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Abstract The influence of terrain relief over the Tibetan Plateau (TP) and the Yunnan—Guizhou Plateau on
summer regional hourly extreme precipitation (RHEP) in the Sichuan Basin (SCB) under two dominant
synoptic patterns remains poorly understood. Here, this study uses multi-case Weather Research and
Forecasting sensitivity experiments, in which the terrain relief of two plateaus is individually smoothed, to
systematically investigate these modulation mechanisms. Terrain relief modulates low-level flow and moisture,
altering thermodynamic and dynamic processes of RHEP under different synoptic patterns. Under P1, featured
by a westerly trough and a southwest vortex over western SCB, the terrain relief over the TP (Yunnan—Guizhou
Plateau) prolongs the mean RHEP duration by 3.4 hr (0.6 hr) and increases the mean intensity by 0.38 mm hr ™'
(0.24 mm hr™") over the western SCB. The prolonged duration and heightened intensity of RHEP are driven by
the intensification of the westerly trough and southwest vortex, a process triggered by enhanced atmospheric
baroclinicity, low-level convergence, and vertical-motion forcing induced by terrain relief. Under P2,
characterized by a westerly trough and a southwest vortex over central-eastern SCB, the terrain relief over the
TP prolongs the RHEP duration by 1.3 hr and increases the intensity by 0.07 mm hr™" over eastern SCB through
mechanisms similar to those under P1, but the weakened westerly winds over southeastern SCB limit the
enhancement. In contrast, the terrain relief over the Yunnan—Guizhou Plateau reduces the RHEP intensity by
0.32 mm hr™' via strengthening anomalous northerly winds, blocking southwesterly moisture transport,
weakening the westerly trough, and suppressing the southwest vortex.

Plain Language Summary Regional hourly extreme precipitation (RHEP) events often cause floods
and other disasters in the Sichuan Basin (SCB). The basin is surrounded by the Tibetan Plateau (TP) to the west
and the Yunnan—Guizhou Plateau to the south, but how the terrain relief over these plateaus affects RHEP in the
basin is still not fully understood. In this study, we used a weather model to compare the real terrain and
simulations in which the terrain relief over each plateau is smoothed. This allowed us to examine the separate
effects of the terrain relief over the two plateaus under two common weather patterns. We found that terrain
relief over the TP generally increases the duration and intensity of RHEP in the western SCB by strengthening
upward motion and the southwest vortex, an important rain-producing weather system in southwest China.
Terrain relief over the Yunnan—Guizhou Plateau has different effects under different weather patterns. It can
enhance RHEP when moisture transport favors the western SCB, but it can weaken RHEP when it blocks
southwesterly moisture flow into the eastern SCB. These results show that terrain relief around the SCB can
either enhance or suppress extreme rainfall depending on the background weather pattern.

1. Introduction

Regional hourly extreme precipitation (RHEP), with its extensive spatial influence and prolonged duration,
frequently triggers mountain floods, soil erosion, and urban waterlogging. It has become a major focus of recent
research (Ali et al., 2021; Bai et al., 2025; Barbero et al., 2019; Q. Li et al., 2022; Yuan et al., 2021). The Tibetan
Plateau (TP) and the Yunnan—Guizhou Plateau, featured by multi-scale terrains, encircle the Sichuan Basin
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(SCB). This complex topography favors frequent RHEP in the SCB, yet the underlying physical mechanisms
remain unclear (Qian et al., 2015; X. Y. Zhou & Lei, 2018). In particular, the dynamic and thermal effects of the
terrain relief on RHEP are critical for improving the physical understanding of extreme precipitation
(Houze, 2012; Schroer & Kirchengast, 2018).

Previous studies identify two typical synoptic patterns dominating the occurrence of the RHEP in the SCB (Ng
et al., 2021; Nie & Sun, 2021; X. Xu et al., 2023). In the first pattern (hereinafter referred to as P1), the South
Asian High expands northeastward, and the West North Pacific Subtropical High (WNPSH) extends north-
westward relative to their climatic states (Hu et al., 2015; J. Li et al., 2024; R. Xia et al., 2021). A westerly trough
lies over the western SCB, accompanied by a southwest vortex over the western SCB and enhanced moisture
transport by southerly winds (F. Xia et al., 2025; Y. Zhang et al., 2021). In the second pattern (hereinafter referred
to as P2), the South Asian High expands southeastward and the WNPSH shifts southwestward relative to their
climatic states (Cheng et al., 2023; K. Q. Yang et al., 2023). The westerly trough is located over the central-eastern
SCB, with a southwest vortex over the central-eastern SCB and the moisture transport driven by southwesterly
winds (Deng et al., 2022; S. Zhang et al., 2021). However, most studies primarily focus on these synoptic systems
and do not adequately elucidate the mechanisms by which complex terrain influences RHEP.

Some studies also examine the mechanisms by which large-scale terrain influences RHEP (F. Xia et al., 2025;
X. Xuetal., 2024). Thermally, the TP and the Yunnan—Guizhou Plateau establish a plateau-basin thermal contrast
with the SCB, which enhances stratification instability over the basin and favors the development of the southwest
vortex (Liao et al., 2025; Yan et al., 2025). Dynamically, these plateaus jointly form a windward slope along the
western SCB, forcing moisture airflow to ascend and thereby inducing RHEP (B. Chen et al., 2024; Zhao, 2015).
However, existing studies largely emphasize the effects of large-scale terrain alone and mainly address whether
such terrain favors RHEP occurrence (X. Xu et al., 2024, 2025). For further improvement in the physical un-
derstanding and predictive skill of RHEP, consideration of terrain relief influence on RHEP is necessary (L. Li &
Zhang, 2023).

Previous studies also provide partial insight into the mechanisms by which the terrain relief influences extreme
precipitation over the SCB (Gu et al., 2021; J. Li et al., 2025; Z. Wu et al., 2022). Most studies suggest that these
effects primarily involve gravity-wave disturbances, convective triggering, and the modulation of near-surface
moisture transport (Ji et al., 2026; Y. J. Wang et al., 2025; Yepes et al., 2020). Gravity waves are generated as
airflow passes over terrain relief (Liu et al., 2018; Vosper et al., 2018). Under the influence of undulating terrain,
gravity waves propagate upward and break, releasing energy, modifying local circulation, and creating favorable
dynamical conditions for convective development (Z. Chen et al., 2025; Y. Xu et al., 2025). In addition, terrain
relief forces airflow to ascend, and once a critical height is reached, latent heat release enhances instability and
triggers convective systems (Mo et al., 2024; C. Shen et al., 2022). Surface friction associated with such terrains
slows moisture transport and alters the intensity and duration of extreme precipitation (J. Shen et al., 2025;
Y. Wang et al., 2020; A. Wu & Li, 2022; X. Y. Zhou & Li, 2024). However, existing studies mainly focus on
individual terrain features or single synoptic backgrounds, and lack systematic comparisons of the different ef-
fects of terrain relief on extreme precipitation under different synoptic patterns (Roe, 2005; Yu et al., 2020).

Motivated by the limitations of previous studies mentioned above, this study systematically investigates the
mechanisms by which the terrain relief over the TP and the Yunnan—Guizhou Plateau influence RHEP in the SCB
under the two dominant synoptic patterns. Based on these synoptic patterns and RHEP events identified by X. Xu
et al. (2023, 2025), the Weather Research and Forecasting (WRF) model is employed to conduct sensitivity
experiments in which the terrain relief over the TP and the Yunnan—Guizhou Plateau is smoothed. This study
addresses the key scientific question as follows: (a) How does terrain relief over the TP and the Yunnan—Guizhou
Plateau individually modulate summer RHEP events in the SCB? (b) What are the thermodynamic and dynamic
responses of RHEP to terrain relief under distinct dominant synoptic patterns? By elucidating these physical
processes, this study clarifies the interactions among topography, atmospheric circulation, and precipitation, and
enhances the physical understanding of summer extreme precipitation over the SCB.

XU ET AL.

2 of 17

95UBD17 SUOWILIOD 3A1TE1D) 3|qeatdde a) Ag peusenoB a2 SaoiLe YO ‘9SN J0 S8|nJ 10J Aiq 1T 8Ul|UO A1 UO (SUONIPUOD-PUB-SWR)LIY"AB | 1M Afe.q 11Bu Uo//SaiY) SUONIPUOD PUe SIS 1 U1 38S *[9202/0T/62] Uo Areiqiauluo Asim * Aiseaun Builuen - Bueny Buiuuy Aq 006.70Ar9202/620T OT/10p/wod" A8 [1mAreiq 1 jpuljuo'sgndnBe//sdny WwoJj pepeo|umod ‘T2 ‘920 ‘96686912



~1
AGU

ADVANCING EARTH
AND SPACE SCIENCES

Journal of Geophysical Research: Atmospheres 10.1029/20261D047900

2. Background, Data, Numerical Experiments, and Methods
2.1. Background

Following X. Xu et al. (2023), hourly extreme precipitation is first identified at each grid point using the local 95th
percentile threshold of summer hourly precipitation during 2000-2020. The number of grid points experiencing
hourly extreme precipitation is then counted at each hour, and an RHEP event is identified when this number
exceeds its historical 95th percentile threshold over the SCB. This study is based on the two synoptic patterns (P1
and P2) identified by X. Xu et al. (2023) as the dominant large-scale controls of summer RHEP events over the
SCB. Detailed descriptions of the synoptic configurations are provided in Figure 1 of X. Xu et al. (2025). For each
synoptic pattern, 10 typical and temporally continuous RHEP events are selected for analysis with durations
ranging from 14 to 55 hr under P1 and generally from 15 to 21 hr under P2 (Table 1 of X. Xu et al. (2025)).
Although the individual cases differ in duration and precipitation intensity, the selected cases under each synoptic
pattern share similar precipitation-center locations and large-scale circulation configurations.

2.2. Data
The data used in this study are as follows

1. The 6-hourly FNL global reanalysis, with a horizontal resolution of 1° X 1° and 26 vertical pressure levels,
provides the initial and boundary conditions for the numerical simulations (Huang & Gao, 2018).

2. The hourly ERAS reanalysis data, available at 0.25° horizontal resolution (Hersbach et al., 2020) during the 20
RHEP events selected in this study, are used to evaluate the model performance in reproducing large-scale
atmospheric circulation features.

3. The precipitation data of the final-run GPM-IMERG V06 product with 30-min temporal resolution and
0.1° x 0.1° spatial resolution are employed to assess the ability of the model to simulate precipitation (Hou
et al., 2014). Previous studies demonstrate that this data set reliably captures the spatial distribution, temporal
evolution, and magnitude of extreme rainfall in the SCB (Fang et al., 2019; C. Shen et al., 2022; M. Yang
et al., 2020). Using observations from stations over the SCB during 2000-2020, we verified that GPM
reasonably reproduces the spatial distribution of station-based 95th-percentile extreme precipitation (Figure
S1 in Supporting Information S1).

2.3. Numerical Experiments

This study employs version 4.2 of the WRF model developed by the National Center for Atmospheric Research
(Skamarock et al., 2019). The control experiment (CTL) is conducted with real terrain (Figure 1a). This study
used FNL data for the initial and lateral boundary conditions. FNL outperformed ERAS in reproducing GPM
accumulated precipitation, with spatial correlation coefficients of 0.47 and 0.35, respectively, over 102°E-108°E,
29°N-33°N (Figure S2 in Supporting Information S1). The WRF model configuration and physical parameter-
ization schemes are summarized in Table 1.

Following X. Xu et al. (2025), different physical parameterization combinations are adopted for P1 and P2
because previous sensitivity tests showed that the optimal schemes differ between the two synoptic patterns. For
all simulations under the same synoptic pattern, the CTL and sensitivity experiments use identical model con-
figurations and physical parameterization schemes; therefore, their differences mainly reflect the effects of terrain
relief.

All sensitivity experiments use the same model configuration as the CTL experiment and differ only in model-
resolved terrain treatment. Terrain elevation within a target region is smoothed through repeated nine-point
smoothing to suppress terrain relief variability while retaining the large-scale terrain structure. After each iter-
ation, the terrain standard deviation, defined as the spatial standard deviation of 3 X 3 grid point elevations within
the modified region, is recalculated (Y. Wu et al., 2018; X. Xu et al., 2023). The smoothing was repeated until the
regional mean of the 3 X 3 local terrain standard deviation within the target region is lower than 100 m
(Pielke, 2013). In the TP_NM experiment, the smoothing is applied to the TP region (85°E-104.5°E, 27°N-40°N)
(Figure 1b). In the YG_NM experiment, the same procedure is applied to the Yunnan—Guizhou Plateau region
(90°E-107°E, 20°N-28°N) (Figure 1c).
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Figure 1. Three-dimensional distribution of terrain (shading, unit: m) and the nesting strategy of the numerical model. The
real terrain in the CTL experiment (a). The TP_NM experiment smooths the terrain relief over the Tibetan Plateau within the
region of 85°E-104.5°E, 27°N—40°N (b). The YG_NM experiment smooths the terrain relief over the Yunnan-Guizhou
Plateau within the region of 90°E-107°E, 20°N-28°N (c). The terrain distribution in the numerical model and nesting
strategy (d).

Table 1

Weather Research and Forecasting (WRF) Model Configuration and Physical Parameterization Schemes

Category Configuration
Model WRF-ARW version 4.2

Nesting strategy

Horizontal resolution

Two-way nesting with two domains

18 and 6 km for the outer and inner domains

Grid points 181 X 144 and 208 x 175 for the outer and inner domains
Domain center 29.83°N, 106.46°E

Vertical levels 41

Time step 30s

Spin-up time 12 hr

Physical parameterization P1 P2

Planetary boundary layer
Microphysics

Radiation

Land surface

Cumulus parameterization

ACM2 scheme
WSM3/WSMS5 schemes

Yonsei University scheme
Morrison two-moment scheme
CAM shortwave and longwave schemes

Unified Noah land surface model

CAM shortwave and longwave schemes
Unified Noah land surface model

Grell-Freitas ensemble scheme Grell-Freitas ensemble scheme
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Figure 2. An analysis strategy diagram. Each box indicates the mathematical equations used in this study and their physical
meanings. Each symbol represents the meaning and its unit as detailed in Section 2.4.

2.4. Methods

A series of physical equations and quantities is calculated from the perspective of thermal and dynamic diagnosis
(Figure 2).

2.4.1. Vorticity Budget Equation

The southwest vortex is the primary weather system affecting RHEP over the SCB. Vorticity budget analysis is a
key dynamic tool for understanding the development, maintenance, and extinction of the southwest vortex
(Holton & Hakim, 2013). The complete vorticity budget equation is

9
a1

- 0 ow 0 ow 0 0
=V VG @G +(S5-2%) —0 4 F "

® ®© ® O] ®

Where % represents the change rate of vorticity { over time 7. The first term ® on the right side

V.V ¢+ = V.V ¢ — pvis the absolute vorticity advection term, which is combined into the horizontal
advection term and the beta term. It symbolizes the local vorticity variation caused by the absolute vorticity
conveyed by the horizontal wind. 1% represents the wind vector with components « and v in the x and y directions,

respectively. V = % + a% is the gradient operator. { = % - % is relative vorticity. f is the Coriolis parameter,

which varies with latitude. The second term @ ({ + f )g—’; is the divergence term, also called “stretch term.” It
describes the changes in vertical vorticity compression (stretching) due to the convergence (divergence) of the
horizontal wind field. @ denotes the vertical velocity in p coordinate, with p as pressure. The third term ®

(@@_@Q

o ) is a tilting term. It describes the process in which horizontal vorticity is “tilted” into the vertical
y op ox op

direction due to uneven vertical motion, thereby changing the vertical vorticity. The —wg—i is the vertical

advection term @, which represents the vorticity changes caused by vertical movement transporting vorticity at
different heights to the local area. For example, upward motion (@ < 0) transports vorticity from the lower layer to
the upper layer, increasing the local vorticity. The last term F is the friction residual term. Near-ground friction
generates negative vorticity sources, which are referred to as frictional dissipation. The units of each term in the
vorticity budget equation are all s™2.

It is essential to note that the analysis in this study is based on the composite mean of multiple RHEP events.
Vorticity changes over time are assumed to be zero, and the friction term and residuals are combined, as refer-
enced by Sanders (1986) and Orlanski and Sheldon (1995).
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The analysis results from Equation 2 reflect the vortex system equilibrium state through time averaging, rather
than an instantaneous process. Therefore, the physical meaning of the vorticity budget equation used in this study
is the advection transport, convergence stretching, tilt effect, and vertical transport required to maintain the quasi-
stationary state of the vortex system.

2.4.2. Q-Vector

Extreme precipitation is more directly associated with persistent and strong vertical motion. Diagnosing the
forcing mechanisms of terrain on air vertical motion is crucial for understanding the dynamical core of extreme
precipitation events. Previous studies usually diagnose vertical motion using the traditional @ equation in
p-coordinate (Yao et al., 2012).

0% 0 ,— — f710)
(v e =1 5% w0 -7 9(F)]

@ ®

3)

The left side of Equation 3 is the Laplacian term of the vertical velocity. o V> represents the suppression of

vertical motion by static stability. The term fZ% reflects the dynamic constraint induced by the vertical shear of
geostrophic vorticity. o denotes the static stability parameter. The first term © on the right side f %(7; -V {),
represents the vertical variability of geostrophic absolute vorticity advection. Vg) signals the geostrophic wind.
The second term @ on the right side Vg) -V <'§#;’) is Laplace of geostrophic temperature advection, representing

the temperature advection caused by the geostrophic wind. ® = gZ is geopotential height. Within the quasi-
geostrophic framework, these two forcing terms act independently and often offset each other. This mutual
cancellation limits the effectiveness of the traditional @ equation in diagnosing vertical motion forcing in small-
scale systems over complex terrain. Hoskins et al. (1978) proposes reformulation of the traditional @ equation.
This approach combines the terms on the right side of Equation 3 into the divergence of the Q-vector, and defines
the quasi-geostrophic Q-vector.

0= (0..0,) = _§<a Ve VT, Ve . VT) 4)
p\ ox ay

R is the gas constant for dry air is approximately 287 J kg~! K~!. Based on the static equilibrium equation, the
state equation, the geostrophic wind relationship, and the thermal wind relationship in the p-coordinate, it can be
proved:

2
<UV2 + fzaa—pz>w =-2V.Q Q)

The detailed derivation process can be found in Yao et al. (2012). To account for the non-geostrophic effect, this

. . g . . o .. . .
study replaces the geostrophic wind V, with the actual wind V, obtaining the non-geostrophic Q-vector and its

expanded component form.
- R(aV oV
0=(0.0)= ——(— VT, — - VT) (©6)
p\ ox ay

R{ouoT ovoT
0 =S+ )
p\ox dx Ox dy
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R<6u oT  ov 6T) )

=4+ ——
& p\dy ox dy dy
Equation 6 indicates that the magnitude of the Q-vector measures the intensity of the interaction between the
deformation of the horizontal wind field and the temperature gradient. A larger magnitude represents stronger
nonlinear coupling between the wind field and the thermal field, as well as stronger vertical motion forcing. The
Q-vector direction points toward regions of ascending motion, where precipitation is most likely to occur.

Equations 7 and 8 define the Q-vector components in the x and y-direction, with the unit of m? kg™ s~!. This
study further calculates the Q-vector divergence V - é of Equation 5, to diagnose low-level dynamical lifting
induced by terrain relief. The unit of the Q-vector divergence is s™ Pa~'. When V - é > 0, it indicates local air
divergence and suppresses convective development. When V - é < 0, it indicates local air convergence, which
favors upward motion and convective initiation. Compared with the compensating forcing terms in the traditional
 equation, Q-vector divergence provides a clear forcing signal. This property facilitates the identification of the
core region of vertical motion (Cao & Gao, 2007).

2.4.3. Baroclinic Vector

The baroclinic vector is used to describe the spatial non-uniformity of atmospheric baroclinicity, which can
clearly reveal the influence of terrain-induced thermodynamic gradients on baroclinic instability (Q. Xu, 1992).
The baroclinic vector B arises from the nonparallel alignment between isothermal surfaces and isobaric surfaces.
It can be defined as:

B=VaxVp )

Among them, a = /1) is the specific volume, p denotes density. Using the ideal gas Equation p = pRT, the

specific volume is expressed as & = %. Substitute this into Equation 9:
RT 1 T R RT
Vax Vp = V(—) X Vp = R(—VT— —ZVp) X Vp==VTx Vp——-(Vpx Vp) (10)
p p p p p
Because Vp X Vp = 0, the baroclinic vector simplifies to the form:
R
Vapr=;VT><Vp (11)

This study focuses on the contribution of the horizontal temperature gradient to the atmospheric baroclinicity.
Following Martin (2006, 2014), pressure gradient variations are filtered out. The vertical unit vector is cross-
multiplied to retain only the direction information of the pressure gradient.

R
B=;VT><K (12)

R oT
B. =—-""=

X

- 1_) ox (13)
R oT
B. = —

== 14

VT is a horizontal temperature gradient, and k denotes the vertical unit vector. Equations 13 and 14 define the x
and y-components of the baroclinic vector, with the unit of m? kg™'. Therefore, the baroclinic vector B is used to
quantify the intensity and direction of atmospheric baroclinicity.
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2.4.4. Temperature Advection

Although temperature gradients affect the atmospheric baroclinicity, the atmospheric thermal state is not static.
The wind field continuously transports heat. Temperature advection describes the transport of local temperature
caused by the horizontal wind within a given area.

. e
Temperature Advection = —V - VT (15)

In Equation 15, when the wind blows from a cold region toward a warm region, the temperature advection
—
— V. VT < 0is negative, indicating cold advection. Conversely, wind blows from a warm region toward a cold

. . g .. . . . . .
region, the temperature advection —V - VT > 0 becomes positive, indicating warm advection. The unit of

temperature advection is 1075 K s7!.

3. Results
3.1. Model Evaluation

This study first evaluates the simulation performance of the atmospheric circulation configuration and composite
mean precipitation associated with RHEP. Under P1, the South Asia High at 200 hPa in the CTL experiment has a
slightly larger spatial extent than the observations. However, both the location and intensity of the South Asia
High are reasonably reproduced. The CTL experiment reasonably simulates the westerly trough with the location
of the western SCB at 500 hPa and the southwest vortex located in the western SCB at 700 hPa under P1.
Southerly winds transport the water vapor toward the western SCB in the CTL experiment, matching observa-
tions. Consequently, the CTL experiment reproduces the spatial distribution of the composite mean precipitation
under P1 with a spatial correlation coefficient of 0.56 between the observations and simulation, which is sig-
nificant at the 0.05 level (Figures 3a and 3c).

Under P2, the CTL experiment replicates the South Asia High at 200 hPa, with the core covering the southern TP,
consistent with the observations. While the westerly trough at 500 hPa and the southwest vortex at 700 hPa over
the central-eastern SCB produced by the CTL experiment are relatively weaker than the observations, the lo-
cations of both systems are captured reasonably well. The observations show southwesterly winds transporting
water vapor from the Bay of Bengal toward the central-eastern SCB under P2; this feature is also well simulated
by the CTL experiment. Although the CTL experiment underestimates the magnitude of the GPM-derived
composite mean precipitation under P2, it reasonably captures the spatial pattern, with a spatial correlation co-
efficient of 0.41 between CTL and GPM, significant at the 0.05 level (Figures 3b and 3d). Overall, the CTL
experiment can accurately reproduce both the atmospheric circulation configuration and the spatial distribution of
composite mean precipitation under both P1 and P2.

3.2. The Influence of Terrain Relief on RHEP Over the SCB

Under P1, the CTL experiment exhibits two primary precipitation centers over the southwestern and north-
western SCB, with composite mean precipitation exceeding 80 mm (Figure 4a). Compared with the CTL
experiment, the TP_NM experiment without the terrain relief over the TP displays a marked reduction in
composite mean precipitation, primarily confined to the southwestern SCB (Figure 4b). These results indicate
that terrain relief over the TP increases composite mean precipitation over the western SCB. The regional mean
precipitation (102°E-106°E, 29°N-33°N) in the CTL experiment increases by 20.3% relative to the TP_NM
experiment, with positive anomalies exceeding 30 mm concentrated in the western SCB under statistically
significant at the 95% confidence level (Figure 4d). Furthermore, the mean duration of RHEP is prolonged by
3.4 hr, and the mean intensity is increased by 0.38 mm hr™' due to the terrain relief over the TP (Figure 4f).

Under P1, the YG_NM experiment without the terrain relief over the Yunnan—Guizhou Plateau shows a reduced
extent of the composite mean precipitation center in the southwestern and northwestern SCB compared with the
CTL experiment (Figures 4a and 4c), indicating that the terrain relief over the Yunnan—Guizhou Plateau increases
composite mean precipitation over the western SCB. The regional mean precipitation (102°E-106°E,
29°N-33°N) in the CTL experiment increases by 10.9% relative to the YG_NM experiment, with positive
anomaly centers exceeding 30 mm in the western SCB (Figure 4e). The significant anomalies are mainly

XU ET AL.

8 of 17

95UBD17 SUOWILIOD 3A1TE1D) 3|qeatdde a) Ag peusenoB a2 SaoiLe YO ‘9SN J0 S8|nJ 10J Aiq 1T 8Ul|UO A1 UO (SUONIPUOD-PUB-SWR)LIY"AB | 1M Afe.q 11Bu Uo//SaiY) SUONIPUOD PUe SIS 1 U1 38S *[9202/0T/62] Uo Areiqiauluo Asim * Aiseaun Builuen - Bueny Buiuuy Aq 006.70Ar9202/620T OT/10p/wod" A8 [1mAreiq 1 jpuljuo'sgndnBe//sdny WwoJj pepeo|umod ‘T2 ‘920 ‘96686912



NI

ADVANCING EARTH
AND SPACE SCIENCES

Journal of Geophysical Research: Atmospheres 10.1029/20261D047900

40N

35N~

30N

OBS

25N

20N

40N 583 > > >3 > 3 3 s s s s -
”
\\)A.\A.\A.\Jaokm‘“

N

35N 1:

WRF

30N

25N

VAR S S S S
90E 110E 120E

T T I I I |
2 5 10 20 30 40 50 60 70 80 mm

Figure 3. Comparison of the CTL simulation with GPM precipitation data and ERAS atmospheric reanalysis in terms of mean
precipitation and atmospheric circulation during the selected regional hourly extreme precipitation events over the Sichuan
Basin under each dominant synoptic pattern. The shading represents the mean precipitation (shading, unit: mm) from the
CTL experiment and GPM IMERGE. The black line symbolizes the South Asia high at 200 hPa, and the purple contour
depicts the geopotential height (unit: degpm) at 500 hPa. The red contour represents the southwest vortex at 700 hPa. The
vector displays the vertically integrated (surface-300 hPa) water vapor flux (unit: kg m~' s™"). The atmospheric circulation
data are derived from ERAS.

distributed over the western SCB, indicating an enhancement of precipitation associated with the terrain relief
over the Yunnan—Guizhou Plateau under P1. The terrain relief over the Yunnan—Guizhou Plateau prolongs the
mean duration by 0.6 hr and increases the mean intensity by 0.24 mm hr~' under P1 (Figure 4f).

Under P2, the composite mean precipitation in the CTL experiment is primarily concentrated over the eastern
SCB, with a core precipitation amount exceeding 50 mm (Figure 4g). Compared with the CTL experiment, the
TP_NM experiment without terrain relief over the TP shows a limited decrease in composite mean precipitation
over the eastern SCB (Figure 4h). The regional mean precipitation (106°E-110°E, 29°N-32.5°N) in the CTL
experiment increases by only 2.5% relative to the TP_NM experiment, with the precipitation difference showing
alternating positive and negative patterns. The positive anomaly centers primarily occur around 107.5°E and
31°N, with central differences exceeding 30 mm (Figure 4j). However, the statistically significant areas are
relatively limited, suggesting that the precipitation response to the terrain relief over the TP under P2 is weaker
than that under P1. The increase in the composite mean precipitation is attributed to the prolonged duration of
RHEP by 1.3 hr and increased intensity by 0.07 mm hr™" due to the terrain relief over the TP under P2 (Figure 41).

Under P2, the YG_NM experiment without terrain relief over the Yunnan—Guizhou Plateau exhibits a marked
increase in composite mean precipitation over the eastern SCB compared to the CTL experiment (Figures 4g and
4i). The result indicates that the terrain relief over the Yunnan—Guizhou Plateau slightly decreases the composite
mean precipitation in the CTL experiment. In particular, the regional mean precipitation over the eastern SCB
(106°E-110°E, 29°N-32.5°N) decreases by 3.3%, with a pronounced negative anomaly exceeding —20 mm
centered in this region. This response is statistically significant at the 95% confidence level and is attributed to the
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Figure 4. Comparison of precipitation among different experiments. Shading in panels (a—c, g—i) represents the composite mean precipitation amount (unit: mm) of
regional hourly extreme precipitation (RHEP) over the Sichuan Basin from the CTL experiment and sensitivity experiments under the two dominant synoptic patterns.
The red rectangle indicates the precipitation center focused on in this study. Shading in panels (d, e, j, k) represents the differences in composite mean precipitation
between CTL and each sensitivity experiment. Gray dots in panels (d), (e), (j), and (k) mark grid points where the precipitation differences are significant at the 95%
confidence level based on a Student's #-test. The numbers in the upper-left corner indicate the relative differences in regional mean precipitation between CTL and each
sensitivity experiment. The regions bounded by 102°E-106°E, 29°N-33°N under P1 and 106°E-110°E, 29°N-32.5°N under P2 are used to calculate regional mean
precipitation, consistent with the red rectangles. Panels (f) and (1) show the mean duration (bars, unit: hours) and mean intensity (lines, unit: mm hr~!) of RHEP simulated
by CTL and the sensitivity experiments under the two synoptic patterns.
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Figure 5. The pressure-longitude cross sections the 29.5°N of the differences
between the CTL and TP_NM experiments for the air temperature (shading,
unit: K) (a); the temperature advection (shading, unit: 107K s7}) and
baroclinic vector (stream, unit: m> kg_l) (b); the Q-vector (stream, unit:
m? kg_3 s and Q-vector divergence (shading, unit: s Pa_l) (c); the
vertical velocity (shading, unit: Pa s™") and wind vector with x and y
component (vector, unit: m s™H (d); the divergence (shading, unit: 1073s7h
and wind vector with x and z component (vector, unit: m s™h); each term of
vorticity budget equation (bar, unit: s~2) at 700 hPa under P1. The red
triangle indicates the area with abnormal precipitation. The gray shading
indicates the terrain.

terrain relief of the Yunnan—Guizhou Plateau (Figure 4k). This decreased
composite mean precipitation is attributed to the decrease in the mean in-
tensity of RHEP by 0.32 mm hr™' induced by the terrain relief over the
Yunnan—Guizhou Plateau under P2 (Figure 41).

3.3. The Mechanism of the Dynamic and Thermal Influence of Terrain
Relief on RHEP Over SCB Under P1

The analysis of the influencing mechanisms employed the results from the
CTL experiment minus those from each sensitivity experiment, demon-
strating the effects of terrain relief on the TP and the Yunnan—Guizhou
Plateau. Under P1, the westerly trough at 500 hPa and the southwest vortex
at 700 hPa are located in the western SCB, with southerly winds transporting
moisture into the region. The southeasterly winds prevail along the windward
slope of the western SCB.

Compared with the TP_NM experiment under P1, the retained terrain relief
over the TP first induces low-level southeasterly wind anomalies over the
western SCB and adjacent windward slope, accompanied by warm
temperature-advection anomalies in this region (Figure S3a in Supporting
Information S1). This flow adjustment further enhances anomalous moisture
transport toward the western SCB and strengthens moisture convergence there
(Figure S4a in Supporting Information S1). These terrain-induced low-level
flow, thermal-advection, and moisture-convergence anomalies promote the
following local thermodynamic and dynamic responses associated with RHEP.

From a thermal perspective, the terrain relief over the TP traps warm and
humid moisture at 950 hPa in SCB, and cools the air at 600 hPa over the eastern
edge of the TP in the CTL experiment (Figure 5a). These lead to an abnormal
cold advection of —0.9 X 10™> K s~ near 600 hPa, and an abnormal warm
advection of 1.5 x 107> K s™! near 950 hPa over the western SCB under P1
(Figure 5b). Under the impact of the terrain relief of the TP, the intensified
vertical temperature gradient and enhanced atmospheric baroclinity deepen
the westerly trough at 500 hPa over the western SCB, which promotes
ascending motion with convergence in the middle and lower troposphere there
under P1 (Figures 5a and 5b).

From the dynamic perspective, the terrain relief over the TP induces low-level air convergence and vertical-

motion forcing,
—15x 107" s

corresponding  with  the
3 Pa™! near 950 hPa and 1.5 x 105%™ Pa™' above 700 hPa (Figure 5c). The terrain relief

large Q-vector divergence abnormality values of

induces an anomalous easterly wind component (the prevailing wind on the windward slope) and a large vertical
velocity negative abnormality of —1.5 X 107" Pas™" over the western SCB under P1 (Figure 5d). Meanwhile, the

anomalous convergence of div at low levels and anomalous divergence of div at high levels, corresponding to the
vertical ascending air current due to the terrain relief over the TP under P1 (Figure 5e). The enhanced easterly
wind component, moisture convergence, and ascending air over western SCB augment the divergence term in the
vorticity budget equation, ultimately strengthening the southwest vortex (Figure 5f). The deepened westerly
trough and strengthened southwest vortex prolong the average duration and increase the average intensity of
RHEP in the western SCB due to the terrain relief over the TP under P1 (Figures 3c and 4f).

The mechanism by which the terrain relief of the Yunnan—Guizhou Plateau influences the RHEP over SCB is
similar to that of the TP. The terrain relief over the Yunnan—Guizhou Plateau modifies the low-level inflow along

the southern SCB and produces the warm temperature-advection anomalies near the western SCB (Figure S3b in

Supporting Information S1). The corresponding moisture response is spatially mixed, with both moisture

convergence and divergence anomalies around the western SCB (Figure S4b in Supporting Information S1). The
Yunnan—Guizhou Plateau terrain relief affects low-level wind and moisture variation and subsequent thermo-

dynamic and dynamic responses.
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From a thermal perspective, the terrain relief over the Yunnan—Guizhou
Plateau warms the air by 0.3 K near 950 hPa and cools the air by 0.5 K
near 600 hPa over western SCB (Figure 6a). The anomalous temperature
advection induced by the terrain relief over the Yunnan—Guizhou Plateau
shows a warm anomaly exceeding 0.9 X 107> K s™' near 950 hPa and a cold
anomaly exceeding —0.6 x 107> K s™! near 600 hPa, leading to a large
vertical temperature gradient (Figure 6b). The enhanced atmospheric bar-
oclinity near 104°E, 29°N due to this vertical temperature gradient deepens
the westerly trough at 500 hPa, promoting air convergence in the middle and
lower troposphere over the western SCB under P1 (Figure 6b).

From the dynamic perspective, the terrain relief over the Yunnan—Guizhou
Plateau enhances low-level dynamical forcing over the western SCB under
P1. At approximately 104°E and 29°N, the terrain-induced dynamic forcing
produces negative Q-vector divergence abnormality values of —1.5 x 1073
s~ Pa~! at lower levels, increasing the air convergence over the western
SCB (Figure 6¢). Additionally, the terrain relief of the Yunnan—Guizhou
Plateau amplifies the southerly wind and induces the negative vertical ve-
locity anomaly at low level under P1 (Figure 6d). The enhancement in the
prevailing easterly wind component on the windward slope, combined with
the low-level convergence and high-level divergence in div distribution, re-

900
1000
26N 27N 28N

-1.5 -0 -03 0.3 0.9

Figure 6. The pressure-latitude cross sections along 104°E of the differences
between the CTL and YG_NM experiments for variables the same as

Figure 5 under P1.

30N

31N

157104

03 sults in an abnormal upward airflow over western SCB due to the terrain relief

over the Yunnan—Guizhou Plateau (Figure 6e), leading to a positive anomaly
of the divergence term in the vorticity budget equation and a strengthened

Vertical ~ Friction &
Advection  Residual

Vorticity Divergence  Tilting
Advection ~ Term  Term

southwest vortex over western SCB (Figure 6g). The terrain relief of the
Yunnan—-Guizhou Plateau deepens the westerly trough and enhances the
southwest vortex, ultimately prolonging the mean duration and increasing
the mean intensity of RHEP over western SCB under P1 (Figures 3c and 4f).
Furthermore, as the Yunnan—-Guizhou Plateau lies to the southwest of the
SCB, its terrain relief can block moisture transported by the southwest and southerly winds under P1, leading to a
negative anomaly in the vorticity advection term between the CTL and YG_NM experiments (Figure 6f). This
accounts for the limited influence on RHEP over western SCB under P1 due to the terrain relief over the
Yunnan-Guizhou Plateau.

In summary, the terrain relief over the TP and Yunnan—Guizhou Plateau induces the low-level flow anomaly and
enhances the atmospheric baroclinity, which further leads to the deepened westerly trough over the western SCB.
Additionally, the terrain relief induces low-level convergence, vertical-motion forcing, and mechanical uplift,
strengthening the divergence term in the vorticity budget equation and reinforcing the southwest vortex. The
combination of these factors finally extends the duration and increases the intensity of RHEP in the western SCB
under P1.

3.4. The Mechanism of the Dynamic and Thermal Influence of Terrain Relief on RHEP Over SCB
Under P2

Under P2, the westerly trough at 500 hPa and the southwest vortex at 700 hPa situate the central-eastern SCB, and
southwesterly winds transport moisture into this region. The windward slope of the eastern SCB experiences
prevailing southwesterly winds.

Compared with the TP_NM experiment under P2, the terrain relief conducts low-level wind and temperature-
advection anomalies over the eastern SCB that are weaker and localized than those under P1 (Figure S3c in
Supporting Information S1). The moisture diagnosis also shows localized moisture-convergence anomalies over
the eastern SCB (Figure S4c in Supporting Information S1). These weak flow, thermal-advection, and moisture-
convergence responses are consistent with the limited enhancement of RHEP by TP terrain relief under P2.

From a thermal perspective, the terrain relief over the TP warms the near-surface air over the TP, producing a
0.9 K warm anomaly (Figure 7a). The abnormal warm air over the TP is advected eastward by the 500-hPa
westerly flow, generating anomalous warm advection in the middle and upper troposphere over the eastern
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P2 (Figure 7c). Meanwhile, these terrains generate an anomalous westerly
wind component (the prevailing wind on the windward slope) at low levels
and a negative vertical velocity anomaly near 107.5°E, 31°N (Figure 7d). The
enhanced prevailing wind on the windward slope induces the anomalous
vertical cyclone and the low-level convergence and high-level divergence in

10

(e)d & UW

A, 1000
0E 102 104E 106E 108E 110E 10

S1.5 -08 —03 03 09 L5 1o-ugepgr

0E  102E 104E 106E 108E  110E

div distribution, which promotes the air ascent near 107.5°E 31°N due to the

-1.5 -08 -03 03 0.9

(f)Velocitu Budaet

15 pss-t

terrain relief over the TP under P2 (Figure 7¢). As a result, positive anomalies

=2 e

in the vorticity advection term dominate the vorticity budget and strengthen
the southwest vortex caused by the terrain relief over the TP under P2
(Figure 7g). The deepened westerly trough and strengthened southwest vortex

prolong the mean duration and increase the mean intensity of RHEP over the

eastern SCB due to the terrain relief over the TP under P2 (Figures 3d and 41).
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However, the Q-vector divergence anomaly and vertical velocity anomaly
under P2 are smaller than those under P1, which explains the limited influence
of the terrain relief over the TP on RHEP under P2 (Figures 5c, 5d, 7c, and 7d).

Vorticity Divergence Tilting  Vertical Friction &
Advection  Term Term  Advection Residual

Figure 7. The pressure-longitude cross sections along 31°E of the differences

between the CTL and TP_NM experiments for variables the same as

Figure 5 under P2.

The terrain relief over the Yunnan—Guizhou Plateau exerts an opposite in-
fluence on RHEP over the eastern SCB under P2 relative to P1. The
Yunnan—Guizhou Plateau lies along the primary moisture transport pathway
toward the SCB under P2.

Relative to the YG_NM experiment under P2, the retained terrain relief over the Yunnan—Guizhou Plateau clearly
induces the low-level air anomalous northwest wind over the eastern SCB and produces cold temperature-
advection anomalies over there (Figure S3d in Supporting Information S1). Meanwhile, positive moisture-flux
divergence anomalies appear near the eastern SCB, indicating weakened moisture convergence and reduced
moisture supply (Figure S4d in Supporting Information S1). These anomalies directly reflect in the subsequent
thermodynamic and dynamic responses.

From a thermal perspective, the terrain relief warms the near-surface air while blocking the moisture transport into
the SCB under P2 (Figure 8a). The terrain relief over the Yunnan—Guizhou Plateau induces a cold anomaly of
0.6 K over the SCB under P2 (Figure 8a). As a result, the terrain relief over the Yunnan—Guizhou Plateau pro-
duces anomalous cold advection of —1.5 K over the SCB, which reduces atmospheric baroclinicity and weakens
the westerly trough under P2 (Figures 3d and 8b).

From a dynamic perspective, although the terrain relief on the Yunnan—Guizhou Plateau produces local near-
surface flow perturbations, the weakened southerly wind leads to a positive Q-vector divergence anomaly of
1.5 x 107'% s7 Pa™!, the negative vertical velocity anomaly of 0.9 Pa s™' over the eastern SCB, indicating
suppressed dynamic ascent (Figures 8c and 8d). The terrain relief on the Yunnan—Guizhou Plateau induces the
anomalous northerly wind and inspires the vertical anticyclone near 107°N, 30°E-31°N, corresponding with the
descending air over the eastern SCB (Figure 8e). The presence of terrain relief enhances the near-surface frictional
dissipation and residual terms, leading to positive anomalies in this component (Figure 8g). In contrast, all
remaining terms in the vorticity budget show negative anomalies due to blocked warm and humid inflow
(Figure 8g). These negative anomalies indicate a weakened southwest vortex, reducing the mean intensity of
RHEP and ultimately decreasing the precipitation over the eastern SCB (Figures 3d and 41).

In general, the terrain relief over the TP has a limited impact on the mean duration and mean intensity of RHEP
over eastern SCB under P2. The influence of terrain relief over the TP on the RHEP over eastern SCB is similar to
that under P1, but weaker low-level convergence and vertical-motion forcing over the eastern SCB limit the
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blocks the moisture transport associated with the southwesterly wind and
weakens the westerly trough under P2. The strengthened anomalous northerly
winds over the eastern SCB suppress the southwest vortex. This suppression
leads to a decrease in the mean intensity of RHEP under P2.

4. Results and Discussion

This study conducts sensitivity experiments using the WRF model to inves-
tigate the influence mechanism of terrain relief over the TP and
Yunnan-Guizhou Plateau on the summer RHEP over the SCB under two
dominant synoptic patterns. The main conclusions are as follows:

The terrain relief over the TP and Yunnan—Guizhou Plateau can affect the
duration and intensity of RHEP over the SCB. Under P1, the terrain relief
over the TP (Yunnan—Guizhou Plateau) can increase the RHEP amount in the
western SCB by 20.3% (10.9%). Meanwhile, the mean duration of RHEP can
be prolonged by 3.4 hr (0.6 hr), and the mean RHEP intensity can be enhanced
by 0.38 mm hr! (0.24 mm hr™!) over the western SCB due to the terrain
relief over the TP (Yunnan—Guizhou Plateau). Mechanism analysis shows
that the terrain relief directly affects the abnormal southeasterly wind in the
low-level and the water vapor transport under P1 (Figure 9a). From a thermal
perspective, the terrain relief over the TP (Yunnan—Guizhou Plateau)
strengthens the westerly trough by increasing the vertical temperature
gradient and atmospheric baroclinicity. From a dynamic perspective, the
terrain relief over the TP (Yunnan—Guizhou Plateau) induces low-level
convergence, vertical-motion forcing, anomalous easterly (southerly)
winds, and further strengthens the southwest vortex (Figure 9b). The
strengthened westerly trough and southwest vortex induced by the terrain

Yunnan-Guizhou Plateau
(b)

Abnormal cold
advection

Abnormal warm
advection

Terrain-induced
abnormal airflow

(d)

Moisture
transport path

RHEP events

Figure 9. Illustrative diagram of terrain relief over the Tibetan Plateau and Yunnan—Guizhou Plateau differently modulates the regional hourly extreme precipitation

events over the Sichuan Basin under the two dominant synoptic patterns.
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relief over the TP (Yunnan—Guizhou Plateau) can prolong the duration and intensity of RHEP over the western
SCB under P1. Since the Yunnan—Guizhou Plateau is located in the moisture path under P1, the terrain relief over
the Yunnan—Guizhou Plateau weakly influences the RHEP over the western SCB compared to the TP.

Under P2, the terrain relief over the TP increases the mean precipitation of RHEP in the eastern SCB by 2.5%,
which is attributed to the prolonged RHEP duration of 1.3 hr and a 0.07 mm hr™! increase in RHEP intensity.
Similar to the thermal influence mechanism under P1, the terrain relief of the TP intensifies the westerly trough in
central-eastern SCB by the enhanced vertical temperature gradient and atmospheric baroclinity under P2.
Additionally, the anomalous westerly winds at low level over the eastern SCB induced by the terrain relief over
the TP strengthen the southwest vortex over central-eastern SCB. However, the terrain-induced low-level
convergence and vertical-motion forcing by the terrain relief over the TP are relatively weaker under P2 than
under P1. These account for the slightly increased mean precipitation over the eastern SCB under P2 (Figure 9c).
In contrast, the terrain relief over the Yunnan-Guizhou Plateau can lead to a 3.3% reduction in the mean pre-
cipitation of RHEP over the eastern SCB, which is mainly attributed to a decrease in the RHEP intensity by
0.32 mm hr™'. Further mechanism analysis indicates that the terrain relief over the Yunnan—Guizhou Plateau
strengthens the anomalous northerly winds over eastern SCB, blocking the moisture brought by the southwesterly
winds under P2. The reduced moisture weakens the atmospheric baroclinicity and, in turn, weakens the westerly
trough over the central-eastern SCB. Meanwhile, the strengthened anomalous northerly winds and an anomalous
vertical anticyclone cause the weakened southwest vortex and decreased RHEP intensity over the eastern SCB
due to the terrain relief over the Yunnan—Guizhou Plateau under P2 (Figure 9d).

The findings of this study provide critical insights into the role of terrain relief in modulating the RHEP over SCB.
These results hold significant implications for improving weather prediction models and can be applied to
regional climate studies and risk assessments in similar mountainous regions. It should be noted that the model
evaluation in this study is based on satellite-derived precipitation, which inevitably differs from in situ mea-
surements. Future studies should therefore incorporate more station observations to further validate the simulated
results. In addition, the study is limited by the scope of the model simulations, and further research is needed to
explore the influence of additional terrain features and their interactions under different climate scenarios.
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