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Abstract

:

The intraseasonal variations of summer precipitation anomalies in the Meiyu area of East Asia are analyzed by applying a combined empirical orthogonal function (CEOF) of the latest meteorological reanalysis data ERA5 of European Center for Medium-Range Weather Forecasts for the period from 1991 to 2020, and the circulation structures and sources of variability of CEOF are also investigated. The first mode of the intraseasonal variations shows an in-phase pattern over the Meiyu area in June, July, and August, accounting for 22.2% of the total variance in the intraseasonal variations of summer precipitation anomalies. The positive (negative) CEOF1 is accompanied by the negative (positive) East Asia/Pacific pattern, including strong westerly wind anomalies in the upper troposphere and southwest monsoon in the lower troposphere, and the Western Pacific Subtropical High extending westward and its ridge line slightly south. The positive CEOF1 is preceded by decay of El Niño episodes, including the abnormal warm sea surface temperature anomalies (SSTAs) in the equatorial Central-Eastern Pacific in spring and warm SSTAs in the equatorial Indian Ocean in summer. The second mode shows an opposite precipitation anomaly in June and July, and the distribution in August is not significant. The corresponding geopotential height circulation of positive CEOF2 shows the large negative anomaly in the region north of 40° N and a positive anomaly over Japan in June, whereas the pattern reverses in July. At the same time, there is a radical reversion from abnormal eastly to westly wind in the upper troposphere. The structure of CEOF2 is somewhat induced by local SSTAs over the Northern Indian Ocean and South China Sea.
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1. Introduction


The Meiyu area (MYA) is a concentrated area of East Asian subtropical summer rainfall, reflecting the characteristics of the East Asian summer monsoon (EASM) [1]. The most prominent feature of local precipitation is the Meiyu [2,3], which is also called Changma in Korea [4] and Baiu in Japan [5], a quasi-stationary rain belt from the lower reaches of the Yangtze River (LRYR) to southern Japan. It usually starts in mid-June and ends in mid-July, marking the beginning of the summer monsoon in the northern hemisphere subtropical regions and the beginning of the rainy season in East Asian temperate regions, respectively, showing its importance as a member of the EASM system [6]. The monsoon characteristics of summer precipitation, such as the start and end date of the Meiyu, the intensity of precipitation, and the appearance of the inverted Meiyu, can cause extreme meteorological disasters such as floods and droughts, which have huge socio-economic impact on the local area because of large population and intensive agricultural production in MYA [6]. For example, the Meiyu lasting 62 days in 2020 was the strongest summer precipitation in the Yangtze-Huaihe River basin (YHRB) of China since meteorological observations were recorded in 1961 [7,8], causing more than 140 dead or missing people and USD 11.75 billion of economic losses [9].



Due to the importance of summer precipitation and Meiyu in the local area, many scholars have conducted a lot of research on their variations. Multiple time scales are the characteristic for summer precipitation in MYA, including intraseasonal, interannual, interdecadal variations, and long-term trends [6]. On the intraseasonal time scale, the start and end of the Meiyu are mainly related to the northward jump of the Western Pacific Subtropical High (WPSH). The second northward jump of the WPSH represents the beginning of the Meiyu, and the third northward jump represents the end of the Meiyu season and the beginning of the rainy season in North China [1]. At the same time, Meiyu exhibits high-frequency oscillations of the periods about 10–20 d and 30–60 d, which are related to the quasi-biweekly oscillation (QBO) and the intraseasonal changes of the EASM [6,10]. On the interannual scale, precipitation in MYA and EASM both show a quasi-periodic variation of 2–9 a, of which the 3–4 a variation accounted for 53.4%. This period is similar to El Niño-Southern Oscillation (ENSO), the most important driving factor of the global climate interannual variability [6,11]. The precipitation in the subtropical region of East Asia is above ordinary in the summer following the peak of El Niño [12,13]. At the same time, the sea surface temperature (SST) of the Indian Ocean also plays an important role in the interannual variability of the ESAM [14]. Summer precipitation in East Asia, including Meiyu, experienced two interdecadal changes in the 1970s and 1990s that have been proven to be related to Pacific Decadal Oscillation (PDO) and Atlantic Multidecadal Oscillation (AMO) [15,16]. Studies on the long-term changes show that the Meiyu has an increasing trend in extreme heavy precipitation, but the duration of continuous precipitation decreases. This may be related to global warming, aerosol emissions, and urban effects [17,18,19,20]



Compared with other time scales, interannual variations of precipitation have direct impact on human society and are urgently required for accurate prediction. Sea surface temperature anomalies (SSTAs) are the largest interannual signals for the summer precipitation in East Asia, influencing different circulation systems in multiple latitudes and the lower-upper troposphere. The study of Xue [21] showed that in the year of La Niña, an abnormal cyclone occurred in the tropical West Pacific, accompanied by the northeastward drift of WPSH, and the circulation anomaly reached its peak in July, resulting in a zonal distribution of summer precipitation anomalies in East Asia. However, it had an asymmetrical meridional distribution for El Niño. At the same time, the relationship between ENSO and summer precipitation in East Asia is also modulated by PDO, AMO, and other long-term signals [22,23,24,25]. The warm SST over the equatorial Indian Ocean will also contribute to the wetter summer in YHRB of China by influencing the southwest jet stream and the tropical Western Pacific anticyclone [14,26]. A relatively new discovery is that the warm SST in the Arabian Sea in summer may lengthen Meiyu through the atmospheric bridge [27].



Previous studies have mostly focused on the interannual variation of Meiyu or total summer precipitation in MYA, but there have been relatively few studies in the middle and late summer. In the years of positive Meiyu anomalies, an obvious double-blocking high-pressure type is located to the east of Ural and to the east of Okhotsk Sea over midlatitudes, and the meridional circulation anomalies of “+ - +” from low latitudes to high latitudes are present. The SST is warmer in the North Indian Ocean and South China Sea [28,29]. Overall, 50% of the precipitation occurs in the non-Meiyu period in summer [30], which shows the importance of this residual precipitation in MYA. Meanwhile, the seasonal scale has a large span and the intensity of precipitation in different months is not always consistent with the total amount of summer. Nevertheless, studies about the intraseasonal distribution of the summer precipitation anomalies remain insufficient. For example, Yang’s study [31] shows that there is no significant consistency between the summer precipitation concentration and total summer precipitation in the eastern part of Northwest China. Chang and Zhang’s studies also show that the rainfall anomalies in LRYR and South China for different months in summer corresponding to the different circulation systems [32,33]. Thus, the present study aims to analyze the intraseasonal variation of the leading mode of summer precipitation anomalies in MYA, the corresponding circulation conditions, and SSTAs. Data and methods are in Section 2. The intraseasonal analysis of precipitation anomalies is in Section 3. Section 4 shows the circulation characteristics and SSTA signals. Finally, Section 5 includes the summary and discussion.




2. Data and Methods


2.1. Data


The main data in this study is the latest meteorological reanalysis data ERA5 of European Center for Medium-Range Weather Forecasts, including precipitation data, wind and geopotential data of multiple barometric layers, etc. The study of Tong [3] showed that ERA5 had similar climate mean, annual variance, and consistent interannual variation of precipitation to satellite data of the Tropical Rainfall Measuring Mission (TRMM) in Meiyu. It also solved the problem of lack of observation data at sea in MYA. On the other hand, the reanalysis data provide almost complete meteorological and climatic materials, which can better study the circulation field of precipitation variation. The spatial resolution of ERA5 is 0.25 × 0.25°. SST data is Extended Reconstructed Sea Surface Temperature V5 (ERsst V5) from National Oceanic and Atmospheric Administration (NOAA), with a spatial resolution of 2 × 2°.



In this study, we define the MYA as the region between 28° N–36° N and 110° E–140° E with heavy rainfall [3]. The monthly data of June, July, and August from 1991 to 2020 were used to analyze the intraseasonal variations of precipitation and circulation anomalies so that high-frequency oscillations could be removed as much as possible without losing the major characteristics of intraseasonal variations. Data were detrended and mean removed for each month, and 30-years mean from 1991–2020 was defined as the climatological mean.




2.2. Methods


2.2.1. Combined Empirical Orthogonal Function


Here is brief introduction to the main analysis method used in this article: combined empirical orthogonal function (CEOF). First, we spatially spliced the precipitation anomalies data in June, July, and August for each year and obtained precipitation anomaly data    X  3 m × n    , where  m  is the number of space points and  n  is in the number of years. Then we performed the traditional EOF calculation on    X  3 m × n    , and finally got the space matrix  V  and the time matrix  Z .    V j    is the  j  th mode of CEOF, which not only contains the spatial mode of monthly precipitation anomalies, but also includes the intraseasonal variation characteristics of the above modes from June to August.    Z j    is the corresponding   j    th time series (PCj) which demonstrates the interannual variation characteristics of    V j   . Equation (24) in North’s article [34] is used to identify if eigenvalues are significantly separated. CEOF also has some shortcomings, such as being greatly affected by the spatial grid and time length and easily affected by areas with large variations, so we have avoided these problems to the maximum extent through comprehensive analysis.




2.2.2. Regression Analysis



   Y = a Z + b   









 Y  and  Z  are the two elements of regression,  a  is the regression coefficient obtained by the least-squares method and  b  is the intercept.




2.2.3. Synthetic Difference Analysis


Synthetic difference analysis is the mean of selected positive anomalies (   X i   ) minus the mean of selected negative anomalies (   X j   ).


  Y =  1   n 1      ∑   i = 1    n 1     X i  −  1   n 2      ∑   j = 1    n 2     X j   











Regression analysis is mainly affected by the consistency of the plus or minus and the consistency of trend change, and it has defects in reflecting the extreme value. Conversely, synthetic difference analysis only reflects the characteristics of selected extreme years. Therefore, the combination of the two methods can better analyze the circulation and SST characteristics corresponding to the precipitation anomaly. Significance test adopts student’s t test with 90% confidence levels.






3. Characteristics of Precipitation in Summer


3.1. Mean and Standard Deviation of Precipitation


Figure 1a–c show that the peak of summer precipitation in MYA appeared in June, and the central areas were LRYR in China, the southern part of Japan and the ocean area, with the intensity of precipitation exceeding 12 mm/d. The intensity in Huaihe River basin (HRB) in China and the southern part of the Korean Peninsula were relatively low, about 2–4 mm/d. In July, the intensity of precipitation decreased, and the rain belt gradually disappeared and divided into two main areas: one was the YHRB of China and the other was the southern Japan-southern Korean, with an intensity of about 8–10 mm/d. In August, the precipitation weakened further, and the intensity in the whole region was 4–7 mm/d.



The standard deviation of precipitation also shows obvious intraseasonal variations (Figure 1d–f). In June, the standard deviation had two maximum regions, one was the LRYR in China and the other was in the south of Japan. In July, the range and the intensity of two large value regions decreased. The main variation areas in August were in the south of Japan and the south of the Korean, and the interannual variation of precipitation in August in China was weak.




3.2. The Intraseasonal Variations of Summer Precipitation Anomalies


There are two main intraseasonal modes by CEOF analysis of summer precipitation in MYA, both of which are significantly separated from others. Figure 2a–c show that the most striking feature of the first mode is the positive precipitation in the whole summer. In June, there was a zonal abnormal rain belt in the south of MYA. In July, the abnormal rain belt extended northward, reaching the south of Japan and south of Korea, which is consistent with the advance of Meiyu. Compared with July, the abnormal rain belt continued to move northward in August, but the intensity was weakened and anomalies on land area of China disappeared. The first mode accounts for 22.2% of total variance variations. Figure 3a shows that its time series (PC1) not only presents interannual variations, but also includes some interdecadal features. In the first decade of the study period, the positive phase was almost always present, then only one year had a weak positive phase from 2000 to 2011, and finally it changed to a strong positive phase in the last decade.



The second mode is very different from the first mode (Figure 2d–f). In June, the traditional high precipitation area was obviously weak, meanwhile some weak positive anomalies appeared from the HRB of China extending northeastward to southern Japan, presenting a south-north inversion pattern. The second mode is similar to the first mode with high precipitation regions in July, mainly located in the YHRB of China, southern Japan, and the offshore area. The precipitation in August was less again, and the negative value was mainly located in the HRB of China. The explained variance of the second mode is 11.5%, showing the “less, more, less” intraseasonal variation of summer precipitation anomalies, and its time series mainly presents the interannual variation (Figure 3b). It is worth noting that the most significant year of the second mode was 2020, and there was a sustained strong Meiyu event occurring in the YHRB of China in 2020, especially in Anhui and Jiangsu provinces, which is consistent with the characteristics of sustained heavy precipitation in the YHRB from June to July in the second mode.



In order to verify the authenticity of the modes calculated by CEOF, we selected five typical strong and weak years of two modes for synthetic difference analysis according to time series, respectively, and the pictures are shown in Figure 4. The difference patterns for typical years in PC1 (strong years: 1992, 1999, 2015, 2019, 2020; weak years: 2006, 2007, 2008, 2013, 2016) are very similar to the first mode, with more precipitation in the whole summer, and the positive center is consistent. The pattern correlation coefficient (PCC) of difference maps with the first mode for each month was 0.96, 0.99, 0.94, respectively, and the combined PCC of the whole summer was 0.97, showing the consistent spatial distribution of monthly precipitation anomalies and the intraseasonal variation of abnormal rain belt between the two methods. The difference for typical years in PC2 (strong years: 1991, 1993, 1996, 2007, 2020; weak years: 1992, 1994, 1995, 2012, 2017) and the second mode both show the consistent “negative, positive, negative” reversion, with spatial correlation coefficients of 0.98, 0.98 and 0.81, respectively. Although the region of negative precipitation was different in August, the combined PCC was 0.97, indicating the consistency of such intraseasonal variations.





4. Characteristics of Circulation and SST


4.1. Circulation Anomaly


The summer precipitation in the MYA is affected by WPSH, southwest monsoons, East Asian westerly jets, and other lower-to-upper troposphere and multi-latitude circulation systems. Therefore, we analyzed 850 hPa wind, 200 hPa zonal wind, 500 hPa wind, and geopotential height corresponding to the two precipitation modes by regression and typical years’ difference onto PCs. The regression analysis of the first mode in Figure 5a–c shows that pressure was relatively high in the tropical area on the south side of MYA during the summer, and there was an abnormal cyclone in Northeast Asia. The WPSH was extending westward relative to the climatic state, and its ridge line was slightly southward. The southwest monsoon from the Bay of Bengal was strong particularly in July and Aug. The cold air brought by the west side of the cyclone and the warm-humid air from the south converged in MYA. Such conditions are very conducive to the enhancement of precipitation. In East Asia, the geopotential height from the subtropical zone to the mid-high latitudes showed a “positive, negative, positive” anomalous mode (the negative phase of East Asia/ pattern (EAP) pattern) in July and August. Such meridional circulation mode is suitable for more precipitation in subtropical areas in summer [35,36]. Figure 6a–c indicates low-level wind anomalies are more in line with the local winds of cyclones and anticyclones, but compared to 500 hPa, the warm-humid southerly winds from the South China Sea and the West Pacific are more pronounced. It is precisely because of the abovementioned circulation conditions that the vapor transport in the southwest direction of MYA is significantly positive in the whole summer, and the negative anomaly centers of the divergence of vapor flux are highly consistent with the precipitation anomaly centers throughout the summer (Figure 7). It is worth noting that persistent westerly wind anomalies appeared in the upper troposphere (Figure 6). The correlation coefficients between the local westerly wind and PC1 from June to August were 0.38, 0.48, and 0.32, respectively, which exceed the 95%, 99%, and 90% confidence levels, indicating consistency between precipitation and westerly wind. In order to verify this conjecture, we calculated the correlation coefficients of total precipitation and westerly wind in MYA from June to August. The correlation coefficients were 0.45, 0.64, and 0.39, which all exceed the 95% confidence levels. This consistency may be because when the East Asian westerly jet moves southward, more frequent intrusion of cold air from the upper reaches of the north occurs in MYA and the warm humid air from the south is shielded to local area, and this constant clash of warm and cold air results in increased precipitation [26,27].



Figure 5d–f shows that difference analysis and regression analysis have high consistency. The position of the abnormal cyclone in Northeast Asia was similar to the regression analysis. The southwest wind from the Bay of Bengal and the southerly wind from the South China Sea also had the characteristics of strong persistence. Westerly anomalies in the upper troposphere persisted throughout the summer (Figure 6d–f). It is proven that these circulation conditions which are favorable for more precipitation in MYA appear in both analysis methods. However, the negative phase of EAP circulation in East Asia that appeared in July and August in the regression analysis was not obvious in July in the difference analysis.



Figure 8 and Figure 9 show that the circulation anomalies of the second mode present obvious intraseasonal changes. In June, there was an obvious anticyclone in the northeastern region of the MYA. There was a large negative anomaly in the region north of 40° N and the anomaly of geopotential height at low latitudes is not obvious. WPSH was close to the climatic position. The easterly and northeasterly wind anomalies prevailed in the MYA, meanwhile the southwest monsoon was weak. Such conditions are not conducive to the occurrence of precipitation, leading to the feature of less precipitation in the second mode in June. The circulation in July showed obvious changes. The abnormal cyclone controled the northern part of MYA, and the local wind field was similar to the first mode in July, which is conducive to the occurrence of precipitation [8]. The circulation anomaly in August was no longer obvious and the WPSH was little weak. Relative to 850 hPa wind anomalies, there was a more obvious reversion feature appearing in the upper troposphere. In June, easterly wind anomalies dominated much of MYA but turned into westerly wind anomalies in July, and finally the zonal wind anomalies disappeared in August. This obvious reversion of westerly zone is very similar to the precipitation. We calculated the correlation between PC2 and 200 hPa zonal wind and found that they were −0.42, 0.44, and −0.14 from June to August, which confirms the conclusion that westerly wind and precipitation are consistent. The difference synthesis analysis was consistent with the regression analysis. At 500 hPa, there was a transition from local abnormal anticyclone in June to an abnormal cyclone in July and a reversion from easterly to westerly wind anomalies at 200 hPa, and finally these anomalies almost disappeared in August. The vapor flux also had a positive anomaly in the southwest direction only in July. The divergence vapor flux was opposite of that with the precipitation and experienced obvious “+ - +” intraseasonal inversions (Figure 10).




4.2. SSTAs


SSTA is the most important early signal of the East Asian climate. We still received the early SSTA signals of two modes through regression analysis and difference analysis. Figure 11 shows the most significant signals of the first mode of the abnormal warm SST in the equatorial Central–Eastern Pacific in spring and the cold SST in the equatorial Western Pacific. This signal had emerged in the previous winter and reached its peak in spring. It gradually disappeared in summer, while the SST of the equatorial Indian Ocean became higher in summer. This change in SST is the obvious characteristic of the decay of El Niño. This phenomenon combines with the first mode of precipitation, showing that during the summer of the El Niño decaying year, more precipitation in MYA will continue from June to August, which is similar as the predecessors’ study about the influence of ENSO to East Asian climate [12,13,37]. Meanwhile, the warm SSTA of the equatorial Indian Ocean in spring and summer will also affect the Northwest Pacific anticyclone by triggering abnormal baroclinic Kelvin waves and affecting the climate of East Asia [14]. What is interesting is that a warm SST appeared in the Arabian Sea in summer. A recent study by Wang [27] proved that the warm SST in the Arabian Sea will cause the Meiyu retracement date to be postponed, resulting in stronger precipitation in MYA. The analysis results for typical years are similar, but the SSTA in the equatorial eastern Pacific does not pass significance test of synthetic difference analysis. A possible reason is that although the first mode is related to El Niño, the extreme value of precipitation in the first mode is not necessarily consistent with the extreme value of El Niño. For example, 1998, 2010, and 2016 were all strong El Niño years, but the positive anomalies of PC1 were not obvious in these years.



In order to further prove the correlation between the SSTA signals and precipitation anomalies in first mode, we calculated the regression of summer precipitation onto the spring Nino 3 index (5° S–5° N, 150° W–90° W). The regression mode of summer precipitation shown in Figure 12a–c is very similar to the first mode in that more precipitation throughout the summer and the northward movement of an abnormal rain belt from June to July were also manifested.



The SST signal of the second mode was not obvious in the previous winter and spring. In summer, the important water vapor sources in East Asia, such as the Bay of Bengal and the South China Sea [38], had abnormal warmer SST. The signals of difference analysis are consistent with that (Figure 13). These local SSTAs will affect the East Asian climate through coastal–land interaction and water vapor transport. We also calculated the regression of summer precipitation onto these SSTAs of above region (0–20° N, 70° E–120° E). Figure 12d–f shows that the main anomaly appeared in July, with a positive deviation in the rain belt. This anomaly in June was not obvious and there were a lot of negative areas in August, which is similar to the intraseasonal variation of the second mode. These results indicate that the second mode is highly correlated with the SSTAs from the Northern Indian Ocean to the South China Sea.





5. Summary and Discussion


5.1. Summary


The MYA is greatly affected by the EASM, with abundant summer rainfall and frequent floods. ERA5 precipitation and circulation data, ERsst V5 SST data, and various meteorological analysis methods were used to study the main intraseasonal variation modes, circulation field characteristics, and SST signals of summer precipitation anomalies in MYA.



The most precipitation of MYA is in June. The central area was mainly concentrated in the area south of the Yangtze River in China, extending northeastward to southern Japan. In July, the intensity of precipitation weakened and the rain belt moved northward. The YHRB in China and the coastal in southern Japan were two heavy centers. The intensity of precipitation continued to weaken in August and the rain belt disappeared. The spatial distribution of the standard deviation is similar to the mean value of precipitation, manifesting areas with large precipitation values have stronger interannual variability of precipitation.



The main feature of the first mode of summer precipitation by CEOF is that the positive precipitation occurs throughout the summer. The positive anomalies in June mainly appeared in the LRYR and the south of Japan. The center of the anomaly on the sea moved northward in July, and the abnormal rain belt disappeared in the Chinese land area in August. The first mode accounts for 22.2% of the explained variance and have obvious interannual and interdecadal variations. The circulation regression onto PC1 shows that there was always an abnormal cyclone on the north side of MYA and a high-pressure area on the south side at 500 hPa, and that the WPSH extended westward, and its ridge line was southerly. The meridional geopotential height anomalies like the negative phase of EAP appeared over East Asian, which is conducive to the continued intensity of precipitation in MYA. Meanwhile, there were strong southwesterly and southerly winds in the lower troposphere throughout the summer, so the warm and humid air is sufficient. The upper troposphere was characterized by stronger westerly winds and frequent cold air activities. This frontal circulation condition caused more precipitation throughout the summer. The significant SST signals are the decay of El Niño after spring and the corresponding warm SST in the equatorial Indian Ocean in summer. Regression analysis shows that the warm SST of equatorial Central-East Pacific in spring is the signal of the continuous strong precipitation of MYA in summer.



In the second mode, there were north-south antiphase precipitation anomalies in June and a significant negative anomaly center appeared in the southern region. In July, this turned into a positive anomaly in the rain belt area. Finally, the abnormal rain belt disappeared and there were weak negative anomalies in most areas in August. The explained variance accounts for 11.5%, and this mode has significant interannual variation characteristics. The geopotential circulation anomaly corresponding to CEOF2 is that there was the large negative anomaly in the region north of 40° N, and a positive anomaly over Japan in June which then reversed in July. The westerly wind anomaly also showed this reversal in the upper troposphere. The intraseasonal variations of summer precipitation and heavy rainfall in July are related to the warm SST in Northern Indian Ocean and South China Sea.




5.2. Discussion


In this paper, through mathematics and meteorological analysis, the leading intraseasonal variation modes of summer precipitation anomalies in MYA are given and the circulation conditions are analyzed in detail. At the same time, main signals of SSTAs are given in order to provide some theoretical research on climate prediction. Our findings are somewhat consistent with previous research, such as the relationship between ENSO, North Indian Ocean SST, and summer precipitation in MYA, and the effects of circulation such as EAP and the southwest monsoon, etc. [6,12,32,33]. There are also new discoveries in the analysis of the intraseasonal variation characteristics of precipitation anomalies and the corresponding physical mechanisms. With the gradual improvement of weather and climate research, more attention has been paid to short-term extreme weather and climate events. MYA is facing a risk where the short-term heavy precipitation has increased significantly [6]. Precipitation studies on higher resolution time scales such as pentad or week is the next research focus. At the same time, the influence of intraseasonal circulation factors such as Madden-Julian Oscillation and QBO on the precipitation in the MYA is also an important link to improve subseasonal to seasonal forecasts [6,39,40]. Therefore, the research on precipitation in MYA will remain an important weather and climate direction for a long time.
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Figure 1. Climatological mean (a–c) and standard deviations (d–f) of precipitation for each month in summer from 1991 to 2020. 
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Figure 2. The spatial patterns for the first (a–c) and second (d–f) combined empirical orthogonal function (CEOF) modes of monthly precipitation anomalies in summer. 
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Figure 3. The corresponding time series for the first (a) and second (b) CEOF modes. 
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Figure 4. The spatial patterns for the precipitation difference between the five most positive years and the five most negative years (a–c) for the first time series (PC1) and (d–f) for (PC2). Stippled areas indicate the difference that exceeds the 90% confidence levels. 






Figure 4. The spatial patterns for the precipitation difference between the five most positive years and the five most negative years (a–c) for the first time series (PC1) and (d–f) for (PC2). Stippled areas indicate the difference that exceeds the 90% confidence levels.
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Figure 5. Regression maps (a–c) of 500 hPa geopotential height (shading) and winds (vectors) onto PC1. Green line represents the regression 5880 line and red line represents the climatological mean 5880 line. The difference maps (d–f) of the same elements between the five most positive years and the five most negative years in PC1. Stippled areas indicate geopotential height anomalies and differences that exceed the 90% confidence levels. 






Figure 5. Regression maps (a–c) of 500 hPa geopotential height (shading) and winds (vectors) onto PC1. Green line represents the regression 5880 line and red line represents the climatological mean 5880 line. The difference maps (d–f) of the same elements between the five most positive years and the five most negative years in PC1. Stippled areas indicate geopotential height anomalies and differences that exceed the 90% confidence levels.
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Figure 6. Regression maps (a–c) of 200 hPa zonal wind (shading) and 850 hPa winds (vectors) onto PC1. The difference maps (d–f) of the same elements between the five most positive years and the five most negative years in PC1. Stippled areas indicate 200 hPa zonal wind anomalies and differences that exceed the 90% confidence levels. 






Figure 6. Regression maps (a–c) of 200 hPa zonal wind (shading) and 850 hPa winds (vectors) onto PC1. The difference maps (d–f) of the same elements between the five most positive years and the five most negative years in PC1. Stippled areas indicate 200 hPa zonal wind anomalies and differences that exceed the 90% confidence levels.
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Figure 7. Regression maps (a–c) of divergence of vapor flux (DVF, shading) and vapor flux (vectors) integral from 900 hPa to 300 hPa onto PC1. The difference maps (d–f) of same elements between the five most positive years and the five most negative years in PC1. Stippled areas indicate DVF anomalies and differences that exceed the 90% confidence levels. Units: 10 × 10−5 kg/(m2·s). 
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Figure 8. Same as Figure 5 but for PC2. Regression maps are (a–c) and difference maps are (d–f). 
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Figure 9. Same as Figure 6 but for PC2. Regression maps are (a–c) and difference maps are (d–f). 
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Figure 10. Same as Figure 7 but for PC2. Regression maps are (a–c) and difference maps are (d–f). 
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Figure 11. Regression maps (a–c) of sea surface temperature (SST) onto PC1. The difference maps (d–f) of the same elements between the five most positive years and the five most negative years in PC1. Stippled areas indicate anomalies and differences that exceed the 90% confidence levels. Units: °C. 
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Figure 12. Regression maps of precipitation onto spring Nino 3 (5° S–5° N, 150° W–90° W) index (a–c) and summer North Indian Ocean to South China Sea SSTAs (0–20° N,70–120° E) (d–f). Stippled areas indicate anomalies that exceed the 90% confidence levels. Units: mm/d. 
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Figure 13. Same as Figure 11 but for PC2. Regression maps are (a–c) and difference maps are (d–f). 
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