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Abstract

:

Based on rainfall data for the period of 1960–2018 from 382 stations in southwest China and multiple reanalysis datasets, interannual variation of rainfall in late spring over Southwest China and associated sea surface temperature and atmospheric circulation anomalies are examined. The first leading mode of late-spring rainfall anomalies displays a uniform-distribution pattern. The second leading mode shows a zonal dipole pattern. The leading mode is related to an atmospheric wave train over mid-high latitudes of Eurasia, with a center of action of atmospheric anomaly over Southwest China. The atmospheric anomalies over Southwest China modulate late-spring rainfall there via modulating vertical motion and water vapor transport. In addition, the leading mode of late-spring rainfall anomalies has a close relation with sea surface temperature anomalies (SSTA) in the central and eastern equatorial Pacific. SSTA in the central and eastern equatorial Pacific impacts late-spring rainfall anomalies over Southwest China via modulation of the tropical Walker and Hadley circulation. The second leading mode of late-spring rainfall variation over Southwest China is closely associated with SSTA in the tropical western Pacific and a mid-high latitude wave train. SSTA in the tropical western Pacific and the mid-high latitudes wave train together leads to out-of-phase variation of meridional wind anomalies between western and eastern parts of Southwest China, which further results in a zonal dipole rainfall anomaly over Southwest China.
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1. Introduction


Southwest China is characterized by complex topography, diverse climate and frequent meteorological disasters, among which droughts and floods are the most serious, bringing great harm to people’s lives and properties and national economic construction. For example, an extreme high-temperature drought event occurred in Yunnan Province in spring and early summer of 2019. This extreme high-temperature drought event affected 1.35 million hectares of crops, with direct economic losses amounting to CNY 6.5 billion [1,2]. In addition, heavy rainstorms swept across most of Yunnan Province in late October of 2008, which resulted in mudslides, landslides and other geological disasters, affecting 410,000 people. Therefore, investigating rainfall variability in southwest China and revealing the underlying mechanism are of great importance for disaster prevention and mitigation.



Previous studies have demonstrated that rainfall variations over Southwest China are influenced by a number of large-scale climate factors, including Arctic Oscillation (AO)/North Atlantic Oscillation (NAO), South Asian monsoon, the Madden-Julian Oscillation (MJO), plateau snow cover, SST anomaly (SSTA) in the tropical Pacific and Indian Ocean [3]. For example, studies have demonstrated that rainfall in Southwest China can be markedly modulated by the circulation systems over mid-high and low latitudes [4,5]. It is suggested that El Niño and La Niña events have an asymmetric effect on the summer rainfall anomalies in Chongqing, a city with a dense population over Southwest China [6]. SSTA in the North Atlantic in boreal spring can impact rainfall anomalies in Southwest China via inducing an atmospheric wave train [7]. A study reported that winter AO has a high correlation with the simultaneous winter rainfall variation over Southwest China [8]. Various factors contribute to the occurrence of drought event in Southwest China. In spring, drought event over Southwest China could be affected by the western Pacific subtropical high and atmospheric anomalies over the northern Indian Ocean [9,10,11]. In autumn and winter, drought events in Southwest China are related to SSTA in the tropical central Pacific and tropical Indian Ocean, MJO, AO and NAO [12,13,14,15,16,17].



Late spring (i.e., May) is a critical period for the transition between the dry and rainy seasons in Southwest China [18]. This period corresponds to the onset of monsoon in Bay of Bengal, Indochina Peninsula and South China Sea, and is the transitional period between winter and summer monsoons in Northern Hemisphere [19]. Rainfall anomalies during this period play an important role in determining the spatio-temporal distribution of droughts and floods in Southwest China. When late-spring rainfall is below normal, rainy season starts later, which leads to significant increase in the occurrence of drought events in Southwest China. By contrast, if late-spring rainfall is abundant, Southwest China is prone to landslides, mudslides and other geological hazards [3]. Dong and Duan [20] proposed the distinct transition between dry and wet seasons in Southwest China. A recent study showed that rainfall in late spring accounts for 55.3% of the total spring rainfall in Southwest China [21]. Zheng et al. [3] investigated the primary features of the atmospheric circulation anomalies in late spring in association with the extreme drought and floods events in Yunnan Province. Chen et al. [22] pointed out that interannual variation of late-spring rainfall in Yunnan Province is closely related to the large-scale water vapor transport. In particular, above-normal rainfall would be observed in Southwest China when water vapor transport is stronger in the tropical Indian Ocean and the Bay of Bengal, and vice versa. Sun et al. [23] showed that change in the Somali jet has a pronounced relation with the late-spring rainfall in Southwest China. When the Somali jet is stronger, more rainfall appears in Southwest China in late spring. In addition, the early signals of rainfall in Southwest China, such as the spring snow cover in the Northern Hemisphere [24], the SST in the equatorial eastern Pacific and Indian Ocean [25] and the surface heating field of Qinghai–Tibet Plateau [5] are also investigated.



At present, few studies have examined interannual variation of rainfall anomalies in late spring as well as the associated SSTA and atmospheric anomalies. This study first identifies the dominant patterns of rainfall anomalies. Then, we examine the SSTA and atmospheric anomalies related to the dominant patterns of rainfall anomalies. The processes by which SSTA and atmospheric anomalies impact late-spring rainfall anomalies are also discussed.




2. Data and Methods


2.1. Data


Southwest China (21°–33° N, 97°–110° E) includes Sichuan, Yunnan, Guizhou and Chongqing Provinces (Figure 1), consistent with Li et al. [26], Li et al. [7] and Yu et al. [27]. Daily rainfall data from 382 national meteorological stations released by the National Meteorological Information Center were adopted for analyzing rainfall anomaly in late spring in Southwest China. Monthly vertical velocity, specific humidity, geopotential height, wind and temperature are obtained from the NCEP/NCAR reanalysis I project [28] with a horizontal resolution of 2.5° × 2.5°. Global monthly SST data with a horizontal resolution of 2° × 2° are provided by the National Oceanic and Atmospheric Administration of the United States (NOAA Extended Reconstructed SST V4; Smith et al. [29]; Huang et al. [30]; Liu et al. [31]). The India–Burma trough height field index is extracted from the National Climate Center of China Meteorological Administration. The study period is 1960–2018.




2.2. Method


The empirical orthogonal function (EOF) decomposition [32] and regression analysis are used to investigate the rainfall patterns in Southwest China and associated atmospheric circulation and SST anomalies. The two-sided Student’s t-test was used to examine the significance of regression coefficients. The Takaya–Nakamura (TN) wave activity flux [33] is used to examine the propagation of atmospheric wave train in association with the rainfall anomalies in Southwest China. The formula of the TN wave activity flux is as follows.
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Here,    ψ ′  =     Φ ′  f    is the disturbance of quasi-geostrophic stream function relative to the climatic field, and the basic flow of U = (U, V) represents the climatic field.  φ ,  λ ,  ϕ ,  a  and  Ω  indicate the latitude, longitude, geopotential, earth radius and earth rotation rate, respectively.





3. Leading Patterns of Rainfall Variation in Late Spring and Related Atmospheric Characteristics in Southwest China


We use the EOF method to extract the leading EOF modes of interannual variation of rainfall in late spring over Southwest China. Figure 1 show the spatial patterns of the first and second EOF modes (EOF1 and EOF2) of late-spring rainfall anomalies. The EOF1 and EOF2 account for 34.8% and 10.8% of the total variance, respectively. EOF1 and EOF2 can be well separated from each other and from other EOF modes. It should be mentioned that EOF3 is not examined in this study as it explains much less variance of the total rainfall variation (not shown). Positive (negative) phase of EOF1 shows a consistent increase (decrease) of rainfall in Southwest China except for small patches around the Sichuan Basin (Figure 1). This result is consistent with the findings of Jing et al. [34]. Significant increases (decreases) in rainfall appear over the Yunnan Province as well as the western and southern Sichuan Province. EOF2 presents a zonal dipole pattern, with an inverse variation of rainfall between eastern and western regions. In relation to the positive phase of the EOF2, significant decrease in rainfall appears in Yunnan Province and the Western Sichuan Plateau, and pronounced increase in rainfall occurs in the Sichuan Basin, Chongqing and most of Guizhou (Figure 2b). To assess the robustness of the results, we have slightly changed the regions used for EOF analysis. In particular, we have examined the two leading EOF modes of late-spring rainfall variation in five provinces of Southwest China, including Tibet, selected by Pang et al. [35]. The results (not shown) show that the first two leading modes are consistent with the above-mentioned spatial patterns. The time series corresponding to the first and second leading EOF modes present strong interannual variability (Figure 2c,d). It should be mentioned that the results obtained in this study are similar whether the long-term trend is removed or retained.



Water vapor is a critical factor for the occurrence of rainfall. Figure 3 shows vertically integrated water vapor flux and its divergence anomalies in late spring regressed onto the PC1 and PC2 of rainfall variation. Increase in the water vapor transport from the Bay of Bengal to Southwest China is seen in association with the positive phase of EOF1. In addition, marked water vapor flux convergent anomalies are apparent over most parts of Southwest China (Figure 3a). These conditions are conducive to the occurrence of rainfall. In association with the EOF2, obvious water vapor transports are seen from the South China Sea to the East of Southwest China. Note that the transport path related to EOF2 shifts eastward compared to that related to the EOF1. Large convergent anomalies of water vapor flux are observed over eastern parts of Southwest China, which favors formation of rainfall there (Figure 3a). The above analysis indicates that atmospheric circulation and related water vapor transports are important for the formation of rainfall anomalies related to the first two EOF modes. So where does the water vapor in the tropics come from and how is it transported? Zou et al. [36] investigated the interannual variability of summer water vapor source and sink over the tropical eastern Indian Ocean–Western Pacific and the underlying mechanism. Further research on the source of water vapor in the tropics related to the rainfall modes in Southwest China in late spring will be carried out in the future.



In the following, we further examined the large-scale atmospheric circulation anomalies associated with the two leading EOF modes of rainfall anomaly in late spring over Southwest China. Figure 4 shows 500 hPa vertical motion, low-level vorticity and upper-level divergence anomalies regressed onto the PC1 and PC2 of late-spring rainfall variation. In association with the EOF1, most parts of Southwest China are covered by anomalous convergence at low level and anomalous divergence at upper level. This pumping effect is beneficial to the ascending motion, which are thus favorable for the occurrence of rainfall (Figure 4a,c,e). In association with the EOF2, there are an ascending motion in the eastern part of Southwest China, a convergence zone in the low-level vorticity over the eastern Sichuan, Chongqing and northern Guizhou, as well as a significant divergence zone at the upper level over the east side of Southwest China (Figure 4b,d,f). These conditions facilitate increase in rainfall in eastern part of Southwest China. However, the West Sichuan Plateau and Yunnan Province are mainly dominated by descending motions, lower-level divergence and upper-level convergence (Figure 4b,d,f). This circulation configuration, combined with less water vapor in this region (Figure 3b), contribute to decrease in rainfall.



Figure 5 shows the 700 hPa wind anomalies regressed onto the PC1 and PC2 of late-spring rainfall variation. Simultaneously, the corresponding 500 hPa geopotential height anomalies with reference to the EOF1 and EOF2 are illustrated in Figure 6. In the positive phase of EOF1, Southwest China is dominated by a cyclonic circulation anomaly, which is the part of a wave train over the Eurasian region. The associated southerly wind anomaly provides preferable dynamic condition, energy accumulation and water vapor condition, which contribute to the increase in rainfall (Figure 5a vs. Figure 6a). In the positive phase of EOF2, the east of Southwest China is controlled by a southerly wind anomaly. This southerly wind anomaly is a part of the anomalous anticyclonic circulation over eastern China, which is more obvious at 500 hPa and corresponds to a positive anomaly of geopotential height (Figure 6b), carrying water vapor and energy to the north. Thus, this configuration is favorable for the rainfall over the east of Southwest China. In addition, the southerly wind anomaly is also closely related to the circulation in the west, which is associated with the situation of wave train (Figure 5b vs. Figure 6b).




4. Physical Mechanism Analysis


4.1. The Role of Tropical Sea Surface Temperature


In order to further explore the causes of atmospheric circulation anomalies in Southwest China in late spring and the factors influencing the rainfall patterns, this section investigates the influences of the preceding and contemporaneous SST anomalies. Figure 7 displays evolutions of SSTA from the preceding January to late spring regressed onto PC1 and PC2 of late-spring rainfall anomalies in Southwest China. It reveals that the positive phase of EOF1 of rainfall anomalies is highly correlated with a La Niña-like SSTA in the tropical central–eastern Pacific. The La Niña-like SSTA in the central and eastern equatorial Pacific develops and intensifies from March. Moreover, the signal of Pacific Decadal Oscillation (PDO) is also obvious in Figure 7a–e. The above results are consistent with the results that relevant interdecadal SST anomalies exhibit a La Niña-like mode with robust SST warming over the western Pacific–central North Pacific since 1998 [37]. Here, we only discuss the role of the equatorial eastern Pacific on the formation of rainfall modes in the southwest China in late spring. Whether the PDO has an effect on the first mode of the rainfall in Southwest China in late spring and how it affects on the interdecadal time scale will be studied in the future work. In addition, negative SSTA near 15° S in the Indian Ocean persists from April to late spring (Figure 7a–e). Note that SST anomalies in the tropical Pacific and in the Indian Ocean are not completely independent of each other. Conversely, they are closely related to each other through the Walker circulation and other processes [38]. During the positive phase of EOF2, there is a clear correlation between PC2 and the cold SSTA near the Philippines in the Northwest Pacific, where the negative SSTA persists from January to late spring and passes the 95% confidence level from April to May (Figure 7f–j). In addition, there is a significant positive correlation in eastern Indian Ocean, which persists from February to May. Figure 7 reveals the influence of the preceding factors on late-spring rainfall in Southwest China. The preceding SSTA located in the central-eastern equatorial Pacific can be used as an EOF1 indicator, whereas the preceding SSTA located in the Northwest Pacific warm pool and the eastern Indian Ocean can be used as the EOF2 indicator.



The SSTAs averaged in the Niño3.4 region and the Northwest Pacific warm pool are identified as indicators to further verify the effect of SSTA on rainfall anomalies in Southwest China. The lead–lag correlation between the PC1 (PC2) and the interannual component of the Niño3.4 SSTA index (SSTA index of Northwest Pacific warm pool) is given in Figure 8. The correlation coefficient between PC1 and Nino3.4 SSTA index passes the 95% confidence level from March to May, and passes the 99% confidence test from April to May, indicating that the central and eastern equatorial Pacific SSTA in the preceding two months have a significant impact on the EOF1 of the late-spring rainfall anomaly in Southwest China. During the positive phase of EOF1, the influence is mainly through zonal Walker circulation and meridional Hadley circulation. The specific process is that there is a cold (warm) SSTA in the central and eastern equatorial Pacific (Maritime Continent), and a cold SSTA in the Indian Ocean. Thus, the ascending branch of the Walker circulation is located in the Maritime Continent, and the descending branch is located in the equatorial central and eastern Pacific and around the Sumatra Island (Figure 9a). The descending branch near the Sumatra Island is also affected by the Hadley circulation, whose ascending branch is located within 20–30° N in Southwest China, and the southerly wind anomaly in the lower level and the northerly wind anomaly in the upper level form a closed vertical circulation cell (Figure 9b), which is conducive to the formation of the ascending motion corresponding to EOF1. In addition, Yu et al. [27] also explained this type of rainfall process during spring. When the equatorial central Pacific is in a cold SSTA phase in spring, a subtropical anticyclonic circulation anomaly (cyclonic circulation anomaly) is generated over the northwestern part of the equatorial central Pacific (mid-latitude western Pacific), and the anomalous winds on the west flank of the cyclonic circulation anomaly in the western Pacific affect the northeastern part of the Southwest China in the lower troposphere. Rainfall increases in the Marine Continent with cyclonic circulation anomalies on the northwest side. The cyclonic circulation anomaly strengthens the trough in the Bay of Bengal. The southerly flow in the south of Southwest China strengthens the transport of water vapor to Southwest China. The anomalous warm and humid air intersects with the anomalous cold air transported to Southwest China from its northeast side, leading to the increase of spring rainfall in Southwest China. Verifications on this explanation will be provided in the future.



The correlations between PC2 and the SSTA of the western Pacific warm pool in the previous April and contemporaneous May have passed the significance test at 95% confidence level, suggesting that the negative SSTA of the western Pacific warm pool in the previous month has a significant effect on the EOF2 of the late-spring rainfall anomaly in Southwest China. During the positive phase of EOF2, this process acts mainly through the Gill-type Rossby wave response [39] in the Northwest Pacific, i.e., the suppressed convective anomaly in the northwestern Pacific warm pool stimulates an anticyclonic circulation anomaly on its northwest flank (Figure 5b), which is more pronounced at 500 hPa (Figure 6b). Under this circulation configuration, the eastern part of Southwest China is controlled by southerly wind anomalies, and the water vapor transport path is more eastward and northward than normal (Figure 3b), resulting in more rainfall on its eastern side and less rainfall in most of the Southwest China, especially in the western part of Southwest China.




4.2. The Role of Mid-High Latitude Circulation Systems


To study the influence of the mid-high latitude circulation systems on the rainfall in Southwest China, the regressions of the anomalies of the wave activity flux and stream function at 500 hPa onto the PC1 and PC2 are performed, as shown in Figure 10. In the positive phase of EOF1, there is an obvious northwest–southeast wave train, which originates from the Northwestern Atlantic and covers the whole Eurasian continent. The wave train exhibits an alternat distribution of positive–negative–positive–negative pattern extending into South Asia, which is consistent with the results shown in Figure 6a. Meanwhile, the Rossby wave activity flux propagates to Asia, causing the alternative development of positive and negative height anomalies downstream, and the northern Indian Ocean and northern Indian Peninsula are controlled by negative height anomalies (Figure 6a and Figure 10a), which is conducive to the development of the India–Burma trough. The correlation coefficient between the India–Burma trough index and PC1 also passes the significance test at the 95% confidence level, and the enhancement of India–Burma trough is favorable to the transport of water vapor to Southwest China (Figure 3a). This is consistent with the result that the anomalous weakness of the southern branch trough played a critical role in occurrence and persistence of extreme drought in Yunnan of Southwest China in 2019 [1].



In the positive phase of EOF2, there are two wave propagation paths, as shown in Figure 10b. Along the first path, the wave energy propagates southeastward from the North Atlantic towards the Middle East and South Asia. This path is favorable for the establishment of a positive height anomaly in the India–Burma region, which is unfavorable to the rainfall occurrence over the west of Southwest China. The second path extends eastward along the high latitude to eastern China [40]. This path is beneficial to the establishment and maintenance of the positive height anomaly in eastern China, producing a southerly wind anomaly from the east of Southwest China to Mongolia (Figure 5b), which is conducive to the formation of the atmospheric circulation corresponding to EOF2. These two paths are consistent with the results in Figure 6b, as well as with the conclusion drawn by Ma et al. [2] that the mid-latitude Rossby wave propagates through North Africa, the Black Sea and the Iranian Plateau to East Asia and the high-latitude Rossby wave propagates from North Atlantic to East Asia through the East European Plain and West Siberian Plain during a period with persistent high temperatures from April to June in 2019.



In summary, the rainfall anomalies in the positive phase of EOF1 are mainly affected by the Eurasian wave train in the mid-high latitude and the SSTA in the equatorial central and eastern Pacific. The Eurasian wave train affects the 500 hPa India–Burma trough over the south flank of the plateau and the cyclonic circulation anomaly over the region, which makes the path of water vapor transport to Southwest China more westward and southward. In addition, the SSTA of La Niña pattern in the equatorial central and eastern Pacific makes Southwest China controlled by ascending motions through the zonal (Walker) and meridional (Hadley) circulations. Likewise, the rainfall anomalies in the positive phase of EOF2 are mainly affected by the cold SSTA in the Western Pacific Warm Pool and by the wave train in the mid-high latitude. The anticyclonic circulation anomaly generated by the cold SSTA in the Western Pacific Warm Pool and the positive height anomaly in eastern China affected by the Eurasian wave train plays an important role in the formation of the southerly wind anomaly in the eastern part of Southwest China, which shifts the water vapor transport path more eastward and northward. The wave trains in mid-high latitude also weaken the role of the south branch trough, which is not conducive to the establishment of dynamic and water vapor conditions favorable to rainfall in Southwest China.





5. Conclusions and Discussion


Based on multiple datasets, this study examines the first two leading EOF modes of rainfall variation over Southwest China. The EOF1 shows a consistent pattern of more (less) rainfall in Southwest China and is the dominant mode of rainfall in late spring in Southwest China, whereas EOF2 presents a zonal dipole pattern between western and eastern parts of Southwest China. Atmospheric circulation anomalies play an important role in the formation of rainfall anomalies related to the two leading modes. In the positive phase of EOF1, Southwest China is controlled by updrafts and cyclonic circulation anomalies, and the water vapor mainly comes from the Bay of Bengal, with the water vapor transport path being more westward and southward. In the positive phase of EOF2, areas with more rainfall correspond to updrafts, while areas with less rainfall in Southwest China correspond to downdrafts. The region from the east of Southwest China to Mongolia is controlled by southerly wind anomalies. The water vapor is mainly from the South China Sea, with the water vapor transport path being mostly to the east and north.



The positive phase of EOF1 corresponds to the SSTA of La Niña pattern, and its influence process is mainly realized by the Walker circulation and Hadley circulation. In the mid-high latitude, there are obvious wave train and wave energy propagating to the negative-height-anomaly areas over the northern Indian Ocean, north India and the Bay of Bengal, which favor the development of the India–Burma trough. The positive phase of EOF2 corresponds to the cold SSTA in the Western Pacific warm pool, which affects this rainfall mode mainly through the Gill-type Rossby wave response. In the mid-high latitude, the wave energy in a southward path propagates southeastward from the North Atlantic towards North Africa and South Asia, which plays a role in the positive height anomaly in the India–Burma region. Another northward path extends eastward along the high latitude to eastern China, which is conducive to the establishment of positive height anomalies and circulation associated with the EOF2 in this region. In addition, the SSTA in the equatorial central-east Pacific and the northwest Pacific warm pool are mainly indicative of the two leading EOF modes for predicting late-spring rainfall in Southwest China.



In this paper, the first EOF mode of rainfall pattern in Southwest China is consistent with the results obtained by Jing et al. [34] and Li et al. [7]. However, their analysis of the major modes of rainfall mainly focuses on the causes of interdecadal time scale, while our study gives a possible explanation for the formation of rainfall patterns in Southwest China in late spring on the interannual time scale. With regards to the influence of wave trains, it seems that the originations of the two wave trains (Figure 9) are from northern Atlantic, but their eastward propagations are different. Li et al. [7] proposed that the Atlantic SST influences rainfall in Southwest China through wave trains. Moreover, the internal dynamics of the atmosphere contribute to the emergence of wave trains. On the propagation modes of wave train, Song et al. [15] found that NAO influences the winter rainfall in Yunnan by affecting wave train of the South Branch trough and the high-pressure ridge system of Baikal Lake. The essence of the connection between NAO and the wave train system of the South Branch trough is that the disturbance energy caused by NAO in the Mediterranean region propagates downstream along the Asian-African subtropical jet, and the influence of NAO on Baikal Lake Ridge system is caused by wave reflection. These issues require further in-depth study. Furthermore, regarding the early signal of rainfall, Zhang et al. [41] analyzed early SST signals of rainfall in the pre-flood season in South China, and the results show that the early SST signal is mainly associated with SSTA in the tropical East Pacific and North Indian Ocean related to El Niño in development phase before 1998, which mainly affects the rainfall anomaly in late spring in South China through the Philippine anticyclone excited by atmospheric bridge. After 1998, the early SST signal is mainly related to SST anomaly of the horseshoe shape (PDO) in the mid-high latitude North Pacific, and it can modulate the intensity and location of the subtropical jet by affecting the transient activity in the middle latitude, causing rainfall anomalies in South China. The physical mechanism of the relationship between the rainfall in late spring and preceding indicators in Southwest China also needs to be further investigated in the future.
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Figure 1. Location distribution of meteorological stations in Southwest China. 
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Figure 2. (a) Regressed anomalies of interannual components of rainfall anomaly (shaded, unit: mm) onto the interannual component of the PC1 corresponding to EOF1 of normalized rainfall anomaly in late spring in Southwest China during 1960–2018. (b) As in (a), but for PC2. (c,d) PC1 and PC2 time series correspond to EOF1 and EOF2, respectively. Stippling in (a,b) denotes rainfall anomalies that have exceeded the 95% confidence level. 
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Figure 3. (a) Regressed anomalies of interannual components of the integral water vapor flux (vectors, unit: kg m−1 s−1) and vapor flux divergence (shading, unit: 10−6 kg m−2 s−1) of the whole layer (1000–300 hPa) in late spring onto the interannual components of the PC1 for the period of 1960 to 2018. (b) As in (a), but for PC2. The bold arrows denote that the U or V component of the wind anomalies have exceeded the 95% confidence level. 
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Figure 4. Regressed anomalies of interannual components of (a) 500 hPa omega (unit: 10−3 Pas−1), (c) 700 hPa vorticity (unit: 10−7 s−1) and (e) 200 hPa divergence (unit: 10−7 s−1) in late spring onto the interannual components of the PC1 for the period of 1960 to 2018. (b) As in (a), but for PC2; (d) As in (c), but for 850 hPa vorticity and PC2; (f) As in (e), but for PC2. The black spots denote the values have passed the 95% confidence level. 
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Figure 5. (a) Regressed anomalies of the interannual component of 700 hPa wind (vector, unit: ms−1) onto the interannual components of the PC1 for the period of 1960 to 2018. (b) As in (a), but for PC2. The bold arrows denote the U or V components of wind anomalies have passed the 95% confidence level. 
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Figure 6. (a) Regressed anomalies of the interannual component of 500 hPa geopotential height (shaded, unit: gpm) and wind (vector, unit: ms−1) onto the interannual components of the PC1 for the period of 1960 to 2018. (b) As in (a), but for PC2. The black spots denote the values have passed the 95% confidence level; the black squares represent the Southwest China (21°–33° N, 97°–110° E). 
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Figure 7. (a–e) Regressed anomalies of the interannual components of SST from January to May (shaded, unit: 10−2 °C) onto the interannual components of PC1 for the period of 1960 to 2018. (f–j) As in (a–e), but for PC2. The white spots denote the values that have passed the 95% confidence level; the black squares represent the Southwest China (21°–33° N, 97°–110° E). 
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Figure 8. (a) Lead–lag correlations of the interannual components of anomalous SST indexes identified in the Niño3.4 region with the interannual components of the PC1 for the period of 1960 to 2018. (b) As in (a), but for western Pacific warm pool (16°–18° N, 141°–149° E) and PC2. The red dotted-long and dotted lines, respectively, represent the 95% and 99% confidence level. 
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Figure 9. (a) Regressed anomalies of the longitude-height cross-section of the interannual component of the vertical velocity (shaded; 10−3 Pas−1), wind (vector; meridional component, ms−1, multiplied by 10; vertical component, Pas−1, multiplied by −100) averaged over 5° S–5° N onto the interannual component of PC1 for the period of 1960 to 2018. (b) As in (a), but for the latitude-height cross-section and averaged over 90°−105° E. The black spots denote the values have passed the 95% confidence level. 
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[image: Atmosphere 13 00735 g009]







[image: Atmosphere 13 00735 g010 550] 





Figure 10. (a) Regressed anomalies of interannual components of wave activity flux (vectors, unit: m2s−2) and stream function (shaded, unit: 106 m) at 500 hPa in late spring onto the interannual components of the PC1 for the period of 1960 to 2018. (b) As in (a), but for PC2. The black skew squares denote the values that have passed the 95% confidence level. The black squares represent the Southwest China (21°–33° N, 97°–110° E). 
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