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The interannual relationship between the spring sea surface temperature over the western tropical Indian Ocean (WTIO SST) and summer water vapor content over Tibetan Plateau (TPWVC) enhances significantly after 1992/1993. The regressed atmospheric circulation against WTIO SST index (WTIO SSTI) for two periods is explored to explain the interdecadal variation. During ID1 (1979–1991), the center of the anomalous anticyclone is generally located eastward and the weak easterly anomalies on its southern flank transport moisture from the western Pacific to Southeast China with no effects on TPWVC. In ID2 (1994–2017), the Northwest Pacific anticyclone, the anomalous easterlies, and the subtropical high at 500 hPa all move westward and enhance significantly; thus, it forms a westward moisture transport pathway delivering the water vapor from the western Pacific into Tibetan Plateau. A possible mechanism is raised. On the one hand, the SST anomalies (SSTA) related to WTIO SSTI extend eastward from spring to summer in ID2. With the increased mean SST in the Indo-western Pacific Ocean under the global warming and the stronger mean summer SST in the eastern Indian Ocean, the positive SSTA induce the enhanced Kelvin waves and Northwest Pacific anticyclone with strong easterly anomalies during ID2. But in ID1, the SSTA related to WTIO SST confined in the western-central Indian Ocean from spring to summer excite the decreased Kelvin waves with less significant easterly anomalies due to the weaker mean SST. On the other hand, the eastward shift of tropical summer SSTA generates the increased convection and rising motion over the Southeast Indian Ocean in ID2. They enhance the easterly anomalies on the southern flank of the Northwest Pacific anticyclone and induce anticyclonic shear through the meridional circulation. As a result, the easterly anomalies shift westward to transport more moisture into Tibetan Plateau. However, in ID1, the easterly anomalies of the anticyclone cannot be strengthened with no westward shift. Therefore, the above reasons lead to the interdecadal enhancement of relationship between the spring WTIO SST and summer TPWVC.
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INTRODUCTION
The Tibetan Plateau (TP) is the highest plateau in the world with the most complex terrain. Its special mechanical and thermal force especially land–atmosphere interactions determine its unique impact on climate change (Zhao and Chen, 2001a; Zhao and Chen, 2001b; Ueda et al., 2003; Zhao et al., 2018). The TP is known as “the world water tower” (Xu et al., 2008a), where there exists the maximum water vapor content above 600 hPa in summer (Wang et al., 2009; Zhou et al., 2017; Zhou et al., 2019). The TP exerts strong effects on Asian and global water cycles, thus further impacting the Asian monsoon and water vapor distribution in the downstream regions (Xu et al., 2002; Xu et al., 2008b; Chen et al., 2012; Xu et al., 2014; Curio et al., 2015). Therefore, the water vapor over the TP not only provides necessary water source for summer precipitation in the subareas and surrounding regions of the TP (Shi and Shi. 2008; Zhou et al., 2012; Zhou et al., 2015) but more importantly, it plays a robust role in summer precipitation anomalies including some extreme events in East China especially in the middle and lower reaches of the Yangtze River (Ding and Hu, 2003; Xu et al., 2003; Shi and Shi, 2008; Xu et al., 2008b; Shi et al., 2009; Zhang et al., 2013). In addition, the TP has become an important pathway for transporting water vapor from the troposphere to the stratosphere (Ye and Wu 1998; Gettelman et al., 2004; Fu et al., 2006).
A lot of studies have examined the reasons for variations of water vapor content over the TP (TPWVC). It suggests that the Asian summer monsoons as well as the subtropical westerlies are closely related with the interannual variability of the TP moisture transportation (Webster et al., 1998; Sugimoto et al., 2008; Li et al., 2009; Schiemann et al., 2009; Xie et al., 2014). However, much more vapor enters the TP through the southern boundary, and the moisture transport is much weaker at the western boundary at summertime. Thus, it presents abundant (deficient) water vapor and precipitation in the south (north) part of the TP (Liang et al., 2006; Feng and Zhou 2012; Wang et al., 2017). The moisture over the southern TP mainly comes from Arabian Sea, the Bay of Bengal, and the western Pacific Ocean (Wang et al., 2009; Chen et al., 2012; Sun and Wang 2014). An anomalous anticyclone near the south edge of the TP is the dominant factor intensifying moisture transport from the oceans to the TP (Chen et al., 2012; Feng and Zhou 2012). Besides, the North Atlantic Oscillation (NAO) can exert an effect on the interannual variation of precipitation over the TP (Liu and Chen 2000; Liu and Yin 2001; Wang et al., 2017). As far as the decadal change is concerned, it is found that the whole TP has experienced remarkable warming (Liu and Chen 2000; Wu et al., 2007; Kang et al., 2010; Moore 2012) and wetting (Xu et al., 2008a; Zhang et al., 2017; Zhou et al., 2019) at summertime in recent decades. Gao et al. (2014) state that the interdecadal growth of TP moisture is owing to the changed location of subtropical westerly jet and enhanced Asian summer monsoon under the global warming. Zhou et al. (2019) indicate that the anomalous wave train triggered by the Atlantic SST anomalies results in the upward trend of TPWVC.
Many previous researchers have proved that the Indo-Pacific SSTA could impose profound impacts on East Asian atmospheric circulation in summer (Huang and Sun 1992; Huang et al., 2006; He and Zhu, 2015). By the means of inducing the Kelvin wave (Wu et al., 2009; Xie et al., 2009; Wu et al., 2010), positive SSTA in the equatorial Indian Ocean can give rise to a strong anomalous anticyclone over the Northwest Pacific (Chen et al., 2013; Xie et al., 2016; Tao et al., 2017; Chen et al., 2018), then affecting the water vapor transport in the lower troposphere and local precipitation (Wu et al., 2009; Wu et al., 2010; Chowdary et al., 2013; Chowdary et al., 2019). As for the TP, it is found that previous ENSO events (Li et al., 2014) and the spring SSTA in Arabian Sea (Ren et al., 2017a) could both act as precursors for the following summer moisture content in the upper troposphere of the TP. The interannual variations of TP rainfall also have a close connection with the dipole pattern of Indian Ocean SST (Bothe et al., 2010; Bothe et al., 2011). Moreover, Ji et al. (2018) reveal the relationship between spring SST in Indian Ocean and the atmospheric heat source of the TP in summer. Associated with the global warming in recent years, the interdecadal changes of Indo-Pacific SST contain not only the occurrence of ENSO modoki but also the linear warming trend of SST in the Indo-western Pacific Ocean. Both of them may lead to the interdecadal differences in the mean state of summer circulation and precipitation in East Asia (Wu and Wang, 2002; Wu et al., 2010; Wang and Mehta, 2008; Zhang et al., 2011; Kajikawa and Wang, 2012; Feng and Li, 2013; Karori et al., 2013; Zhu et al., 2014; Zhang et al., 2015). Furthermore, the interdecadal changes of relationship between the Indo-Pacific SST and precipitation in South China are also explored (Wu et al., 2012; Ren et al., 2017b).
In general, a lot of work has been done by previous studies. They focus on the interannual variation of TPWVC and its possible relationship with SST over the Indo-Pacific Ocean. They also have noticed the interdecadal change of TPWVC at mean state and put forward the possible reasons (Gao et al., 2014; Zhou et al., 2019). However, few researchers have paid more attention to the interdecadal change of relationship between TPWVC and SST. Since the spring WTIO SST are highly correlated with the summer TPWVC (Ren et al., 2017a), it is also unclear that whether their interannual relationship has undergone an interdecadal change. If it does, what factors result in this interdecadal change? Therefore, this study mainly explores the interdecadal change of the relationship between the spring WTIO SST and summer TPWVC during the different decades and its possible mechanisms.
The remaining contents of this article are organized as follows. The used datasets and principal analysis methods are introduced in Data and Methods. Results provide the all the analysis results of this paper: the Interdecadal Change on Relationship Between Spring Sea Surface Temperature Over the Western Tropical Indian Ocean and Summer Water Vapor Content Over Tibetan Plateau reveals the interdecadal change of the interannual relationship between the spring WTIO SST and the summer TPWVC; Circulation Analysis Related to the Interdecadal Change investigates the circulation anomalies relevant to WTIO SST in the different decades; the possible physical mechanisms for the changed relation during different epochs are explored in Possible Mechanism. It gives a conclusion in the final section.
DATA AND METHODS
The main dataset we used for this study is the monthly mean circulation fields at 1.5° horizontal resolution provided by the European Centre for Medium-Range Weather Forecasts Interim (ERA-Interim) reanalysis (Dee et al., 2011), including geopotential height, specific humidity, zonal and meridional winds, and vertical p-velocity. Bao and Zhang (2013) have proved the advantages of ERA-Interim reanalysis data, and it has been usually used for studying the TPWVC (e.g., Gao et al., 2014; Ren et al., 2017a; Zhou et al., 2017; Zhou et al., 2019). Additional datasets consist of the monthly SST data at a 1° × 1° global grid from Hadley Center (HadISST) (Rayner et al., 2003) and the outgoing long-wave radiation (OLR) from the National Oceanic and Atmospheric Administration (NOAA) satellite with a horizontal resolution of 2.5° (Liebmann and Smith, 1996). In this study, all the above datasets cover the period from 1979 to 2017. Summer refers to the July and August (JA), and the spring SST refers to the average SST of March, April, and May in the same year. According to the previous studies (Wang et al., 2009), July and August are the wettest month over TP, but the water vapor content in June is relatively lower. The distribution of water vapor content is consistent, and the values are roughly the same in July and August. In addition, the way in which water vapor enters TP in June is not exactly the same as that in July and August. Based on these reasons, June is not included for summer in the present work.
In this article, the water vapor content, namely, atmospheric precipitable water [image: image] (mm) over TP, refers to the calculation method provided by the previous study (Wang et al., 2009) with the following formula:
[image: image]
[image: image] = 9.8 m s−2 means the acceleration of gravity, [image: image] (hPa) means the surface pressure, [image: image] (hPa) identifies the top pressure, and [image: image] (kg·kg−1) identifies the specific humidity. As is known to all, the altitude of TP is basically beyond 600 hPa. In order to describe the features of TPWVC, if [image: image] ≥ 600 hPa, it is defined as 600 hPa and [image: image] holds the value; if [image: image]＜600 hPa, [image: image] is defined as 100 hPa. The vertical integrated specific humidity is regarded as the estimated value of TPWVC.
Referring to the previous definition (Ren et al., 2017a), the TP domain in the present study is defined at 25.5°–40.5° N, 73.5°–105° E. It shows that the maximum water vapor content of summer in the whole Northern Hemisphere is located in the southeast of the TP (figure not shown). Besides, there is a significant upward trend of SST over Indo-Pacific Ocean (Wang and Mehta, 2008) as well as TPWVC (Zhou et al., 2019) under the background of global warming. Before discussing the interdecadal change of relationship between WTIO SST and TPWVC, the impacts of upward trends are removed with the method of linearly detrended analysis (except Figures 1 and 8). Moreover, the correlation and regression analyses are applied in examining the atmospheric circulation and SSTA related to the WTIO SST and TPWVC. The Student’s t test is used for assessing the statistical significance.
[image: Figure 1]FIGURE 1 | (A) Water vapor content over the Tibetan Plateau (TPWVC) at mean state in summer (unit: mm/day), and (B) the corresponding time series averaged TPWVC (solid line indicates the average for 35 years and dashed line indicates the trend. unit: mm). Shaded areas in (A) indicate the Tibetan Plateau.
[image: Figure 2]FIGURE 2 | Distributions of the correlation coefficients between TPWVCI and the spring SST in Indo-Pacific Ocean (contours indicate values>=0.4). Shaded areas indicate correlations that have passed the test at 90% confidence level. SST averaged over the green box is calculated for WTIO SSTI.
RESULTS
Interdecadal Change on Relationship Between Spring Sea Surface Temperature Over the Western Tropical Indian Ocean and Summer Water Vapor Content Over Tibetan Plateau
Figure 1 shows the TPWVC at mean state and the corresponding time series averaged TPWVC in summer. It presents that the maximum TPWVC exceeds 13 mm in the southeast of TP, and it gradually decreases from southeast to northwest (Figure 1A). Besides, it shows the significant upward trend in the time series of TPWVC (Figure 1B). To eliminate the effects of linear trends, we define the linearly detrended and standardized time series in Figure 1B as summer TPWVC index (TPWVCI) for the following analyses.
In order to describe the relationship between the summer TPWVC and the spring WTIO SST, the temporal correlation coefficients between TPWVCI and SST over Indo-Pacific Ocean are calculated in Figure 2. The correlation coefficients present a consistent pattern with positive correlation in the South China Sea and the whole northern India. It indicates that warm (cold) ocean water in spring is associated with more (less) TPWVC in summer. The coefficients are much higher and present a broader shape exceeding 0.5 in the western tropical Indian Ocean. For clearly illuminating the relationship between TPWVC and WTIO SST, the standardized averaged spring SST over Indian Ocean where correlation coefficients are the highest at 5° S–20° N, 40°–75° E (green solid box in Figure 2) is defined as the WTIO SST index (WTIO SSTI).
[image: Figure 3]FIGURE 3 | Time series of WTIO SSTI (red line, left coordinate), TPWVCI (blue line, left coordinate) and 11-year sliding correlation coefficients between WTIO SSTI and TPWVCI (black bar, right coordinate). The solid black line indicates the threshold of 90% confidence level. Green vertical line indicates the decadal change point at 1992/1993.
Figure 3 presents the time series of WTIO SSTI and TPWVCI in 1979–2017, and their correlation coefficient is 0.56 for the whole period exceeding the 99% confidence level. It indicates that the summer TPWVC is closely related to the spring WTIO SST. With the method mentioned before (Ren et al. 2017a), the 11-year sliding correlation coefficients (Figure 3) are used to investigate the interdecadal change of relationship between TPWVC and WTIO SST. It can be obviously found that there exists an interdecadal turning point of their relation at 1992/1993. It shows that the sliding correlation coefficients are quite low before 1991, which never exceed the 90% confidence level. They enhance markedly after 1993 and those of most years are significant except 2010. Here, we exclude the transition year of 1992 and 1993 in the following discussion to better distinguish the two decades. Thus, the former period from 1979 to 1991 is defined as ID1, and the latter period from 1994 to 2017 is defined as ID2. In ID1, the correlation coefficient between WTIO SSTI and TPWVCI is 0.35, not passing the test at 90% confidence level, which means weak positive interannual relation between summer TPWVC and spring WTIO SST. Comparatively, it increases remarkably to about 0.63 for ID2, exceeding the 99% confidence level. The interdecadal changes of above correlation coefficients imply that the spring WTIO SST and summer TPWVC develop a much closer interannual relationship in the latter epoch.
[image: Figure 4]FIGURE 4 | Distributions of the correlation coefficients between the spring SST and TPWVCI for (A) ID1 and (B) ID2, (C) and (D) are same as (A) and (B) but for the correlation coefficients between the summer water vapor content and WTIO SSTI. Contours indicate values >=0.5. Shaded areas indicate correlations that have passed the test at 90% confidence level. Green boxes in (A), (B) indicate the domain of SST.
For confirming their enhanced interannual relationship, the correlation coefficients between TPWVCI and the spring SST in Indo-Pacific Ocean (Figures 4A,B) as well as those between WTIO SSTI and the summer water vapor content (Figures 4C,D) at two decades are further checked. During ID1 (Figure 4A), it shows the weak positive SST correlation coefficients against TPWVCI in the northwest of Arabian Sea and Pacific Ocean while no significant correlation signals in other ocean areas. Comparatively, for ID2 (Figure 4B), it presents significantly positive correlation in almost the whole Indian Ocean, and the coefficients exceed 0.5 in large parts of regions in Arabian Sea, the Bay of Bengal, and the Southeast Indian Ocean. The high correlation between TPWVC and the SST over most of Indian Ocean indicates that TPWVC is associated with a consistent SST mode of the spring Indian Ocean Basin (IOBM). The positive correlation has a much broader shape exceeding a 90% confidence level in the WTIO SST domain (green box in Figure 2), where there also exists the maximum positive correlation. Furthermore, in Figures 4C,D, positive correlation signals appear more significantly over the central and eastern TP during ID2, while nearly no marked correlation occurs in ID1. It also shows positive correlation coefficients over the equatorial western Indian Ocean in ID1, whereas it greatly moves eastward covering the eastern Indian Ocean in ID2. It suggests that the location of corresponding tropical convection may also experience a great interdecadal change in ID2.
[image: Figure 5]FIGURE 5 | Regressed fields of moisture transport flux at 600hPa (vectors, 10-3kg⋅m−1⋅s−1) against WTIO SSTI for (A) ID1 and (B) ID2. Thick vectors indicate areas that significant at 90% confidence level. 
Circulation Analysis Related to the Interdecadal Change
In order to explain why the interannual relationship between TPWVC and WTIO SST has undergone an interdecadal change, the regressed atmospheric circulation fields against WTIO SSTI for two periods are recognized in this part. In the following analysis, only the circulation variations caused by the positive WTIO SSTA are discussed. Owing to quite the opposite situations associated with the cold WTIO SSTA, it will not be repeated here.
At first, the moisture transportation which directly decides the distributions of water vapor content needs to be investigate. Thus, the regressed fields of the water vapor transport flux at 600hPa against WTIO SSTI are plotted in Figure 5. It shows that Northwest Pacific is occupied by the anomalous anticyclone for both ID1 (Figure 5A) and ID2 (Figure 5B) which plays an extremely important role in moisture delivery over East Asian (Wu et al., 2009; Wu et al., 2010; Chen et al., 2012; Feng and Zhou 2012). During ID1 (Figure 5A), the center of the anomalous anticyclone is generally located at 130° E. Influenced by the easterly anomalies on its southern flank over the Philippine Sea, water vapor is transported from the western Pacific to Southeast China. Meanwhile, near the equator, because of the anomalous easterlies on the southern flank of anticyclonic shear centered at the Bay of Bengal, moisture originates from the Maritime Continent regions and the western Pacific, goes through the eastern Indian Ocean, turns southwesterly over the southern Indian Peninsula, and finally impacts the South China. It has no significant effect on TPWVC in the whole process of water vapor transportation. In ID2 (Figure 5B), it presents that the Northwest Pacific anticyclone moves westward obviously with a center at about 120° E. The anomalous easterlies over the Philippine Sea enhance notably exceeding the 90% confidence level. The anticyclonic shear located to the south of TP make great contributions to the westward extended easterly anomalies. Thus, the whole part of Indo-China Peninsula, the Bay of Bengal, and Indian Peninsula are all dominated by the strengthened easterly anomalies. They are favorable for conveying a lot of water vapor westward continuously from the western Pacific. And then, those anomalous easterlies change their direction turning southwesterly over the north Indian and transport moisture into TP through the south and west edges of TP eventually significantly leading to the increase of TPWVC.
[image: Figure 6]FIGURE 6 | Same as Figure 5 but for(A, B) 850hPa winds (vectors, m⋅s-1), (C, D) 500hPa geopotential heights (contours, 2 gpm) and (E, F) 150hPa winds (vectors, m⋅s-1) during (A, C, E) ID1 and (B, D, F) ID2. Thick vectors (A, B, E, F) and shadings (C, D) indicate areas that significant at 90% confidence level.
The distributions of the regressed 850 hPa wind fields against WTIO SSTI in Figures 6A,B are similar with those of Figure 5. Compared to ID2, the anomalous Northwest Pacific anticyclone is located more eastward, and the tropical easterly anomalies would finally make an effect on the increase of water vapor content over Southeast China (not TPWVC) in ID1. During the period of ID2, the enhanced and westward moved easterly anomalies on the southern flank of anticyclone take the control of not only the Philippine Sea but also the Northeast Indian Ocean, forming a moisture transport pathway beginning from the western Pacific, going through the Indo-China Peninsula, the Bay of Bengal, and Indian Peninsula, and finally reaching the TP. Therefore, it can be concluded that the tropical easterly anomalies associated with the Northwest Pacific anticyclone exert a crucial function of increased TPWVC.
[image: Figure 7]FIGURE 7 | Same as Figure 5 but for (A, B) spring and (C, D) summer SST (contour, °C) in (A, C) ID1 and (B, D) ID2. Areas that significant at 90% confidence level are shading.
At 500 hPa geopotential height fields (Figures 6C,D), the subtropical high exhibits a remarkable interannual enhancement over the western Pacific whether in the former or the latter decade. However, in contrast to ID1, the positive center and its surrounding shaded areas exceeding the 90% confidence level of the regressed geopotential heights both markedly move westward covering TP during ID2. As a result, the positive anomalies over TP may conduct a great deal of ocean moisture to TP. The westward shift of regressed maximum geopotential heights is closely related to the anticyclonic shear located to the south of TP. The regressed upper winds at 150 hPa onto WTIO SSTI are calculated as well in Figures 6E,F. The entire TP is dominated by the westerly anomalies, and there exists an anticyclonic shear to the south of TP in the former decade. But after 1992/1993, the anomalous anticyclone presents an evidently northward movement being centered to the east of TP. It suggests that the upper divergence can be in favor of moisture convergence at the lower level over TP and then trigger the increase of TPWVC.
Possible Mechanism
Based on the above analysis of regressed circulation linked to the spring WTIO SST during two epochs, one question would be addressed that how the preceding warm SSTA makes an effect on producing the enhanced summer Northwest Pacific anticyclone and tropical easterly anomalies for two periods. The reason for the westward shift of anomalous easterlies also should be explained. Therefore, the regressed SST over Indian Ocean in spring and summer (Figure 7), OLR, and meridional vertical wind fields averaged 90°–110° E in summer against WTIO SSTI are plotted (Figure 9). Moreover, Figure 8 shows the zonal temporal distributions of mean SST and its anomalies near the equator (averaged 15° S–15° N) from 1979 to 2017.
[image: Figure 8]FIGURE 8 | Meridional temporal distributions of mean SST (A, B) and anomalies (C, D) averaged 15°S-15°N from 1979 to 2017 (contours and shadings, °C)
[image: Figure 9]FIGURE 9 | Same as Figure 5 but for summer (A,B) OLR (contour, W·m−2) and (C,D) meridional (m·s−1) vertical (0.01 hPa·s−1) wind (vector) averaged over 90°–110° E in (A,C) ID1 and (B,D) ID2. Areas that are significant at 90% confidence level are shading.
It displays a clear distinction of the SSTA correlated with spring WTIO SST during two decades. In spring (Figures 7A,B), the regressed positive SSTA exceeding the 90% confidence level are located in the whole North Indian Ocean and to the west of 80° E in the south part during the former epoch. In ID2, marked warm SSTA not only appear in the same regions of ID1 but also extend eastward, covering the Southeast Indian Ocean with an enhanced consistent mode of Indian Ocean Basin (IOBM). At summertime (Figures 7C,D), the significant positive anomalies of SST with a narrower scope are still confined to the western–central Indian Ocean to the west of 100° E with no obvious SSTA signals in the eastern part in ID1. Positive SSTA also occur in Northwest Pacific. However, during ID2 (Figure 7D), they have obviously weakened in the western Indian Ocean, and they keep the similar distribution with that of spring in the eastern part. In addition, SST is also positively linked to WTIO SSTI in the Northwest Pacific and the Maritime Continent. The regressed significant SSTA in summer move eastward and may provide a more important impact on circulation. Besides, for both epochs, the warm SSTA in Indian Ocean can trigger the Kelvin waves in summer. Those waves impose a profound impact on generating the anomalous Northwest Pacific anticyclone and do a great favor for moisture transportation. The enhanced SSTA in the Maritime Continent indicate the stronger Kelvin waves and the anomalous anticyclone during ID2.
In Figures 8A,B, SST is much warmer in spring than in summer over the equatorial Indo-Pacific Ocean. The regions of SST higher than 29°C in spring for ID1 only dominate the west–central Indian Ocean. They expand eastward covering the areas of 110°–180° E for ID2. The SST increases significantly over the Indo-Pacific Ocean, especially the eastern Indian and western Pacific Ocean (Figure 8C). It explains why the correlation signals of spring SST against TPWVCI (Figure 4B) are much stronger than those in summer (figure not shown). Compared to that in spring, the SST center of Indian Ocean is anchored in the east at summertime during the entire period (Figure 8B) with the seasonal decrease of maximum SST. The SST in the eastern Indian Ocean exceeds 28°C, but not in the western part. It also shows an interdecadal enhancement of SST (Figure 8D) and its broader scopes (higher than 28°C) (Figure 8B) over the eastern Indian Ocean and western Pacific Ocean during ID2.
Based on Figures 8C,D, it is clear that the mean SST has already enhanced from spring to summer in the Indo-Pacific Ocean for the latter epoch. Previous study has proved that IOBM has become much stronger under the background of global warming (Zheng et al., 2011; Tao et al., 2015; Hu et al., 2014). It may be associated with El Nino. The correlation coefficient between WTIO SSTI and the Nino 3.4 index of preceding winter is 0.83 and 0.81 for ID1 and ID2, respectively. Tao et al. (2015) and Hu et al. (2014) indicate that the effects of SSTA on the water vapor are nonlinear. With warmer mean SST, the same intensity of El Nino can induce the much stronger anomalous water vapor for ID2. Then, they give rise to the enhanced eastward propagating Kelvin waves and warmer tropospheric temperature, further resulting in the stronger IOBM in ID2. So the SSTA associated with WTIO SSTI already extend eastward, covering the Southeast Indian Ocean in the spring of ID2. When it turns to summer, mean SST becomes much warmer in ID2 (Figure 8D), the IOBM is still much stronger than that in ID1. As the mean summer SST in the eastern Indian Ocean is stronger than that in the western part (Figure 8B), the positive SSTA in the eastern Indian Ocean excite the enhanced Kelvin waves and Northwest Pacific anticyclone with increased easterly anomalies during ID2. In turn, they also help maintain the SSTA of the eastern Indian Ocean by the easterly anomalies. In addition, the intensity of mean SST has obviously decreased in contrast with that in spring (Figures 8B), resulting in the weakened IOBM. Therefore, the warmer SSTA can be easier to continuously exist in the eastern Indian Ocean and gradually decrease in the west. However, the SST at mean state of ID1 are still relatively weaker in summer and located to the west. The SSTA in Figure 7C trigger the decreased Kelvin waves with less significant easterly anomalies. The SSTA related to WTIO SST keep staying in the western–central Indian Ocean with a slightly narrower scope. Therefore, the SSTA during summer connect with the spring WTIO SST are totally different for the two periods.
The distributions of regressed OLR onto WTIO SSTI are plotted to illuminate the corresponding characteristics of convection anomalies (Figures 9A,B). During the former period (Figure 9A), it exhibits a triple pattern (negative-positive-negative from west to east) over the tropical Indo-Pacific Ocean. Corresponding to the significant positive SSTA, the enhanced convection with anomalous ascending motion is induced in the western Indian Ocean, and then the anomalous zonal vertical circulation is driven. As a result, it produces the decreased convection with sinking branch over the Southeast Indian Ocean centered around 100° E and makes low-level easterly anomalies mainly confined to the equatorial Indian Ocean (Figure 6A). Due to the further south position of these easterly anomalies, more water vapor cannot be conveyed into TP. The convective subsidence is strengthened in Northwest Pacific because of the anticyclone triggered by Kelvin waves, but it only reaches 120° E to the west (Figure 9A). Besides, vertical wind fields averaged 90°–110° E in summer against WTIO SSTI are checked to study the local meridional circulation (Figures 9C,D). As the downdrafts occur over the Southeast Indian Ocean, upward movement is stimulated from 5° N to TP (Figure 9C). It indicates that the Northwest Pacific anticyclone is located eastward.
By comparison, during the period of ID2 (Figure 9B), the anomalous convection presents a tropical opposite pattern in Indo-Pacific Ocean with notably enhanced rising motion over the Southeast Indian Ocean and the Maritime Continent, and marked sinking branch over the central Pacific. On the one hand, the ascending branch response to the intense positive SSTA in the Southeast Indian Ocean and the Maritime Continent (Figure 7D) drives the strengthened anomalous zonal vertical circulation. It gives rise to the tropical subsidence in the central Pacific around 160° E. Thus, the anomalous easterlies that are responsible for the moisture transport are significantly induced from the eastern Indian Ocean to the western Pacific (Figure 6B), strengthening the easterly anomalies on the southern flank of the Northwest Pacific anticyclone. On the other hand, the updrafts over the Southeast Indian Ocean and the Maritime Continent also trigger the local meridional circulation, which results in the downdrafts just located to the south of TP from 15° to 25° N (Figure 9D). The induced anticyclonic shear by the downdrafts over there can lead to the westward shift of easterly anomalies on the southern flank of the Northwest Pacific anticyclone reaching the Bay of Bengal and the Indian Peninsula, and then turning southerly anomalies to transport the moisture to TP.
Therefore, we can put forward a possible mechanism for the enhanced relationship between WTIO SST and TPWVC drawing conclusions from the above analysis. On the one hand, under the background of global warming, the mean SST increases from spring to summer in the Indo-western Pacific Ocean, and the IOBM has become much stronger. The SSTA associated with WTIO SSTI extend eastward covering the Southeast Indian Ocean from spring to summer in ID2. With the stronger mean summer SST in the eastern Indian Ocean, the positive SSTA there induce the enhanced Kelvin waves and Northwest Pacific anticyclone with increased easterly anomalies during ID2. In turn, they help maintain the SSTA of the eastern Indian Ocean by the easterly anomalies. However, owing to the weaker mean SST, the SSTA related to WTIO SST keep staying in the western–central Indian Ocean from spring to summer trigger the decreased Kelvin waves with less significant easterly anomalies during ID1.
On the other hand, it suggests that positive SSTA are more likely to induce the much stronger convection with anomalous ascending motion over the eastern part of Indian Ocean in summer for ID2. It drives the strengthened anomalous zonal vertical circulation and induces the anomalous easterlies on the southern flank of the Northwest Pacific anticyclone which are responsible for the moisture transport. Furthermore, it results in the downdrafts and triggers anticyclonic shear to the south of TP through the meridional circulation. Finally, the increased easterly anomalies of the Northwest Pacific anticyclone shift westward across the Bay of Bengal to transport the moisture to TP. But in ID1, downdrafts occur over the Southeast Indian Ocean with upward movement in the western Indian Ocean. The triggered zonal vertical circulation cannot strengthen the easterly anomalies in the south of the weaker Northwest Pacific anticyclone. The induced rising motion to the south of TP cannot help the Northwest Pacific anticyclone move westward. Finally, it leads to easterly anomalies confined in the equatorial Indian Ocean with no effects on TPWVC in ID1. Results from the above reasons, the easterly anomalies responsible for transporting moisture to TPWVC shift westward and finally lead to the enhanced interannual relationship between the spring WTIO SST and summer TPWVC after 1992/1993.
CONCLUSIONS
The interdecadal variation of interannual relationship between the spring WTIO SST and summer TPWVC is mainly studied in this article. The sliding correlation coefficients show that their relation enhances significantly after 1992/1993. Thus, the former period from 1979 to 1991 is defined as ID1, and the latter from 1994 to 2017 is defined as ID2. In ID1, the correlation coefficient between the spring WTIO SSTI and summer TPWVCI is 0.35 not passing the test at 90% confidence level, indicating their weak positive interannual relation. Comparatively, it increases obviously to about 0.63 for ID2 exceeding the 99% confidence level.
The regressed atmospheric circulation fields against WTIO SSTI for two periods are investigated. During ID1, the center of the anomalous anticyclone at 850 hPa is generally located eastward at 130° E. Influenced by the easterly anomalies on its southern flank, water vapor is transported from the western Pacific Ocean to Southeast China, but it has no significant effect on TPWVC. In ID2, the Northwest Pacific anticyclone moves westward significantly. The anomalous easterlies on its southern flank enhance notably and shift westward with the effects of the anticyclonic shear to the south of TP. Thus, the easterly anomalies transport a lot of water vapor westward continuously from the western Pacific; go through the Indo-China Peninsula, the Bay of Bengal, and Indian Peninsula; and eventually reach TP significantly leading to the increased TPWVC. Besides, the enhanced subtropical high at 500 hPa in summer over the western Pacific also markedly move westward during ID2, conducting a great deal of ocean moisture to TP. At 150 hPa wind field, the anomalous anticyclone to the south of TP in ID1 move northward to be centered at Southeast TP in ID2. The upper divergence of TP can do a favor for moisture convergence at the lower level and finally trigger the enhancement of TPWVC. Given that the easterly anomalies of the Northwest Pacific anticyclone are of great significance to moisture transportation, their westward movement and increased intensity during ID2 eventually lead to the enhancement of TPWVC.
A possible mechanism is raised for explaining the enhancement and westward shift of easterly anomalies related to the spring WTIO SST in ID2. On one side, the mean SST increases from spring to summer in the Indo-western Pacific Ocean under the global warming. The SSTA linked with WTIO SSTI extend eastward, covering the Southeast Indian Ocean from spring to summer in ID2. With the stronger mean summer SST in the eastern Indian Ocean, the positive SSTA induce the enhanced Kelvin waves and Northwest Pacific anticyclone with increased easterly anomalies during ID2. But in ID1, the SSTA related to WTIO SST confined in the western–central Indian Ocean from spring to summer excite the decreased Kelvin waves with less significant easterly anomalies due to the weaker mean SST. On the other side, because the positive summer SSTA are located in the eastern/western Indian Ocean, the increased/decreased convection and rising/sinking motion are induced over the Southeast Indian Ocean in ID2/ID1. It gives rise to the downdrafts/updrafts in Central Pacific to enhance/weaken the easterly anomalies on the southern flank of the Northwest Pacific anticyclone. Furthermore, it can result in the downdrafts/updrafts to the south of the TP by inducing the local meridional circulation for ID2/ID1. It further generates the anticyclonic shear over there resulting in the westward shift of the easterly anomalies to transport more moisture into TP in ID2 compared with no obvious westward shifted easterly anomalies of anticyclone and no vapor transportation to TP in ID1. As a result of the above reasons, the interannual relationship between the spring WTIO SST and summer TPWVC has significantly enhanced after 1992/1993.
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