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Abstract

:

Using the four-times daily and monthly-mean reanalysis datasets of NCEP/NCAR for the 1958 to 2018 period, we investigate the interannual variability of the June-July-August (JJA)–mean water vapor source and sink over the tropical eastern Indian Ocean-Western Pacific (TEIOWP) and the underlying mechanism. It is found that the two major modes (EOF1 and EOF2) of the water vapor source and sink anomalies over the TEIOWP present a southwest-northeast oriented dipole and a southwest-northeast oriented tripole. Specifically, when the western maritime continent shows an anomalous water vapor source, the northwestern Pacific is characterized by anomalous water vapor sink and source in EOF1 and EOF2 modes, respectively. The EOF1 and EOF2 modes are primarily driven by a single and a double meridional cell anomaly, which corresponds to the in-phase and out-of-phase linkage between evaporation anomalies over the western maritime continent and precipitation anomalies over the northwestern Pacific, respectively. Furthermore, the EOF1 mode is regulated by the quick transition of the El Niño-Southern Oscillation (ENSO) phase, whereas the EOF2 mode probably originates from internal atmospheric variability. Considering that the standard deviation of PC1 is much higher during ENSO years than that during non-ENSO years, it is probable that the water source and sink anomalies over the TEIOWP tend to be dominant by EOF1 mode during ENSO years. In contrast, the EOF2 mode may play an important role in the water source and sink anomalies over the TEIOWP during non-ENSO years. Accordingly, the water vapor source and sink anomalies over the TEIOWP may be well predicted based on the ENSO state in the previous December-January-February. These results are useful for understanding the predictability of water vapor source and sink anomalies over the TEIOWP.
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1. Introduction


Although the water vapor in the atmosphere accounts for only 0.001% of the global water, this tiny fraction is the most active part of the water cycle [1,2]. The atmospheric water cycle mainly includes evaporation, water vapor transport and precipitation, linking water exchange among ocean, land and different regions. The water vapor is mostly concentrated in the lower atmosphere and decreases rapidly with the increase of altitude. Meanwhile, the water vapor over the equator is abundant and it decreases significantly towards the North and South poles. As the central part of the warm pool, the tropical eastern Indian Ocean-western Pacific (TEIOWP) is the most abundant region of water vapor in the world [2,3].



East Asia is situated to the west of the Pacific and to the east of the Tibet Plateau, where the atmospheric circulation has a distinct seasonal variation and shows a distinct monsoon climate. In June-July-August (JJA), the East Asian summer monsoon (EASM) carries abundant water vapor from the ocean to the land. The advance and retreat of EASM correspond to the change of water vapor transport intensity, which results in the northward and southward movement of the JJA precipitation belt over East Asia [4]. The water vapor transport over East Asia in JJA mainly includes three water vapor inflows: (1) the southwestward water vapor from the Indian Ocean to Eastern China through the Bay of Bengal, Indo-China Peninsula and South China Sea; (2) the southeastward water vapor from the western Pacific to eastern China along the southwestern margin of the western Pacific subtropical high (WPSH); (3) zonal water vapor transport along the westerlies belt over the middle latitudes [4]. Among them, the water vapor from the TEIOWP plays a dominant role in JJA precipitation anomalies over East Asia [4].



The sea surface temperature (SST) over the tropical Pacific and tropical Indian Ocean are considered to be important external forcings affecting the interannual variability of water vapor over the TEIOWP and the EASM [5,6,7]. First, the El Niño-Southern Oscillation (ENSO) has a great impact on precipitation anomalies over East Asia, and this influence depends on the stages of the ENSO [8,9,10]. During the JJA in the El Niño developing phase, both the WPSH and the water vapor transport from the TEIOWP are weakened, favoring dry anomalies over Central-North China [11]. During the JJA in the El Niño decaying phase, an anomalous anticyclone appeared over the northwestern Pacific, which corresponds to an enhanced WPSH and increases the precipitation in the middle and lower reaches of the Yangtze River [8,9,12].



Both the Indian Ocean Basin-Wide (IOBW) mode and tropical Indian Ocean dipole (TIOD) mode are important factors regulating the interannual variability of the EASM. The IOBW plays an important “charger” role in ENSO decaying summers, which tends to increase (decrease) the precipitation over the middle and lower reaches of the Yangtze River in its positive (negative) phase [13,14,15]. The TIOD is featured by obvious seasonal differences, and it usually begins in the May-June, reaches the peak in September-October-November (SON), and rapidly decays in December-January-February (DJF). When the TIOD displays a positive (negative) phase in JJA, the southwestward water vapor from the Indian Ocean to Eastern China is increased (decreased), which contributes to more (less) than normal precipitation over South China [16]. Overall, the water vapor anomalies over the TEIOWP is crucial in linking the external forcings and JJA precipitation anomalies over East Asia.



In JJA, the water vapor source and sink are mainly located in the Southern Hemisphere and Northern Hemisphere, respectively [3,17,18]. Correspondingly, water vapor that is lost in the Southern Hemisphere is transported to the Indian and East Asian monsoon regions by cross-equatorial flows. Variations in the water vapor source and sink over the TEIOWP effectively impact the JJA precipitation anomalies over East Asia [19,20]. For instance, Zhou and Yu [19] found that positive precipitation anomalies over the middle and lower reaches of the Yangtze River are related to anomalous water vapor from the Philippine Sea and the Bay of Bengal. While the anomalous water vapor from the northwestern Pacific contributes to the increased precipitation over the Huaihe River valley. For a more complete understanding of the interannual variations of the water vapor over the TEIOWP, we need to address two questions: what are the major modes of the water vapor source and sink anomalies over the TEIOWP? What are the possible linkages between the major modes and the external forcings? To address the above questions, we will first analyze the characteristics of the two major modes of anomalous water vapor source and sink over the TEIOWP. Then, we will investigate the mechanism responsible for the two major modes. Specifically, we will identify the contribution of the ENSO and TIOD to the two major modes of the water vapor source and sink anomalies over the TEIOWP.



The rest of the article is organized as follows. The data and methods employed are described in Section 2. Section 3 presents the characteristics of the two major modes of anomalous water vapor source and sink over the TEIOWP. Section 4 investigates the possible impact of the external forcings on water vapor source and sink anomalies over the TEIOWP. A summary along with a discussion is given in Section 5 and Section 6, respectively.




2. Data and Method


2.1. Datasets


The National Center for Environmental Prediction (NCEP)/National Center for Atmospheric Research (NCAR) reanalysis data, including the four-times daily zonal, meridional and vertical wind components, relative humidity, and monthly mean meridional and vertical wind components were employed to analyze water vapor source and sink and large-scale atmospheric circulation anomalies, and they are available from 1948 to the present [21]. These variables have a horizontal resolution of 2.5° × 2.5°, except for the 10-m wind, which are on T62 Gaussian grids. The monthly mean Niño3.4 index was downloaded from the Climate Prediction Center (CPC) website [22]. The monthly mean SST data used in the present study is the Extended Reconstructed SST version 5 (ERSST5) dataset, which was provided by the National Oceanic and Atmospheric Administration (NOAA)/Oceanic and Atmospheric Research (OAR)/Earth System Research Laboratory Physical Science Division (ERSL PSD). This dataset has a horizontal resolution of 2.0° × 2.0° and is available from 1854 to the present [23]. The monthly precipitations were derived from the NOAA global monthly precipitation reconstruction (PREC) dataset (2.5° × 2.5° resolution) [24], and they are available from 1948 to the present. The monthly evaporations were derived from the objectively analyzed air-sea fluxes (OAFlux) (1.0° × 1.0° resolution) [25], and they are available from 1958 to the present.




2.2. Methods


The study period covers JJA from 1958 to 2018. The ENSO (non-ENSO) years are selected based on the absolute value of the JJA–mean Niño3.4 index more (less) than 1.0. The SST tendency is calculated as the difference in the SST anomalies during the succeeding month minus the SST anomalies in the preceding month and is divided by 2. Following Saji et al. [26], the tropical Indian Ocean sea temperature dipole (TIOD) index is defined as the difference between the regional-mean SST anomalies of the 10° S–10° N, 50°–70° E and that of 10° S–0°, 90°–110° E. As this study focuses on interannual variations, we apply a nine-year high-pass filter to all the monthly variables and climate indices prior to analysis.



The daily apparent moisture sink Q2 is computed according to the study of Yanai et al. [27] and Ciesielski et al. [28]. The equation is expressed as:


   Q 2  = − L  (    ∂ q   ∂ t   + V • ∇ q + ω   ∂ q   ∂ p    )   



(1)







The total Q2 in the atmosphere is obtained by integrating Equation (1) from 300 hPa to the surface pressure (PS), which is expressed as:


   〈   Q 2   〉  =  1 g     ∫  300 h P a    P S      Q 2  d p     



(2)







The atmospheric water vapor flux vector Q can be decomposed into zonal and meridional water vapor fluxes, which are defined as follows:


   〈   Q u   〉  =  1 g     ∫  300 h P a    P s     q u d p     



(3)






   〈   Q v   〉  =  1 g     ∫  300 h P a    P s     q v d p     



(4)




where q is the specific humidity of each layer of the atmosphere, V is the horizontal wind, ω is the vertical velocity in pressure coordinates, L is the latent heat of condensation, u is the zonal wind velocity, v is the meridional wind velocity, and g is the acceleration of gravity. The integral is the vertical integration from the ground (PS) to 300 hPa. When the value of Q2 is more (less) than 0, it means water vapor sink (source).



The empiric orthogonal function (EOF) was used to achieve a decomposition of a continuous space-time field X(t,s) [29,30,31], where s and t denote spatial position and time, respectively. The equation is expressed as:


  X  (  t , s  )  =   ∑  k = 1  M    c k   ( t )   u k   ( s )     



(5)




where  M  is the number of grid points contained in the field, using an optimal set of basis functions of space    u k   ( s )    and expansion functions of time    c k   ( t )   .



We present a brief description of how to obtain EOF, and for more details, refer to the studies of Storch [32], Wilks [33] and Hannachi et al. [34]. Once the anomaly data matrix X is determined, the sample covariance matrix is defined by:


  S =  1 n   X T  X  



(6)




which contains the covariances    s  i j   ,   i , j = 1 , … p  , between the time series of the field at any pair of grid points (   s i  ,    s j   ), i.e.,


   s  i j   =    [ S ]    i j   =  1 n    ∑  t = 1  n    x  t i    x  t j      



(7)







The aim of EOF analysis is to find a set of orthogonal spatial patterns along with a set of associated uncorrelated time series that explain maximum variance. In other words, searching a unit-length direction   u =    (   u 1  , … ,  u p   )   T    to confirm maximum variability of   X u  . The EOF is therefore obtained as the solution to the eigenvalue problem:


  S u =  λ 2  u  



(8)







The k’th EOF is simply the k’th eigenvector    u k    of  S . The associated eigenvalue    λ k 2  ,   k = 1 , … p   is then:


   λ k 2  =  u k T  S  u k  =  1 n     ‖  X  u k   ‖   2   



(9)




and hence gives a measure of the variance of the data accounted for in the direction    u k   . The projection of the anomaly field  X  onto the k’th EOF    u k  =    (   u  k 1   ,  u  k 2   , … ,  u  k p    )   T   , i.e.,    a k  = X  u k    is the k’th PC whose elements    a  t k   , t = 1 , … n  , are given by:


   a  t k   =   ∑  j = 1  p    x  t j    u  k j      



(10)







So, the k’th eigenvalue    λ k 2    denotes the variance of the k’th PC    a k  =    (   a  1 k   ,  a  2 k   , …  a  n k    )   T   . The space function    u k   ( s )    and time function    c k   ( t )    in (5) are represented by    u  k j     and    x  t j     in (10), respectively. In various studies the EOFs are also known as the PC loadings, and sometimes simply PCs. The PCs on the other hand are also known as EOF expansion coefficients, PC time series, and PC scores. In this study, we use the EOFs and PCs for the spatial patterns and temporal series, respectively.



The linear regression analysis is the main statistical technique employed during the study. The statistical significance tests were computed using the Student’s two-tailed t-test. A brief description of linear regression analysis and t-test for slope are expressed below:


   S  x x   =   ∑  i = 1  n      (   x i  −  x ¯   )   2    =   ∑  i = 1  n    x i 2  −      (    ∑  i = 1  n    x i     )   2   n     



(11)






   S  x y   =   ∑  i = 1  n    (   y i  −  y ¯   )   (   x i  −  x ¯   )    =   ∑  i = 1  n    x i   y i  −    (    ∑  i = 1  n    x i     )   (    ∑  i = 1  n    y i     )   n     



(12)






          β ^  0  =  y ¯  −   β ^  1   x ¯          β ^  1  =    S  x y      S  x x          }      y ^  i  =   β ^  0  +   β ^  1   x i   



(13)




where the     β ^  0    is the intercept,     β ^  1    is the slope.



Use a t-test for the slope, where the t-test is simply the ratio of the slope to its standard error.


   T 0  =     β ^  1        σ ^  2  /  S  X X        



(14)






    σ ^  2  = M S E =     ∑  i = 1  n      (   y i  −   y ^  i   )   2      n − 2    



(15)







The t-test is conducted according to the t distribution with n−2 degree of freedom. Reject the null hypothesis if,


   |   T 0   |  >  t  α / 2 , n − 2    



(16)







In this study, the linear regression of variable Y against X represents the slope of the regression line, which can be tested based on the Student’s two-tailed t-test. We suppose that Y is closely related to X if the slope of the regression line exceeds the 95% confidence level.





3. Characteristics of the Two Major Modes


In JJA, the water vapor source is mainly located in the southern hemisphere, and the water vapor sink is mainly located in the northern hemisphere [17,18], and thus the water vapor over the TEIOWP plays an important role in JJA precipitation anomalies over East Asia. According to Equations (1) and (2), we calculate the JJA–mean    〈   Q 2   〉    for the period of 1958 to 2018 based on the NCEP/NCAR reanalysis data. To obtain the major modes of the water vapor source and sink anomalies over the TEIOWP, an empiric orthogonal function (EOF) is performed on the covariance matrix of the JJA–mean    〈   Q 2   〉    anomalies over the TEIOWP for the period of 1958 to 2018 via the Equations (5)–(10). Figure 1a,b shows the spatial distribution of the first mode (EOF1) and the second mode (EOF2) of the water vapor source and sink anomalies over the TEIOWP (20° S–20° N, 90°–150° E). More than 25% and 12% of the total variance can be explained by the EOF1 and EOF2, which can be well separated from the other modes according to the “rule of thumb” [35]. In comparison, the accounted variances of the other modes are much smaller, and they can not be well separated from each other (figures not shown). The EOF1 mode presents a southwest-northeast oriented dipole with negative loading over the central-western maritime continent and positive loading over the northwestern Pacific (Figure 1a). Although the EOF2 mode presents five centers including two positive centers and three negative centers, the two centers over the southern South China sea (~110° E, 5° N) and the southeastern Bay of Bengal (~95° E, 10° N) are much weaker than the other three centers. The areas with strong loading in the EOF2 mode display a southwest-northeast oriented tripole, with one center over the eastern maritime continent and two centers with opposite signs over the western maritime continent and northwestern Pacific (Figure 1b). In other words, the out-of-phase linkage in water vapor source and sink between the western maritime continent and the northwestern Pacific in EOF1 mode is changed to in-phase linkage in EOF2 mode (Figure 1a vs. Figure 1b). Figure 1c,d shows the normalized principal components of the EOF1 (PC1) and EOF2 (PC2). Owing to the interdecadal component of    〈   Q 2   〉    being removed, both the PC1 and PC2 present interannual variations.



Note that the water vapor source and sink are partly driven by horizontal winds, Figure 2 shows the JJA–mean water vapor flux anomalies and its divergence over the TEIOWP that associated with the PC1 and PC2. When the PC1 displays positive anomaly, the anomalous water vapor from the maritime continent transport northward and eastward to the northern tropical Indian Ocean and western tropical Pacific, respectively. Correspondingly, the water vapor divergence (convergence) over the central-western maritime continent (northwestern Pacific) agrees well with the dipole structure of the EOF1 mode (Figure 2a). In comparison, the water vapor anomalies associated with the PC2 is characterized by southeastward inflow from the maritime continent to the tropical Indian Ocean, and anticyclonic transport over the northwestern Pacific; the resultant divergence (convergence) over the western maritime continent and northwestern Pacific (eastern maritime continent) is consistent with the tripole structure of the EOF2 mode (Figure 2b). Thus, the distribution of water vapor source and sink anomalies in the two major modes are closely related to the water vapor divergence and convergence, respectively.



Furthermore, we investigate the role of vertical motion anomalies in contributing to the two major modes, as shown in Figure 3. Clearly, a South-North oriented dipole structure of the EOF1 mode is associated with an anomalous ascending branch at 10°–20° N and an anomalous descending branch at 0°–10° S, accompanying southerly winds anomalies and northerly winds anomalies over the lower troposphere and higher troposphere, respectively (Figure 3a). Similarly, a South-North oriented tripole structure of the EOF2 mode is associated with significant ascending motion anomalies over the 0°–10° N and descending motion anomalies over about 15° S and 20° N, with meridional winds converging and diverging over the lower troposphere and higher troposphere, respectively (Figure 3b). These results indicate that the single and double meridional cell anomalies mainly modulate the dipole structure of the EOF1 mode and tripole structure of the EOF2 mode, respectively.



To examine the linkage of evaporation and precipitation anomalies to the water vapor source and sink anomalies in the two major modes, the JJA–mean evaporation and precipitation slopes regressed against PC1 and PC2 are shown in Figure 4. The anomalous water vapor source over the central-western maritime continent in the EOF1 mode is associated with both the increase in evaporation and decrease of precipitation, whereas the anomalous water vapor sink over the northwestern Pacific is primarily associated with the increase in precipitation (Figure 4a,c). On the other hand, the increasing evaporation exerts a larger impact on the anomalous water vapor source over the western maritime continent in the EOF2 mode, but the precipitation anomalies play a major role in water vapor sink and source anomalies over the eastern maritime continent and northwestern Pacific (Figure 4b,d). Besides, the magnitude of the precipitation or evaporation anomalies associated with the PC1 are much larger than those associated with the PC2, where the PC1-related and PC2-related precipitation or evaporation anomalies over the TEIOWP areas are more (less) than 1.0 mm day−1 and 0.5 mm day−1, respectively (Figure 4a vs. Figure 4b; Figure 4c vs. Figure 4d). This suggests the EOF1 mode has a closer linkage with precipitation or evaporation anomalies over the TEIOWP than that of the EOF2 mode.




4. The Linkage between the External Forcings and the Two Major Modes


Previous studies reported that the sea surface temperature (SST) over the tropical Pacific and Indian Ocean are important external forcings affecting the interannual variability of water vapor over the TEIOWP [5,6,7,36]. To investigate the possible modulation effects of the external forcings on the two major modes, Figure 5 shows the regression of seasonal-mean SST slopes against PC1 and PC2 from the previous DJF (DJF(–1)) to the DJF. The positive phase of PC1 is associated with the significantly colder than normal SST over the central-eastern Pacific in the DJF(–1), while it transforms into a warmer state during JJA, and further strengthens during DJF (Figure 5a,c,e). The evolution of the SST anomalies over the central-eastern Pacific denotes a quick transition from the decaying La Niña phase to the developing El Niño phase. Correspondingly, the PC1 coincides well with the simultaneous Niño 3.4 index, and the linear correlation coefficient between them exceeds +0.59 (significant at the 99.9% confidence level). The significant in-phase linkage between the simultaneous Niño 3.4 index and PC1 is further supported by the scatterplot between them because more than three-quarters of the dots are located in the first and third quadrants (Figure 6a).



When the PC2 is in its positive phase, the SST anomalies in the DJF(–1) and the DJF are relatively weak and almost not significant, while the simultaneous SST is significantly warmer than normal over the tropical western Indian Ocean and colder than normal over the tropical southeastern Indian Ocean (Figure 5b,d,f), which corresponds to the positive phase of TIOD. The linear correlation coefficient between the PC2 and TIOD index exceeds +0.42 for the period of 1958 to 2018, and it is significant at the 99.9% confidence level. Again, the scatterplot between the simultaneous TIOD index and PC2 verifies the in-phase linkage between them, as evidenced by 45 out of 61 years presenting the same signs (Figure 6b). Therefore, the interannual variability of the PC1 and PC2 may be regulated by the quick transition of the ENSO phase and TIOD, respectively.




5. Discussion


The interannual variability of the PC1 is closely related to the quick transition of the ENSO phase, and it has pronounced pre-season tropical Pacific SST anomalies. Figure 7 shows the regression maps of the JJA–mean    〈   Q 2   〉   , water vapor flux and meridional cell anomalies against the inverted DJF(–1) Niño 3.4 index. The distribution of    〈   Q 2   〉    anomalies associated with the inverted Niño 3.4 index is similar to the EOF1 mode, with water vapor source anomalies over the central-western maritime continent and water vapor sink anomalies over the northwestern Pacific (Figure 1a vs. Figure 7a). The associated water vapor transport and convergence anomalies are also consistent with those associated with the PC1, which shows cyclonic transport and convergence over the northwestern Pacific, and northward transport and divergence over the central-western maritime continent (Figure 2a vs. Figure 7b). When the decaying La Niña is quickly transformed into the developing El Niño in JJA, the SST is colder than normal over the maritime continent, which favors suppressed convection aloft. The anomalous descending motion could excite an obvious “+, –” meridional wave train propagation resembling the Pacific-Japan pattern (Figure 7c) [3,37,38,39,40,41]. Meanwhile, an anomalous cyclone is triggered over the northwestern Pacific via the Indo-western Pacific Ocean capacitor effects (Figure 7b) [12,14,15]. These anomalies enhance the ascending motion and water vapor sink over the northwestern Pacific. Therefore, it is useful to predict the interannual variability of the PC1 base on the ENSO state in DJF(–1).



Note that PC2–TIOD index linkage is significant in JJA but not significant in the DJF(–1) (Figure 5b,d), we examine whether the EOF2 mode is affected by the TIOD via the lead-lag correlations between them, as shown in Figure 8. The in-phase linkage between the PC2 and TIOD index is not significant until June, as evidenced by the linear correlation coefficient between the TIOD index in May and PC is only +0.15, implying the TIOD is not an important precursor of EOF2 mode. Conversely, the significantly in-phase linkage between the PC2 and TIOD index during June–August is closely related to the significantly positive correlation between the PC2 and the tendency of the TIOD index during May–July, suggesting the TIOD is forced by PC2 to some extent (Figure 8). This is further supported by the evaporation anomalies associated with the PC2 being pronounced increased (decreased) over the tropical eastern (western) Indian Ocean (Figure 3b), which would induce the positive phase of TIOD via the wind-evaporation effect. As the interannual variability of the PC2 is not driven by TIOD or other SST modes, the EOF2 mode probably originates from internal atmospheric variability. This conclusion shares similarities with the results of Lu et al. [42] and He et al. [43], as the second mode of JJA WSPH resulting from internal atmospheric variability is underlined in their studies. On the other hand, although the EOF2 mode is not regulated by the ENSO, the standard deviation of PC2 is much lower in ENSO years (+0.79) compared to that in non-ENSO years (+1.09), which is opposite to the PC1 (+1.31 vs. +0.88). It is likely that the water source and sink anomalies over the TEIOWP tend to be dominant by EOF1 (EOF2) mode in ENSO (non-ENSO) years.



Compared to the period before the early 1990s, it is noteworthy that the amplitude of the PC1 is significantly enhanced after the early 1990s. In contrast, the amplitude of the PC2 is much lower after the early 1990s than that before the early 1990s (Figure 9). Correspondingly, although the loadings of the two major modes change are small over the whole period, the accounted variance of the dipole structure mode is increased from 14.8% to 35.7% between the two sub-periods of 1958 to 1990 and 1991 to 2018, whereas that of the tripole structure mode is decreased from 21.1% to 9.8% (Figure 10). Note that the external forcings, internal variability and change of the climate background may be responsible for the change of the PC1 and PC2 amplitude in the early 1990s, it is important to analyze the relative contribution of ENSO, internal variability and the global warming to this interdecadal change in future. Moreover, previous studies have shown that the water vapor source and sink over the TEIOWP is important to JJA precipitation anomalies over East Asia [5,6,7,14], but the impact of the water vapor source and sink over the TEIOWP on the JJA precipitation over East Asia has not been involved in the current study. Thus, future work needs to (1) analyze the underlying mechanism related to change of the PC1 and PC2 amplitude in the early 1990s; (2) investigate the relationship between the water vapor sink and source over the TEIOWP and the JJA precipitation anomalies over East Asia.




6. Summary


In this study, the interannual variability of the JJA–mean water vapor source and sink over the TEIOWP and the underlying mechanism are investigated by using the four-times daily and monthly-mean reanalysis datasets of NCEP/NCAR for the period of 1958 to 2018. The results show that nearly 40% of the total variance can be explained by the two major modes, which can be well separated from the other modes. The EOF1 mode and EOF2 mode of the water vapor source and sink anomalies over the TEIOWP present a southwest-northeast oriented dipole and a southwest-northeast oriented tripole, respectively. Specifically, the out-of-phase linkage in water vapor source and sink between the western maritime continent and the northwestern Pacific in EOF1 mode is changed to in-phase linkage in EOF2 mode. The water vapor anomalies associated with the PC1 (PC2) is characterized by northward transport from the maritime continent and (cyclonic) anticyclonic transport over the northwestern Pacific. The distribution of water vapor source and sink anomalies in the two major modes are closely related to the water vapor divergence and convergence, respectively. Corresponding to the in-phase and out-of-phase linkage between evaporation anomalies over the western maritime continent and precipitation anomalies over the northwestern Pacific, the single and double meridional cell anomalies mainly modulate the dipole structure of the EOF1 mode and tripole structure of EOF2 mode, respectively.



Moreover, the EOF1 mode is regulated by the quick transition of the ENSO phase, and it is useful to predict the associated PC1 based on the ENSO state in DJF(–1). When the decaying La Niña quickly transforms into the developing El Niño in the JJA, an obvious “+, –” meridional wave train resembling the Pacific-Japan pattern propagates from the tropics to the northwestern Pacific, which enhances the descending (ascending) motion and water vapor source (sink) over the western-central maritime continent (northwestern Pacific). In contrast, although the PC2 has a significant in-phase linkage with the simultaneous TIOD index, the EOF2 mode probably originates from internal atmospheric variability, as is evident from the SST anomalies over the tropical Indian Ocean are primarily forced by the EOF2 mode via the wind-evaporation effect. Additionally, owing to the standard deviation of PC1 is much higher in ENSO years than that in non-ENSO years, it is likely that the water source and sink anomalies over the TEIOWP tend to be dominant by EOF1 mode in ENSO years. In contrast, as the standard deviation of PC2 is much higher in non-ENSO years, the EOF2 mode may play an important role in water source and sink anomalies over the TEIOWP during non-ENSO years.
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Figure 1. (a,b) The first and second eigenvectors (EOF1, EOF2) of JJA–mean    〈   Q 2   〉    anomalies over the tropical eastern Indian Ocean-western Pacific (TEIOWP) for the period of 1958 to 2018; (c,d) the corresponding normalized time series (PC1 and PC2). The explained variance is indicated at the top right; the zero contours are omitted. 
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Figure 2. (a) Linear regression slopes of JJA–mean water vapor flux (vector; kg m−1s−1) and the associated divergence (shaded; 10−7 g m−2 s−1) at each grid of the TEIOWP onto the PC1 for the period of 1958 to 2018. (b) As in (a), but for PC2. Only the water vapor flux anomalies that were significant at the 95% confidence level are plotted. 
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Figure 3. (a) Linear regression slopes of the latitude–height cross-section of the JJA–mean vertical velocity (contour interval; 100−1 Pa s−1), wind (vector; meridional component, m s−1; vertical component, Pa s−1, multiplied by –100; the wind speeds less than 0.1 m s−1 are not shown) averaged over 110°–140° E at each grid onto the PC1 for the period of 1958 to 2018. (b) As in (a), but for PC2. Note that the unit of the Y-axis is hPa. The shaded area denotes the wind anomalies exceeding the 95% confidence level; the zero contours are omitted. 
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Figure 4. Linear regression slopes of JJA–mean (a) precipitation (shaded; mm day−1) and (c) evaporation (shaded; mm day−1) at each grid of TEIOWP onto the PC1 for the period of 1958 to 2018. (b,d) As in (a,c) but for PC2. The black dotted area exceeds the 95% significance level. 
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Figure 5. Linear regression slopes of SST (shaded; °C) over the tropical Indian Ocean and Pacific in the (a) DJF(–1), (c) JJA and (e) DJF onto PC1. (b,d,f) As in (a,c,e), but for PC2. The black dotted area exceeds the 95% confidence level. 
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Figure 6. (a) Scatterplot of the normalized time series of JJA–mean Niño3.4 index and PC1. (b) As in (a), but for the JJA–mean TIOD index and PC2. The correlation between the two time series is shown at the top. 
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Figure 7. Linear regression slopes of JJA–mean (a)    〈   Q 2   〉    (shaded; W m−2), (b) water vapor flux (vector; kg m−1s−1) and divergence (shaded; 10−7 g m−2 s−1) at each grid of TEIOWP, and (c) vertical velocity (contour interval; 100−1 Pa s−1) and wind (vector; meridional component, m s−1; vertical component, Pa s−1, multiplied by -100; the wind speeds less than 0.1 m s−1 are not shown) averaged over 110°–140° E at each grid onto the inverted DJF(–1)–mean Niño3.4 index for the period of 1958 to 2018. Note that the units of the Y-axis in (c) is hPa. The black dotted area in (a) denotes the Q2 anomalies exceeding the 95% significance level, respectively. The shaded area in (c) denotes the wind anomalies exceeding the 95% confidence level; the zero contours are omitted. Only the water vapor flux anomalies significant at the 95% confidence level are plotted in (b). 






Figure 7. Linear regression slopes of JJA–mean (a)    〈   Q 2   〉    (shaded; W m−2), (b) water vapor flux (vector; kg m−1s−1) and divergence (shaded; 10−7 g m−2 s−1) at each grid of TEIOWP, and (c) vertical velocity (contour interval; 100−1 Pa s−1) and wind (vector; meridional component, m s−1; vertical component, Pa s−1, multiplied by -100; the wind speeds less than 0.1 m s−1 are not shown) averaged over 110°–140° E at each grid onto the inverted DJF(–1)–mean Niño3.4 index for the period of 1958 to 2018. Note that the units of the Y-axis in (c) is hPa. The black dotted area in (a) denotes the Q2 anomalies exceeding the 95% significance level, respectively. The shaded area in (c) denotes the wind anomalies exceeding the 95% confidence level; the zero contours are omitted. Only the water vapor flux anomalies significant at the 95% confidence level are plotted in (b).



[image: Atmosphere 11 00758 g007]







[image: Atmosphere 11 00758 g008 550] 





Figure 8. Lag–lead correlation between monthly TIOD indices and PC2 (black line), and between the tendency of monthly TIOD indices and PC2 (red line) for the period of 1958 to 2018. The dashed line denotes the 95% confidence level. 
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Figure 9. The 15-year running standard deviation of PC1 (red line) and PC2 (blue line) for the period of 1958 to 2018. The years on abscissa are the central year of the 15-year window. 
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Figure 10. (a,b) The first and second eigenvectors (EOF1, EOF2) of JJA–mean    〈   Q 2   〉    anomalies over the TEIOWP for the period of 1958 to 1990; (c,d) as in (a,b), but for the period of 1991 to 2018. The explained variance is indicated at the top right; the zero contours are omitted. 
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