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ABSTRACT

The autumn rainfall over Southwest China is important for its agricultural and 
social effects. Studying the mechanism of its formation helps to improve its future 
prediction. A set of experiments, including eight stages of mountain uplift, is used to 
analyze the role of mountain uplift in the formation and development of autumn rain-
fall over Southwest China. The results show that the mountain uplift, especially the 
Tibetan Plateau is an essential factor in the formation and development of the autumn 
rainfall over Southwest China. The amount of the rainfall increases gradually with 
the mountain uplift. Being the transition season from summer to winter, the rainfall 
in autumn is influenced by the mountain uplift through dynamic and thermodynamic 
mechanisms in a different way from that in summer and/or in winter. Dynamically, 
with the Tibetan Plateau uplift, the upstream westerly is split into two branches, 
and the southern branch gets enhanced gradually and brings more water vapor from 
Arabian Sea and Bay of Bengal into the Southwest China region (the summer mode). 
Meanwhile, the East Asian trough is also strengthened, with the strengthened me-
ridional circulation over mid-high latitudes, which favors the cold air from the north 
flowing into Southwest China (the winter mode) to converge with the warm humid 
air from the south (summer mode), resulting in the phenomenon of autumn rainfall 
over Southwest China. From the thermodynamic perspective, the surface heat source 
increases over the western part while decreases over the east part with Tibetan Pla-
teau uplift, which promotes the ascending air flow over this area, and plays positive 
feedback on the increased autumn rainfall.
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1. INTRODUCTION

In most areas of China, the rainy season ends in pre-
autumn, but there is continuous, prolonged and wide-influ-
enced rainfall in September or even in October over South-
west China, including those areas of Weishui River Basin, 
Hanshui River Basin, east Sichuan, and southeastern Sich-
uan (Bai and Dong 2004). It is known as autumn rainfall in 
Southwest China, which is the main feature of the autumn 
climate over Southwest China. The cold air that frequently 
flows southward in the autumn converges with the warm and 
humid airflow that persists over Southwest China, resulting 

in long-term overcast and rainy weather associated with in-
creased frontal activity (Sun et al. 2013). The continuous 
and frequent autumn rainfall over Southwest China occurs 
primarily from late August to early November, especially in 
September, coinciding with the harvest season there, which 
leads to crop yield reduction or loss of harvest, negatively 
impacting people’s productivity and lives. Therefore, au-
tumn precipitation over Southwest China has always been 
an important topic in climate research of this region.

As early as the mid-20th century, Gao (1958) and Gao 
and Guo (1958) identified the phenomenon of autumn rain-
fall over Southwest China. Those areas where the precipita-
tion amounts or precipitation days in September or October 
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were more than those in the months before and after were 
defined as the autumn rainfall region. In recent decades, nu-
merous efforts have been made to explore the spatio-tem-
poral characteristics and the physical mechanism of autumn 
rainfall over Southwest China (Feng and Guo 1983; Xu and 
Lin 1994; Bai and Dong 2004; Sun et al. 2010, 2013; Luo 
et al. 2013; Yu et al. 2013; Jiang et al. 2014; Wang et al. 
2015a; Xu et al. 2017). It has been found that the autumn 
rainfall over Southwest China has obvious inter-annual and 
inter-decadal variation, and the Western Pacific Subtropical 
High (WPSH), the Indo-Burma trough and the Lakes Bai-
kal-Balkhash trough were the main weather systems affect-
ing this climatic feature. The well-developed Baikal trough 
and India-Burma trough and the strengthened WPSH would 
be favorable for more rainfall over Southwest China in au-
tumn. Some studies suggested that the internal variabilities 
(such as sea surface temperature, SST) have great effects 
on autumn rainfall over Southwest China. For example, Liu 
and Yuan (2006a, b) and Liu et al. (2015a) found that there 
is a significantly positive correlation between Indian Ocean 
Dipole (IOD) and autumn rainfall over Southwest China. 
Zhang et al. (2013) showed that the warm pool El Niño was 
a principal factor of the strong autumn drought in South-
west China during 2009. And some investigators studied 
the effects of Pacific SST (Wang et al. 2015b, c) on this 
climate features. Zhao et al. (2016) found that the autumn 
rainfall over Southwest China would change from enhanced 
to suppressed when the main MJO (Madden-Julian Oscilla-
tion) convective body propagating from west to east. Some 
researchers focus on the changes and the associated atmo-
spheric circulation of the autumn precipitation in a specific 
year (Bao et al. 2003; Zhang et al. 2011; Cai et al. 2012, 
2013; Li et al. 2012; Liu et al. 2012; Chen et al. 2014; Wang 
et al. 2018). Most studies have revealed the impacts of cli-
matic changes on autumn rainfall over Southwest China, but 
how this phenomenon develops and what causes it in the 
first place still need further investigations.

The Tibetan Plateau is the highest and steepest plateau 
over the world. This dramatic geographical feature has a 
significant impact on the atmospheric circulation system 
and climate conditions of the plateau itself, its neighboring 
regions, and even the entire globe via dynamic and thermo-
dynamic effects (Ruddiman and Kutzbach 1991; Kutzbach 
et al. 1993; Li and Fang 1999; Liu 1999; Liu et al. 2001; 
Fan and Cheng 2003; Wang et al. 2013; Zhang et al. 2015; 
Yu et al. 2018). Up to now, many researchers have studied 
and discussed this significant topographical element. Liu 
(1999), Liu and Yin (2002), and Liu et al. (2013, 2015b), 
for example, carried out a series of studies on the impact of 
the Tibetan Plateau uplifting. Their results indicated that the 
plateau uplift could promote the formation of arid over Cen-
tral Asia and North Africa, and had a strengthening effect on 
the South Asian monsoon. Thus, although the plateau uplift 
would enhance the monsoon precipitation, it could reduce 

the global precipitation. It was also found that the uplift of 
Tibetan Plateau could affect Indian summer monsoon, South 
Asia monsoon and East Asia monsoon and further affect the 
precipitation over these regions and the relative regions (An 
et al. 2001; Abe et al. 2003; Song et al. 2010; Zhang et al. 
2012; Tang et al. 2013). Jiang et al. (2008) pointed out that 
the East Asia summer monsoon system similar to that of 
the present initially appeared when the altitude was 60% of 
the present height. Kitoh (2004, 2007) also found that there 
was a drastic change in the East Asian circulation with the 
threshold value at the 60% mountain height and the precipi-
tation area would move inland of the Asian continent with 
mountain uplift in summer. Moreover, there was a critical 
height [e.g., about 1500 - 2000 m in summer (Zhang and 
Qian 1999), 40% of the TP height (Abe et al. 2003, 2005), 
50% of the modern TP height (Chen et al. 1999)] of the 
mountain uplift and the atmospheric circulation and precipi-
tation over the vicinities of the plateau changed differently 
before and after this threshold. Liang et al. (2005) found that 
the uplift of Tibetan Plateau would lead to an increase in 
precipitation during the first rainy season over South China 
and a decrease in summer precipitation over South Asia. In 
addition, plateau uplift also would result in changes of the 
annual mean precipitation, the seasonal mean precipitation, 
the atmospheric circulation, and the sea surface temperature 
both over the vicinity of the plateau and over the remote 
areas (Lee et al. 2015).

At present, researches on the Tibetan Plateau uplift 
have primarily focused on its effects on the atmospheric 
circulation and the related climate changes in summer and 
winter over the vicinities of the plateau. Few has been done 
about the climate in transient seasons, particularly in autumn. 
Some studies mentioned the effects of the presence of the 
Tibetan Plateau on climatic changes in autumn, e.g., Chen 
et al. (2001) suggested that the surface heat source over east-
ern part of the plateau had a significant negative correlation 
with the autumn rainfall over Southwest China. The surface 
heat source anomalies over the eastern portion of the plateau 
would influence the amount of autumn rainfall over South-
west China through the 500 hPa atmospheric circulation. 
Several previous studies also investigated the relationship 
between plateau summer monsoon and autumn rainfall over 
Southwest China (Tang 1993) and revealed the interaction 
between the terrain to the disaster rainstorm over Southwest 
China in September 2011 (Liu et al. 2013). They did not, 
however, explore the role of plateau uplift in the formation 
of the autumn rainfall over Southwest China. What role does 
Tibetan Plateau uplift play in the formation of autumn rain-
fall over Southwest China? Is Tibetan Plateau uplift an im-
portant cause of the evolution of autumn precipitation over 
this region? These questions remain to be answered.

This paper will investigate the autumn rainfall changes 
in different stages of mountain uplift, with a set of numeri-
cal experiments, and discuss the effect of plateau uplift on 
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autumn rainfall over Southwest China from both dynamics 
and thermodynamics perspectives. The data and methods 
used in this study are introduced in section 2. The simu-
lated results are validated in section 3. The results and the 
dynamic and thermodynamic effects of the mountain uplift 
are discussed in section 4. The conclusions and discussions 
are given in section 5.

2. DATA AND METHODS

The data used in this paper includes both observation 
data and model simulations. The September mean land pre-
cipitation data provided by NOAA (National Oceanic and 
Atmospheric Administration) (Chen et al. 2002) is used as 
observation. The spatial resolution is 0.5° (latitude) × 0.5° 
(longitude), and the period is from 1972 to 2011. The zonal 
and meridional wind, vertical velocity and specific humidity 
from NCEP/NCAR Reanalysis 1 (Kalnay et al. 1996) are 
also used as the observed circulation and moisture transport. 
The spatial resolution is 2.5° (latitude) × 2.5° (longitude) 
and the period is from 1961 to 2000.

The simulation data are the orography sensitivity ex-
periments derived from the ocean-atmosphere coupled 
model conducted by the Japan Meteorological Research In-
stitute (MRI-CGCM) (Kitoh 2007), with a spatial resolution 
of approximately 2.8° × 2.8°. There are 8 runs with global 
mountain uplift of M0 (no mountain), M2, M4, M6, M8, 
M10 (with modern height), M12, M14, representing the 
mountain heights of 0, 20, 40, 60, 80, 100, 120, and 140% 
of the current mountain height, respectively. M10 was the 
control run, with a terrain height equal to the modern states, 
as well as realistic land-sea distribution and topography. M0 
was the no mountain run, although it maintained the same 
land-sea distribution as the control. In this study, M0 was 
selected as the reference run. All the eight experiments used 
the same initial conditions and only global mountain heights 
were uniformly varied, and all were integrated for 50 years. 
In order to prevent errors introduced by a climate drift, the 
data only for the last 40 years were used in this study (Lee 
et al. 2015).

The onset of the autumn rainfall in Southwest China 
is in September following the southward retreating of the 
plateau monsoon (Tang 1993), therefore we use Septem-
ber rainfall to represent the autumn rainfall phenomenon 
in Southwest China. Currently, there is no clear definition 
of the regions of autumn rainfall over Southwest China. 
Generally, Southern Shaanxi (mainly the Weihe River Ba-
sin and Hanshui River Basin), Southern Gansu, Sichuan, 
Chongqing, Guizhou, and Yunnan are considered to com-
prise Southwest China (Luo et al. 2013). We define the re-
gions of autumn rainfall over Southwest China by referring 
to the indicators established by He (1984) and Bai and Dong 
(2004), which define the research area as 25 - 35°N and 100 
- 110°E.

3. MODEL VALIDATION

To verify the reliability of the model simulations, we 
compare the observation data with the control run (M10). 
The spatial distribution of observed September mean pre-
cipitation (Fig. 1a) shows that there is a relatively prominent 
autumn rain phenomenon over Southwest China, where the 
rainfall is more than that over other parts of China. The 
simulated September rainfall distribution in the control run 
(M10) (Fig. 1b) is similar with the observed one, except that 
the rainfall is overestimated over Tibetan Plateau, northwest 
part of Southwest China and Indian subcontinent (Fig. 1c). 
It is noteworthy that the excessive precipitation center in the 
Tibetan Plateau is a common problem in all current global 
coupled ocean-atmosphere general circulation models (Su 
et al. 2013). The spatial correlation coefficient between the 
observation and the simulation over Southwest China is 
0.89, passed a 0.05 statistical significance test, indicating 
that the model can reasonably represent the spatial charac-
teristics of autumn rainfall over Southwest China.

The comparisons between the simulated and the ob-
served circulations (Figs. 1d - l) show that the model can well 
reproduce the main circulation patterns, including the two 
branches of low-level westerlies and the West Pacific sub-
tropical high circulation (Figs. 1d - e), the ascending flows 
over mid-low latitudes and southwest China (Figs. 1g - h),  
and the meridional circulations (Figs. 1j - k). However, 
the model tends to overestimate the vertical velocity over 
Southwest China and Indian subcontinent (Fig. 1i), which 
leads to the overestimated precipitation over these regions 
(Fig. 1c). The meridional circulation is also overestimated 
(Fig. 1l), whereas the southern branch of the westerlies is 
underestimated (Fig. 1f). Regarding the underestimated 
southern branch of the westerlies, the low-level moisture 
transport from Arabian Sea and Bay of Bengal is underesti-
mated while the moisture transport from west Pacific Ocean 
is overestimated (Figs. 1m - o). Although it is overestimated 
or underestimated, the basic circulation patterns and sys-
tems are well depicted in the model.

In addition, this set of experiments has been used to 
investigate the effects of mountain uplift on the Asian mon-
soon and global monsoon evolution, including the JJA and 
DJF precipitation and circulation, and also the ENSO vari-
ability (Kitoh 2004, 2007; Kitoh et al. 2010; Lee et al. 2015).

Therefore, despite the above-mentioned systematic bi-
ases, this set of experiments can be used to help understand-
ing the climate responses to the mountain uplift.

4. RESULTS
4.1 Changes of Autumn Rainfall Over Southwest China

Figure 2 shows the spatial distribution of September 
mean precipitation in the 8 mountain uplift experiments. It 
can be seen that in the non-mountain stage (M0) and the 
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(a) (b) (c)

(d) (e) (f)

(g) (h) (i)

(j) (k) (l)

(m) (n) (o)

Fig. 1. Spatial pattern of September mean precipitation rate (mm day-1), 700 hPa wind (m s-1), 500 hPa omega (Pa s-1), latitude-pressure cross sec-
tion of meridional circulation along 100 - 110°E, 700 hPa moisture flux (kg m-1 s-1) and its divergence (kg m-2 s-1) derived from (a) NOAA, (b) 
MRI-CGCM, (c) difference between MRI-CGCM and NOAA. The red boxes enclose the region of Southwest China. The number in the upper-right 
corner of the (b) is the pattern correlation coefficient between the control run (M10) and NOAA in red box.
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(a) (b)

(c) (d)

(e) (f)

(g) (h)

Fig. 2. Spatial pattern of September mean precipitation rate (mm day-1) derived from 8 different stages of mountain uplift.
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early stage (M2) of the mountain uplift, the precipitation 
over China is characterized by a decreasing pattern from 
southeast to northwest, with no prominent autumn rainfall 
phenomenon over Southwest China. Although the precipita-
tion increases over the western part of the Tibetan Plateau 
in the early stage (M2), it is decreased over the southeast 
China and the Southwest China. The precipitation over the 
western part of the Tibetan Plateau is increased gradually 
and propagates to the eastern part with the uplifting of the 
mountain. The phenomenon of autumn rainfall over South-
west China is present in and after M6, and becoming more 
and more prominent. During the uplift of the mountain, the 
autumn rainfall over Southwest China initially decreased 
by 0.503 mm day-1, then gradually increased from 0.435 to 
0.763 mm day-1 (Fig. 3).

According to the above analysis, the mountain uplift 
would lead to the onset and evolution of the autumn rainfall 
over Southwest China. Autumn precipitation over South-
west China varies during different stages of the mountain 
uplift, demonstrating an overall trend of autumn rainfall 
over Southwest China gradually increasing with increasing 
mountain height.

4.2 Dynamic Effects

Autumn is a transition season from summer-type circu-
lation to winter-type circulation. The northerly East Asian 
winter monsoon is taking place the southerly East Asian 
summer monsoon. In September, the Southwest China is lo-
cated between the WPSH and the Iran High. The warm and 
humid air from South China Sea and Bay of Bengal brought 
by the southerly and southwesterly wind converges with the 
cold air from mid-high latitude brought by the westerly and 
northeasterly wind into the Southwest China and thus forms 
the typical autumn rainfall phenomenon (Fig. 4).

4.2.1 Changes of Atmospheric Circulations

In the no mountain stage, the Asia is dominated by 
westerly over mid-high latitudes while northeasterly to east-
erly over mid-low latitudes, the shifting latitude is 30°N, 
with zonally distributed geopotential height at 500 hPa 
(Fig. 5a). In the early stage of the mountain uplift (M2), 
the Southwest China is controlled by an anticyclone circu-
lation anomaly and thus experiences the reduced precipi-
tation (Fig. 5b). When the mountain is uplifted to the M4 
stage (figure not shown), i.e., the height is 40% of its mod-
ern one, the high-pressure ridges over the area from Lakes 
Baikal and Balkhash to the mid-high latitudes of Eurasia 
shows up, along with a low pressure and cyclonic circula-
tion anomaly over its downstream (the Korean Peninsula and 
Sea of Japan). The East Asian trough also appears, leading 
to the strengthened north-south pressure gradients and the 
corresponding meridional circulation, which is conducive 
to the southward movement of the cold air from mid-high 
latitudes. As the mountain continues uplifting to its present 
height (Figs. 5c, d), the anticyclonic and cyclonic circulation 
anomalies over the upstream and downstream of the Lake 
Baikal keep strengthening, accompanied by the deepening 
of the East Asian trough and the increasing north-south pres-
sure gradients. Furthermore, during the early stage, a west-
erly wind anomaly is developed over the Arabian Peninsula. 
This westerly wind anomaly is gradually strengthening and 
stretching eastward with the mountain uplifting. The south-
ern branch of the westerlies around the plateau gradually 
forms and strengthens in response to the mountain uplift. 
Additionally, as the mountain height rises over 60% of its 
current height, the anticyclonic circulation anomaly cor-
responding to the western Pacific subtropical high appears 
and gradually strengthens. The southwesterly winds over the 
west side of this anticyclone combined with the south branch 

Fig. 3. Autumn precipitation rate (mm day-1) over Southwest China associated with different stages of mountain uplift.
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Fig. 4. Spatial pattern of September mean precipitation (shading; units: mm day-1) and integrated moisture flux (vector; units: 100 kg m-1 s-1) of M10.

(a)

(b) (c)

(d) (e)

Fig. 5. (a) Spatial pattern of September mean 700 hPa wind (vector; units: m s-1), 500 hPa geopotential height (contour; units: Pa), and precipitation 
(shading; units: mm day-1) of M0 and (b) - (h) differences of 700 hPa wind, 500 hPa geopotential height, and precipitation between M2, M6, M10, 
M14, and M0, respectively. Areas with confidence levels greater than 95% are dotted for precipitation.
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of westerly flow around the southern side of the plateau, 
bringing warm and humid airflow into Southwest China, and 
thus benefiting the precipitation over this region.

When the mountain keep uplifting over its current 
height (Fig. 5e), the cyclonic circulation anomaly over the 
Sea of Japan gradually weakens and disappears, while the 
southern branch of westerlies around the plateau remains 
basically the same as it is during the M10 (current height) 
stage. The high-pressure ridges over the mid-high latitudes 
of the Northern Hemisphere, the East Asian trough and 
the western Pacific subtropical high continue to intensify, 
which benefit the continued increase of autumn rainfall over 
the Southwest China.

The global patterns of the circulation changes illustrate 
that the main causes of autumn rainfall over Southwest Chi-
na are relatively from the local effects of uplift of Tibetan 
Plateau rather than from the remote effects of uplift of other 
mountains (not shown).

Above all, the dynamic effects of mountain uplift, 
especially the plateau uplift on the autumn rainfall over 
Southwest China are reflected in their influence on the 

high-pressure ridges over the mid-high latitudes of the Eur-
asian continent, the East Asian trough, the southern branch 
of westerlies around the Tibetan Plateau, and the western 
Pacific subtropical high.

4.2.2 Changes of Water Vapor Transport

The sufficient water vapor supply provides favorable 
conditions for the continuous precipitation. The climatol-
ogy of the moisture flux and its divergence in September 
in the M0 stage (Fig. 6a) and the differences between those 
in the seven stages (M4, M8, M12 are not shown) and M0 
(Figs. 6b - e) show that, with the uplifting of the Tibetan 
plateau, the northeast transportation of the moisture flux 
over Southwest China increases gradually. The warm and 
humid air from the ocean, especially from the Arabian Sea 
and Western Pacific, keep transporting to Southwest China, 
meanwhile, the moisture flux convergence becomes stron-
ger over this region. In the non-mountain stage (M0), the 
southern part of Southwest China is dominated by west-
erly moisture flux with significant water vapor divergence. 

(b)

(a)

(c)

(d) (e)

Fig. 6. The same as Fig. 5, but for the moisture flux (vector; units: 100 kg m-1 s-1) and its divergence (color; units: 10-6 kg m-2 s-1) (vertically integrated 
from surface to 500 hPa).
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Combined with the anticyclonic circulation in this stage 
over Southwest China (Fig. 5a), it can be deduced that this is 
not conducive to the formation of precipitation. Therefore, 
the autumn rainfall over Southwest China is relatively low 
during the non-mountain stage. In the M2 stage (the early 
stage of uplift), there is strong west and northwest mois-
ture flux and an anomalous divergence of water vapor over 
Southwest China, whereas this region is still affected by an 
anticyclonic circulation (Fig. 5b). Therefore, there is still 
no obvious autumn rainfall phenomenon over Southwest 
China. The autumn rainfall over Southwest China during 
this stage is actually less than that during the non-mountain 
stage. From M4 to M10, the water vapor mainly comes 
from Arabian Sea and Bay of Bengal, with the enhanced 
southwesterly water vapor transporting and convergence, 
and thus a large amount of warm and humid water vapor 
into Southwest China. From M12 to M14, the water vapor 
comes not only from the Arabian Sea and Bay of Bengal, 
but also from the western Pacific Ocean through southeast-
erly circulation, and accompanies the increase of moisture 
flux convergence, the autumn rainfall over Southwest China 
continually increases.

To sum up, the warm and humid airflow from the 
Arabian Sea, Bay of Bengal and the mid-low latitudes of 
western Pacific begins to converge into Southwest China, 
and keeps strengthening with the mountain uplifting. There-
fore, it helps to increase the amount of autumn rainfall over 
Southwest China.

It can also be found that with the mountain uplift, there 
keeps an anomalous anticyclone in the Indochina Peninsula 
helping providing the northeasterly moisture to converge 
into Southwest China (Figs. 5, 6). This anomalous anticy-
clone might be dynamically related to the downstream ef-
fects of westerly flowing around the Tibetan Plateau, as 
well as to the strengthened western Pacific subtropical high.

4.2.3 Changes of Vertical Motion

Overall, the average vertical velocity (omega) distribu-
tion (figure not shown) at 500 hPa in September during the 8 
stages of mountain uplift is consistent with the precipitation 
distribution. During the non-mountain stage, most areas of 
China are dominated by the descending motion (Fig. 7a). 
Therefore, the precipitation over most of China during the 

(a)

(b) (c)

(d) (e)

Fig. 7. The same as Fig. 5, but for 500 hPa omega (units: 10-4 hPa s-1). The negative values are shaded.
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M0 stage is relatively low. As the elevation of the moun-
tain increased, ascending motion over the Tibetan Plateau 
keeps strengthening, and the area where the ascending 
motion strengthened is gradually extending to the eastern 
part of China. Compared to the M0 stage, most areas of 
Southwest China during the early stage of the uplift (M2) 
are still affected by the descending motion (Fig. 7b), so the 
phenomenon of autumn rainfall over Southwest China is 
still not evident. From M6 to M14 (Figs. 7c - e), vertical air 
motion over Southwest China changes from descending to 
ascending, with ascending motion keeps strengthening. In 
response to these changes in vertical air motion, the amount 
of autumn rainfall over Southwest China increases from 
M6 to M14, corresponding to the results shown in Fig. 2. In 
addition, changes in autumn precipitation over Southwest 
China are not uniform across the area at some individual 
stages during the mountain uplift. For example, during the 
M8 stage, the western part of Southwest China is dominated 
by convergence and ascending air motion, while the eastern 
part is experiencing the opposite conditions. But combined 
with the variations of atmospheric circulation and water va-
por transportation, there is also more autumn precipitation 
in Southwest China overall at the M8 stage than that at the 
M0 stage. In general, as the elevation of the mountain in-
creased, the vertical motions of the atmosphere over South-
west China changes from divergent sinking-based to con-
vergent rising-based. Correspondingly, the autumn rainfall 
over Southwest China exhibits an initial decreasing trend 
followed by a gradual increase trend.

4.3 Thermodynamic Effects

In addition to the dynamic effects of the mountain up-
lift, particularly the Tibetan Plateau uplifting on the atmo-
sphere, it has thermodynamic effects through heating and 
cooling processes in different seasons. It is said that the ther-
modynamics effects of the Tibetan Plateau are the strongest 
in summer, with the surface sensible heating being promi-
nent prior to the monsoon onset, and would significantly af-
fect the transition of circulation patterns from winter season 
to summer season (Wang et al. 2008). Whereas the heating/
cooling processes in the transition season of autumn require 
clarification. In this study, we referred to the method of Li et 
al. (2016), using the sum of surface turbulent sensible heat 
flux and latent heat flux of soil evaporation as the surface 
heat source value. As shown in Fig. 8a, when there is no pla-
teau, the surface heat source value over southeastern China 
is large and the surface heat source over the Tibetan Pla-
teau region is relatively small. With the mountain uplifting, 
the heat source over the western part of the plateau region 
gradually increases, while the heat source over the eastern 
part of the plateau and the areas to its east is gradually de-
creasing. It can be seen that in September, the Tibetan Pla-
teau, especially its western part, is still an atmospheric heat 

source center. There is a significant difference in the heating 
effects between the western and eastern parts of the plateau 
(Figs. 8b - e), which is consistent with the results of Ye and 
Gao (1979). Compared with the non-mountain stage, the 
surface heat source value over the western section of the 
plateau is found to increase with mountain uplifting, while 
that of the eastern section is decreasing. The surface heat 
source value over Southwest China decreases by 4.5 W m-2  
in M2 and by 32.6 W m-2 in M14 comparing to M0, the 
decreasing trend is almost linear with mountain uplift. The 
higher the elevation, the greater the amplitude of the heat 
source increases or decreases.

In September, the mean meridional circulation over the 
region of 100 - 110°E (Fig. 9) shows that during the non-
mountain stage (Fig. 9a) there are strong southerly winds 
and ascending air flow from the equator to 15°N, while the 
region of Southwest China (25 - 35°N) experiences strong 
northerly winds and descending motion. It can be seen from 
the anomalies maps (Figs. 9b - e) that, during the early 
stage of mountain uplift, Southwest China is still affected 
by the strong descending motion, and the northerly winds 
in the lower troposphere remain strong. At this time, the 
thermodynamic effect of the plateau has not yet appeared. 
When the plateau rises to 40% of its current height (figure 
not shown), the heat source effect over the western part of 
the plateau begins to form, and the ascending motion starts 
to appear over the area near 30°N. As the altitude of the 
mountain increases, the heat source effect over the western 
part of the plateau is gradually strengthening, along with the 
increasing ascending motion over Southwest China. These 
conditions are readily benefiting the increase of precipita-
tion over Southwest China.

In summer, the Tibetan Plateau serves as heat source 
to the atmosphere, and triggers South Asian High in up-
per troposphere, forms meridional plateau monsoon circu-
lation, accompanied by a strengthened ascending flow of 
South Asian summer monsoon (Liu et al. 2007). With the 
mountain uplift, the heat source in September in west part 
increases (Fig. 8), which helps strengthening the ascending 
flow (Fig. 9) on one hand.

On the other hand, the cooling in the eastern part of 
the plateau and Southwest China might be caused by the 
increased rainfall. The increased rainfall along with the 
cooled surface can force a Matsuno-Gill pattern in the up-
per troposphere and an anomalous anticyclonic circulation 
in low-level to its south (Yang et al. 2007). That is to say, 
the abovementioned low-level anomalous anticyclonic cir-
culation in Indochina Peninsula might also be related to the 
thermodynamic effect of the mountain uplift.

When combined with the distribution of autumn pre-
cipitation (Fig. 2), it can be seen that the thermodynamic 
effect of the Tibetan Plateau uplifting has a specific impact 
on the occurrence and development of autumn rainfall over 
Southwest China. The thermodynamic effects of mountain 
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uplift might be a positive feedback to the increased rainfall.

5. CONCLUSION AND DISCUSSION

The effects of mountain uplift on the large-scale cli-
mate in boreal summer and winter, such as summer mon-
soon and winter monsoon, have been investigated in the 
previous studies (Liu and Yin 2002; Abe et al. 2003; Kitoh 
2004; Jiang et al. 2008; Kitoh et al. 2010; Lee et al. 2015). 
However, little has been done on the effects of mountain 
uplift on the climate in transition seasons, especially in the 
autumn. In this study, the effects of mountain uplift on the 
phenomenon of autumn rainfall over Southwest China are 
analyzed using eight experiments conducted by the Japan 
Meteorological Research Institute with a coupled ocean-
atmosphere general circulation model (MRI-CGCM). It is 
found that the mountain uplift, mainly the Tibetan Plateau 
uplift, leads to the occurrence of autumn rainfall over South-
west China, and also influences the amount of the autumn 
precipitation. During the early stage of mountain uplift, the 

amount of autumn rainfall over Southwest China decreases 
slightly, but in general, the amount of autumn rainfall in this 
region gradually increases with the mountain uplift.

As suggested by Liu (1999), the Tibetan Plateau had 
significant impacts on the atmospheric circulations over 
mid-low latitudes through the dynamic and thermody-
namic mechanisms. In the dynamic point of view, Kitoh et 
al. (2010) compared the effects of mountain uplift on the 
boreal summer circulation and the boreal winter circula-
tion and found that both circulations were enhanced with 
the uplifting. The autumn is a transition season that the 
circulation changes from summer pattern to winter pat-
tern. The dynamic mechanism of mountain uplift influenc-
ing the autumn rainfall shows a combination of summer 
mode and winter mode. The uplift of the plateau divides 
the westerly over Eurasia into two branches, the southwest-
erly on the southern branch (summer mode) is strengthened. 
Meanwhile, the East Asian trough (winter mode) and the 
western Pacific subtropical high (summer mode) are also 
strengthened. These favor the cold air from the northern part  

(a)

(b) (c)

(d) (e)

Fig. 8. The same as Fig. 5, but for surface heat source (units: W m-2).
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(winter mode) and the warm, humid air from the southern 
part (summer mode) converging into Southwest China and 
thus form the particular autumn rainfall.

From the thermodynamic perspective, the uplift of the 
Tibetan Plateau results in changes of the surface heat source 
value. Chen et al. (2001) found that the heat source over the 
eastern part of the plateau was negatively correlated with 
the autumn rainfall in Southwest China. In this study, the 
heat source is found to be increased over the western part of 
the plateau while decreased over the eastern part of the pla-
teau as the mountain uplifting, which is in agree with Chen 
et al. (2001). The thermodynamic effects of the plateau pro-
mote the ascending motion over Southwest China, affecting 
the amount of autumn rainfall there, correspondingly.

It should be noted that, as a peculiar climatic phenom-
enon, the autumn rainfall over Southwest China has numer-
ous reasons for its formation and continued existence. In this 
study, we have only examined the effects of mountain uplift 
on this phenomenon from the perspective of atmospheric 
circulation and changes of the surface heat source. Further 
researches are needed to determine whether the dynamic ef-
fects or thermodynamic effects of plateau uplift are dominant 
in influencing the formation of the autumn rainfall. On the 

other hand, since the global mountain are changed uniformly 
in this study, it is hard to tell apart the specific effects of 
the Tibetan Plateau uplift. More experiments with individual 
mountain uplift are required to quantify the exact effects of 
plateau uplift on the autumn rainfall over Southwest China.
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