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ABSTRACT
Floods and droughts hit southwest China (SWC) frequently, especially over the last decade. In this study, the
dominant modes of summer rainfall anomalies over SWC on the interannual time scale and the possible causes
are investigated. Interannual variability of the summer rainfall over SWC has two dominant modes. The first
mode features rainfall increases over most of SWC except central Sichuan, and the second mode exhibits wet
conditions in the north but dry conditions in the south. The suppressed convection over the Philippine Sea affects
the first mode by inducing anomalous anticyclones over the western North Pacific and to the south of the Tibetan
Plateau, which transport more water vapor to eastern Tibet and eastern SWC and hence favor above-normal
rainfall there. The enhanced convection over the western Maritime Continent could generate similar atmospheric circulation anomalies associated with the suppressed convection over the Philippine Sea but with a
northward shift, resulting in significant increases in rainfall over northeastern SWC but weak decreases in rainfall
over southeastern SWC. As a result, the rainfall anomalies over SWC tend to be different between El Niño–
Southern Oscillation decaying and developing phases because their different impacts on the convection over the
Philippine Sea and the western Maritime Continent. Meanwhile, the sea surface temperature in the tropical
southeastern Indian Ocean also plays an important role in variability of the rainfall over SWC because of its
significant impact on the convection over the western Maritime Continent.

1. Introduction
Southwest China (SWC), characterized by complex
topography, receives considerable rainfall during summer. It contains the headwaters of many rivers, including
the Yangtze, Langcang, and Nujiang, which provide as
much as 46% of China’s available water resources. Because of large interannual variability of summer rainfall
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over SWC, droughts and floods hit SWC frequently, especially over the last decade, resulting in severe economic
losses (Wang et al. 2015a). It is, therefore, imperative to
understand the mechanisms responsible for variability of
the rainfall over SWC and its predictability.
Before the severe summer drought in SWC in 2006,
variability of rainfall over SWC received little attention.
In the last decade, progress in understanding characteristics of the droughts and floods in SWC and their possible causes has been made, especially for the dry season
(Wang et al. 2015a). Warm sea surface temperature (SST)
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anomalies in the western North Pacific and the central
equatorial Pacific favor a reduction in autumn rainfall over
SWC (Zhang et al. 2013; Wang et al. 2015b), while suppressed winter rainfall is mostly caused by negative phase of
the North Atlantic Oscillation (Jiang and Li 2011; Xu et al.
2012). Warm SST anomalies in the Indian Ocean (IO) may
favor below-normal spring rainfall over SWC (Huang
et al. 2012).
As for summer rainfall, recent studies focused on
characteristics of rainfall anomalies and associated atmospheric circulation anomalies in 2006 and 2011 (e.g., Li
et al. 2011; Li et al. 2014), when severe droughts occurred.
It is found that patterns of rainfall anomalies are different
for the two summers, as are the anomalies of the western
North Pacific high, a key atmospheric circulation system
for SWC rainfall variability (Li et al. 2014). Therefore, it
is important to identify different modes of rainfall
anomalies and associated circulation anomalies. In addition, although some features of atmospheric circulation
anomalies associated with summer rainfall anomalies
over SWC, especially eastern SWC, have been reported,
mechanisms responsible for the associated atmospheric
circulation anomalies remain unclear.
Current prediction skill of season mean rainfall is largely
dependent on the prediction skill of SST anomalies in the
tropics (e.g., Kumar et al. 2013), which can affect prediction
of extratropical climate by tropical convection anomalies
excited by teleconnections (Wang et al. 2016). Indeed, the
anomalies in circulation and rainfall in East Asia are attributed partially to tropical convection anomalies (e.g.,
Nitta 1987; Nitta and Hu 1996; Jiang et al. 2016). Interannual variability of the summer rainfall in East Asia is
significantly modulated by variability of the convections
around the Philippine Sea (PS; Nitta and Hu 1996). Interannual variability of the midsummer rainfall in the
eastern edge of the Tibetan Plateau (TP) is affected by the
convection anomalies over the Maritime Continent (Jiang
et al. 2015). Li et al. (2016) also found that the rainfall
anomalies over eastern SWC are different during different
phases of summer Madden–Julian oscillation activities because of different convection anomalies over the PS and the
eastern IO. All these studies indicated that rainfall over
SWC is affected by tropical convection anomalies. However, the relationship of tropical convection with the rainfall over SWC has not been well understood.
In this study, we focus on the relationship between
tropical convection and the rainfall over SWC on the interannual time scale, as well as their links to tropical SST
anomalies. The remainder of this paper is organized as
follows. A description of the data and methods is presented
in section 2. The dominant modes of summer rainfall over
SWC and associated circulation anomalies are presented
in section 3. The roles of tropical convection anomalies

VOLUME 18

FIG. 1. (a) Terrain height (km; shading) and summer mean
rainfall (mm day21; contours) over China and positions of rain
gauge stations in SWC used in this study. (b) Summer mean rainfall
over SWC and administrative divisions of China in this region.

over different regions in different modes of rainfall
anomalies over SWC are investigated in section 4. The
relationship between tropical convection and simultaneous
and previous SST, as well as the relationship between
tropical SST anomalies and rainfall anomalies over SWC,
are discussed in section 5. Finally, a discussion and summary are presented in section 6.

2. Data and methods
The datasets used in this study include ERA-Interim
(Dee et al. 2011); monthly mean SST from the HadISST
dataset from 1979 to 2015 with a horizontal resolution of
18 in both latitude and longitude (Rayner et al. 2003);
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FIG. 2. (a) Spatial pattern of the first mode of an EOF analysis applied to temporal correlation matrix of JJA
rainfall and (c) corresponding PC. (b),(d) As in (a),(c), but for the second mode. The thick lines in (c) and (d) are
nine-point Gaussian-type filtered values of the corresponding PC.

monthly mean rainfall from the Global Precipitation Climatology Project (GPCP), version 2.2, monthly rainfall
analysis dataset from 1979 to 2015 (Adler et al. 2003); and
the rain gauge data (1979–2015) from the latest version
[version 3 (V3)] of surface climatological data compiled by
the China National Meteorological Information Center.
To investigate different roles of convection over various
regions, partial correlations (e.g., Behera and Yamagata
2003) and partial regression are used in this study. The
partial correlation coefficient between two variables A1
and A2, after removing the influence
of variable A3, is
pﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃ
2
2
)(1 2 r23
) and
expressed as, r12,3 5 (r12 2 r13 r23 )/ (1 2 r13
r12 (r13 , r23 ) is the correlation between A1 and A2 (A1 and
A3, A2 and A3). The partial regression is expressed as
Y 5 b0 1 b1 X1 1 b2 X2 . The free coefficient b0 represents
the predicted value of Y when the other two variables
(X1 and X2 ) are equal to zero.
To highlight interannual variability, interdecadal
variability of some variables has been removed by a

nine-point Gaussian-type filter before they are used to
calculate correlation and regression. The empirical
orthogonal function (EOF) analysis is also used to extract dominant modes of variability of rainfall over
SWC. All statistical significance tests for correlations
and regressions are performed using the two-tailed
Student’s t test.

3. Dominant modes of summer rainfall in
southwest China
According to administrative divisions of China, SWC
includes the municipality of Chongqing; the provinces of
Sichuan, Yunnan, and Guizhou; and the Tibet Autonomous Region. In this study, SWC is defined as the part
of China in the rectangular region 218–358N, 908–1108E.
This region does not include western Tibet, where only a
few rain gauge stations exist. The positions of the rain
gauge stations are denoted by closed circles in Fig. 1a.
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FIG. 3. Patterns of regression of 850-hPa winds (m s21; vectors) and GPCP rainfall (mm day21; shading) on
detrended (a) PC1 and (d) PC2, and patterns of regression of vertically integrated water vapor transport (kg m21 s21;
vectors) on detrended (c) PC1 and (d) PC2 and its divergence (1024 kg m22 s21; shading). Only values exceeding the 90% confidence level are shown for rainfall anomaly; thick arrows indicate values exceeding 90%
confidence level in either the zonal or the meridional component, and the black dashed lines denote the topographic
height of 1500 m.

As shown in Fig. 1, SWC features complex topography,
including plateau and basin. Terrain height ranges
from a few hundred meters to several thousand meters.
The summer rainfall over SWC generally decreases
from southeast to northwest, exceeding 6 mm day21 in
most of SWC.
Figure 2 shows the first two modes of an EOF analysis
applied to the temporal correlation matrix of summer
rainfall, as well as corresponding principal components
(PCs). The first four EOFs account for 19%, 14%, 6%,
and 5% of the total variance, respectively. Here, we
only discuss the first two modes, which have larger
variance and are statistically significant according to
the rule suggested by North et al. (1982). Both the first
two EOFs generally exhibit a north–south dipole

pattern. The first EOF shows increases in rainfall over
most of SWC except the northern edge and central
Sichuan, with maxima in eastern Tibet and Guizhou.
The second EOF presents dry conditions in the south
but wet conditions in the north. Both the first two PCs
exhibit large variability on interannual and interdecadal time scales. The generally dry conditions in
SWC over the last decade and the three severe summer
droughts (2006, 2011, and 2013) are well reflected by
the first mode. The drought in 2006 is also strongly
projected to the second mode. As indicated by the
variance explained by the second mode, the out-ofphase rainfall anomalies between southern SWC and
northern SWC play an important role in modulating
the spatial variation of droughts over SWC. For
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example, because of the combination of the first two
modes, the 2006 drought in SWC occurred mostly in
northern SWC.
To illustrate anomalies of circulation, tropical convection, and water vapor transport related to the first two
modes, we calculate regressions of winds and vertically integrated water vapor transport against the detrended first
two PCs (Fig. 3). The rainfall anomalies related to the first
principal component (PC1) indicate that the rainfall over
SWC is positively correlated with that in the middle and
lower reaches of the Yangtze River and Japan, as well as
the western Maritime Continent (WMC), but negatively
correlated with rainfall over the northwestern Indian subcontinent and the PS. In the lower troposphere, a positive
PC1 is associated with anomalous anticyclones over the
western North Pacific and South Asia and an anomalous
cyclone over northeastern Asia. This anomalous wind
pattern causes anomalous convergence of water vapor flux
from the southeastern TP eastward to southern Japan,
where above-normal rainfall can be seen.
A positive second principal component (PC2) is associated with above-normal rainfall from the central
TP to central China, to the south and east of Japan, and
over the WMC, but below-normal rainfall over southeast
China, to the south of the TP, and around the PS. It is also
associated with anomalous anticyclones from the central
Indian subcontinent to the western North Pacific and an
anomalous cyclone over the tropical IO. Compared with
PC1, the anomalous anticyclones from the northern Bay
of Bengal to southeast China shift northward, leading to a
northward shift of the convergent zone of water vapor on
the northern flank of the anomalous anticyclones and the
divergent zone on the center. Consequently, the rainfall
over SWC increases in the north but decreases in the
south. The rainfall anomalies associated with PC2 over
the tropics indicate that a positive PC2 is accompanied by
enhanced local Hadley circulation, which further affects
rainfall in the extratropics through the anomalous anticyclones (Figs. 3b,d).
A positive PC1 is associated with significant anomalous northeasterlies to the north of the areas with
above-normal rainfall in eastern SWC, while no significant anomalous winds are found in this region for
PC2. Given climatological southerly water vapor transport over East Asia, the PC1-related anomalous northerly
water vapor transport indicates a weaker-than-normal
southerly water vapor transport. Although both PC1
and PC2 are associated with significant convection
anomalies over both the WMC and the PS, PC1 (PC2)
has a closer relationship with convection over the PS
(WMC). The anomalies of water vapor flux also exhibit similar features. The different roles of the convection activities over the WMC and the PS for rainfall

2047

FIG. 4. Time series of average rainfall over the PS (108S–58N,
908–1158E; black curve with plus signs) and the WMC (108–208N,
1208–1408E; red curve with open circles).

anomalies over SWC will be discussed in the following
section.

4. Different roles of convection over the western
Maritime Continent and the Philippine Sea
To investigate the possible impacts of the convection
over the WMC and the PS on rainfall over SWC, we use
regional average rainfall over 108S–58N, 908–1158E
(108–208N, 1208–1408E) to represent convection intensity
over the WMC (PS). The two regional average rainfall
indices are presented in Fig. 4. They exhibit strong interannual variability, with no apparent long-term trend.
However, there is a weak interdecadal change in the PS
rainfall around 1999, and after that rainfall anomalies
are mostly positive. Convection over the two regions
varies out of phase, with a correlation coefficient
of 20.49. The correlations of monthly mean rainfall
between the two regions indicate that the highest correlation occurs in July. Because PC1 is negatively correlated with convection over the PS, we use the negative
regional average rainfall over the PS to calculate correlation and the regression in this section for easier
comparison with those related to PC1.
Figures 5a and 5b show regression patterns of detrended
GPCP rainfall and 850-hPa winds onto the detrended
rainfall indices for the WMC and the PS. Suppressed convection over the PS is accompanied by above-normal
rainfall around the WMC and from the southeastern TP
to the east of southern Japan, and below-normal rainfall
over central India and the northern Bay of Bengal. It is
associated with anomalous anticyclones over the western
North Pacific and the northern Bay of Bengal and an
anomalous cyclone over northeastern Asia. These features
are considered as conditions for a strong East Asian summer monsoon (Wang et al. 2008). On the other hand, the
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FIG. 5. Patterns of regression of detrended 850-hPa winds (m s21; vectors) and GPCP rainfall (mm day21;
shading) on (a) negative detrended average rainfall over the PS (2PSR) and (b) detrended average rainfall over the
WMC (WMCR). (c),(d) As in (a),(b), but for partial regression. Only values exceeding 90% confidence level are
shown for rainfall anomaly; thick arrows indicate values exceeding 90% confidence level in either the zonal or the
meridional component, and the black dashed lines denote the topographic height of 1500 m.

enhanced convection over the WMC is associated with
significant below-normal rainfall over the western North
Pacific and the northern Bay of Bengal and above-normal
rainfall from the south-central TP northeastward to the
Korean Peninsula. It is accompanied by anomalous anticyclones over the western North Pacific and the northern
Bay of Bengal and a cyclone over the tropical Indian
Ocean. The features of anomalous rainfall and wind patterns related to the suppressed convection over the PS and
the enhanced convection over the WMC are similar to
those related to PC1 and PC2, respectively, but the decreases in rainfall related to PC2 over southern SWC are
not significant and the magnitude of anomalous rainfall
associated with the convection anomalies is weaker than
that related to the PCs.

Western North Pacific subtropical high is one of the
important circulation systems affecting summer rainfall
over East Asia (Lu 2002; Jiang et al. 2011). The suppressed convection over the PS is associated with a dipole pattern of geopotential height anomalies over East
Asia, indicating a strong and southward-shifted western
North Pacific subtropical high (Fig. 6a). The midtropospheric geopotential height anomalies are consistent
with the low-level wind anomalies. On the other hand,
the enhanced convection over the WMC is accompanied
by significant increases in 500-hPa geopotential height
from the southern TP eastward to the western North
Pacific, where an anomalous anticyclone is found in the
lower troposphere. The geopotential height anomalies
indicate that the enhanced convection over the WMC is
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FIG. 6. As in Fig. 5, but for 500-hPa geopotential height (gpm). Stippling indicates values exceed 90% confidence
level, and the contour interval is 1 gpm.

accompanied by an intensified and westward-shifted
western North Pacific high.
Since water vapor is concentrated in the lower troposphere, anomalies of water vapor transport associated
with convection anomalies over the PS and WMC are
basically similar to the wind anomalies in the lower
troposphere. Thus, the suppressed convection over the
PS favors more water vapor transported to SWC by the
two anomalous anticyclones over the western North
Pacific and the northern Bay of Bengal (Figs. 5a,b). As
descending motion prevails in the center of the subtropical high, rainfall generally decreases in the center of
the area with increases in 500-hPa geopotential height
but increases on its northern flank. These anomalies
associated with the suppressed convection over the PS
favor significant rainfall increases in eastern Tibet, westcentral Sichuan, Guizhou, and Chongqing (Fig. 7a).
Compared with the anomalies associated with the suppressed convection over the PS, the enhanced convection over the WMC-related anomalous anticyclone over
the western North Pacific shifts northward, especially
the western part (Fig. 5b); the region with increased

geopotential height over the western North Pacific also
shifts northward (Fig. 6b). The northward shift of the
anticyclone could cause the northward shift of the significant above-normal rainfall on the northern flank of
the anomalous anticyclone (Fig. 7b). On the other hand,
southern SWC is located at the center of the region with
increased geopotential height and thus receives belownormal rainfall (Figs. 6b, 7b).
Because of the high correlation of convection between
the PS and the WMC, we also calculate partial regressions of rainfall, 850-hPa winds, and 500-hPa geopotential height on the two average rainfall indices to
highlight their different roles in anomalies of regional
rainfall and atmospheric circulation. The anomalous
features in East Asia associated with the enhanced
convection over the PS do not change significantly after
removing the effect of convection over the WMC
(Figs. 5c, 6c).
However, the enhanced WMC convection-related
anomalies change significantly after removing the effect of the convection over the PS. The weakening of the
anticyclone over the western North Pacific is apparent
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FIG. 7. Correlations of detrended rainfall with (a) negative detrended average rainfall over the PS (2PSR) and
(b) detrended average rainfall over the WMC (WMCR). (c),(d) As in (a),(b), but for partial correlation. Correlations of detrended rainfall with detrended (e) PC1 and (f) PC2. Correlation coefficients of 0.28, 0.42, and 0.52
correspond to 90%, 99%, and 99.9% confidence levels, respectively.

(Fig. 5d). There is an anomalous anticyclone around
Japan, which is accompanied by below-normal rainfall
on the center but above-normal rainfall on the northwestern flank (Fig. 6d). Geopotential height increases
from eastern SWC to the east of Japan, but decreases in
the tropical Indian Ocean (Fig. 6d). There are no significant geopotential height anomalies around the
southern TP. Rainfall increases significantly in the
northwestern and northern flanks of the increased geopotential height (Figs. 5d, 6d).
Partial correlations of rainfall over SWC with the two
average rainfall indices are presented in Figs. 7c and 7d.
The correlations of rainfall with convection over both the

PS and the WMC decrease over eastern Tibet after removing the effect from each other, suggesting both the
suppressed convection over the PS and the enhanced
convection over the WMC tend to enhance rainfall over
eastern Tibet. The different impacts of convection
anomalies over the PS and the WMC on rainfall over
central Sichuan get clearer in the patterns of partial
correlation. Comparisons among the patterns of partial
correlation and patterns of correlation of rainfall with
the PCs indicate that the convection anomalies over the
PS can generate the first EOF-like pattern of rainfall
anomalies, without significant rainfall anomalies over
Yunnan. However, the convection anomalies over the
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WMC only contribute to the north–south dipole pattern
over eastern SWC, with significant rainfall anomalies
only over central Sichuan and southern Gansu.
It is worth noting that the suppressed convection over
the PS is associated with significant geopotential height
increases over the tropics. Previous studies reported that
geopotential height increases uniformly in the tropics
during El Niño–Southern Oscillation (ENSO) decaying
summer and convection is suppressed over the PS (e.g.,
Wang et al. 2000; Xie et al. 2009). Thus, parts of the
anomalies associated with the suppressed convection over
the PS cannot be regarded as a response to the diabatic
cooling associated with the suppressed convection over the
PS. A linear baroclinic model simulation indicated that
suppressed convection over the PS can excite the anomalous pattern of 850-hPa winds and 500-hPa geopotential
height over East Asia, as well as the anomalous anticyclone to the south of the TP [Fig. 13 in Jiang et al. (2016)].
Simulation of a linear baroclinic model [Fig. 10 in
Jiang et al. (2015)] also indicates that enhanced convection over the Maritime Continent can cause decreases in geopotential height to the west of the heating
center but increases in geopotential height to the north
and the northeast, which are similar to the anomalies in
Fig. 6b rather than the anomalies in Fig. 6d. Given that
the suppressed convection over the PS is associated with
significant increases in geopotential height to the
northwest, the removal of the effect of convection over
the PS also removes anomalies around the South China
Sea associated with both the convection over the WMC
and the PS. The model simulation also shows that the
increase in 500-hPa geopotential height over the South
China Sea and the PS is accompanied by divergence in
the lower troposphere, which could suppress convection
there. Results from the partial correlations and regressions are also consistent with previous results from
numerical simulations that local convection–circulation
feedback is important for the enhanced convection over
the WMC exciting the anomalous anticyclone and the
increase in geopotential height over southeast China
and the western North Pacific (Jiang et al. 2015).
To further highlight the different roles of convection
over the PS and the WMC in interannual variability of
rainfall over SWC, we composite rainfall anomalies
based on various patterns of summer convection
anomalies over the PS and the WMC. Because of the
limited sample, we only consider six types of convection anomalies patterns, and the details are listed in
Table 1. Because of the negative correlation of convection anomalies between the WMC and the PS, the
most frequently occurring pattern of convection anomalies is positive or negative convection anomalies over the
PS accompanied by opposite anomalies over the WMC

TABLE 1. Years with convection anomalies over the PS and the
WMC according to various categories of normalized summer
rainfall averaged over the Philippine Sea (PSR) and the western
Maritime Continent (WMCR).
Categories

Years

PSR , 20.5 and
WMCR . 0.5
PSR . 0.5 and
WMCR , 20.5
PSR , 0.5 and
0.2 . WMCR . 20.2
PSR . 0.5 and
0.2 . WMCR . 20.2
PSR . 0.0 and
WMCR . 0.5
PSR , 0.0 and
WMCR , 20.5

1979, 1980, 1995, 1996, 1998, and 2010
1994, 1997, 2006, 2009, 2011, and 2012
1987, 1993, and 2008
1981, 1990, and 2004
1984, 2005, and 2013
1982, 1991, and 2015

(Fig. 8a). These opposite convection anomalies are often
associated with in-phase rainfall anomalies over SWC
(Figs. 8a,d). When convection anomalies over the PS are
not accompanied by significant convection anomalies
over the WMC, rainfall increases over most of Tibet,
western Sichuan, Chongqing, and Guizhou but decreases
over central Sichuan. These results are consistent with the
results from partial correlation (Figs. 7c, 8b,e). We also
try to composite rainfall anomalies for the years when
significant convection anomalies over the WMC are not
accompanied by significant convection anomalies over
the PS. However, there is only one case where significant
positive or negative anomalies over the WMC occurred
with normal convection over the PS. Thus, we composite
rainfall for the years when significant convection anomalies
over the WMC are not accompanied by opposite convection anomalies over the PS. The results show that the
convection anomalies over WMC are accompanied by
convection anomalies over the eastern Maritime Continent,
the southern South China Sea, and the southern PS. Consequently, significant rainfall anomalies occur not only over
central Sichuan, but also over the eastern SWC (Figs. 8c,f).
Comparisons among the patterns of rainfall anomalies indicate that the region with significant rainfall anomalies
over eastern SWC in Fig. 8f shifts southward compared with
that in Fig. 8e, consistent with the southward shift of significant rainfall anomalies over the PS (Figs. 8b,c). These
composite analyses further indicate that rainfall anomalies
over SWC are significantly modulated by convection
anomalies over both the WMC and the PS.

5. Role of tropical SST
As discussed before, the convection over the PS is
affected by ENSO. Thus, understanding of relationship
between convection over the two regions and tropical
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FIG. 8. (a) Composite normalized detrended GPCP summer rainfall anomalies for years with significant summer rainfall anomalies
over the PS and opposite significant summer rainfall anomalies over the WMC. (d) As in (a), but for rain gauge data over SWC.
(b),(e) As in (a),(d), respectively, but for significant summer rainfall anomalies over the PS that occurred without significant summer
rainfall anomalies over the WMC. (c),(f) As in (a),(d), respectively, but for significant summer rainfall anomalies over the WMC that
occurred without opposite summer rainfall anomalies over the PS. Years for composite are listed in Table 1. Composite values are
differences between years with opposite convection anomalies. For example, values in (a) are differences in summer rainfall between
the years with PSR , 20.5 and 0.2 . WMCR . 20.2 and the years with PSR . 0.5 and 0.2 . WMCR . 20.2. Stippling indicates values
exceeding 90% confidence level.

SST may enhance our skill in predicting rainfall anomalies over SWC. Here, we discuss the SST anomalies
related to the convection anomalies over the PS and the
WMC and their relationships with rainfall anomalies
over SWC.
Figure 9 shows regression patterns of SST from
December–February (DJF) to June–August (JJA)
against the JJA-averaged rainfall indices for the PS and
the WMC. The suppressed convection over the PS is
associated with warm SST anomalies in most of the
tropical Indian Ocean and the South China Sea simultaneously. Previous studies reported that ENSO
can cause such a pattern of SST anomalies during its
decaying phase (e.g., Xie et al. 2009; Ding and Li 2012).
As expected, the suppressed convection over the PS is
associated with significant cold SST anomalies in the
equatorial central and eastern Pacific, and the eastern

Indian Ocean in the previous winter and spring, with
stronger anomalies in the Pacific in winter. On the
other hand, the enhanced convection over the WMC is
accompanied by significant local warm SST anomalies,
as well as cold SST anomalies in the equatorial central
Pacific, simultaneously. It is also associated with significant warm SST anomalies in the tropical eastern
Pacific and the tropical western Indian Ocean in the
previous winter, but the magnitude of anomalous SST
is weaker compared with that associated with the suppressed convection over the PS. The warm SST
anomalies in winter weaken rapidly in spring.
Comparisons among the anomalous SST patterns indicate that convection over the PS is suppressed significantly during El Niño decaying summers, but enhanced
convection over the WMC occurs not only during El Niño
decaying summers but also La Niña developing summers.
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FIG. 9. Patterns of regression of detrended SST from DJF to JJA against negative detrended average JJA rainfall
over the PS and detrended average JJA rainfall over the WMC. Stippling indicates values exceed 99%
confidence level.

Possible mechanisms responsible for the relationship of
convection over the PS with ENSO are well reported by
previous studies (Xie et al. 2009). ENSO can suppress
simultaneous convection over the WMC by changes in
the Walker circulation but enhance convection during its
decaying summers by inducing basinwide warming in the
Indian Ocean (e.g., Ding and Li 2012). Because of the
close relationship of ENSO and convection over the PS
and the WMC, ENSO may be used to predict rainfall
anomalies over SWC. It should be noted that significant
SST anomalies in the tropical southeastern Indian Ocean
are not always accompanied by ENSO (e.g., Ding and Li
2012). Thus, the independent variability of SST in the
southeastern Indian Ocean should also be considered in
prediction of rainfall over SWC.
ENSO and SST anomalies in the tropical southeastern
Indian Ocean have close connections to convection over
the PS and WMC, and thus they may affect rainfall over
SWC. To reveal the relationships of the SST anomalies
and the rainfall anomalies over SWC, we use Niño-3.4 to
measure ENSO and SST averaged in 158S–08, 958–1208E
to represent the variability of SST in the tropical
southeastern Indian Ocean (SEIOSST). Correlations
between rainfall over SWC and the SST indices are
shown in Fig. 10. During ENSO decaying summers,
rainfall increases over most of SWC except Yunnan
(Fig. 10a) because it is associated with enhanced convection over the WMC but suppressed convection over
the PS during its decaying phase (Figs. 9c,d), consistent

with the composite rainfall anomalies for the years when
significant convection anomalies over the PS are accompanied by opposite convection anomalies over the
WMC (Fig. 8d). The summer warm SST anomaly in the
tropical southeastern Indian Ocean is accompanied by a
north–south dipole pattern of rainfall anomalies over
SWC, with significant correlation only over central
Sichuan, because it mostly affects convection over the
WMC (Figs. 9b, 10b). During ENSO developing summers, rainfall decreases significantly only over central
Sichuan because it suppresses the convection over the
WMC (Figs. 9b, 10c).
As variability of SST in the tropical southeastern Indian Ocean is partly dependent on evolution of ENSO,
we also compute partial correlations to illustrate independent impact of SST in different regions on rainfall
over SWC. Partial correlations indicate that rainfall
does not increase significantly over eastern Sichuan, but
increases significantly over southeastern SWC during
ENSO decaying summers after removing the effect of
SST in the tropical southeastern Indian Ocean (Fig. 10b).
The pattern of summer rainfall anomalies over SWC associated with simultaneous SST in the tropical southeastern Indian Ocean without ENSO during the previous
winter is similar to that without ENSO during the simultaneous summer, which exhibits a north–south dipole,
but significant correlations are only over central Sichuan,
southern Gansu, and other small areas (Fig. 10e). The
correlations of rainfall over SWC with simultaneous
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FIG. 10. Correlations of JJA rainfall with (a) previous DJF Niño-3.4, (b) JJA SEIOSST (158S–08, 958–1208E), and (c) JJA Niño-3.4.
(d) Partial correlations of JJA rainfall with previous DJF Niño-3.4 without the effect of JJA SEIOSST, (e) partial correlation of JJA
rainfall with JJA SEIOSST without the effect of previous DJF Niño-3.4, and (f) partial correlation of JJA rainfall with simultaneous
Niño-3.4 without the effect of JJA SEIOSST. Data used to compute the correlations have removed nine-point Gaussian-type filtered
values. Correlation coefficients of 0.28, 0.42, and 0.52 correspond to values of 90%, 99%, and 99.9% confidence levels, respectively.

Niño-3.4 do not change apparently after removing the
effect of SST in the tropical southeastern Indian Ocean
(Fig. 10f). Overall, the relationships of the rainfall
anomalies over SWC with tropical SST anomalies can be
well understood by the relationships of the rainfall
anomalies over SWC and the convection over the PS
and the WMC.

6. Summary and discussion
The rainfall over southwest China (SWC) exhibits
strong interannual variability, resulting in frequent
floods and droughts. However, rainfall variability over
SWC has received little attention. Previous studies reported that the convection anomalies over both the
Philippine Sea (PS) and the western Maritime Continent
(WMC) are accompanied by rainfall anomalies over
parts of SWC on both interannual and intraseasonal
time scales. In this study, we investigate the different

roles of tropical convection over the PS and the WMC in
interannual variability of summer rainfall over SWC and
their possible links to tropical SST.
The summer rainfall over SWC has two dominant
modes on interannual time scales. The first mode features increases in rainfall over most of SWC except
central Sichuan and the northern edge. The second
mode exhibits wet conditions in the north but dry conditions in the south. The suppressed convection over the
PS can affect the first mode by inducing anomalous anticyclones over the western North Pacific and to the
south of the Tibetan Plateau, which transport more
water vapor to western Tibet and eastern SWC and thus
favor above-normal rainfall there. However, it does not
significantly affect rainfall over Yunnan. The enhanced
convection over the WMC could excite an anomalous
anticyclone over the western North Pacific, which shifts
northward compared with that associated with the suppressed convection over the PS. This northward shift of
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the anomalous anticyclone leads to significant increases
in rainfall over northeastern SWC but weak decreases in
rainfall over southeastern SWC.
The interannual variability of the convection over the
PS and the WMC has a close relationship with ENSO.
The convection over the WMC is suppressed during
ENSO developing summers but enhanced during its
decaying summers. The convection over the PS is
suppressed during ENSO decaying phase. Because of
the close relationship between the convection over the
PS and the WMC and the rainfall over SWC, rainfall
varies in phase over most of SWC during the ENSO
decaying phase when convection over the WMC and
the PS tends to vary out of phase. The warm SST
anomalies in the southeastern tropical Indian Ocean
tend to generate a dipole pattern of rainfall anomalies
over SWC when it occurs either in absence of an ENSO
event during previous winter or with a La Niña event
simultaneously.
The interannual variability of rainfall over SWC exhibits strong spatial inhomogeneity. Rainfall is even not
significantly correlated with the PCs over some areas of
SWC, especially for PC2 (Figs. 7e,f). Thus, it is not easy
to find a factor that is significantly correlated with rainfall over most of SWC. A better prediction of rainfall over
SWC may be achieved when two or more factors are used
as predictors. The fraction of variance of rainfall explained by convection anomalies over the WMC and PS
together is higher than 0.1 over most of SWC except
Yunnan, with the maximum over Chongqing reaching
0.3. However, it is mostly in northeastern SWC that the
fraction of variance of rainfall explained by combinations
of two of the SST indices is higher than 0.1, with the
maximum higher than 0.2 over central Sichuan (figures
not shown). Rainfall anomalies over a large part of SWC
are hard to predict only based on the tropical factors
found in this study, in particular southern SWC. Thus, the
interannual variability of rainfall over SWC and its predictability deserve further study.
Because the convection over the WMC during the
ENSO decaying phase is also affected by simultaneous
SST anomalies over the equatorial central and eastern
Pacific, timing of ENSO decaying and developing
should be considered when it is used as a predictor for
rainfall anomalies over SWC. While winter SST
anomalies in the equatorial central and eastern Pacific
can be used to predict the following summer rainfall
several months in advance, summer SST anomalies
over both the tropical southeastern Indian Ocean and
the equatorial central and eastern Pacific can be well
predicted generally with a lead of only 1–2 months
because of the spring predictability barrier of ENSO
and complicated air–sea interactions in the tropical

Indian Ocean (e.g., Jiang et al. 2013; Yang and Jiang
2014). Thus, a skillful prediction of the summer rainfall
over northeastern SWC may be achieved 1–2 months in
advance based on both observed SST anomalies and
predicted SST anomalies by dynamical models.
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