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Abstract The influence mechanism of large‐scale topography surrounding the Sichuan Basin (SCB) on its
precipitation under two dominant weather patterns that typically trigger the regional hourly extreme
precipitation events (RHEPEs) in summer remains unclear. Based on multi‐case simulations, this study revealed
how the Tibetan Plateau (TP) and Yunnan–Guizhou Plateau (YGP) affect the precipitation over SCB under
different dominant weather patterns of RHEPEs in summer through sensitivity experiments. Results show that
under the weather pattern featured by a low‐level vortex (LLV) over western SCB with water vapor transport by
southerly winds, the YGP and TP can increase the precipitation in western SCB by 86% and 46%, respectively.
The large‐scale terrains of TP and YGP tend to enhance the thermal gradient between the plateau and basin and
shape the windward slope over western SCB, accounting for increased precipitation there. Under the weather
pattern featured by a LLV over central and eastern SCB with southwesterly winds, the TP can only increase the
precipitation in the eastern SCB by 20% due to its limited effects on the atmospheric circulations along the
windward slope there, however, the YGP can decrease the precipitation in eastern SCB by 26%, which is
attributed to the anomalous northeasterly winds weakening the water vapor transport from the Bay of Bengal,
leading to the strengthened stability of stratification and weakened dynamic uplifting along the windward slope
in eastern SCB. Finding of this study provides a new perspective on the mechanisms of large‐scale terrain
influencing the RHEPEs over SCB.

Plain Language Summary How the large‐scale terrain surrounding Sichuan Basin (SCB) affects its
regional hourly extreme precipitation events (RHEPEs) under different weather patterns is still unclear. This
study designs sensitivity experiments by removing the Tibetan Plateau (TP) or Yunnan–Guizhou Plateau
(YGP) to answer this question. Results show that under the two dominant weather patterns that typically trigger
the RHEPEs in summer over SCB, TP tends to increase the precipitation in SCB by strengthening the thermal
gradient between the basin and plateau. However, the YGP exhibits the opposite impact on the precipitation in
SCB under the two dominant weather patterns. This study provides insights that enhance the comprehension of
how the surrounding large‐scale topography affects the RHEPEs over the SCB under different weather
patterns.

1. Introduction
Regional hourly extreme precipitation events (RHEPEs) induced by specific weather patterns are different from
local extreme precipitation events with the characteristics of wide influence and strong disasters (Li et al., 2021;
Ng et al., 2021; Xu et al., 2023; Zeng et al., 2023). In recent years, extreme precipitation events have increased
significantly in China amidst the context of global warming (Chang et al., 2020; Luo et al., 2016; Zheng
et al., 2019). Particularly, the RHEPEs in Sichuan Basin (SCB) surrounded by the TP and YGP occur frequently
due to the complex terrain under favorable weather patterns (Nie & Sun, 2021; Xu et al., 2023; Zhang et al., 2019,
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2021). It is necessary to clearly understand how the large‐scale topography affects the RHEPEs in SCB under
different weather patterns.

Large‐scale topography is a key extrinsic forcing factor affecting extreme precipitation (Ge et al., 2017; Tang
et al., 2018; Wu et al., 2022; Xu et al., 2024; Yang et al., 2022). The Mountain–plains solenoid formed by the
thermal gradient between large‐scale topography and surrounding plain promotes nonadiabatic heating over the
plain region, which intensifies the instability of the lower troposphere and triggers the mesoscale convective
system (Bao et al., 2011; Chen et al., 2016; Hua et al., 2020; Jin et al., 2013; Pan & Chen, 2019; Sun &
Zhang, 2012). In addition, the dynamic uplifting and blocking effects of large‐scale terrain in the windward slope
to the air can strengthen the precipitation intensity and further promote the generation of RHEPEs (Almazroui
et al., 2018; Nielsen et al., 2016; Wu & Li, 2022; Xu & Yao, 2015).

The TP is the most important large‐scale topography around the SCB. Its dynamic and thermal effects can not
only determine the formation of South Asia High (SAH) but also influence the location and intensity of West
North Pacific Subtropical High (WNPSH) and the East Asian summer monsoon intensity (Duan et al., 2012; Ma
et al., 2022; Qiao et al., 2022; Wu et al., 2015; Wu & Li, 2022; Xia et al., 2021). Moreover, the south branches of
westerly wind flow shaped by the TP and the eastward‐extension plateau trough together form the southwest
vortex (SWV) (Fu et al., 2020; Wang & Tan, 2014; Yang et al., 2023), which is the most important weather
system causing extreme rainfall in SCB (Dong et al., 2022; Li & Zhang, 2023). In addition, YGP is the second‐
largest large‐scale topography around the SCB. The mechanical blocking of YGP on the southwest monsoon, the
tropical easterly winds, and mid‐latitude westerly winds are crucial to the formation of the SWV and water vapor
transportation to the SCB (Cheng et al., 2016; Shi et al., 2019; Yang et al., 2023). Analogously, the YGP also
forms a thermal gradient with SCB and further affects the precipitation in this area (Jin et al., 2013; Yang
et al., 2023).

In addition to the terrain, the favorable weather pattern is another indispensable factor in the occurrence of
RHEPEs (Tang et al., 2021; Zeng et al., 2023; Zhang et al., 2021). Previous researches pointed out that weather
patterns controlling the RHEPEs over the SCB in summer can be divided into two categories: (a) The
northeastward‐extended SAH, northern westward‐extended WNPSH, and the low‐level vortex (LLV) in the
central and western SCB with the water vapor transport of southerly winds (Hu et al., 2015; Nie & Sun, 2021; Xu
et al., 2023; Zhang et al., 2021). (b) The southeastward‐extended SAH, southwestward‐extended WNPSH, and
the central and eastern SCB with the water vapor transport of southwesterly winds (Liu et al., 2022; Xu
et al., 2023). Under the above‐mentioned circulation background, the shear lines, topographic troughs, and other
middle‐small scale weather systems superimposed local topography together aggravate the frequency of RHEPEs
in summer over the SCB (Li et al., 2023; Luo et al., 2016; Xia et al., 2021). It can be seen that the advantageous
circulation background and terrain are equally critical to the occurrence and development of RHEPEs.

Previous studies have obtained a certain recognition of the dominant weather patterns that typically trigger the
RHEPEs in summer over SCB, and exposed how large‐scale topography affects local convective systems and
further affects extreme rainfall in SCB (Hu et al., 2015; Jin et al., 2013; Liu et al., 2022; Nie & Sun, 2021; Xia
et al., 2021; Xu et al., 2023). However, these studies mostly focused on a single case and a single circulation
background to discuss the influence of large‐scale topography on extreme precipitation (Ma et al., 2022; Qian
et al., 2022; Wu & Li, 2022; Xia et al., 2021; Zhang & Sun, 2021). Under different circulation backgrounds, the
leeward and windward slopes induced by the large‐scale topography are different. It is worth deeply pondering
whether the same large‐scale topography has the same influence mechanism on RHEPEs under different weather
patterns.

To address this issue, this study selected ten typical cases of RHEPEs in each weather pattern to reveal how the
large‐scale terrains surrounding SCB affect its RHEPEs under different weather patterns. Following Xu
et al. (2023), the precipitation intensity and occurrence range of the twenty cases are consistent with the definition
of RHEPE and the twenty cases happened under two completely different weather patterns. This study designs
sensitivity experiments by flattening large‐scale topography (TP and YGP) around the SCB and answers the
following questions: (a) What is the influence mechanism of the large‐scale topography (TP and YGP) on the
RHEPEs in SCB under different dominant weather patterns? (b) Does the same large‐scale topography exert a
uniform influence on the RHEPEs in SCB across different weather patterns? This study provides a new
perspective on the effect of large‐scale topography on extreme rainfall.
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2. Background, Data, Numerical Design, and Methodology
2.1. Definition of Regional Hourly Extreme Precipitation Events

The RHEPEs are detected by the method of Xu et al. (2023) as follows: The extreme precipitation threshold at
each grid in the SCB is determined as the 95th percentile of all historical hourly precipitation records with an
intensity ≥0.1 mm in the summers of 2000–2020. The grid number threshold of RHEPEs is defined as the 95th
percentile of grid number with concurrent occurrence of extreme precipitation over the SCB in the summers of
2000–2020. In this study, we selected the RHEPEs with a duration exceeding 12 hr under two dominant weather
patterns (Table 1). Overall, under a given weather pattern the selected cases can correspond well with the spatial
distribution of total RHEPEs under this weather pattern (not shown).

2.2. Background

Sichuan Basin is one of the four major basins in China, bordering TP to the west and YGP to the south (Figures 1a
and 1b). Due to the special topographic distribution, the RHEPEs dominate the total extreme precipitation in
summer over SCB, and it is mainly dominated by the two types of weather patterns (Xu et al., 2023). Therefore,
ten typical RHEPEs in each weather pattern are selected in this work, which have different configurations
containing the atmospheric circulation systems at different levels and water vapor transport. More details of the
twenty RHEPE cases are shown as follows: The mean precipitation of the ten cases under the weather pattern 1
(P1) distributed in the western SCB with a rainfall center exceeding 100 mm. The P1 is featured by the north-
eastward (northwestward) extension of SAH (WNPSH) relative to its climatology, a LLV at 850 hPa over western
SBC, and the prevailing water vapor transport of southerly winds along the west edge of WNPSH (Figure 1c).
Under P1, the large‐scale topography (TP and YGP) and the LLV at 850 hPa over the western SCB with the
easterly winds in the lower troposphere shape the windward slope in the western SCB (Figure 1e). The mean
precipitation of ten cases under the weather pattern 2 (P2) mainly concentrates on the central‐eastern SCB with a
rainfall center exceeding 90 mm. The P2 is characterized by the configurations of the eastward (southwestward)
extension of SAH (WNPSH) relative to its climatology, the LLV in the central SCB over 850 hPa and the
prevailing water vapor transport of southwesterly winds along the north edge of WNPSH (Figure 1d). Under P2,
the terrain along the eastern edge of SCB combines the LLV at 850 hPa over the central SCB conducting the
prevailing westerly winds over the eastern SCB at the lower troposphere, which shapes the windward slope along
the eastern edge of SCB (Figure 1f). As the prevailing wind direction and the location of the windward slope in the
lower troposphere are different under different weather patterns, it needs further investigation on the terrain effect
on the formation of RHEPEs under different weather patterns.

Table 1
Time of the RHEPE Cases Selected in This Study

P1 cases P2 cases

07:00 BJT on 07 August–08:00 BJT on 08 August 2001 15:00 BJT on 18 July–06:00 BJT on 19 July 2003

12:00 BJT on 29 August–06:00 BJT on 30 August 2003 07:00 BJT on 27 June–02:00 BJT on 28 June 2009

16:00 BJT on 04 July–18:00 BJT on 05 July 2007 12:00 BJT on 16 June–05:00 BJT on 17 June 2011

12:00 BJT on 20 July–09:00 BJT on 21 July 2008 10:00 BJT on 23 June–05:00 BJT on 24 June 2016

12:00 BJT on 24 July–02:00 BJT on 25 July 2010 05:00 BJT on 30 June–22:00 BJT on 30 June 2016

12:00 BJT on 08 August–04:00 BJT on 09 August 2014 11:00 BJT on 07 August–03:00 BJT on 08 August 2017

19:00 BJT on 01 July–23:00 BJT on 02 July 2018 15:00 BJT on 21 June–06:00 BJT on 22 June 2019

17:00 BJT on 21 July–07:00 BJT on 22 July 2019 12:00 BJT on 26 June–09:00 BJT on 27 June 2020

10:00 BJT on 15 August–05:00 BJT on 16 August 2020 21:00 BJT on 26 July–05:00 BJT on 17 July 2020

20:00 BJT on 10 August–03:00 BJT on 13 August 2020 11:00 BJT on 25 July–05:00 BJT on 26 July 2020

Journal of Geophysical Research: Atmospheres 10.1029/2024JD042239

XU ET AL. 3 of 18

 21698996, 2025, 9, D
ow

nloaded from
 https://agupubs.onlinelibrary.w

iley.com
/doi/10.1029/2024JD

042239 by A
nning H

uang - N
anjing U

niversity , W
iley O

nline L
ibrary on [28/04/2025]. See the T

erm
s and C

onditions (https://onlinelibrary.w
iley.com

/term
s-and-conditions) on W

iley O
nline L

ibrary for rules of use; O
A

 articles are governed by the applicable C
reative C

om
m

ons L
icense



Figure 1. The terrain height of the study area (a, b). Spatial distribution of the composite mean precipitation (shading, unit: mm) and vertically integrated water vapor
flux from surface to 300 hPa (vector, unit: kg·m− 1·s− 1) and configurations of atmospheric circulation at different levels for the 10 selected regional hourly extreme
precipitation event cases under each weather pattern (c, d), including the South Asia High at 200 hPa (climatology: red dotted lines, weather pattern: red solid lines),
West North Pacific Subtropical High at 500 hPa (climatology: purple dotted lines, weather pattern: purple solid lines), low‐level vortex at 850 hPa (brown line) in panels
(c) and (d). The climatology represents the mean geopotential height in the summers of 2000–2020. The blue squares in panels (c) and (d) denote the Sichuan Basin
(SCB). The variation of terrain height (black line, unit: m) and precipitation amount (red line, unit: mm) with longitude along the 30°N under the dominant weather
patterns P1 (e) and P2 (f). The red arrows symbolize the different prevailing winds under different weather patterns over the SCB.
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2.3. Data

The following is a list of the data utilized in this study.

1. The six hourly FNL global reanalysis data with the horizontal resolutions of 1° × 1° at 26 pressure levels in the
vertical direction, which is used to drive the numerical model (Huang & Gao, 2018).

2. The hourly ERA5 reanalysis data with the 0.25° horizontal resolution covering the twenty RHEPEs in this
study (Table 1), which is adopted to judge the ability of the model in the simulation of the atmospheric cir-
culations (Hersbach et al., 2020).

3. The precipitation data of the final run GPM‐IMERG V06 with the time‐resolution of the half‐hourly and
horizontal resolution of 0.1° × 0.1° covering the twenty RHEPEs in this study (Table 1), which are employed
to assess the accuracy of the model in replicating the precipitation. Previous research has confirmed that this
data is capable of accurately capturing the spatial and temporal distribution and magnitude of extreme rainfall
events across the SCB (Fang et al., 2019; Shen et al., 2022; Yang et al., 2020).

2.4. Numerical Experimental Design

This study used the WRF4.2 model released by the NCAR (Skamarock et al., 2019). The model strategy adopted
in this work is the two‐way nest by the first (second) layer with a horizontal resolution of 18 (6) km and domain at
41 vertical levels (Figure 2a). The domain is centered at 29.83°N, 106.46°E with 181 × 144 grids in the first layer
and 208 × 175 grids in the second layer. The time step is set to 30s. For all twenty cases, the first 12 integration
hours of each experiment are considered as the spin‐up time. The FNL reanalysis data provide the initial and
lateral boundary conditions of atmosphere to drive the model. The types of land surface within each model grid
are obtained from the land‐use classifications of MODIS (Friedl et al., 2010). The Smolarkiewicz method (SINT)
(Kuo et al., 1999) is adopted for the horizontal interpolation in the drive data and the terrain‐following coordinate
system employs linear interpolation (eta = P − Ptop

Ps − Ptop
).

According to the findings of Cai et al. (2021) and Huang & Gao (2018), the parameterization schemes adopted
under different weather patterns are different, but the same parameterization schemes are adopted in multi‐case
simulations under the same weather pattern: (a) Under P1, the specific schemes are as follows: the Yonsei
University planetary boundary layer scheme (Hong et al., 2006), the Morrison 2‐moment microphysics scheme
(Morrison et al., 2009), the CAM shortwave and longwave radiation schemes (Collins et al., 2004), the unified
Noah land surface model (Tewari et al., 2004), and the Grell–Freitas ensemble cumulus parameterization scheme
(Grell & Freitas, 2014). (b) Under P2, the specific schemes are as follows: the Asymmetric Convection Model 2
planetary boundary layer scheme (Pleim, 2007), the WRF Single–moment 3 class and 5 class microphysics
scheme (Hong et al., 2004), the unified Noah land surface model (Tewari et al., 2004), the CAM shortwave and

Figure 2. The nesting strategy used in the WRF model and terrain distribution of the CTL experiment and each sensitivity experiment. Shading represents the altitude
representing the real topography in the CTL experiment (a), the designed topography of the TP_N experiment without Tibetan Plateau (27°N–40°N, 85°E–104.5°E) (b),
the designed topography of the YG_N experiment without Yunnan–Guizhou Plateau (22°N–28°N and 98°E–107°E) (c).
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longwave radiation schemes (Collins et al., 2004), and the Grell–Freitas ensemble cumulus parameterization
scheme (Grell & Freitas, 2014).

To investigate the impact of large‐scale topography surrounding the SCB on its RHEPEs under two dominant
weather patterns, The 3 groups of numerical experiments under each weather pattern are set as follows: the control
experiment (called the CTL experiment) and two sensitivity experiments (called TP_N and YG_N). The CTL
experiment adopts the real terrains (Figure 2a). The altitude of TP (27°N–40°N and 85°E–104.5°E) in the TP_N
experiment is set to 500 m, which is the average elevation of SCB (Figure 2b). Analogously, the YG_N
experiment sets the altitude of the YGP (22°N–28°N and 98°E–107°E) to 500 m (Figure 2c). Since this work
adopts a two‐way nesting strategy, terrain modifications have been made for the corresponding areas of D01 and
D02. The delimiting of the region for TP and YGP is referenced in the previous research (Gu et al., 2020; Shi
et al., 2017; Tang et al., 2018; Zhu et al., 2022). Based on the simulation results of 60 model runs (30 runs for each
weather pattern), we explore the influence of large‐scale topography on precipitation under the predominant
weather patterns associated with the summer RHEPEs in SCB.

2.5. Methodology

The water vapor budget equation in this study is adopted to analyze the RHEPEs influenced by the terrain change
(Li et al., 2020; Lin et al., 2014; Ma & Zhou, 2015). The original equation is as follows:

P = −
∂q
∂t
− ∇ · ( V⃗q) + E + δ (1)

Then

∇ · ( V⃗q) =
∂(qu)
∂x

+
∂(qv)
∂y

+
∂(qw)
∂z

= ∇h · ( V⃗hq) +
∂(wq)
∂z

(2)

Let < > equals to the − 1
g∫

Pt
Ps dp, Ps, and Pt are respectively represent the surface and top layer pressure. Under the

p coordinate system:

P = <
∂q
∂t

> + < ∇h · (q Vh
̅→
)> + <

∂(ωq)
∂p

> + E + δ (3)

The q,ω,g,Vh
⇀

symbolize the specific humidity, vertical velocity, acceleration of gravity, and wind vector
respectively.Where P symbolizes the hourly precipitation rate, ⟨∂q∂t⟩ signifies the changes in local water vapor with

time, ⟨∇h · (q Vh
̅→
)⟩ is a horizontal water vapor flux convergence and ∇h =

∂
∂x +

∂
∂y , < ∂(ωq)

∂p > describes the water
vapor flux in vertical transport. The evaporation rate is represented by E, and δ is the residual term generated by
the surface process which is connected with model bias and terrain.

The differences in the results between the CTL experiment and sensitive experiments are used to illustrate the
influence of the terrain on the RHEPEs. The significance of the disparities is ascertained through the application
of the t‐test (Student, 1908).

3. Results
3.1. Model Evaluation

Figure 3 shows the distribution of mean situations of circulation at different levels and precipitation over SCB
from the CTL experiment and observation under the two weather patterns of RHEPEs. Under P1, though the mean
precipitation amount in the CTL experiment is weaker than the observation, the simulation results of the CTL
experiment can well replicate the spatial distribution of the observed rainfall featured by the rainfall center
concentrating on the western SCB. The spatial correlation coefficient between the precipitation simulated by the
CTL experiment and observations is 0.56, with the significance at 0.01 level. Meanwhile, the CTL experiment
reproduced the locations of SAH and WNPSH, though the strengths of SAH and WNPSH are slightly stronger
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than the observation (Figures 3a, 3b, 3e, and 3f). The LLV is precisely simulated by the CTL experiment with the
location over the western SCB accompanied by the strong southerly winds under P1 (Figures 3i and 3j).

Under P2, the observed rainfall center located in the central‐eastern SCB is reasonably reproduced by the CTL
experiment. The spatial correlation coefficient between the CTL experiment simulated precipitation and obser-
vations is 0.41, which is at a significance of 0.1 level. Meanwhile, the location and intensity of SAH andWNPSH,
the LLV, and the prevailing southwesterly winds are well reproduced in the CTL experiment (Figures 3c, 3d, 3g,
3h, 3k, and 3l). Overall, the multi‐case simulations of the CTL experiment can reasonably reproduce the basic
features of mean precipitation and atmospheric circulations over SCB in summer under different weather patterns
of RHEPEs.

3.2. The Impact of Large‐Scale Topography Surrounding the SCB on Its RHEPEs Under Different
Weather Patterns

Under P1, the TP tends to intensify the rainfall in the western SCB (102°E–108°E and 29°N–33°N) where is the
rainfall center of RHEPEs located (Figure 3a) with the rainfall regionally averaged over there increased by 86%
(Figure 4a), while the existence of YGP can increase the regional mean rainfall over the region of the rainfall
center of RHEPEs (102°E–108°E and 29°N–33°N) by 46% (Figure 4b). It is clear that the influence of YPG on the
rainfall of RHEPEs under P1 is weaker than that of TP. Under P2, the existence of TP can increase the rainfall
regionally averaged over the region of the rainfall center (104°E–110°E and 28°N–33°N) of RHEPEs shown in
Figure 3c by 20% (Figure 4c), however, the existence of YGP can lead to the regional mean rainfall over the
region of the rainfall center of RHEPEs decreased by 26% (Figure 4d). Overall, the TP tends to enhance the
precipitation in the RHEPE rainfall center at different amplitudes under different weather patterns, but the YGP
exhibits the opposite impact on the precipitation in the RHEPE rainfall center under different weather patterns.

Figure 3. The spatial distribution of mean geopotential height (contour, unit: dagpm), wind (vector, unit: m·s− 1) at 200, 500, and 850 hPa, and mean precipitation
(shaded, unit: mm) under P1 (P2) from the observation and the CTL experiment. The circulation and precipitation observed data are from ERA5 and GPM IMERGE,
respectively. The blue square indicates the position of the Sichuan Basin. The gray shadings indicate the terrain height.
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4. Possible Mechanisms
4.1. Water Vapor Budget Diagnosis

This chapter analyzes the main cause of the differences in the rainfall over the region of the rainfall center of
RHEPEs mentioned above between the CTL experiment and each sensitivity experiment based on the water vapor
budget equation. From Figure 5a, under P1, the difference in precipitation intensity P between the CTL exper-
iment and the TP_N experiment indicates that the existence of TP increases the regional mean precipitation

Figure 4. The difference in the mean precipitation between the CTL experiment and the sensitive experiment under P1 and
P2, the numbers in the top of the left corner in the subplots represent the changes of the regional mean precipitation over the
region of the rainfall center of regional hourly extreme precipitation events (102°E–108°E and 29°N–33°N under P1 in (a)
and (b); 104°E–110°E and 28°N–33°N under P2 in (c) and (d)) in the CTL experiment relative to the sensitive experiment.
The gray dots denote the statistical significance exceeding the 95% level of the t‐test.

Figure 5. The difference in each component of the water vapor budget regionally averaged over the region of the rainfall
center of the regional hourly extreme precipitation events (102°E–108°E and 29°N–33°N under P1; 104°E–110°E and
28°N–33°N under P2) between the CTL experiment and the sensitive experiment (unit: mm·h− 1).
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intensity by 1.21 mm·h− 1 relative to the situation without TP. The increased Conv(Vq) with 1.59 mm·h− 1 and
enhanced 〈∂wq/∂p〉 with 0.54 mm·h− 1 are the main causes of the increase of P under P1, indicating the
strengthened large‐scale water vapor convergence and strengthened local dynamic uplift effect induced by the
existence of TP. Compared with the YG_N experiment, the existence of YGP increases the P by 0.61 mm·h− 1

under P1, which is attributed to the strengthened large‐scale water vapor convergence with the Conv(Vq)
increased by 0.71 mm·h− 1.

As shown in Figure 5b, under P2, the existence of TP increases the P regionally averaged over the rainfall center
of RHEPEs (104°E–110°E and 28°N–33°N) by 0.05 mm·h− 1, which is much weaker than the situations under P1
(Figure 5a). It can be attributed to the water vapor convergence with the Conv(Vq) increased by 0.46 mm·h− 1 due
to the existence of TP. The limited increased P under P2 compared with P1 can be explained by the weakened
regionally mean dynamic uplift effect in the region of the 104°E–110°E and 28°N–33°N, which corresponds with
the 〈∂wq/∂p〉 decrease of 0.28 mm·h− 1 relative to the TP_N experiment under P2. The existence of YGP de-
creases the P by 0.18 mm·h− 1 relative to the YG_N experiment under P2, which is attributed to the weakened
large‐scale water vapor convergence with the Conv(Vq) decrease of 0.18 mm·h− 1 and the weakened dynamic
uplift effect with the 〈∂wq/∂p〉 decrease of 0.28 mm·h− 1.

In summary, the changes in the convergence of horizontal water vapor flux caused by large‐scale circulation
anomalies and the variation in vertical transport of water vapor flux caused by the local dynamic uplift effect of
terrains are the main causes of mean precipitation differences between the CTL and sensitivity experiments under
different weather patterns.

4.2. The Impact Mechanism of Large‐Scale Topography on RHEPEs in SCB Under P1

In summer, the large‐scale topography is a heat source absorbing more heat than the surrounding regions and
warm advection is transmitted from the large‐scale terrain to the surrounding region (Fu et al., 2019; Ge
et al., 2019).

Under P1, with the barrier of TP, the large‐scale topography of TP weakens the westerly winds and strengthens
the anomalous southeasterly winds in the middle and upper layers over SCB (Figures 6a and 6c). The water vapor
transports under P1 mainly come from the South China Sea transported by the southerly winds (Figure 1c).
Therefore, compared with the TP_N experiment, the anomalous southeasterly winds with warm and wet air
induce an increased temperature exceeding 2°C, increased specific humidity of 1.5 g·kg− 1 and increased
equivalent potential temperature (EPT) of ∼1.5 K over the western SCB in the CTL experiment, resulting in
unstable atmosphere stratification and strengthened thermal uplift over SCB (Figures 6b and 6d). The existence of
TP shapes the windward slope over the western SCB by inducing the anomalous LLV and strengthened south-
easterly winds at 850 hPa over the western SCB (Figure 6e). Corresponding with the anomalous LLV relative to
the TP_N experiment under P1, the local dynamic uplifting effect of terrain strengthens the upward motion by
∼− 1.5 Pa·s− 1 along the windward slope in western SCB (Figure 6f). Due to the existence of TP, the unstable
atmosphere stratification (Figure 6b) and strengthened local dynamic uplifting effect of terrain along the wind-
ward slope in the western SCB (Figure 6f) lead to intensified precipitation there under P1 (Figure 6a). In addition,
the existence of TP blocks the westerly winds and weakens the divergence of airflow at 200 hPa, thereby
inhibiting the dynamic suction effect over northeastern SCB. Meanwhile, the anomalous LLV at 850 hPa located
in western SCB weakens the transport of water vapor to the northeastern SCB (107°E–110°E and 31°N–34°N)
due to existence of TP, ultimately leading to the decreased precipitation in this region (Figures 6a and 6e).

As the relatively smaller scale of YGP than TP, under P1, the influence of YGP on the atmospheric circulation at
200 hPa and 500 hPa is relatively weaker than the effect of TP (Figures 7a and 7c). However, the existence of
YGP shapes the windward slope in the southwestern SCB by inducing the anomalous LLV over southwestern
SCB, which strengthens the southeasterly winds over southern SCB under P1 (Figure 7e), leading to the air
temperature increase of ∼1°C, specific humidity increase of 1.5 g·kg− 1, the EPT increase of ∼1.5 K, and the
vertical velocity decrease of ∼− 1.5 Pa·s− 1 over western SCB and finally the intensified precipitation there
(Figures 7b, 7d, and 7f).
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Figure 6. The spatial distribution of the differences in the mean winds (vector, unit: m·s− 1) at the 200, 500, and 850 hPa and mean precipitation (shadings, unit: mm)
between the CTL and TP_N experiments under P1. The blue squares in panels (a), (c), and (e) indicate the position of Sichuan Basin. The gray shading in panel (e) shows
the topography in Tibetan Plateau. The height‐longitude cross‐section of the mean differences in the (b) air temperature (shaded, unit: ºC) and atmospheric circulation
(stream); (d) specific humidity (shading, unit: g·kg− 1) and equivalent potential temperature (contour, unit: K); (f) vertical velocity (shading, unit: Pa·s− 1) and
atmospheric circulation (stream) between the CTL experiment and TP_N experiment along 31°N under P1. The triangle denotes the center of precipitation difference in
Figure 4a (blue represents the increase of precipitation; red represents the decrease of precipitation). The gray shadings in panels (b), (d), and (f) represent the
topography profile.
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4.3. The Impact Mechanism of Large‐Scale Topography on RHEPEs in SCB Under P2

Under P2, the existence of TP strengthens the anomalous southeasterly winds at 200 hPa and 500 hPa, resembling
the situations under P1 (Figures 8a and 8c). Nevertheless, the windward slope is situated in the eastern SCB,
where the southwesterly winds facilitate the transport of water vapor (Figure 1b). The origin of southwesterly

Figure 7. Same as Figure 6, but for the differences between the CTL experiment and the YG_N experiment, the height‐latitude cross section of the differences along
104°E are shown in panels (b), (d), and (f).
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winds under P2 is weakened by the anomalous southeasterly winds at 850 hPa induced by the existence of TP,
resulting in less water vapor transport to the northeastern SCB (Figure 8e). Therefore, under P2, the existence of
TP weakens the southerly winds at 850 hPa over northeastern SCB and reduces the water vapor transported into
there. Moreover, the weakened southerly winds inhibit the uplifting effect of terrain on air over the northeastern
SCB, leading to decreased precipitation there (Figure 8e). Meanwhile, the existence of TP under P2 induces the
air temperature increase of ∼0.5°C, specific humidity increase of ∼1 g·kg− 1, EPT increase of ∼1 K, and the

Figure 8. Same as Figure 6, but under P2.
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vertical velocity decrease of ∼1.5 Pa·s− 1 over the region of 104°E–108°E and 30°N–31°N, resulting in weakened
precipitation there (Figures 4c, 8b, 8d, and 8f). The existence of TP has limited influence on the precipitation
along the windward slope in the eastern SCB under P2 compared with the situations under P1. Consequently, the
difference in vertical water vapor transport term of the water vapor budget equation between CTL and TP_N
experiments regionally averaged over the region of 104°E–110°E and 28°N–34°N is negative under P2
(Figure 5b). In general, the increase of mean precipitation introduced by the existence of TP under P2 is less than
that under P1.

Similar to the situations under P1, the existence of YGP has a limited influence on the atmospheric circulation at
200 and 500 hPa under P2 (Figures 9a and 9c). Under P2, YGP is located in the water vapor transport channel of
RHEPEs in eastern SCB (Figure 1b). Under P2, the LLV is suppressed over the central and eastern SCB due to the
existence of YGP, inducing anomalous northeasterly winds and weakened water vapor transport from the Bay of
Bengal into SCB (Figure 9e). Subsequently, the suppressed LLV weakens the uplifting effect of terrain on air
along the eastern edge of SCB, corresponding with an increased vertical velocity exceeding 1 Pa·s− 1 in this region
(Figures 9e and 9f). Concurrently, the decreased water vapor transport induced by the YGP is associated with the
colder lower troposphere and warmer upper troposphere, suggesting a more stable atmospheric layer along the
eastern edge of SCB (Figures 9b and 9d). Compared to the YG_N experiment, the CTL experiment produces the
location of the precipitation center shifted to the eastern edge of SCB due to the coverage range of the LLV
shrunk, leading to weakened rainfall in the region centered by the location of 107°E and 31°N in Figure 4d under
P2 (Figure 9e).

5. Summary
This study selects multiple typical cases under two dominant weather patterns of summer RHEPEs in SCB and
investigates the mechanism of large‐scale topography surrounding SCB on RHEPEs. The main findings are as
listed as follows:

Large‐scale topography determines the occurrence and position of RHEPEs over SCB. Under P1 featured by an
LLV over western SCB with southeasterly water vapor transport, the existence of TP and YGP can increase the
precipitation in western SCBwhere the rainfall center of the RHEPE is located by 86% and 46%, respectively. The
strengthened thermal uplift induced by the strengthened warm advection from surrounding large‐scale terrain and
the enhanced local dynamic uplifting effect of large‐scale terrain on the windward slope over western SCB
induced by the anomalous LLV at 850 hPa is the main causes for the increased precipitation over western SCB
under P1 due to the existence of TP or YGP (Figures 10a–10c).

Under P2 featured by an LLV over the central and eastern SCB with southeasterly wind, the existence of TP can
increase the rainfall center of RHEPEs (104°E–110°E and 28°N–33°N) in SCB by 20%. The anomalous
southeasterly winds induced by the TP weaken the original southwesterly winds under P2 and have limited in-
fluence on the instability stratification and local dynamic uplift over eastern SCB, accounting for the precipitation
along the windward slope in eastern SCB is less increased under P2 than under P1 (Figures 10d and 10e).
However, the existence of YGP tends to decrease the rainfall over regions of the rainfall of RHEPEs under P2 by
26%, which is resulted from the anomalous northeasterly winds induced by the existence of YGP weakens the
transport of water vapor from the Bay of Bengal, leading to the strengthened stability of stratification and
weakened local dynamic uplifting effect of terrain along the windward slope over eastern SCB (Figures 10d
and 10f).

This study provides a new perspective on the influence of topography on extreme precipitation by considering the
mechanism of large‐scale topography on RHEPE under different weather patterns. However, there are several
limitations. For example, the precipitation is underestimated in the CTL experiment under P2, leading to large
uncertainty in the amplitudes of the terrain effect on rainfall. In addition, the existing experimental design cannot
accurately separate the thermal and dynamic effects of terrain. In future studies, further attempts can be made to
close the sensible thermal process in the model to quantitatively explore the thermal and dynamic effects of large‐
scale terrain on the RHEPEs (Wang et al., 2016; Zhao, 2012). Based on the understanding of the influence
mechanism of terrain on extreme precipitation, it is anticipated that the simulation performance of numerical
models will be further improved.
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Figure 9. Same as Figure 7, but under P2. The height‐latitude cross section of the differences along 107°E are shown in panels (b), (d), and (f).
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Data Availability Statement
The data set employed for this study is detailed below: (a) the GPM‐IMERG precipitation data set, which has a
spatial resolution of 0.1° (Hou et al., 2014). (b) The ERA5 reanalysis data set, characterized by a spatial resolution
of 0.25°, is utilized in this study (Hersbach et al., 2020). (c) The data set from the National Centers for Envi-
ronmental Prediction's final (FNL) global analysis, featuring a 2.5° horizontal resolution, is used in this research
(National Centers for Environmental Prediction/National Weather Service/NOAA/U.S, 2000). (d) The numerical
model (WRF) used in this study is version 4.2 (Skamarock et al., 2019).
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