset. In the correlation coefficients of SSTs in key areas (table omitted), the correlation between spring SSTs in Zone I and winter SSTs in Zone II is stronger, and they are negatively and positively correlated with the ridge of the sub-high and positively and negatively correlated with the day of Meiyu onset respectively; this means that the lower the spring SSTs in Zone I, the higher the winter SSTs in Zone II and the more northerly the position of the sub-high in June of the following year. It also results in the transport of water vapor to the middle and lower reaches of the Yangtze River in China being more adequate than the same period and the day of Meiyu onset being earlier in the Jianghuai area. The SSTs of Zone III and Zone IV are significantly correlated, and the correlation between them and the parameters of the sub-high and the day of Meiyu onset is also consistent, both of them are positively correlated with the sub-high ridge and negatively correlated with the day of Meiyu onset in autumn and negatively correlated with the sub-high ridge and positively correlated with the day of Meiyu onset in spring. This indicates that the higher the SST in the eastern equatorial Pacific in autumn, the lower the SST in the following spring, and the more northerly the position of the sub-high in June, the earlier the onset of Meiyu in the Jianghuai region. Thus, SST is an important precursor of early and late Meiyu onset in the Jianghuai region.
[image: Figure 9]FIGURE 9 | Conceptual diagram of the key influence system for the Meiyu onset date over the Yangtze-Huaihe River Basin.
TABLE 2 | Correlation coefficients between partial seasonal SST anomalies in Zone I (Equatorial Indian Ocean), Zone II (Bay of Bengal-South China Sea), Zone III, and Zone IV (Eastern Pacific) from 1954 to 2020; the Western Pacific subtropical high in June of the following year; and the Meiyu onset date.
[image: Table 2]6 CONCLUSION AND DISCUSSION
The prediction of the beginning and end of Meiyu has always been the focus of forecasters. The onset of Meiyu in the Yangtze-Huaihe River basin is closely related to changes in different levels of weather systems and their advance to the north; in particular, being able to determine what is an “abnormal year” plays a key role and can provide scientific and technical support to the government, agriculture, and water conservancy as well as supporting other decision-making. In this paper, we analyze the characteristics of the changes in the key influencing systems of anomalous Meiyu onset years in Jiangsu and Anhui in the past 67 years using data on Meiyu, combined with NCEP/NCAR reanalysis data, and provide reference indicators and signals for Meiyu forecasting from different weather systems and SST. The results are as follows.
1) In the past 67°years, the time of Meiyu onset in the Jianghuai region has varied significantly inter-annually. Meiyu start time, duration, and total rainfall have a strong correlation; generally, early Meiyu leads to its longer duration and greater rainfall. The time of the northward movement of South Asian high pressure, the northward jump of the westerly rapids, the northward jump of the paramount, the high-value area of the low-level relative humidity, and the northward movement of the low-level rapids are closely related to the time of Meiyu onset.
2) In years with unusually early Meiyu onset, the South Asian high pressure and the western Pacific sub-high jumped significantly north from late May to early June, and the westerly rapids jumped from 34–35°N to 38–40°N and remained stable at higher latitudes and significantly further north compared with its climatic average position. The sub-high was unusually strong at the beginning of June, and the position of the ridge of the sub-high was significantly further north and surpassed 20°N between late May and early June compared with the climatic average position, and the time of the enhanced northward push of the low-level jet was also significantly early. In the late year, the westerly jet and the ridge of the sub-high were slightly further south than the climatic average position from early June to late June and did not jump significantly north until late June.
3) SST anomaly in the early stages is an important external forcing factor affecting the early and late onset of Meiyu, among which, the impact of SST anomaly in the Indian Ocean and the Pacific Ocean is the most significant. When the SST of the equatorial Indian Ocean is high in the autumn, Meiyu starts early in the Jianghuai region. When the SST of the equatorial Indian Ocean is high in the spring, the SST of the Bay of Bengal-South China Sea is usually low in winter, and the position of the sub-high in June of the following year is further north compared with the climatic average position, which leads to Meiyu starting early in the Jianghuai region. When the SST of the eastern equatorial Pacific Ocean is high in the autumn, the SST of the region is often low in the spring of the following year, and the position of the sub-high in June is further north, so Meiyu starts early in the Jianghuai region. When the SST of the eastern equatorial Pacific region is high in the early autumn, the SST of the region is often low in the following spring, and the position of the sub-high is further north, so Meiyu starts early in the Jianghuai region.
4) The key systems and pre-SSTs that affect the date of Meiyu onset in the Yangtze-Huaihe River basin are combined in Figure 9 to establish the conceptual map of key influencing systems for early and late Meiyu onset in the Yangtze-Huaihe River basin, respectively, to provide ideas for Meiyu forecasting.
This study mainly focuses on the climatic characteristics and influence systems of anomalies in the start and end times of Meiyu in the Jianghuai region, but there are many issues, particularly the influence of the precursor, SST on the Meiyu onset date, which need to be further investigated.
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