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Abstract
Using the outgoing long-wave radiation (OLR) data from NOAA, the ERA-Interim reanalysis products from ECMWF, and 
daily observations at 756 stations provided by National Meteorological Information Center of China Meteorology Adminis-
tration, we have examined the relationships of interannual variations of summer precipitation in Southwest China with the 
convective activity in the Maritime Continent (MC) region by employing the singular value decomposition (SVD) method 
and the regional climate model RegCM4.4. The first SVD mode (here after SVD1) indicates that high precipitation anomalies 
in Southwest China correspond to abnormally weak convective activity in northeastern MC and strong convective activity in 
Southwestern MC if the time-series of coefficients of SVD1 is in positive phase. When convective activity are anomalously 
strong in Southern MC, the anomalous divergence at 700 hPa and convergence at 200 hPa are observed over the tropical west-
ern Pacific and South China Sea. The propagation of wave energy at 700 hPa from Western Europe and the tropics provide 
a favorable condition for inducing more precipitation in most of Southwest China. The atmospheric water vapor transport 
from northern Indochina and the South China Sea to Southwest China intensifies while the western Pacific subtropical high 
is stronger than normal and extends more westward. All these results along with the simulations demonstrate that the sum-
mer precipitation in Southwest China is significantly affected by the convective activity over the MC region. These results 
above are helpful for our better understanding the role of the MC in regulating the summer climate in Southwest China.
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1 Introduction

The Maritime Continent (hereafter MC) is region that 
comprises of many islands and the surrounding shallow 
seas (Ramage 1968), locating in the warm pool in the 

Indo–Pacific sector. In this region, the air, land, and sea 
strongly interact with each other, and convective activity 
is very vigorous. Particularly, the MC is a region where the 
Asian monsoon interacts with Australian monsoon across 
the equator (e.g., Chen and Guan 2017), and the tropical 
Pacific interacts with the tropical Indian Ocean there via 
the atmospheric bridge (Alexander 2002). These interac-
tions lead to the climate in MC to vary on multi-timescales. 
On the interannual time-scale, it is found that the rainfall 
anomalies and convective activity in the MC are strongly 
influenced by El Niño and Southern Oscillation (ENSO) 
(e.g., Ropelewski and Halpert 1987; Wang and Lin 2002; 
Xu and Guan 2017; Wang et al. 2017) and Indian Ocean 
Dipole (IOD) (Saji et al. 1999; Guan and Yamagata 2003; 
Jin et al. 2017; Xu et al. 2019), which have attracted wide 
attention in climate community since the end of the twenti-
eth century (McBride 1998; Hamada et al. 2002; Guan et al. 
2003; Hamada et al. 2008; Jiang et al. 2009).
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The climate variations in MC play an important role in 
the interactions between East Asian and Australian mon-
soons. In horizontal, there are two ways in which the Asian 
and Australian monsoons interact with each other. The one 
is that the cross-equator airflows of both hemispheres inter-
act with each other respectively via the cross equatorial 
exchanges of atmospheric mass and energy (e.g., Findlater 
1969; Guan and Lin 1989). The other is that the East Asian 
and Australian monsoons interact with each other via the 
lateral coupling by zonal airflow at equator in MC (Chen 
and Guan 2017). All these two ways are determined by the 
variations of the large scale circulations and related to the 
vertical motions of the atmosphere.

The vertical circulations are also very important in inter-
actions between Asian and Australian monsoons, especially 
in the influences of MC climate on the monsoon circulations. 
The latent heat release induced by the vigorous convective 
activity in MC region may strongly affect both the Walker 
circulation and Hadley cells (Lau and Chan 1983a, b). These 
vertical motions in association with the vertical circulations 
modulate the Asian and Australian monsoons by generat-
ing the vorticity sources including the vertically transported 
vorticity (Sardeshmukh and Hoskins 1988). With the onset 
of the East Asian summer monsoon, the tropical convec-
tive activity center gradually moves northward to Indochina, 
affecting the Asia-Australian monsoon circulations (e.g., 
Matsumoto et al. 2000; Matsumoto and Murakami 2002; 
Kajikawa et al. 2003; Hung and Yanai 2004; He et al. 2006), 
and eventually affecting the global circulations (Meehl 1987; 
Ropelewski and Halpert 1987; Zhang and Hagos 2009; Chen 
et al. 2014). For example, the released latent heat drives the 
atmosphere to respond, inducing both the baroclinic circula-
tions in East Asia and the Asian jet stream to change (Chang 
and Lau 1982), and henceforth affecting the weather and 
climate in the North America (Sardeshmukh and Hoskins 
1988; Yang et al. 2002; Neale and Slingo 2003). Particularly, 
the convective activity near the Philippines may excite the 
Pacific-Japan (P-J) teleconnection pattern, inducing the cli-
mate conditions in regions including Yangtze river valley, 
south China, Yunnan-Guizhou Plateau in China, and Japan 
to change anomalously (Nitta 1987; Huang and Yan 1987; 
Song et al. 2011; Guan and Jin 2013; Jin et al. 2013; Xia 
et al. 2015; Wang et al. 2016; Xu et al. 2019).

Yunan–Guizhou plateau in Southwest China (SWC) is 
a place in the conjunction part of the south Asian and East 
Asian monsoon systems (Tao and Chen 1987; Wang and 
Lin 2002). In recent years, SWC have experienced frequent 
occurrences of severe drought events. These severe events 
persist for a longer period than before and affect larger area 
in SWC than ever since, causing the huge economic losses 
and having high societal impacts (e.g., Bao et al. 2007; Liu 
et al. 2009; Qi et al. 2010; Huang et al. 2011). There are 
different factors that induce these severe drought events in 

SWC. Huang et al.(2012) reported that the energy of quasi-
stationary waves anomalously propagates eastward, inducing 
the cold air mass to impact the SWC, and henceforth result-
ing in the extremely drought during autumn–winter–spring 
of 2009/2010. During summertime, the anomalously strong 
convective activity in the Philippine region can lead to west-
ern Pacific subtropical high to reinforce and extend westward 
anomalously, resulting in the hot and dry weather in SWC 
(Li et al. 2006). More than these, it is found that the descend-
ing branch of the anomalous Hadley circulation results in 
these severe droughts in SWC. This anomalous vertical cir-
culation is induced by the warmer than normal sea surface 
temperature (SST) in tropical northwest Pacific and tropical 
Indian Ocean (Wang et al. 2012; Zhang et al. 2013; Feng 
et al. 2014).

As mentioned above, there have already been many stud-
ies to explore the anomalous atmospheric circulation and 
mechanisms behind for the drought events in SWC (e.g., 
Bao et al. 2007; Liu et al. 2009; Qi et al. 2010; Huang et al. 
2011, 2012), suggesting that the MC region is probably an 
energy source region for the atmospheric circulation anoma-
lies affecting the SWC. However, the impact of convective 
activity in MC region on climate in Southwest China along 
with the mechanisms behind is still far from being fully 
understood. Thereby, in the present study, we will reveal 
the relationship between convective activity in the MC and 
precipitation in Southwest China (SWC) and the mecha-
nisms behind based on observational analysis and numeri-
cal experiments.

The present paper is organized as follows. We will pre-
sent d brief descriptions of both data and numerical model 
employed after this introduction part. Then we examine the 
summer climatology of precipitation in Yunnan–Guizhou 
region. In Sect. 4, the singular value decomposition is per-
formed of both the anomalous precipitation in SWC and out-
going longwave radiation (OLR) anomalies. The anomalous 
circulation patterns are revealed in Sect. 5 and the simulated 
results are discussed in Sect. 6. In Sect. 7, the conclusions 
are reached.

2  Data and method

The data used in this study includes monthly mean out-
going long-wave radiation (OLR) data (Liebmann and 
Smith 1996) from National Oceanic and Atmospheric 
Administration (NOAA), and the monthly mean ERA-
Interim reanalysis (Dee et al. 2011) from European Center 
for Medium Range Weather Forecasts (ECMWF). There 
are 14 vertical levels in the ERA-Interim reanalysis with 
horizontal resolution of 2.5° × 2.5° for both the OLR and 
ERA-Interim. The variables employed are winds, vertical 
velocity, sea level pressure (SLP), geopotential height, 
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mixing ratio, and etc. Daily observations at 756 stations 
in China are provided by National Meteorological Infor-
mation Center of China Meteorological Administration 
(CMA). Precipitation observations at 97 stations in South-
west China during 1979–2016 without missing records 
are selected for the present study. Here, Southwest China 
is defined as the area over [97°E–112°E, 21°N–35°N], 
including Sichuan, Chongqing, Guizhou, Yunnan, and 
Guangxi. The study period covers 1979–2016. The boreal 
summer is defined as June–July–August.

Some statistical methods including singular value 
decomposition (SVD), linear regression, and so on are 
applied in this study (e.g., Ashok et al. 2003; Guan et al. 
2003). Unless specifically stated, the climatology refers 
to multi-year average over June–August (1979–2016). The 
anomaly is defined as the difference of JJA mean value 
of a variable from its multi-year mean climatology. The 
long term trends have been removed from all data before 
the analysis is carried out.

Numerical experiments are conducted in this study. 
The regional climate model employed in the present study 
is RegCM4.4, which issued by the International Center of 
Theoretical Physics (ICTP) in 2014 (Giorgi et al. 2012, 
2014). The dynamic core of RegCM4.4 is the same as 
that of MM5. In addition to the Biosphere–Atmosphere 
Transfer Scheme (BATS) (Dickinson et al. 1993) and the 
Community Land Model (CLM3.5) (Decker and Zeng 
2009), CLM4.5 (Lawrence et al. 2011, 2012) are incorpo-
rated into this version of RegCM4.4. CLM4.5 is also the 
land component of the Community Earth System Model 
(CESM) (Hurrell et al. 2013).

3  OLR over the MC and rainfall in SWC: 
mean climatology

As well known, from boreal winter to summer, strong con-
vective activity and precipitation centers in the MC season-
ally shift northwards as the consecutive outbreaks of East 
Asian and Indian summer monsoons. From Fig. 1a, it can 
also be seen that there are two strong convection centers 
indicated by OLR in the MC. The one is located at the east-
ern part of the Bay of Bengal, being with value of 180 W/
m2. The other is at around the Philippines, which has a value 
smaller than 200 W/m2. Corresponding to these two convec-
tive centers, maximum precipitation also occurs in the above 
areas with the largest value greater than 16 mm/day. Large 
precipitation in western Indochina and western Philippines 
is attributed to the combined effects of summer monsoon 
and orographic forcing (Chang et al. 2005). On the other 
hand, summer precipitation in Southwest China (Fig. 1b) 
displays a pattern with more precipitation in the south and 
less precipitation in the north. More precipitation occurs 
in low-topography area in Southern parts of Yunnan and 
Guangxi, where precipitation is greater than 10 mm/day. 
Precipitation less than 5 mm/day is found in northwestern 
Sichuan, where topography is relatively high. Meanwhile, 
maximum precipitation centers occur at the hilly area in 
Sichuan Basin and northern Chongqing, where precipitation 
is greater than 7 mm/day. In addition, it is interesting to see 
that the spatial pattern of variance of anomalous precipita-
tion is consistent with that of precipitation; the large vari-
ability occurs over areas where the large amount of precipi-
tation is received. In Southern Guangxi, where precipitation 
is large, the interannual variability exceeds 2.6 mm/day. In 

Fig. 1  Multi-year mean of June–August mean OLR (contours) and 
precipitation (shades) over the MC region (a), and multi-year mean 
(shades) and the variance (contours) of JJA mean precipitation in 
Southwest China (b). The altitudes and locations of observation sta-

tions in southwest China are displayed by the closed black circles in 
(b) with bigger ones for higher altitudes and the smaller for lower 
altitudes
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contrast, the variability is smaller than 1 mm/d in western 
Sichuan, where precipitation is small.

4  OLR over the MC and precipitation in SWC: 
the SVD modes

In order to reveal the relationship between anomalies of 
convective activity over the MC region and precipitation in 
Southwest China, the SVD method is applied to MC OLR 
averaged over June–August during 1979–2016 and precipita-
tion observations at 97 stations in Southwest China provided 
by National Meteorological Information Center of CMA. 
OLR over the MC region is taken as the left field, and pre-
cipitation in Southwest China as the right field. The SVD 
decomposition of the two fields is then performed.

The anomalous precipitation in Southwest China is sig-
nificantly related to variations of OLR anomalies over the 
MC region. This relation can be found in Table 1. It is found 
that the first three leading SVD modes explain 74.43% of 
the total covariance, indicating that the anomalous rainfall 
in Southwest China is indeed significantly associated with 
convective activity in the MC. Importantly, the contribution 
of the first leading mode (SVD1) accounts for up to 34.15% 
of the covariance, and the correlation coefficient between 
time-series of expansion coefficients of the right and left 
fields is 0.72. This first leading mode is the most important 
out of the leading three, hence we will focus on the SVD1 
in the following discussions.

The left and right heterogeneous correlation patterns of 
SVD1 along with the corresponding normalized time coef-
ficients (Fig. 2) suggest that the OLR anomalies in north-
eastern and Southwestern MC vary in anti-phase relation 
(Fig. 2a). Positive centers are located at western Indochina 
and oceanic area to the east of the Philippines, respec-
tively, with the largest correlation coefficient greater than 
0.6. These positive centers correspond to strong convective 
centers in the summer over the MC region. Negative centers 
are found at some islands within the MC region, especially 
in the key region of the MC (Xu and Guan 2017) with the 
absolute value of negative correlation larger than 0.6. Mean-
while, anomalous precipitation in Southwest China varies 
in phase with positive correlations in almost entire region 

(Fig. 2b) except for a few local negative values in southeast-
ern and western Southwest China. Two positive correlation 
centers are located at Sichuan Basin and Chongqing City, 
with the correlation coefficients of up to 0.3 and 0.4, respec-
tively. Combined with the correlation pattern of the left field, 
it is clear that when convective activity is abnormally weak 
(strong) in northeastern MC but strong (weak) in South-
western MC, precipitation in Southwest China is abnormally 
more (less). The time-series of coefficients (TC1) of left 
and right of SVD1 (Fig. 2c) vary in a similar way with a 
distinct period of 2.5 years as seen in power spectra analysis 
(Fig. 2d).

It should be noted that, during boreal summer, it is found 
that the correlation between the Southern Oscillation index 
(SOI) and time-series of coefficients of left field of SVD1 
is 0.29, suggesting that the negative anomalies of OLR in 
Southwestern part of the MC may be weakly affected by the 
Southern oscillation. This is in agreement with McBride 
et al. (2003). However, as the correlation coefficient of SOI 
with the time-series of coefficients of right field of SVD1 is 
found to be 0.08, the precipitation variations in Southwest-
ern China may not be significantly affected by the ENSO 
though it is closely related with the OLR anomalies in the 
Maritime Continent region.

5  Circulation anomalies associated 
with SVD1

Precipitation anomalies are usually closely related to anoma-
lous atmospheric water vapor transport induced by anoma-
lous circulations. In SWC, these anomalous circulations dur-
ing boreal summer may be affected by circulation systems 
such as the monsoon trough, the Western Pacific Subtropical 
High (WPSH), the monsoon low pressure system in India, 
and the Madden–Julian Oscillation (MJO) (Wang and Li 
2010; Lv et al. 2012; Yang et al. 2013; Zhang et al. 2014; 
Xia et al. 2016; Qian et al. 2018). In the following, we will 
perform the regression and correlation analyses for time 
series of coefficients of SVD1 to obtain the related anom-
alous circulation patterns and to understand the relations 
between variations of rainfall in SWC and those of OLR in 
the MC.

Table 1  Statistics of the three 
leading SVD modes of summer 
(June–August) OLR over the 
MC region and precipitation in 
Southwest China

The correlation coefficients are found to be significant if larger than 0.58 using a t test

Modes Singular value Covariance (%) Expansion coef-
ficients

Variance of left 
(%)

Variance 
of right 
(%)

First 18.9 34.15 0.72 20.82 10.39
Second 16.3 25.24 0.68 24.34 7.44
Third 12.6 15.04 0.71 6.94 14.33
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5.1  Water vapor transport

Precipitation in Southwest China is highly dependent on 
sufficient water vapor supply from the Tibetan Plateau, the 
Bay of Bengal, and the South China Sea (e.g., Jiang et al. 
2007; Li et al. 2010). To examine the water vapor variations 
in Southwestern China in association with OLR in MC, we 
present in Fig. 3 the spatial correlations of the time-series 
of coefficients of the left field of SVD1 with the vertically 
integrated water vapor fluxes and flux divergence.

The spatial distributions of water vapor flux and flux 
divergence are well correspondent to precipitation anoma-
lies (Fig. 3). Over Southwest China, the prevailing water 
vapor transport from the southwest to northeast intensifies 
to a certain degree, while more water vapor are transported 
to Southwest China by westerly winds to the south of the 
Tibetan Plateau and over northern Indochina. Due to the 
influence of the abnormal cyclonic circulation in the Indian 
Ocean and the abnormal anticyclonic circulation over north-
western Indochina, the northward water vapor transport from 
Indochina to Southwest China and the middle and lower 
reaches of Yangtze River Valley is stronger than normal. 
Meanwhile, northern Southwest China is also under the 
influence of the mid- and lower troposphere water vapor 
transport from the mid-latitudes to the north of the Tibetan 

Plateau. Note that the water vapor flux in the Southern por-
tion of the Southwest China gradually increases northeast-
ward. As a result, despite the large water vapor flux over this 
region and South China, water vapor flux is actually diver-
gent in these areas, which is unfavorable for precipitation. 
However, the northward moving warm, moist air converges 

Fig. 2  Left (a) and right (b) heterogeneous correlation patterns of 
the first leading SVD mode for OLR over the MC region (left field) 
and precipitation (right field) in Southwest China, their correspond-
ing normalized time coefficients (c the solid line for the left field, and 

the dashed line for the right field), and the power spectra of the time-
series of coefficients averaged over the time-series of coefficients of 
left and that of right fields (d the solid line for the power density, and 
the dashed line for the red noise test at the 95% confidence level)

Fig. 3  Correlations of series of time coefficients of the left field of 
SVD1 with the water vapor flux (vectors) integrated vertically from 
the earth surface up to 300  hPa and with the divergence of fluxes 
(shades). Bold arrows and stippled areas are for values at/above the 
95% confidence level using a t test
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with the water vapor from the mid-latitudes in the lower 
troposphere. The air mass rises along the Yunnan–Guizhou 
plateau due to the orographic forcing, leading to the forma-
tion of precipitation.

5.2  Horizontal circulation

Since precipitation is highly relevant to local atmospheric 
circulation besides water vapor transport, here we presented 
the correlation maps of time-series of coefficients of the left 
field of SVD1 with horizontal circulation anomalies at dif-
ferent levels (700 hPa, 200 hPa) and divergent wind com-
ponent (Fig. 4).

In the lower troposphere (Fig. 4a), strong convergence 
at 700 hPa occurs over the MC region, especially nearby 
Indonesia. A large abnormal anticyclonic circulation pre-
vails over the western Pacific to the east of the Philippines, 
which can be explained by the apparent divergent flows 
originated from the central equatorial region (Gill 1980). 
Areas surrounding the Tibetan Plateau, including Southwest 
China, are under the control of this abnormal anticyclonic 

circulation. The above results suggest that in the summer, an 
intensified and westward shifted subtropical high is favora-
ble for inland water vapor transport from the Bay of Bengal 
and South China Sea (Tao and Zhu 1964; Chen et al. 2011).

The anomalous circulation pattern at 200  hPain the 
upper troposphere looks partly opposite to that at 700 hPa 
(Fig. 4b). A strong convergence center is located at the east-
ern MC and western Pacific; a divergence center is found at 
the Southern Indian Ocean to the west of MC. The abnor-
mal convergence center triggers a northeastward propagating 
cyclone-anticyclone-cyclone wave train to its west, which is 
similar to the P-J wave train. The South Asia High above the 
Tibetan Plateau looks to shift more eastward than normal 
with abnormally high intensity.

5.3  Vertical circulation

In order to reveal the possible influences of convective activ-
ity in the MC on the precipitation variations in Southwest 
China, the TC1-regressed vertical circulations along the 
slanted line across geographic points (125°E, 5°S) in the 
MC and (100°E, 40°N) are presented in Fig. 5.

The vertical circulations exhibit some distinct features of 
atmospheric motion in relation with the convective activ-
ity in the MC. It is seen from Fig. 5a that the multi-year 
mean vertical velocity indicates that the upward motions 
appear over Yunnan–Guizhou plateau between two verti-
cal circulation centers that locate respectively at 35°N and 
2°S. In the subtropics, the maximum vertical velocity greater 
than 8 × 10−2 Pa/s appears at around 400 hPa. This vertical 
motion maximum appears along with the weak downward 
motion within a very thin layer just above the earth surface 
in the MC region. However, the largest ascending motion 
in Southwest China occurs at 700 hPa, which is possibly 
associated with the orographic lifting of atmosphere in lower 
levels.

The abnormal circulation along the vertical cross section 
across the MC region and Southwest China (Fig. 5b) shows 
that there exists a distinct meridional circulation anomaly in 
the tropics, with the center located nearby (112°E, 18°N) at 
500 hPa. The ascending branch of the circulation anomaly 
appears in the tropics and to its south, while the descending 
branch is located above the northern MC and southern edge 
of Southwest China. This pattern is well corresponding to 
the OLR distribution in the MC shown in the left field of the 
first leading SVD mode. The air rises above the southern 
MC, turns northward in the upper layer of troposphere, and 
bifurcates into two branches at 200 hPa over the central to 
northern MC. One branch is accompanied by the descending 
branch of the abnormal meridional circulation and reaches 
the lower levels before it turns northerly and returns to the 
tropics, forming a complete meridional circulation. The 
other branch merges into the ascending flow to the east of 

Fig. 4  Correlations of series of time coefficients of the left field of 
SVD1 with divergent (arrows) and rotational (streamlines) wind com-
ponents at a 700 hPa and b 200 hPa. Bold arrows are for values at/
above the 95% confidence level using a t test. The thick dashed lines 
at 700 hPa are for the topography higher than 3000 m
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the Tibetan Plateau. As a result, most of Southwest China is 
under the control of abnormal ascending motions. Compared 
to multi-year average vertical circulation, it can be found 
that when convective activity is stronger than normal over 
southern MC, i.e. when the strong convection center shifts 
to the south of its normal position, the descending motion in 
southern MC turns to abnormally strong ascending motion. 
As a result, the descending branch of the Hardly Cell shifts 
southward than normal and reaches South China, leading 
to significant weakening of ascending motions over some 
summer monsoon region. Meanwhile, descending motions 
greatly intensify over Southwest China, resulting in large 
increases in precipitation over the Yangtze River valley and 
Southwest China.

5.4  Wave activity flux

Several studies (Duan et al. 2007; Xia et al. 2015) have 
pointed out that the circulation anomalies affecting pre-
cipitation in late autumn, early winter, and during the rainy 
season are possibly associated with the propagation of quasi-
stationary waves triggered by tropical forcing. In order to 
clarify the mechanism for the generation and maintenance of 
the abnormal circulation over Southwest China and its rela-
tionship with the Rossby wave propagations in westerlies, 
here we presented geopotential height anomalies that relates 
to SVD1 and corresponding wave activity flux (Takaya and 
Nakamura 1997; Takaya 2001; Huang et al. 2013) at various 
levels (700 hPa, 200 hPa) of the troposphere (Fig. 6).

It is found that the circulations at 700 hPa in south-
ern China can be affected by the wave energy dispersed 
from both the tropical MC region and the mid- latitudes. 
In the mid-latitudes, the geopotential height anomaly in 
the lower troposphere at 700 hPa regressed on the time 
coefficients of the left field of SVD1 (Fig. 6a) shows a 
negative–positive–negative pattern from West Europe to 
the mid- and high-latitudes of northeastern Asia. Negative 
anomalies are located above West Europe and northern 
China, whereas positive anomalies are found in northern 
central and northeastern Asia. Meanwhile, negative geo-
potential height anomalies can also be found over the west-
ern Central Siberian Plateau, while positive anomalies are 
located at the northwestern Pacific including southeastern 
Asia. The above features further indicate that the western 
Pacific subtropical high is stronger and westward-shifted 
than normal. The T–N flux shows that the wave energy 
propagates downstream from the mid- and high-latitudes 
of West Europe, and converges in central Asia, producing 
and maintaining the positive geopotential height anomalies 
there. The wave energy is then dispersed to northeastern 
Asia through the Central Siberian Plateau, and plays a 
critical role to maintain the positive geopotential height 
anomaly in northwestern Asia. In the tropical region, the 
wave energy propagates northward, and finally converges 
with the energy from the north to affect (Fig. 6a). The 
convergence of T–N flux above China is favorable for the 
maintenance of perturbation of geopotential height to the 
east of the Tibetan Plateau.

Fig. 5  Vertical circulation along the slanted line from (125°E, 5°S) 
to (100°E, 40°N) for summertime multi-year mean climatology (a) 
and the anomalous vertical circulation as obtained by regressed it 
upon time-series of coefficients of the left field of SVD1 (b). Stream-
lines are for the circulations whereas the shaded contours for vertical 

velocity in unit of  10−2 Pa/s. Black dot-dashed lines are for topogra-
phy and the red rectangular frame for Southwest China. Red dashed 
lines indicate the values are significant at/above the 95% confidence 
level using an F test
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In the upper troposphere (Fig. 6b), the geopotential height 
anomaly distribution is similar to that in the lower tropo-
sphere. Negative anomalies are found in West Europe and 
northeastern China, while positive anomalies are located in 
central and northeastern Asia. This result indicates that the 
abnormal system has a quasi-barotropic structure. However, 
the waver energy that affects China and East Asia is origi-
nated only from the westerlies in mid-latitudes.

6  Numerical experiments

Local changes are usually small for monthly mean circula-
tion, which explains why diabatic heating anomaly is often 
balanced by dynamic heating. The analyses in previous 
sections indicate that precipitation anomaly in Southwest 
China, which is induced by abnormal convective activity 
over the MC region, is associated with the vertical motion 
of the abnormal meridional circulation in the troposphere. 
Here we perform the numerical experiments to examine if 

the anomalous thermal forcing can affect the precipitation 
over Southwestern China.

6.1  Experiment design

RegCM4.4 is a well known regional climate model which 
is widely used to simulate the regional climate variations 
(Giorgi et al. 2012, 2014). Here, we employ this model to 
simulate the circulation changes in association with the 
thermal forcing in the MC. In the tropics, the strong con-
vection is usually associated with the warmer SSTA except 
in the some areas where the decent of air dominates. This 
OLR–SST relation can be examined by the correlations 
between anomalous OLR and SSTA in the MC region 
(Fig. 7a). The negative correlations between OLR and SSTA 
are observed in most of the MC except in a small area in the 
northeastern MC where the correlation is positive. This pat-
tern looks similar to the OLR pattern of SVD1 (Fig. 2a). In 
fact, the SVD1-related SST anomalies in the MC are domi-
nantly positive, suggesting that the lower OLR is induced 

Fig. 6  The TC1-regressed 
anomalous geopotential 
height (shaded, 10gpm) and 
the mean climatology (black 
solid contours, 10gpm) over 
Eurasia in boreal summer, and 
regressed T–N flux (vectors) 
with unit in  m2/s2 at 700 hPa 
(a) and 200 hPa (b). The thick 
dashed line is for zero zonal 
wind of mean climatology. The 
cross-slashed areas are for the 
anomalous geoptential heights 
at/above the 95% confidence 
level using an F test
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by the warmer SSTA in Southwestern part of the MC while 
the larger OLR is also induced by the warmer SSTA in the 
northeastern part of the MC where the downward motion 
dominates (Fig. 7b). Therefore, it is reasonable for us to use 
the idealized uniform SSTA in the MC to force the atmos-
phere to examine if there are impacts of thermal forcing in 
the MC on precipitation in Southwest China. Note that only 
are the SST anomalies in the key area of the MC (Xu and 
Guan 2017) superimposed on the SST climatology.

The  mode l  doma in  cove r s  [ 43°E–167°E , 
26.5°S–56.3°N] with the center at (105°E, 20°N) 
(Fig. 8). There are 171×220 (zonal × meridional) grid 
points in the horizontal with grid interval of 60 km in 
the model domain. In the vertical there are 18 levels and 
the model top is at 50 hPa. In this simulation, the time 
step is set to 100 s. The initial and boundary conditions 
are derived from the ERA-Interim reanalysis products of 
ECMWF. The ERA-Interim gridded data has a resolution 
of 1.5° × 1.5° (lon. × lat.). Important physical schemes 
include the NCAR CCM3 radiation scheme (Kiehl et al. 
1993), the Zeng scheme for sea surface flux calculation 
(Zeng et al. 1998), the SUBEX scheme for large-scale 
precipitation (Pal et al. 2000), the Grell cumulus scheme 

that is based on the Fritsch-Chappell closure (Fritsch and 
Chappell 1980; Grell 1993), the Holtslag planetary bound-
ary scheme (Holtslag et al. 1990), and the CLM3.5 surface 
scheme (Decker and Zeng 2009). The SRES A1B scenario 
was taken for green house gas release (Hasumi and Emori 
2004). SST is extracted from the NCEP/NCAR Optimum 

Fig. 7  Correlations (shaded) of 
SSTA with a OLR anomalies 
over the MC region in boreal 
summer (June–August), and 
with b TC1 of left field of 
SVD1. The areas circled with 
thickest (thinner) dashed black 
iso-lines are for correlations 
values at/above 99% (90%) 
confidence level using a t test. 
The thinnest grey lines are 
for outlines of both lands and 
islands

Fig. 8  The model domain (outmost frame) and topography (shades, 
in m). The red rectangular frame indicates the key area of the MC 
region and the area enclosed by grey solid line shows the buffer zone 
for SST variation
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Interpolation Sea Surface Temperature (OISST) (Reynolds 
et al. 2002).

The model was initialized at 0000 UTC 1 May and the 
integration ended at 0000 UTC 1 September of each individ-
ual year. In climate simulation, either long-term integration 
or large ensemble simulation is required in order to obtain 
statistically significant results of the interannual atmospheric 
variability in response to tropical SST (Kumar and Hoerling 
1995; Sardeshmukh et al. 2000). Therefore, in this study, a 
31-member ensemble simulation with different initial con-
ditions (1982–2012) was conducted. The first month (May) 
was taken as spin-up time and excluded from analysis. Five 
experiments were conducted. They are: (1) the control 
experiment (CTRL): only seasonal variation is retained in 
SST, which is then used in the 31-member ensemble simu-
lation. The ensemble mean of the 31 members is averaged 
over the summer for further analysis; (2) the positive SSTA 
experiment (SSTH1): same as CTRL, except that SST over 
the MC is increased by 1 °C from May 1st to September 
1st. A buffer zone of 5° lat. and lon. is set to avoid abrupt 
SST change along the boundaries of the MC region (Fig. 8); 
(3) the negative SSTA experiment (SSTL1): the same as in 
SSTH1 except that SST over the MC is decreased by 1 °C; 
(4) the positive SSTA experiment (SSTH2): the same as 
SSTH1, except that SST over the MC is increased by 2 °C; 
(5) the negative SSTA experiment (SSTL2): the same as 
SSTH1 except that SST over the MC is decreased by 2 °C.

6.2  Experiment results

The spatial pattern of summer precipitation and its standard 
deviation simulated by CTRL (Fig. 9a) is looks reasonable in 
as compared to observations (Fig. 1b); less precipitation is in 
the south and more precipitation in the north over Southwest 
China. The maximum precipitation center nearby Sichuan 
Basin is also realistically simulated although the precipita-
tion intensity is overestimated. At the same time, it is seen 
from Fig. 9a that the place where the standard deviation is 
large is just the place where precipitation is large. This simu-
lated feature of precipitation variability is consistent with the 
observations as seen in Fig. 1b, suggesting that simulated 
overall features are roughly realistic.

In order to examine the impact of SST anomalies in the 
MC on precipitation anomalies in Southwest China, mean 
composite differences in the simulations between positive 
and negative SST anomaly cases, i.e. SSTH1 vs. SSTL1 
(Fig. 9b) and SSTH2 vs. SSTL2 (Fig. 9c), are analyzed. 
Results indicate that when SST in the MC region is higher 
than normal, i.e. convective activity is abnormally strong 
in the south and weak in the north, stronger than normal 
southerly winds prevail above Southwest China. Divergence 
occurs in the southeastern part of Southwest China, while 
convergence appears in central and northern part, leading 

to abnormally high precipitation in most areas of South-
west China except the southern edge where precipitation 
decreases. In general, the simulation results are consistent 
with that of statistical analysis (Fig. 2b), suggesting that 
convective activity over the MC region can have significant 
impacts on the precipitation in Southwest China.

7  Conclusions

Based on the above analyses, we find that there are close 
relationships between the precipitation in Southwestern 
China and the convective activity in the Maritime Continent 
region. Main results are summarized as follows.

Climatologically, three strong convective centers are 
respectively observed in regions nearby Indochina, the 
southern Philippines, and northwestern New Guinea in the 
summer over the MC region. Among the three centers, OLR 
over the ocean nearby Indochina is lower than 180 W/m2. 
Large precipitation centers correspond to the three convec-
tive centers. In Southwest China, more precipitation occurs 
in the south than in the north. The large precipitation centers 
appear in southern Yunnan and Guangxi while a low pre-
cipitation center appears in northwestern Sichuan. The maxi-
mum precipitation center is observed in Sichuan Basin. The 
interannual variability of precipitation is larger over areas 
where more precipitation occurs.

The summer precipitation anomalies in Southwest China 
are found to be closely associated with interannual variations 
of convective activity over the MC region. The first leading 
SVD mode exhibits a feature of abnormally low (high) OLR 
in the south and high (low) OLR in the north of the MC 
region, which correspond to stronger (weaker) than normal 
convective activity in the south and weaker (stronger) than 
normal convective activity in the north. The time-series of 
coefficients of SVD1 reveals that these precipitation anoma-
lies vacillate between the positive and negative phases with 
a period of 2.5 years.

The precipitation variations in Southwest China are con-
nected to OLR changes in the MC via anomalous transport 
of water vapor. When in the positive (negative) phase of 
TC1, the water vapor transport from northern Indochina 
and the South China Sea to Southwest China intensifies 
(weakens), leading to abnormal water vapor convergence 
(divergence) and higher (lower) than normal precipitation 
in Southwest China.

The anomalous circulations over southwest China and 
convective activity in the MC can also be linked by the 
anomalous circulations. In the positive of TC1, the sig-
nificant abnormal meridional-vertical circulations are well 
defined between the MC region and Southwest China. 
Strong convective activity over the MC region corresponds 
to convergence in the lower troposphere and divergence in 
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the upper troposphere, and large ascending motion. The 
northern MC is under the control of descending motion 
with less precipitation. In Southwest China, the subtropical 
high intensifies and shifts westward than normal due to the 
influence of the abnormal divergence in the upper tropo-
sphere over the tropical western Pacific. As a result, ascend-
ing motion intensifies abnormally over Southwest China. In 
addition, the wave energy triggered by convective anomalies 
over the MC region propagates to China, where it merges 
with the energy dispersed downstream from mid- and high-
latitudes. Together with anomalous convergence (diver-
gence) of water vapor in Southwest China, these anoma-
lous circulations between the MC and southwest China are 
favorable for the intensification and westward shift of the 

subtropical high, while the South Asia High also intensifies 
and shifts eastward, eventually inducing significant anoma-
lous precipitation over Southwest China.

The strong convective activity is strongly related to 
the SSTA forcing in the key area of the MC region. By 
employing the regional climate model RegCM4.4, five sets 
of ensemble experiments have be conducted to examine 
whether the thermal forcing in the MC can affect the precipi-
tation in Southwest China or not. The simulated results do 
show that when SST in the key area of the MC region overall 
is higher than normal, i.e. convective activity is abnormally 
strong in the south, stronger than normal southerly winds 
prevail above Southwest China, leading to abnormally more 
precipitation in most area of Southwest China.

Fig. 9  Simulated summer mean climatology of precipitation (shaded) 
in unit of mm/day and standard deviation of precipitation (contours) 
with interval of 0.4 mm (a), mean composite differences of precipi-
tation in mm/d and winds at 700  hPa between the positive SSTA 
(SSTH1) and negative SSTA (SSTL1) cases of the ensemble experi-

ments (b), and those between SSTH2 and SSTL2 cases (c) in South-
west China. The cross-hatched areas show values of precipitation 
anomalies significant at and above the 95% confidence level using a 
t test
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It should be stressed that the purpose of this work is to 
examine the influences of SSTA in the Key region of the 
MC (Xu et al. 2019) on the rainfall anomalies in South-
west China. Whether the SSTA in the MC and rainfall in 
Southwest China are influenced by ENSO or not is not dis-
cussed. The simultaneous influence of ENSO on the rainfall 
anomalies in Southwest China is an interesting topic, which 
deserves more detailed future investigations. Moreover, the 
SSTA used in simulations are confined in the key area of 
the MC. If the SSTA in the whole MC domain are consider 
in the numerical experiments, what do the circulation vari-
ations look like? This also needs to be examined in the near 
future.
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