
1.  Introduction
Sichuan Basin (SCB) is located in southwestern China, and is surrounded by the Tibetan Plateau (TP), the 
Yunnan-Guizhou Plateau (YGP), Southeast Hills, and Daba Mountains (Bin & Xiang, 2016; Du et al., 2022; J. Li 
et al., 2021). Affected by terrain, the precipitation (including extreme precipitation with different duration) over 
the SCB exhibits a significant diurnal feature (M. G. Wu & Luo, 2019; Zheng et al., 2019), which usually begins 
at night, peaks between midnight and early morning, and gradually ceases after sunrise (S. Chen et al., 2019; J. 
Liu et al., 2021; Y. Wu et al., 2018; Zhao et al., 2020; L. Zhu et al., 2018). In recent years, the frequency/intensity 

Abstract  The roles of the Tibetan Plateau (TP) and Yunnan-Guizhou Plateau (YGP) in regional 
precipitation extremes over the Sichuan Basin (SCB) in summer under specific circulation background remain 
unclear. This study quantifies the impact of TP or YGP on the regional extreme precipitation event (REPE) 
which occurred during 04:00 Beijing time (BJT) on 11 August to 03:00 BJT on 13 August 2020 with a rainfall 
center located in the western SCB based on numerical experiments. Results show that the accumulated 
precipitation regionally averaged over the western SCB during the REPE can be reduced by 84% (51%) when 
the TP (YGP) is absent, and the decreased precipitation is mainly caused by the reduced stratus precipitation. 
Mechanism analysis indicates that relative to the control experiment including the TP and YGP, the absence 
of TP or YGP leads to reduced temperature over the SCB induced by anomalous cold advection from the 
upstream regions where the terrains are removed, and further results in much more stable stratification and 
thereafter weakens the ascending motions and reduces the stratus precipitation over the western SCB. On the 
other hand, the absence of TP or YGP induces an anomalous anti-cyclone at 850 hPa over SCB, which further 
weakens both the uplift effect of terrain on airflow along the windward slope and water vapor transport over 
the western SCB and thereafter reduces the precipitation over this region. This study deepens the understanding 
of the topographic effect on regional extreme precipitation over SCB in summer from the thermodynamic and 
dynamic processes.

Plain Language Summary  Tibetan Plateau (TP) and Yunnan-Guizhou Plateau (YGP) play 
important roles in the formation of summer regional extreme precipitation event (REPE) over Sichuan Basin 
(SCB) under specific circulation background. This study addresses how the TP or YGP affects the REPE over 
SCB during 04:00 Beijing time (BJT) on 11 August to 03:00 BJT on 13 August 2020 based on numerical 
experiments. Results show the absence of TP (YGP) can reduce the accumulated precipitation during the 
REPE regionally averaged over the western SCB by 84% (51%). The absence of TP or YGP leads to reduced 
temperature over SCB induced by anomalous cold advection from the upstream regions where the terrains are 
removed and much more stable stratification, and thereafter weakens the large-scale ascending motions and 
reduces the stratus precipitation over western SCB. Meanwhile, an anomalous anti-cyclone at 850 hPa over the 
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along the windward slope and water vapor transport over western SCB and result in decreased accumulated 
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of extreme precipitation (especially hourly extreme precipitation) has considerably increased over the SCB (Deng 
et al., 2022; Han et al., 2019; Lei et al., 2022; L. Li et al., 2020; X. Li et al., 2022; Park & Min, 2017). Previous 
studies show that the extreme precipitation over the SCB is shaped by the complex terrain (Hu et al., 2021; C. H. 
Huang et al., 2022; Nie & Sun, 2021; Y. Zhang et al., 2021).

Topography greatly affects the synoptic-scale systems, such as the location of South Asia High (SAH), the posi-
tion of North Pacific Subtropical High (WNPSH), and the formation and intensity of Southwest Vortex (SWV), 
which control the precipitation extremes over the SCB in summer (J. Li et al., 2021; Q. R. Ma et al., 2022; Ng 
et al., 2021; Qiao et al., 2022; A. Wu & Li, 2022; Xia et al., 2021; X. Xu et al., 2023; Y. Zhang et al., 2021). The 
TP acting as the heat source in summer favors the development and maintenance of SAH (Y. Fu et al., 2020; Y. 
Liu et al., 2020; G. Wu et al., 2015). The WNPSH is blocked by the TP and controls the water vapor transport of 
SCB (H. Xu et al., 2020; Q. Zhang et al., 2017). The branches of the westerly flow and the eastward-propagating 
plateau trough converge over the SCB and result in the SWV (S. M. Fu et al., 2019; Q. R. Ma et al., 2022; Q. 
W. Wang & Tan, 2014; Z. Wu et al., 2022). In addition, the complex terrain crucially influences the convective 
systems in the aspects of the convective initiation and the uplifting, drag, and blocking of the flow (X. Huang 
et al., 2020; Jin et al., 2013; Q. R. Ma et al., 2022; Y. Wang et al., 2020; Y. Zhang et al., 2019).

The role of the topography in the formation of extreme precipitation over the SCB is complicated (Hua et al., 2020; 
Wan et al., 2017; Z. Wu et al., 2022; Xia et al., 2021). During the daytime, the surface heat difference between 
the plateau and basin results in the mountain–plains solenoid and promotes the initiation of the middle-scale 
convective system (MCS) (Bao et al., 2011; Jin et al., 2013; Sun & Zhang, 2012; W. Xu & Zipser, 2011). During 
the nighttime, the topographic gravity waves generate the unstable layer and strengthen the MCS propagated from 
the  upper reaches (Hua et al., 2020). Meanwhile, topography slows down the movement of MCS and thus length-
ens the duration of precipitation (C. H. Huang et al., 2022; Kang et al., 2019; Phadtare, 2018). The enhancement 
of the boundary layer southwest low-level jet (LLJ) provides abundant water vapor at night, this is closely related 
to the complex terrain (Qiao et al., 2022; Shen et al., 2022). However, the physical processes of the terrain effects 
on the formation and enhancement of extreme precipitation over the SCB are not well revealed.

To solve this puzzle, a series of numerical simulations have been carried out by decreasing altitude, smooth-
ing terrain, or turning off the thermodynamic process (Almazroui et  al.,  2018; Cannon et  al.,  2017; Nielsen 
et al., 2016; Wan et al., 2017; H. Xu & Yao, 2015; K. Yang et al., 2022; Zhao, 2012). Some of them believe that 
the dynamic effects of the TP or YGP dominate the extreme precipitation over the SCB (J. Chen et al., 2007; 
Formetta et al., 2022; Hu et al., 2021; Son et al., 2020). For instance, the westerly winds blocked by the TP are 
the primary cause of the SWV formation (Q. R. Ma et al., 2022; Z. Wu et al., 2022; Y. Zhang et al., 2021). The 
TP can make the MCS maintain over the SCB for a long time and result in extreme precipitation (C. H. Huang 
et al., 2022; Z. Wu et al., 2022). Some others agree that the thermodynamic effects of TP and YGP to control the 
extreme precipitation over the SCB (Wan et al., 2017; Q. Wang et al., 2016; K. Yang et al., 2022). The diurnal 
variation of surface heat flux between the plateaus (TP and YGP) and SCB reinforces the convective instability 
over the SCB and favors the initiation of MCS (Jin et al., 2013; Sun & Zhang, 2012; Z. Wu et al., 2022). The 
difference in the surface heat flux between the plateau and basin enhances the atmospheric baroclinicity, result-
ing in stronger LLJ than those over the flat areas (He & Zhang, 2010; Xia et al., 2021; Y. Zhang et al., 2019; 
Zhao, 2012). On the contrary, Nielsen et al. (2016) claim that the topographic steepness has no impact on the 
extreme precipitation. In general, the primary impacts of the terrain on the extreme precipitation over the SCB 
are still controversial and worthy to be investigated systematically and quantitatively (Luo et al., 2016; Roe, 2005; 
M. G. Wu & Luo, 2019; Zheng et al., 2019).

A persistent rainfall event occurred in the SCB during 10–18 August 2020, it broke the record since 1960 in 
average 24 hr precipitation over southwestern China (Hu et al., 2021; Q. R. Ma et al., 2022; Qian et al., 2022). 
The max precipitation intensity and amount mainly concentrate on 11–13 August 2020 and 16–18 August 2020 
(Q. R. Ma et al., 2022). Among them, the period of 11–13 August 2020 matches the definition of the regional 
extreme precipitation event (REPE) detected by X. Xu et al. (2023). Previous studies on this event mainly focus 
on the diagnostic analysis of convective systems, but there is a shortage of quantitative investigation on the impact 
of special terrain in regional extreme precipitation over SCB (Qian et al., 2022; Xia et al., 2021; J. Zhang & 
Sun, 2021). Therefore, we chose the typical long-duration REPE during 04:00 Beijing time (BJT) on 11 August to 
03:00 BJT on 13 August 2020 to investigate the topographic effect of this REPE based on numerical experiments. 
Here we attempt to address two questions: (a) How does the large-scale terrain of TP or YGP affect the REPE? 
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(b)What are the underlying physical mechanisms from the perspective of dynamical and thermal processes? The 
findings of this study could deepen the understanding of mechanisms in complex topography affecting extreme 
precipitation.

2.  Background, Data, Numerical Design, and Methodology
2.1.  Background

According to the definition of REPE in X. Xu et  al.  (2023), the time of the grid points with simultaneous 
extreme precipitation in the SCB reached the grid threshold (197 grid points, the blue line in Figure 1a) of 
the REPE is 44 hr during the 48-hr persistent heavy rainfall event, which occurred between 04:00 BJT on 
11 August and 03:00 BJT on 13 August 2020. As shown in Figure 1a, the precipitation intensity regionally 
averaged over the grids with simultaneous extreme precipitation in the SCB is over 5 mm·h −1 during 04:00 

Figure 1.  (a) Temporal variation of mean hourly precipitation over the grids with simultaneous extreme precipitation (red line, unit: mm·h −1) and the temporal 
variation of grid numbers with EP simultaneously (pink bar, unit: grid point) over the region of 102°–108°E, 29°–33°N during the 04:00 (BJT) on 11 August-03:00 
(BJT) on 13 August 2020. The blue line symbolizes the regional extreme precipitation threshold of grid numbers according to X. Xu et al. (2023). (b) Spatial 
distribution of the mean accumulated total precipitation (shade, unit: mm) and precipitation intensity (contour, unit: mm·h −1) from GPM data during this regional 
extreme precipitation event. (c) Atmospheric circulation in middle and upper layers including South Asia High (purple line), WNPSH (orange line), and vertically 
integrated water vapor flux (vector, unit: kg·m −1 s −1). The blue rectangular in (c) represents the Sichuan Basin. (d) Atmospheric circulation on 850 hPa including the 
geopotential height (contour, unit: dagpm), wind field (vector, unit: m·s −1), and terrain height over 2,500 m are shown by gray shadings.
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BJT on 11 August to 03:00 BJT on 13 August 2020. Although some hourly extreme precipitation at certain 
times does not reach the regional grid number threshold, we still treat it as an event to study the integrity of 
the precipitation process.

From Figure 1b, the accumulated rainfall center during the REPE is located in the western SCB next to the TP 
with the intensity more than 200 mm. As mentioned by X. Xu et al. (2023), the typical synoptic pattern respon-
sible for this kind of REPE is featured by the westward-extended WNPSH at 500 hPa and eastward-extended 
SAH at 200 hPa (Figure 1c) with a low-level vortex over SCB at 850 hPa (Figure 1d). In this study, we focus on 
addressing how TP or YGP affects this kind of REPE in the SCB (27°–34°N, 101°–111°E) indicated by the blue 
rectangle in Figure 1c under a specific atmospheric circulation background.

2.2.  Data

1.	 �The half-hourly precipitation of Integrated Multi-satellite Retrievals for Global Precipitation Measurement 
(GPM-IMERG V06) with a resolution of 0.1° from 04:00 BJT on 11 August to 03:00 BJT on 13 August 
2020 is used in this study (Hou et  al.,  2014), it can be available at https://disc.gsfc.nasa.gov/datasets/
GPM_3IMERGDF_06/summary/. This data set can properly capture the time-spatial distribution and inten-
sity of extreme precipitation events over the SCB (M. Yang et al., 2020).

2.	 �The fifth ECWMF (ERA5) hourly reanalysis data with a horizontal resolution of 0.25° from 04:00 BJT on 11 
August to 03:00 BJT on 13 August 2020 (Hersbach et al., 2020, https://cds.climate.copernicus.eu/cdsapp#!/
search?type=dataset), are used to conduct model evaluation.

3.	 �The National Centers for Environmental Prediction final (FNL) global analysis data (D. Huang & Gao, 2018) 
with 6 hourly time resolutions and 1° × 1° horizontal resolution (http://weather.uwyo.edu/upperair/sound-
ing.html/) provide the initial and lateral boundary conditions for the WRF model (Cai et  al.,  2021; Mun 
et al., 2017).

2.3.  Numerical Experimental Design

The version 4.2 of WRF model (Skamarock et  al.,  2019) is used in this study to investigate the impact of 
topography on the REPE over SCB. We set up two sensitive experiments named TP_N and YG_N and a 
control experiment (CTL). The CTL experiment used the default configuration containing the real orography 
of TP and YGP (Figure 2a). In the TP_N experiment, the TP over the area of 27°–40°N and 85°–104.5°E (Cui 
et al., 2021; Gu et al., 2020; Tang et al., 2018) was replaced by the flat ground with 500 m height, which is the 
same height as the mean altitude of SCB (Figure 2b). In the YG_N, the YGP over the area of 20°−28°N and 
90°−107°E (Guo et al., 2022; Shi et al., 2017; D. Zhu et al., 2022) is set to a flat ground with 500 m height 
(Figure 2c).

Through a series of test experiments, it is found that the simulation results driven by NCEP with 12 hr spin-up 
time are similar to the ensemble simulation and better than those driven by the ERA5 data (not shown), thus the 
model initial/lateral boundary conditions in this study were directly derived from the NCEP data. All experiments 
adopt the same model configuration and initial/lateral boundary conditions (the 6-hourly reanalysis data from the 
NCEP) except for setting different model terrains. A two-way nest with a horizontal resolution of 18 km in the 
“mother” domain and 6 km in the nested domain (Figure 2d) with 41 vertical levels. The physical parameteriza-
tion schemes are the same in the two nests. Each experiment starts at 00:00 (UTC) on 10 August 2020 and ends 
at 00:00 (UTC) on 13 August 2020 with the first 12 hr as the spin-up time (Chu et al., 2018; Y. Liu et al., 2023; 
Short & Petch, 2022; Ulmer & Balss, 2016). The lateral boundary and initial conditions for all experiments are 
derived by the same horizontal interpolation method called Smolarkiewicz (SINT) (Kuo et al., 1999) and linear 
interpolation is used in the terrain-following coordinate system (𝐴𝐴 eta =

𝑃𝑃 −𝑃𝑃top

𝑃𝑃𝑠𝑠 −𝑃𝑃top

 ), which interpolated the FNL data 

onto the WRF model grids at each vertical layer. Following D. Huang and Gao (2018) and Cai et al. (2021), 

the physical parameterization schemes adopted in current study are listed as follows: the Morrison 2-moment 
microphysics scheme (Morrison et al., 2009), the Yonsei University planetary boundary layer scheme (Hong 
et al., 2006), the Grell–Freitas ensemble cumulus parameterization scheme (Grell & Freitas, 2014), the CAM 
shortwave and longwave radiation schemes (Collins et  al.,  2014), and the unified Noah land surface model 
(Tewari et al., 2004).
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2.4.  Methodology

A water vapor budget analysis was conducted based on the moisture budget equation (P. Li et al., 2020; Lin 
et al., 2014; S. Ma & Zhou, 2015). The original equation used in this research is:

𝑃𝑃 = −

𝜕𝜕𝜕𝜕

𝜕𝜕𝜕𝜕
− ∇ ⋅

⃖⃖⃗𝑉𝑉 𝑉𝑉 + 𝐸𝐸 + 𝛿𝛿� (1)

Then

∇ ⋅
⃖⃖⃗𝑉𝑉 𝑉𝑉 =

𝜕𝜕𝜕𝜕𝜕𝜕

𝜕𝜕𝜕𝜕
+

𝜕𝜕𝜕𝜕𝜕𝜕

𝜕𝜕𝜕𝜕
+

𝜕𝜕𝜕𝜕𝜕𝜕

𝜕𝜕𝜕𝜕
= ∇ℎ ⋅

(

⃖⃖⃗𝑉𝑉 ℎ𝑞𝑞

)

+

𝜕𝜕𝜕𝜕𝜕𝜕

𝜕𝜕𝜕𝜕
� (2)

Under the p coordinate system:

𝑃𝑃 = −

1

𝑔𝑔 ∫
𝑃𝑃𝑡𝑡

𝑃𝑃𝑠𝑠

𝜕𝜕𝜕𝜕

𝜕𝜕𝜕𝜕
𝑑𝑑𝑑𝑑 −

1

𝑔𝑔 ∫
𝑃𝑃𝑡𝑡

𝑃𝑃𝑠𝑠

∇ℎ

(

𝑞𝑞⃖⃖⃖⃗𝑉𝑉ℎ

)

𝑑𝑑𝑑𝑑 −
1

𝑔𝑔 ∫
𝑃𝑃𝑡𝑡

𝑃𝑃𝑠𝑠

𝜕𝜕𝜕𝜕𝜕𝜕

𝜕𝜕𝜕𝜕
𝑑𝑑𝑑𝑑 + 𝐸𝐸 + 𝑆𝑆� (3)

Where P denotes the precipitation rate, 𝐴𝐴 −
1

𝑔𝑔
∫ 𝑃𝑃𝑡𝑡

𝑃𝑃𝑠𝑠

𝜕𝜕𝜕𝜕

𝜕𝜕𝜕𝜕
𝑑𝑑𝑑𝑑 indicates the variation in local moisture with time, 

𝐴𝐴 −
1

𝑔𝑔
∫ 𝑃𝑃𝑡𝑡

𝑃𝑃𝑠𝑠
∇ℎ

(

𝑞𝑞⃖⃖⃖⃗𝑉𝑉ℎ

)

𝑑𝑑𝑑𝑑 is the convergence of horizontal moisture flux and 𝐴𝐴 ∇ℎ =
𝜕𝜕

𝜕𝜕𝜕𝜕
+

𝜕𝜕

𝜕𝜕𝜕𝜕
,−

1

𝑔𝑔
∫ 𝑃𝑃𝑡𝑡

𝑃𝑃𝑠𝑠

𝜕𝜕𝜕𝜕𝜕𝜕

𝜕𝜕𝜕𝜕
𝑑𝑑𝑑𝑑 describes 

the vertical transport of moisture flux, E is the evaporation rate, and S is the residual term produced by the surface 

Figure 2.  (a–c) Three-dimensional terrain distribution. Shading indicates the altitude. (a) Represents the real terrain in the CTL experiment, (b) is the TP_N sensitive 
experiment without Tibetan Plateau over the area of 27°–40°N, 85°–104.5°E, and (c) is the YG_N sensitive experiment without YGP over the area of 20°–28°N, 
90°–107°E. (d) The nesting strategy, and domains used in WRF (unit: m).
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process relative to topography and model bias. The 𝐴𝐴 𝐴𝐴𝐴 𝐴𝐴𝐴 𝐴𝐴𝐴

⇀

𝑉𝑉ℎ represents the acceleration of gravity, vertical 
velocity, specific humidity, and wind vector, respectively. Pt and Ps are the top and surface pressure, respectively.

−

1

𝑔𝑔 ∫
𝑃𝑃𝑡𝑡

𝑃𝑃𝑠𝑠

𝜕𝜕𝜕𝜕𝜕𝜕

𝜕𝜕𝜕𝜕
𝑑𝑑𝑑𝑑 =

1

𝑔𝑔

[

∫
𝑃𝑃𝑡𝑡

𝑃𝑃𝑠𝑠

𝜔𝜔
𝜕𝜕𝜕𝜕

′

𝜕𝜕𝜕𝜕
+ ∫

𝑃𝑃𝑡𝑡

𝑃𝑃𝑠𝑠

𝑞𝑞
𝜕𝜕𝜕𝜕

′

𝜕𝜕𝜕𝜕
+ ∫

𝑃𝑃𝑡𝑡

𝑃𝑃𝑠𝑠

𝜕𝜕𝜕𝜕
′

𝑞𝑞
′

𝜕𝜕𝜕𝜕

]

𝑑𝑑𝑑𝑑� (4)

In addition, the vertical transport of moisture flux item in Equation 1 can be further decomposed into Equa-
tion 2. Among them, the 𝐴𝐴 ∫ 𝑃𝑃𝑡𝑡

𝑃𝑃𝑠𝑠
𝜔𝜔

𝜕𝜕𝜕𝜕
′

𝜕𝜕𝜕𝜕
𝑑𝑑𝑑𝑑 is associated with the changes in specific humidity induced by temperature 

changes, representing the thermodynamic process. The 𝐴𝐴 ∫ 𝑃𝑃𝑡𝑡

𝑃𝑃𝑠𝑠
𝑞𝑞
𝜕𝜕𝜕𝜕

′

𝜕𝜕𝜕𝜕
𝑑𝑑𝑑𝑑 is related to the vertical velocity induced by 

the variation of atmospheric circulation, indicating the dynamic process. The 𝐴𝐴 ∫ 𝑃𝑃𝑡𝑡

𝑃𝑃𝑠𝑠

𝜕𝜕𝜕𝜕
′
𝑝𝑝
′

𝜕𝜕𝜕𝜕
𝑑𝑑𝑑𝑑 denotes the nonlinear 

item associated with the product of changes in vertical velocity ω and water vapor q (S. Ma & Zhou, 2015; Seager 
et al., 2010).

The influence of the terrain on the REPE is illustrated by the differences between each sensitive experiment 
and the CTL experiment. The significance of differences is determined by the student's t-test (Lehmann, 1992; 
Student, 1908).

3.  Results
3.1.  Model Validation

Figure 3 provides the comparison of accumulated precipitation, mean precipitation intensity, and atmospheric 
circulation in the REPE during 04:00 BJT on 11 August 2020 to 03:00 BJT on 13 August 2020 from the obser-
vation and the CTL experiment simulation. It is clear that the WRF model can reasonably reproduce the spatial 
pattern of accumulated precipitation with a spatial correlation coefficient of 0.64, which is significant at 0.05 
level. Due to the selected case in this study having continuous rain during the 48-hr period, the spatial distribution 
of precipitation intensity is the same as accumulated precipitation. Meanwhile, the spatial distribution of atmos-
pheric circulation can be reasonably reproduced by the CTL experiment at difference levels (Figures 3c–3h), 
except that the slight bias in the location and intensity of SAH indicated by the 1,260 dagpm contour line at 
200 hPa (G. Wu et al., 2015) (Figures 3c and 3d) and the marginal bias of WNPSH indicated by the 588 dagpm 
contour line at 500 hPa (Wei et al., 2014) relative to the ERA5 data (Figures 3e and 3f). The low-level vortex at 
850 hPa simulated by the CTL experiment is closely identical to that in the ERA5 (Figures 3g and 3h). Overall, 
the WRF model can well reproduce the spatial distribution of rainfall over the SCB and atmospheric circulations 
at different levels during this REPE.

3.2.  Impact of TP or YGP on the Accumulated Precipitation of the REPE

In the CTL experiment, the center of accumulated precipitation with the intensity more than 80 mm mainly 
distributes in the western SCB and along the east edge of TP (Figure 4a). However, the large rainfall center disap-
pears when the TP (YGP) is absent in the TP_N (YG_N) experiment with scattered precipitation located in the 
northern SCB (Figures 4b and 4c). The rainfall differences between the TP_N experiment and CTL experiment 
show a large negative center located in the western SCB (Figure 4d) with the accumulated precipitation during 
the REPE regionally averaged over the area of 102°–108°E and 29°–33°N remarkably decreased from 77.25 mm 
in the CTL experiment to 11.5 mm in the TP_N experiment (Figure 4f), the absence of TP can lead to 84% reduc-
tion of the accumulated rainfall. Compared to the CTL experiment, the YG_N experiment without YGP also can 
diminish the accumulated precipitation in the western SCB (Figures 4c and 4e). From Figure 4f, the absence of 
YGP can lead to the accumulated rainfall during the REPE regionally averaged over the area of 102°–108°E and 
29°–33°N decreased from 77.25 mm in the CTL experiment to 35.34 mm with the reduction of 51% relative to 
the CTL experiment (Figure 4f). Overall, both TP and YGP can obviously intensify the regional extreme rainfall 
in the western SCB except that the TP shows much stronger impact than the YGP.

To further reveal the source of the difference in the accumulated precipitation between the sensitive experiment 
and CTL experiment, the differences in the cumulus and stratus precipitation during the REPE are shown in 
Figure 5. Relative to the CTL experiment, the obviously reduced accumulated cumulus (stratus) precipitation due 
to the absence of TP in the TP_N experiment is mainly located over the western SCB and along the east edge of 
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TP (Figures 5a and 5d) with the reduction of 67% (86%) in the regional mean rainfall over the area of 102°–108°E 
and 29°–33°N (Figures 5c and 5f). Similar situations can be noted when the YGP is absent (Figures 5b–5f), 
despite that relative to the CTL experiment the reduction of 38.8% (53%) in the accumulated cumulus (stratus) 
precipitation regionally averaged over the area of 102°–108°E and 29°–33°N due to the absence of YGP is much 
weaker than that due to the absence of TP. It is worth noticing that the horizontal resolution in the inner nested 
domain is 6 km, which could explicit part of the deep convection. Even the calculated stratus precipitation may 
contain some deep convective precipitation. Stratus precipitation still dominates this REPE with verification 
and comparison by ERA5 data (not shown). In general, the absence of TP or YGP can lead to decreased stratus 

Figure 3.  (a and b) Spatial distribution of mean accumulated precipitation (shade, unit: mm) and mean hourly precipitation 
(contour, unit: mm h −1) from the GPM data and CTL modeled results during the 04:00 (BJT) on 11 August-03:00 (BJT) on 
13 August 2020. (c–h) The spatial distribution of mean geopotential height (contour, unit: dagpm), wind (unit: m·s −1) at 200, 
500, and 850 hPa, and accumulated precipitation (shaded, unit: mm) during this regional extreme precipitation event. The 
gray shaded represents the terrain. The blue rectangles indicated the location of Sichuan Basin.

 21698996, 2024, 3, D
ow

nloaded from
 https://agupubs.onlinelibrary.w

iley.com
/doi/10.1029/2023JD

039776 by N
anjing U

niversity, W
iley O

nline L
ibrary on [01/02/2024]. 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



Journal of Geophysical Research: Atmospheres

XU ET AL.

10.1029/2023JD039776

8 of 18

and  cumulus precipitation with much larger reduction in the stratus precipitation, which mainly results in the 
decrease of accumulated total precipitation.

4.  Possible Mechanisms
4.1.  Moisture Budget Diagnosis

In this section, we further reveal the physical mechanism based on the moisture budget diagnosis. Figure 6a shows 
the difference in each term of Equation 1 during the REPE regionally averaged over the area of 102°–108°E and 
29°–33°N between each sensitive experiment and CTL experiment. P represents the hourly precipitation rate. 
It is clear that the mean hourly precipitation during the REPE regionally averaged over the area of 102°–106°E 
and 29°–33°N can be reduced by 1.55 mm·h −1 (0.9 mm·h −1) due to the absence of TP (YGP). −dqdt symbolizes 
the variation in local moisture with time and is associated with the atmospheric precipitable water. When the TP 
(YGP) is absent, the mean −dqdt during the REPE regionally averaged over the area of 102°–106°E and 29°–33°N 
can be reduced by 0.32 mm·h −1 (0.013 mm·h −1). The convergence item Conv(Vq) indicates the large-scale uplift 
movement over the region of 29°–33°N and 102°–108°E. Due to the absence of TP (YGP), the Conv(Vq) can be 
decreased by 1.44 mm·h −1 (0.78 mm·h −1) in the TP_N (YG_N) experiment, indicating that the weak large-scale 
uplift movement accounts for the decrease of accumulated stratus precipitation. −dwqdp represents the vertical 

Figure 4.  (a–c) The spatial distribution of accumulated precipitation (unit: mm) of each sensitive experiment and CTL experiment during 04:00 (BJT) on 11 
August-03:00 (BJT) on 13 August 2020. (d–e) The difference of accumulated precipitation between each sensitive experiment and CTL experiment during this regional 
extreme precipitation event (REPE). The gray dots symbolize the significance above 95% of the t-test. (f) The histogram of accumulated precipitation (unit: mm) over 
the area of 102°–108°E and 29°–33°N during this REPE. The number at the top of the bar is a value of accumulated precipitation amount during the REPE regionally 
averaged over the area of 102°–108°E and 29°–33°N. The purple arrows and beside numbers represent the decreased value of rainfall amount relative to the CTL 
experiment.
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transport item, namely the vertical descending or ascending movement of water vapor over the SCB. In the TP_N 
(YG_N) experiment, the -dwqdp is decreased by 1.14 mm·h −1 (0.23 mm hr −1) relative to the CTL experiment, 
implying weakened vertical ascending movement. Besides, the vertical transport item of Equation 1 could be 
decomposed into three items in Equation 2. Figures 6b and 6d show the thermodynamic, dynamic, and nonlinear 
items of Equation 2 change with time. It is apparent that the anomalous vertical velocity generated by the changes 
of atmospheric circulation is the principal factor in the changes of vertical transport items (Figure 6d). E indicates 
the evaporation rate, which is very small during the REPE (Figure 6a), this is consistent with the findings of Cai 
et al. (2023). For the account of the balance of the physical equation, the residual term S is large at the hourly 
scale (Cai et al., 2023; P. Li et al., 2020). In one word, the weakening of both the large-scale thermodynamic 
ascending motion and the local terrain uplifting effect to airflow is the major cause for the decrease of accumu-
lated total precipitation in the sensitive experiments relative to the CTL experiment.

4.2.  The Thermodynamic Process of the Terrain Impact on the REPE

Based on the cognition of moisture budget diagnosis, this section focuses on the thermodynamic process in the 
weakened large-scale uplift movement using a series of physical quantities. The warm advection can be trans-
ported from TP which is as the heat source region relative to the surrounding areas to eastern China in summer 
(Y. Fu et al., 2020; Ge et al., 2019; G. Wu et al., 2015). When the TP is absent, the thermal contrast between 
TP and the surrounding regions is weakened and further leads to anomalous cold advection from the TP to the 
SCB due to the strengthened westerly winds without the blocking of TP. As shown in Figure 7a, compared to the 
CTL experiment, the enhanced westerly winds due to the absence of TP promote the anomalous cold advection 
from the upstream region to the SCB in the TP_N experiment. The cold advection that reaches the SCB makes 
the descending airflow intensify and accumulate in the bottom of the basin. Despite that the cooling is weaker at 

Figure 5.  (a and b) The spatial distribution of the difference in the accumulated cumulus and (d–e) stratus precipitation between each sensitive experiment and CTL 
experiment during 04:00 (BJT) on 11 August-03:00 (BJT) on 13 August 2020. The gray dots symbolize the significance above 95% of the t-test. The histogram is the 
(c) accumulated cumulus and (f) stratus precipitation (unit: mm) during this regional extreme precipitation event regionally averaged over the area of 102°–108°E and 
29°–33°N. The number at the top of the bar is a value of regionally averaged rainfall amount. The purple arrows and beside numbers represent the decreased value of 
rainfall amount relative to the CTL experiment.
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600 hPa over the east edge of the TP relative to the other regions of SCB, the stronger cooling is in the lower and 
upper troposphere over the western SCB leading to stable stratification in the TP_N experiment relative to the 
CTL experiment (Figure 7a). Relative to the CTL experiment, the regional averaged (102°−108°E, 28°–33°N) 

Figure 6.  The difference in mean moisture budget components (a) of Equation 1 and the temporal variation of expanded 
items (b–d) from the vertical item in (a) of Equation 2 during the regional extreme precipitation event regionally averaged 
over the area of 102°–108°E and 29°–33°N between each sensitive experiment and CTL experiment (unit: mm·h −1).
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middle and low cloud fractions over the SCB are further increased due to the large-scale anomalous cold advec-
tion in the TP_N experiment, which can lead to the negative feedback for temperature in lower troposphere 
(Figures 7a and 7c). The reduced temperature (Figure 7a) is well corresponding to the increased middle and low 
cloud fractions (Figure 7d) over most areas of SCB in the TP_N experiment, this is related to the reduced net 
radiation due to more middle and low clouds (not shown).

In the YG_N experiment, the enhanced southerly winds due to the absence of YGP induce the cold advection from 
YGP to the SCB relative to the CTL experiment (Figure 7b). Although the thermal contrast between YGP and SCB 
is much weaker than that between the TP and SCB, the absence of YGP also induces anomalous cold advection 
from YGP to SCB in the lower troposphere, leading to much more middle and low clouds over eastern SCB in the 
YG_N experiment relative to the CTL experiment (Figures 7c and 7e), and further promotes in reduced temper-
ature (Figure 2b) due to the negative feedback of clouds, which is similar to the situations when the TP is absent.

The specific humidity differences of −1 to −2.5 g·kg −1 and the equivalent potential temperature differences of 
−4 to 1 K between the TP_N and CTL experiment are located over the western SCB and along the east edge of 
TP (Figure 8a), corresponding with the atmospheric precipitable water differences of ∼−20 mm over the western 
SCB (Figure 8c). Relative to the CTL experiment, due to the absence of TP, the largely reduced precipitable water 
over the western SCB and much more stable large-scale stratification induced by the reduction of the equivalent 
potential temperature decreasing with altitude over the SCB (Figure 8a) further weaken the large-scale ascending 
movement (Figures 6a and 7a) and thereafter decrease the stratus rainfall over the western SCB (Figures 4d, 5a, 
and 5d).

Similar situations can be found when the YGP is absent, the specific humidity differences of ∼−1g·kg −1 and 
the equivalent potential temperature differences of −7 to −2 K between the YG_N and CTL experiment are 
located over the western SCB (Figure 8b), which imply the more stable large-scale stratification over SCB. 

Figure 7.  The profile distribution of the difference in mean temperature (shaded, unit: °C) and atmospheric circulation (stream, unit: m·s −1) between each sensitive 
experiment and CTL experiment during 04:00 (BJT) on 11 August to 03:00 (BJT) on 13 August 2020 regionally averaged along 29°–33°N (a) and regionally averaged 
along 102°–108°E (b). The blue triangle symbolizes the center of difference in accumulated precipitation depicted by Figures 4d and 4e. The area ranged by the red 
line represents the Sichuan Basin, and the gray shade depicts the terrain profile. The blank portion represents the default value due to the terrain. (c) The histogram 
of the difference in mean high, middle, and low cloud fractions (unit: %) regionally averaged over the area of 101°–108°E and 26°–34°N during this regional extreme 
precipitation event (REPE). (d–e) The spatial distribution of the difference in mean middle and low cloud fractions (shaded, unit: %) between each sensitive experiment 
and CTL experiment during this REPE.
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Thereafter, the reduced precipitable water in the YG_N experiment relative to the CTL experiment over the 
western SCB finally results in less accumulated precipitation over the western SCB (Figure 8d). It is noticed 
that though the greatly increased atmospheric precipitable water over the east and west of the rainfall center 
between the sensitive experiment and CTL experiment, but the cold advection, descending air, and decreased 
equivalent potential temperature result in the stable stratification and thereafter the rainfall is slightly changed 
over those regions.

In general, due to the absence of TP or YGP, the weakened thermal contrast between the plateau and SCB 
leads to much more stable large-scale stratification over the SCB, which together with the reduced atmos-
pheric precipitable water over the western SCB further weakens the rainfall during the REPE. Meanwhile, 
the thermal contrast between the plateau and SCB in the YG_N experiment is weaker than that in TP_N 
experiment, which is a one of the causes leading to more precipitation in YG_N experiment than that in 
TP_N experiment.

Figure 8.  The profile distribution of the difference in mean specific humidity (shaded, unit: g·kg −1) and equivalent potential temperature (contour, unit: K) between 
each sensitive experiment and CTL experiment during 04:00 (BJT) on 11 August to 03:00 (BJT) on 13 August 2020 regionally averaged along 29°–33°N (a) and 
102°–108°E (b). The blue triangle symbolizes the center of difference in accumulated precipitation depicted by Figures 4d and 4e. The areas ranged by the red lines 
represent the location of Sichuan Basin, and the gray shadings depict the terrain profile. The blank portion represents the default value due to the terrain. (c–d) The 
distribution of the difference in mean integrated atmospheric precipitable water (shaded, unit: mm) between each sensitive experiment and CTL experiment during this 
regional extreme precipitation event.
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4.3.  The Dynamical Process of the Terrain Impact on REPE

Under a specific atmospheric circulation background, TP and YGP are important for the initiation of synoptic 
systems in extreme precipitation and the water vapor transport over the SCB (C. H. Huang et al., 2022; Nie & 
Sun, 2021; H. Xu et al., 2020; Q. Zhang et al., 2017). In this section, we focus on the dynamical process related 
to the impact of TP or YGP on the vertical velocity during the REPE.

Figure 9.  The spatial distribution of the difference in mean wind (vector, unit: m·s −1) at the (a and b) 200 hPa, (c and d) 
500 hPa, (e and f) 850 hPa levels and accumulated precipitation (shaded, unit: mm) during 04:00 (BJT) on 11 August-03:00 
(BJT) on 13 August 2020 between each sensitive experiment and CTL experiment. The blue rectangles represent the 
location of Sichuan Basin (SCB). The gray shadings depict the terrain. The profile distribution of the difference in mean 
vertical velocity (shaded, unit: Pa·s −1) and mean atmospheric circulation (stream, unit: m·s −1) during this regional extreme 
precipitation event regionally averaged along (g) 29°–33°N and (h) 102°–108°E. The blue triangles symbolize the center of 
difference in accumulated precipitation depicted by Figures 4d and 4e. The areas ranged by the red line represent the location 
of SCB, and the gray shade depicts the terrain profile. The blank portion represents the default value due to the terrain.
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Compared to the CTL experiment, the absence of TP in the TP_N experiment strengthens the westerly winds 
at 500 and 200 hPa and induces an anomalous cyclone over the area northeast to the SCB and an anomalous 
anti-cyclone over the areas southwest to the SCB at 200  hPa (Figures  9a and  9c). Meanwhile, an anoma-
lous anti-cyclone at 850 hPa over the SCB can be noted between the TP_N experiment and CTL experiment 
(Figure 9e), it is well corresponding to the relatively more largely weakened ascending motion over the western 
SCB and the east edge of TP in the TP_N experiment. Meanwhile, there is an apparent anomalous descending 
airflow over the rainfall center in the TP_N relative to the CTL experiment, the absence of TP induces the 
largely weakens the topographic uplift effect to airflow (Figure 9g). Due to the anomalous anti-cyclone at 
850 hPa in the TP_N experiment compared to the CTL experiment, the water vapor transport of the western 
SCB is obviously reduced, resulting in the decrease of accumulated precipitation over the western SCB in the 
TP_N experiment.

In the YG_N experiment, though the absence of YGP finitely influenced the atmospheric circulation at the 500 
and 200 hPa (Figures 9b and 9d). Compared to the CTL experiment, an apparent anomalous anti-cyclone at 
850 hPa produced by the YG_N experiment is located over the SCB (Figure 9f). Similarly, owing to the absence 
of YGP, the uplift effect of terrain on the airflow along the windward over western SCB and north of YGP is 
restrained in the YG_N experiment (Figure 9h). Similar situations are found in the TP_N experiment, but the less 
water vapor transport and weaker ascending movement over the western SCB lead to the decrease of precipitation 
relative to the YG_N experiment. In addition, the water vapor is mainly transported by the southwesterly and 
southerly winds during this case, the absence of YGP in the YG_N experiment makes more water vapor transport 
reach SCB than that due to the absence of TP in the TP_N experiment, which accounts for more accumulated 
precipitation over northern SCB (104°−109°E, 32°–34°N) in the YG_P experiment than that in the TP_N exper-
iment (Figures 4b and 4c).

Overall, relative to the CTL experiment, in the sensitive experiments, the absence of TP or YGP can produce 
an anomalous anti-cyclone at 850 hPa over the SCB, leading to weakened both the local terrain uplifting effect 
of airflow along the windward slope and the water vapor transport to the western SCB and thereafter reduced 
rainfall during the REPE.

5.  Conclusion and Discussion
In this study, the impact of the TP or YGP on a REPE in the SCB which occurred during 04:00 BJT on 11 August 
to 03:00 BJT on 13 August 2020 has been investigated based on numerical experiments. Main findings are shown 
as follows:

The absence of TP (YGP) can lead to 84% (51%) reduction of accumulated total precipitation over the western 
SCB during the REPE. And the reduced accumulated total precipitation is mainly caused by the decrease of 
accumulated stratus precipitation, which can be reduced by 86% (67%) when the TP (YGP) is absent. From the 
perspective of the thermal process, due to the absence of TP or YGP, large-scale anomalous cold advection from 
the upstream regions where the terrains are removed leads to reduced temperature over the SCB, and further 
results in much more stable stratification and less atmospheric precipitable water compared to the CTL experi-
ment and thereafter weakens the ascending motions and reduces the stratus precipitation over the western SCB. 
From the perspective of the dynamical process, the absence of TP or YGP induces an anomalous anti-cyclone 
at 850 hPa over the SCB, which further leads to weakened uplifting effect of local terrain on airflow along the 
windward slope and reduced water vapor transport to the western SCB and thereafter reduces the precipitation 
over this region (Figure 10).

The quantitative discussion of the topography effect on a REPE provides theoretical support for refined fore-
casts of extreme precipitation. However, completely separating the dynamical and thermal effects of topography 
is indeed a difficult thing under the existing experimental design. A common method of dividing these two 
processes is turning off the surface sensible heat flux change (Z. Q. Wang et al., 2016; Zhao, 2012). We will 
further investigate the physical mechanism of topographic effect based on more numerical sensitive experiments. 
On the other hand, the previous studies revealed the quantitative influence of terrain in single extreme precipita-
tion event (Almazroui et al., 2018; Z. Wu et al., 2022; Xia et al., 2021). However, the results based on the single 
case lack universality. In the future, we need to select more cases and further quantificationally discuss the topo-
graphic effect in the thermodynamic and dynamic processes for extreme precipitation under specific atmospheric 
circulation background on climatic scale.
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Data Availability Statement
The data used in this study are listed as follows: (a) the GPM-IMERG precipitation data with a horizontal resolution 
0.1° (Hou et al., 2014), (b) the ERA5 reanalysis data with a horizontal resolution 0.25° (Hersbach et al., 2020), (c) 
the National Centers for Environmental Prediction final (FNL) global analysis data with a horizontal resolution 
2.5° (National Centers for Environmental Prediction/National Weather Service/NOAA/U.S, 2000), and (d) the 
numerical model (WRF) used in this study is version 4.2 (Skamarock et al., 2019).
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