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A B S T R A C T

The impacts of terrain and urban surfaces on regional hourly extreme precipitation events (RHEPE) in Henan 
Province of China under specific synoptic conditions remain unclear. In this study, we first identify the dominant 
synoptic patterns associated with the summer RHEPEs in Henan and surrounding areas by employing spectral 
clustering methods, revealing that 86 % of RHEPEs are induced by the low vortexes and 14 % by the tropical 
cyclones, with the latter contributing to the most extreme RHEPEs. Then, based on numerical experiments and 
moisture budget decomposition, we quantify the effects of terrain and urban surfaces on RHEPE under the most 
extreme synoptic pattern featured by tropical cyclones. Results suggest that the terrains cause remarkable in
creases in precipitation primarily along the windward slopes of the Funiu Mountains and Taihang Mountains by 
34 % and 26 %, respectively, this can be explained by the enhanced dynamical component of moisture 
convergence due to the blocking effect of terrains. Compared to the terrain, the impacts of urban surfaces are 
much smaller (only 1 %) and spatially limited. The much larger surface roughness in the urban areas reduces the 
horizontal wind speed and causes weakened wind convergence, leading to decreased precipitation over the urban 
areas. Meanwhile, when traversing the urban areas, the horizontal winds bifurcating and rejoining in the 
downwind areas increase the low-level convergence and precipitation there. Findings of this study may deepen 
our understanding of the influences of terrain and urban surfaces on the RHEPE and associated mechanisms 
under the extreme synoptic pattern.

1. Introduction

Extreme precipitation (EP) events are widely recognized as major 
triggers for flash floods and urban waterlogging, with significant im
pacts on the global society and economy (Tewari et al., 2004; Waliser 
and Guan, 2017). Under global warming, the intensity and probability of 
EP events in China have increased remarkably (Huang et al., 2021; Li 
et al., 2022; Yao et al., 2022). Henan Province of China is a densely 
populated, food-rich region experiencing increasingly severe EP events 
(Ding, 2015), with the hourly EP in summer accounting for a consid
erable proportion of the total summer precipitation (Fig. S1a). During 
17–22 July 2021, a historic EP event occurred in Henan, China and the 
hourly rainfall peak in Zhengzhou (i.e., the capital of Henan) station 
reached an unprecedented amount of 201.9 mm (Wang et al., 2022). 

This event resulted in 398 deaths and caused direct economic losses of 
120.06 billion RMB (Ma et al., 2023; Zhang et al., 2023). Therefore, 
understanding the underlying mechanisms of EP in Henan has broad 
implications for preventing and mitigating future crises.

Previous research has demonstrated that synoptic patterns influence 
the formation and development of EP events through mechanisms such 
as modulating atmospheric moisture, instability, and dynamic lifting 
mechanisms (Tang et al., 2021; Utsumi et al., 2017; Zeng et al., 2023). 
For instance, tropical cyclones, often classified as a typical synoptic 
pattern, transport large amounts of moisture from oceanic sources into 
continental areas, leading to intense precipitation through strong 
convergence and uplift (Luo et al., 2016). Surface frontal systems 
similarly promote EP by generating sharp gradients in temperature and 
humidity, creating an environment conducive to sustained convective 
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activity (Zeng et al., 2023; Zhang et al., 2023; Zhang et al., 2024). 
Studies such as Tang et al. (2021) have shown that the Meiyu front, 
quasi-stationary front, and low vortex systems act as dominant mecha
nisms for EP in eastern China, enhancing rainfall by stabilizing moisture- 
laden air masses and intensifying vertical motion. Furthermore, Liu et al. 
(2022) found that the westerly trough induces ascending motion and 
causes continuous heavy precipitation over northern China through 
dynamic uplift associated with the upper-level jet stream. Similarly, 
Zhou et al. (2020) categorized heavy rainfall events in North China into 
meridional and latitudinal types, where the meridional mode is related 
to the inflow and vertical movement of water vapor caused by strong 
low-level southwesterly winds, while the latitudinal mode is related to 
the convergence of water vapor on the south side of the western Pacific 
subtropical high. Together, these synoptic patterns shape EP events by 

altering atmospheric conditions in ways that favor convection and 
moisture recycling.

In addition to synoptic conditions, local factors such as terrain and 
the changes in land use/cover can also significantly affect the intensity 
and distribution of EP (Changnon, 1992; Freitag et al., 2018; Ma et al., 
2024; Waliser and Guan, 2017; Yan et al., 2016). Strong precipitation 
event often occurs along the windward sides of terrains due to the 
terrain-following uplift and the enhanced vertical moisture transport 
(Fairman Jr. et al., 2011; Rotunno and Houze, 2007; Sato, 2013). The 
low-level jets forced by large terrains also tend to intensify the hori
zontal moisture transport which is essential for the initiation and 
development of convection (Galewsky and Sobel, 2005; Houze, 2012; 
Neiman et al., 2002). The Funiu Mountains in the west and the Taihang 
Mountains in the north of Henan Province have been found to greatly 

Fig. 1. Terrain height (a–c) and land cover types (d-f) in each experiment. An asterisk indicates the main urban area of Zhengzhou.
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contribute to the EP (Zhao et al., 2020b). For instance, the terrain- 
induced low-level jet leads to the localized intensification of heavy 
precipitation in Henan (Li et al., 2023). The moist air originating from 
tropical cyclones can be transported by southeastern winds to Henan 
and lifted due to the orographic obstruction of mountains there, 
amplifying the intensity of EP (Gao et al., 2022b). In addition, the 
mountain-plain thermal contrast caused by the temperature difference 
between the mountain cold pool and the warm air flow in the plain 
planetary boundary layer (PBL) will affect the low-level convergence 
and thus affect precipitation (Davis and Lee, 2012; Tai et al., 2020; Xu 
et al., 2012; Zhang et al., 2021).

Urbanization is another important local factor influencing precipi
tation. For instance, the urban heat island (UHI) effect can cause low- 
level convergence and high-level divergence, thereby enhancing the 
precipitation over the downwind areas (Baik et al., 2001; Han and Baik, 
2008). The increased surface roughness over urban areas reduces wind 
speeds and enhances convergence and precipitation (Collier, 2006; 
Shem and Shepherd, 2009; Thielen et al., 2000). Additionally, the urban 
structures cause convective systems to split on both sides of the city and 
rejoin on the leeward side, affecting the rainfall distribution (Niyogi 
et al., 2011; Yu et al., 2017; Zhang et al., 2017). Urban aerosols also 
influence precipitation through effects on radiation and cloud nucle
ation (Borys et al., 2003; Ntelekos et al., 2009; Rosenfeld, 2000; Waliser 
and Guan, 2017). However, the impacts of urbanization on precipitation 
may vary across cities or storm cases (Liu and Niyogi, 2019; Ma et al., 
2024), and the conclusions can be different even for the same case 
because various mechanisms might operate simultaneously (Ma et al., 
2024; Qian et al., 2022; Shen and Yang, 2023; Yang et al., 2021). 
Regarding the “21⋅7” Henan extremely heavy rainfall event during 
17–22 July 2021, Huang et al. (2022) found that the thermal distur
bances and increased surface roughness in urban areas promoted water 
vapor convergence and vertical uplift, resulting in intensified rainfall in 
the urban areas of Zhengzhou. However, Luo et al. (2023) emphasized 
that the heating effects and enhanced drying effects in the upstream 
urban area reduced the water vapor transported to Zhengzhou, thereby 
reducing rainfall there.

Previous studies have emphasized the significant role of terrain and 
urban surfaces in EP events (Gao et al., 2022b; Huang et al., 2022; Li 
et al., 2023; Luo et al., 2023; Wei et al., 2023). However, for the “21⋅7” 
EP event, the impact of the underlying surface effects remains highly 
uncertain, limiting the ability to accurately forecast such events (Luo 
et al., 2023; Yao and Li, 2023). Most existing research primarily focuses 
on individual cases, exploring the influence of topography and urban 
surfaces on EP. However, case studies come with uncertainties and 
randomness, lacking generalizability. Few studies have systematically 
analyzed the general role of terrain and urban surfaces in similar cata
strophic EP events. Additionally, existing research indicates that large- 
scale circulation patterns cannot fully explain EP events (Xu et al., 
2022; Zhang et al., 2023). Terrain and urban surfaces may significantly 
impact the EP under similar synoptic patterns (Zhang et al., 2022), but 
these studies have not quantified their specific roles. There is also a lack 
of quantitative research on the dynamic and thermodynamic mecha
nisms by which terrain and urban surfaces influence EP under similar 
synoptic patterns.

In this study, we first employ spectral clustering techniques to 
identify the typical synoptic patterns of regional hourly extreme pre
cipitation events (RHEPE) in Henan. Then, through numerical sensi
tivity experiments, we quantify the impacts and mechanisms of terrain 
and urban surfaces on RHEPE. Here, we aim to address three special 
questions: 1) Are there RHEPEs with synoptic patterns similar to the 
“21⋅7” EP event in Henan and nearby areas historically? 2) What are 
their common characteristics? 3) What are the general impacts and 
physical mechanisms of terrain and urban surfaces on RHEPEs from the 
perspective of dynamic and thermodynamic processes under a similar 
synoptic pattern?

2. Data, Method and experiments Design

2.1. Data

The data used in this study are listed as follows: 

Fig. 2. The composite mean geopotential height (contours) and horizontal wind field (vectors) at 850 hPa (a-c) and 500 hPa (d-f) under synoptic pattern 1 (1st 
column), 2 (2nd column), and 3 (3rd column) responsible for the summer RHEPEs over Henan and surrounding areas during 1980–2021. The number and frequency 
of occurrence for each synoptic pattern are shown above in (a-c). The shadings in (a-f) indicate the occurrence probability of EP at each station during RHEPE under 
each synoptic pattern.
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1. The hourly gauge observational precipitation data from 229 stations 
across Henan and surrounding areas during the summertime 
(June–July-August) from 1980 to 2021 provided by the China 
Meteorological Administration (CMA), are utilized used to detect the 
RHEPEs in Henan and nearby areas and validate the precipitation 
simulated by a regional climate model.

2. The fifth European Centre for Medium-Range Weather Forecasts 
(ECMWF) reanalysis data (ERA5) (Hersbach et al., 2020), including 
the geopotential height, zonal and meridional winds, specific hu
midity, and air temperature with a temporal resolution of 1 h and a 
horizontal resolution of 0.25◦ at different vertical layers during 
1980–2021 (https://cds.climate.copernicus.eu/cdsapp#!/dataset/ 
reanalysis-era5-pressure-levels?tab=overview), provide the atmo
spheric initial and lateral boundary conditions, as well as sea surface 
temperature forcing data of the Weather Research and Forecasting 

(WRF-ARW) model. The ERA5 reanalysis data are also used for at
mospheric circulation classification and model validation.

3. The ERA5-LAND reanalysis dataset (Muñoz-Sabater et al., 2021) 
provides hourly precipitation data from 1980 to 2021, with a hori
zontal resolution of 0.1◦(https://cds.climate.copernicus.eu/datase 
ts/reanalysis-era5-land?tab=overview).

4. The half-hourly precipitation data from the Integrated Multi-satellite 
Global Precipitation Measurement (GPM-IMERG V07) from 1998 to 
2021, with a horizontal resolution of 0.1◦ (Huffman et al., 2023), are 
available at https://disc.gsfc.nasa.gov/datasets/GPM_3IMERGHH_0 
7/summary.

5. The half-hourly precipitation data from the Climate Prediction 
Center Morphing technique (CMORPH) high-resolution global sat
ellite precipitation estimates from 1998 to 2021, with a horizontal 
resolution of 8 km (Xie et al., 2019), are available at https://www. 

Fig. 3. The composite mean 850 hPa geopotential height (shading) and horizontal wind field (vectors) at 24 h before the RHEPEs (i.e., − 24 h) (a, f, and k) and their 
changes at 18 h (b, g, and l), 12 h (c, h, and m), 6 h (d, i, and n), 0 h (e, j, and o) before the RHEPEs relative to that at 24 h before the RHEPEs under synoptic pattern 1 
(1st column), 2 (2nd column) and 3 (3rd column), respectively. The red and blue lines show the SAH at 200 hPa (indicated by the 12,500 gpm contour) and WNPSH 
at 500 hPa (indicated by the 5880 gpm contour), respectively. The black box denotes the study area. (For interpretation of the references to colour in this figure 
legend, the reader is referred to the web version of this article.)
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ncei.noaa.gov/data/cmorph-high-resolution-global-precipitation-e 
stimates/access/30min/8km/.

6. The IGBP modified MODIS land-use categories with a resolution of 
30 arc sec (Friedl et al., 2010), which is available at https://lpdaac. 
usgs.gov/products/mcd12q1v006/, is used for land use and terrain 
representation.

2.2. Definition of RHEPE

Following Tang et al. (2021), an RHEPE, i.e., a high-intensity rainfall 
event occurring simultaneously across a broad region, is identified 
through a systematic multi-step process. The process begins by deter
mining an EP threshold for each station within Henan and surrounding 
areas (Fig. S1a). This is achieved by ranking all instances of hourly 
precipitation with an intensity ≥0.1 mm h− 1 during the summer seasons 
from 1980 to 2021 in ascending order. The 95th percentile value of this 
ranked series is then established as the EP threshold at each station. 
Next, the 95th percentile of the number of stations experiencing 
simultaneous EP across the study area during the same period is calcu
lated to define the regional threshold for RHEPE detection. Finally, an 
RHEPE is identified at a given time if the number of stations experi
encing EP events simultaneously exceeds the regional threshold. Using 
this approach, we detected 2010 RHEPEs across the 42 summers from 
1980 to 2021.

2.3. Clustering method

The dominant synoptic patterns leading to the RHEPE occurrences 
over Henan and nearby areas are categorized using the spectral clus
tering method, which outperforms the conventional K-means clustering 
by demonstrating enhanced adaptability to diverse data distributions 
and greater efficacy in clustering sparse datasets (Ningombam et al., 
2024; von Luxburg, 2007). Initially, we select the u and v wind com
ponents at 925, 850, 700, 500, and 200 hPa over Henan and surrounding 
areas (Fig. S1a) during each RHEPE. Subsequently, during a given 
RHEPE, the u and v wind field arrays (dimensions: levels: 5, latitude: 25, 
longitude: 29) are converted into one-dimensional arrays (5× 25× 29 
= 3625 elements). The v array is appended to the u array, creating a 
comprehensive spatial array containing 7250 elements. A two- 
dimensional array (2010× 7250) of 2010 RHEPEs constitutes the 
input matrix. The clustering results are determined by internal clus
tering indices (i.e., the Calinski-Harabasz index, Silhouette index, and 
Davies-Bouldin index), resulting in three clusters (figure now shown).

2.4. Moisture budget analysis

The moisture budget analysis is conducted based on the below 
equation (Akinsanola and Zhou, 2019; Li et al., 2018; Seager et al., 2010; 
Zhao et al., 2020a): 

P = −
1
g

∫ Pt

Ps

∂q
∂t

dp −
1
g

∫ Pt

Ps

(
Vh
̅→

•∇hq
)

dp −
1
g

∫ Pt

Ps

(
q∇h

• Vh
̅→
)

dp+E+ res, (1) 

where P denotes the rate of precipitation (mm h− 1) and − 1
g
∫ Pt

Ps

∂q
∂t dp in

dicates the local temporal variation in moisture. −

1
g
∫ Pt

Ps

(
Vh
̅→

•∇hq
)

dpand 1
g
∫ Pt

Ps

(
q∇h • Vh

̅→
)

dp represent the moisture 

convergence contributed by the horizontal moisture advection and 
horizontal wind convergence, respectively. E is the evaporation rate and 
res is the residual term. The g, q, and Vh

̅→ are the acceleration of gravity 
(m s− 2), specific humidity (kg kg− 1), and horizontal wind vector (m s− 1), 
respectively. Ps is the surface pressure (Pa), and Pt is the pressure at the 

Fig. 4. The spatial distribution of the occurrence probability (a-c) and mean intensity (d-f) of EP at each station under different synoptic patterns of RHEPEs over 
Henan and surrounding areas during the 42 summers of 1980–2021.

Table 1 
SAL values for the WRF-simulated RHEPEs under synoptic pattern 3 within the 
study area (31–37◦N, 110–117◦E) from 1998 to 2021 against different 
observations.

Sources S A L

STATION 0.035 − 0.589 0.120
ERA5-LAND − 0.193 − 0.049 0.019

GPM − 0.267 − 1.015 0.139
CMORPH − 0.010 − 1.044 0.165
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top of the troposphere (Pa). Based on the mass conservation equation, it 

can be inferred that 
〈

q∇h • Vh
̅→
〉

= −
〈
q∂pω

〉
, where “” represents the 

vertical mass integration throughout the entire troposphere (Chou et al., 
2013). Assuming that ω is zero both at the surface and the tropopause (i. 

e., 
〈
∂pωq

〉
= 0), we can obtain −

〈
q∇h • Vh

̅→
〉

= −
〈
ω∂pq

〉
. Conse

quently, the vertical moisture advection corresponds to the horizontal 
wind convergence term (Seager et al., 2010). The primary contribution 
to vertical moisture advection comes from lower tropospheric conver
gence, which facilitates the upward transport of moisture, ultimately 
resulting in precipitation formation (Akinsanola and Zhou, 2019; Li 
et al., 2018).

The changes in the moisture budget equation due to the terrain or 
urban impact are expressed as follows: 

ΔP = −
1
g

∫ Pt

Ps

Δ
∂q
∂t

dp −
1
g

∫ Pt

Ps

Δ
(

Vh
̅→

•∇hq
)

dp −
1
g

∫ Pt

Ps

Δ
(

q∇h

• Vh
̅→
)

dp+ΔE+Δres, (2) 

which can be calculated as the difference between control experiments 
and sensitivity experiments. The changes in horizontal moisture 
advection and horizontal wind convergence can be further decomposed 
as follows (Seager et al., 2010; Yuan et al., 2021): 

−
1
g

∫ Pt

Ps

Δ
(

Vh
̅→

•∇hq
)

dp

= −
1
g

∫ Pt

Ps

Vh
̅→

•∇h(Δq)dp −
1
g

∫ Pt

Ps

Δ Vh
̅→

•∇hqdp,

(3) 

−
1
g

∫ Pt

Ps

Δ
(

q∇h • Vh
̅→
)

dp = −
1
g

∫ Pt

Ps

Δq∇h • Vh
̅→dp −

1
g

∫ Pt

Ps

q∇h • Δ Vh
̅→dp,

(4) 

where overbars represent the means of control and sensitivity 

experiments. − 1
g
∫ Pt

Ps
Vh
̅→

•∇h(Δq)dpand − 1
g
∫ Pt

Ps
Δq∇h • Vh

̅→dprepresent 

Fig. 5. Spatial distribution of mean precipitation from WRF simulations (a), 
rain gauge station (b), ERA5-LAND (c), GPM (d), and CMORPH (e) during 
RHEPEs from 1998 to 2021 under synoptic pattern 3. XX in (a) indicates the 
Xinxiang area.

Fig. 6. The spatial distribution of mean precipitation (a,b) and geopotential height (shading) and wind field (vectors) at 850 hPa (c, d) from observation (a, c) and 
CTRL simulation (b, d) during the 21 cases of RHEPEs (see details in section 2.6) under synoptic pattern 3. The black box denotes the study area.
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the thermodynamic terms (i.e., the contributions of water vapor change) 
in horizontal moisture advection (THA) and horizontal wind conver
gence (THC), respectively. − 1

g
∫ Pt

Ps
Δ Vh
̅→

•∇hqdpand − 1
g
∫ Pt

Ps
q∇h • Δ Vh

̅→dp 
stand for the dynamic terms (i.e., the contributions of circulation 
change) in horizontal moisture advection (DYA) and horizontal wind 
convergence (DYC), respectively.

2.5. Model Configuration

This study employs the advanced research version 4.1 of the WRF- 
ARW model (Skamarock et al., 2019) to investigate the impacts of 
urban surfaces and terrain on the RHEPEs in Henan and surrounding 
areas. Three one-way nested domains are configured with a grid spacing 
of 27 km, 9 km, and 3 km, with the innermost domain covering Henan 
Province (Fig. S1b). There are 38 sigma levels from the surface to 50 

hPa. The atmospheric initial and lateral boundary conditions are derived 
from the ERA5 hourly data.

The key physical parameterization schemes adopted in the current 
study are listed as follows: the Lin microphysical scheme (Chen and Sun, 
2002), the Rapid Radiative Transfer Model for Universal (RRTMG) 
longwave and shortwave radiation scheme (Iacono et al., 2008), Mellor- 
Yamada-Nakanishi and Niino (MYNN) level 2.5 closure planetary 
boundary layer scheme (Olson et al., 2019), MYNN surface layer scheme 
(Nakanishi and Niino, 2006), Noah land surface scheme (Tewari et al., 
2004). The Kain-Fritsch cumulus convection scheme (Kain, 2004) is 
turned on in the outer two domains (Fig. S1b) but deactivated in the 
innermost domain. The Single-Layer Urban Canopy Model (Chen et al., 
2011) is used to improve the simulations of surface properties and land- 
atmospheric interactions over urban areas.

Fig. 7. The spatial distribution of the mean precipitation (a and b) simulated by the SEXP_NM (a) and SEXP_NU (b) experiments and their differences (c and d) from 
the CTRL experiments during the 21 cases of RHEPEs. Dots in (c) and (d) indicate the differences are statistically significant at a confidence level of 0.05 (t-test). The 
yellow boxes represent three sub-regions: reg1, reg2, and reg3, respectively. (For interpretation of the references to colour in this figure legend, the reader is referred 
to the web version of this article.)

Table 2 
The intensity and occurrence probability of EP under synoptic pattern 3 regionally averaged over the Reg1, Reg2, Reg3, and the whole study region. The bilinear 
interpolation method was used to interpolate the simulation experiment results to the observation stations and compare them with the station's extreme precipitation 
thresholds.

intensity (mm h− 1) occurrence probability (%)

Experiment Reg1 Reg2 Reg3 Henan Reg1 Reg2 Reg3 Henan

CTRL 1.81 2.04 2.41 1.30 6.18 5.89 6.98 4.67
SEXP_NM 1.35 2.02 1.91 1.14 4.22 6.20 5.65 4.01
SEXP_NU 1.65 2.51 2.28 1.31 5.64 8.20 6.34 4.85
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2.6. Numerical experimental design

Numerical experiments are performed to reveal how the urban sur
faces and terrain affect the RHEPEs under synoptic pattern which leads 
to the most extreme RHEPE (see the explanation in Section 3.1). Under 
this synoptic pattern, if any RHEPE occurs within 12 h before or after 
another RHEPE, they are merged into a single case. To save computa
tional resources, cases containing less than two RHEPEs within 24 h are 
excluded. This process yields 21 cases containing 259 RHEPE hours, 
which account for 91.5 % of RHEPEs under the synoptic pattern 
mentioned above.

For each of the 21 cases, we design three experiments with different 
terrain or urban surface configurations. The CTRL experiment adopts the 
default terrain (Fig. 1a) and urban surface settings (Fig. 1d). In the 
SEXP_NM experiment, the altitudes of the western and northern Henan 
and surrounding mountains above 500 m are set to the mean altitude of 
the eastern Henan plain (i.e., 59.9 m) (Figs. 1b and e). In the SEXP_NU 
experiment, the urban land cover type is changed to the cropland near 
the urban areas (Figs. 1c and f). In each of the 21 RHEPE cases 
mentioned above, each experiment starts 12 h before the occurrence of 
the first RHEPE hour and ends 12 h after the last RHEPE hour. The re
sults within the first 12 h are discarded as model spin-up time.

3. Results

3.1. Dominant synoptic patterns of the RHEPEs

The classification of atmospheric circulation shows that the typical 
synoptic patterns leading to the RHEPEs over Henan and surrounding 
areas can be divided into three categories (Fig. 2). In synoptic pattern 1, 
there is a closed contour of 1430 gpm at 850 hPa in southwestern Henan 
(Fig. 2a), suggesting a strong low-level vortex. In the synoptic pattern 2, 

there also exists a low-level vortex indicated by a closed contour of 1440 
gpm dominating the northwestern part of Henan at 850 hPa (Fig. 2b). 
Synoptic patterns 1 and 2 account for 85.9 % of the total RHEPE oc
currences. Both patterns are accompanied by a trough at 500 hPa 
(Figs. 2d and e), but they differ in locations and intensities. Synoptic 
pattern 3, which leads to 14.1 % of the total RHEPE occurrences, is 
characterized by double tropical cyclones located around 140◦E and 
125◦E in the western Pacific (Fig. 2c) with the northwestward shift of 
Western North Pacific Subtropical High (WNPSH) (Fig. 2f). The strong 
southeasterly winds bring abundant moisture to the Henan and sur
rounding areas (Figs. 2c and f).

Figs. 3a-e show that an anomalous cyclone at 850 hPa develops over 
southern Henan and continues to move northeastward and intensify 
during the 24 h to 0 h before RHEPE under synoptic pattern 1. By 
contrast, the intensities and locations of South Asian high (SAH) at 200 
hPa (Figs. 3a-e) and the WNPSH at 500 hPa (Figs. 3a-e) are relatively 
stable. Under synoptic pattern 2 (Figs. 3f-j), an anomalous cyclone ap
pears over northern Henan at about 6 h before the RHEPE, suggesting 
that the time required to develop RHEPE is much shorter than the syn
optic pattern 1. Compared with the synoptic pattern 1, the SAH is sit
uated further north and almost covers the entire Henan under synoptic 
pattern 2 (Figs. 3f-j), meanwhile, the area of WNPSH at 500 hPa con
tinues to shrink during the 24 h to 0 h before RHEPE under synoptic 
pattern 2. Under synoptic pattern 3, a landfalling tropical cyclone on the 
southeastern coast of China appears 24 h before the RHEPE (Fig. 3k). 
During 18 h to 0 h before the RHEPE, an anomalous cyclone starts to 
develop and intensify in Henan, accompanied by an intensified anom
alous anticyclone in the southeastern coastal region, corresponding to 
the inland movement of the tropical cyclone (Figs. 3k-o).

Figure 4 shows the spatial distribution of the occurrence probability 
and intensity of EP at each station during the RHEPEs under each syn
optic pattern. From Figs. 4b, c, e, and f, the stations with a much higher 

Fig. 8. The mean terrain-induced differences (i.e., CNTL minus SEXP_NM) in various moisture budget components (see Eq. 2–4) regionally averaged over Henan 
during the 21 cases of RHEPEs (a). The whiskers represent the standard error of each term across different simulation cases. Vertical profiles of the mean terrain- 
induced differences in THA, DYA, THC, and DYC (b). The spatial distributions of the terrain-induced differences in THC (c) and DYC (d), and the dots in (c) and (d) 
indicate the differences are statistically significant at a confidence level of 0.05 (t-test).
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occurrence probability of EP are located on the western (eastern) side of 
the Taihang mountains under synoptic pattern 2 (3), indicating that the 
terrain and land surfaces play an important role in the RHEPE. Under 
synoptic pattern 3, the stations with the occurrence probability (in
tensity) of EP exceeding 10 % (3 mm h− 1) contribute to 14.8 % (15.3 %) 
of the total stations within the study area (Figs. 4c and f) and are 

significantly higher than those under the other synoptic patterns of 
RHEPEs.

Meanwhile, synoptic pattern 3 encompasses all 50 RHEPEs of the 
“21⋅7” EP event, which is the most extreme rainfall event in Henan over 
the past 40 years and causes huge losses. The synoptic pattern 3 is the 
most extreme pattern and is also similar to the “21⋅7” EP event. 
Therefore, in the following sections, we will conduct numerical sensi
tivity experiments on multiple cases to focus on how the terrain and 
urban surface affect the RHEPE under synoptic pattern 3. This may help 
to better understand the physical processes and possible mechanisms 
leading to the formation of RHEPEs similar to the “21⋅7” EP event.

3.2. The effects of terrain and urban surfaces on the RHEPEs under 
synoptic pattern 3

3.2.1. Model validation
To objectively evaluate the rainfall simulated by the WRF model, we 

employed the Structure, Amplitude, Location (SAL) method (Wernli 
et al., 2008) for quantitative precipitation verification. Meanwhile, we 
integrated multi-source precipitation observation data, including rain 
gauge stations, ERA5-LAND, GPM, and CMORPH data. Since GPM and 
CMORPH data have only been available since 1998, the precipitation 
data in the following analysis are limited to the RHEPEs in synoptic 
pattern 3 between 1998 and 2021. For the convenience of subsequent 
comparative calculations, we performed bilinear interpolation on both 
the WRF simulation data and all observation data, with a resolution of 
0.1◦ × 0.1◦. The results of the quantitative evaluation are presented in 
Table 1. The model exhibits a large error in the amplitude (A) compo
nent, particularly when compared against GPM and CMORPH (i.e., A <
-1), suggesting that the magnitude of precipitation is largely under
estimated. By contrast, the structural (S) and location (L) components 
are relatively small, indicating that the WRF model well simulates the 
spatial pattern of precipitation The spatial distributions of precipitation 
are given in Fig. 5, which shows that WRF successfully captures the 
strong precipitation center in the central and northern parts of Henan. 
The main error stems from the failure to capture the precipitation center 
near Xinxiang.

Due to the absence of the GPM and CMORPH data between 1980 and 
1997, only the rain gauge station observations are used to validate the 
simulated RHEPEs from 1980 to 2021. As shown in Fig. 6a and b, the 
CTRL experiment successfully reproduced the spatial distribution of the 
observed rainfall, although the intensity of the rainfall center was 
slightly underestimated. The spatial correlation coefficient between the 
CTRL rainfall simulation and the observations is 0.83, which is signifi
cant at the 99 % confidence level. Meanwhile, the 850 hPa atmospheric 
circulation field simulated by the CTRL experiment is generally 

Fig. 9. The spatial distribution of the mean terrain-induced difference in wind 
field (vectors) and divergence (shading) at 850 hPa (a) during the 21 cases of 
RHEPEs. Vertical cross-section of the terrain-induced differences (b) in the 
specific humidity (shading), temperature (green dotted line, K), and the hori
zontal and vertical winds (vectors; the vertical velocity is enlarged by 10 times) 
along the A-B purple line in (a). The black shadings in (b) represent topography. 
(For interpretation of the references to colour in this figure legend, the reader is 
referred to the web version of this article.)

Fig. 10. Spatial distributions of the mean terrain-induced differences (i.e., CNTL minus SEXP_NM) in thermal contrast term (a) and friction term (b) calculated 
according to Eq. 5. The dots indicate that the results passed the significance test at the 0.05 level.
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consistent with the ERA5 data (Fig. 6c and d), indicating that WRF can 
well simulate the precipitation and large-scale circulation under syn
optic pattern 3, and thus is suitable for studying the effects of topog
raphy and urban surfaces on RHEPE.

3.2.2. Impacts of terrain and urban surfaces on the RHEPEs
From Figs. 7a-d, the significant impacts of terrain or urban surfaces 

on the mean intensity and occurrence probability of EP during the 
RHEPEs under synoptic pattern 3 are located in three subregions: Reg 1 
(including the windward slope of Funiu Mountains in western Henan), 
Reg 2 (major urban areas in central Henan), and Reg 3 (encompassing 

the windward slope of Taihang Mountains in northern Henan).
From Fig. 7c and Table 2, the existence of terrain can increase the 

precipitation intensity regionally averaged over the windward slope of 
the Funiu Mountains (Reg1) by 34.1 % or 0.46 mm h− 1 and the pre
cipitation regionally averaged over the windward slope of the Taihang 
Mountains (Reg3) by 26.2 % or 0.5 mm h− 1. Meanwhile, the terrain can 
lead to the occurrence probability of EP increased by 46.4 % and 23.5 % 
in Reg 1 and Reg 3, respectively (Table 2). Overall, the intensity 
(occurrence probability) of EP regionally averaged over the Henan 
Province can be increased by 14.0 % (16.5 %) due to the terrain under 
synoptic pattern 3 of the RHEPEs over the Henan and nearby areas.

Fig. 11. Terrain-induced differences (i.e., CNTL minus SEXP_NM) in temperature (shaded, K) and wind vector distributions (vertical wind multiplied by 10) 6 h 
before the RHEPE (a), along with the temperature differences (shaded, K) and wind vector differences (vertical wind multiplied by 10) at 4 h (b), 2 h (c), and 0 h (d) 
before the RHEPE relative to 6 h prior in the CTRL experiments, shown along the purple line A-B in Fig. 9a. (For interpretation of the references to colour in this figure 
legend, the reader is referred to the web version of this article.)

Fig. 12. Same as Fig. 8a, b, but for the urban-induced differences (i.e., CTRL minus SEXP_NU) (a and b). The spatial distributions of the urban-induced differences in 
DYA (c) and DYC (d), with the meaning of dotted areas the same as in Fig. 8c, d.
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In contrast to terrain, the impacts of urban surfaces on the intensity 
and occurrence probability of EP are mainly located in the major urban 
areas in central Henan (i.e. Reg 2), where the intensity and occurrence 
probability of EP are significantly reduced by the urban surfaces (Fig. 7d 
and Table 2). In addition, the urban surfaces slightly enhance precipi
tation in the downwind region (i.e., Reg 1). The urban surfaces reduce 
the intensity of EP by 1 % and the occurrence probability of EP by 4 % 
when regionally averaged over Henan.

3.2.3. Possible physical mechanisms
In this study, we investigate the physical mechanisms associated 

with the impacts of terrain and urban surfaces on RHEPEs in Henan 
Province under synoptic pattern 3. Using moisture budget decomposi
tion, we find that terrain-induced changes in precipitation are primarily 
driven by enhancements in the thermodynamic term of horizontal 
moisture advection (THA) and the dynamic term of horizontal wind 
convergence (DYC), whose effects are partially offset by reductions in 
the dynamic term of horizontal moisture advection (DYA) and the 
thermodynamic term of horizontal wind convergence (THC) (Fig. 8a). 
The response of DYC is mainly found in the low-to-middle atmosphere, 
with relatively larger increases at 1000–800 hPa and relatively small 
decreases at 800–600 hPa (Fig. 8b). Differently, the THC is reduced 
throughout the low-to-middle atmosphere (Fig. 8b).

The effects of terrain on THC and DYC are primarily located on the 
windward slopes of the mountains (Figs. 8c and d). Notably, the spatial 
pattern of the response in DYC closely matches that of precipitation 
(Figs. 8c and 7c), indicating the dominant role of DYC in the variation of 
precipitation in terms of both mean magnitude and spatial distribution.

The increase in the low-level DYC at 1000–850 hPa (Fig. 8b) can be 
explained by the blocking effects of the Taihang and Funiu Mountains on 
the horizontal winds (Fig. 9). With the presence of terrain, there are 
abnormal northerly and westerly winds at 850 hPa, which reduce the 
strength of prevailing southeasterly and lead to noticeable enhancement 
in the low-level convergence on the windward slopes in northern and 
western Henan (Fig. 9a). The atmospheric conditions at different verti
cal levels are further altered. Taking the cross-section along the Funiu 
Mountains as an example, the change in the low-level convergence re
sults in enhanced upward motion according to the continuity equation 
(Fig. 9b), which increases the vertical moisture advection and specific 
humidity above 800 hPa. Meanwhile, low-level moisture is reduced, 
which is because of the significant reductions in surface evaporation due 
to the presence of mountains (figure not shown). Since the background 
horizontal wind convergence term is positive at 1000–800 hPa and 
negative at 800–500 hPa (figure not shown), the change in the vertical 
distribution of moisture induces decreases (increases) in the moisture 
convergence (divergence) in the low (middle) level, corresponding to 
the reduction of THC in the entire low-to-middle atmosphere.

The simulation results show that under the background airflow of 
easterly wind, the terrain mainly increases precipitation by slowing 
down the low-level wind field on the windward slope and enhancing 
convergence. Based on momentum balance analysis, this deceleration 
(

du0
dt

)

can be decomposed into contributions from the geopotential 

gradient force, the Coriolis force, and friction (Gao et al., 2022a; Gao 
et al., 2024), as follows: 

du0

dt
= −

∂ϕ
∂x

+ fv0 − Fr = −
∂ϕ
∂x

⃒
⃒
⃒
⃒
P0

− Rd
∂〈Tv〉

∂x
ln
(

P0

P

)

+Rw + fv0 − Fr, (5) 

where ϕ, f , v0, Fr, Rd, Tv, and Rw represent the geopotential, Coriolis 
parameter, meridional wind, frictional force, gas constant for dry air, 
virtual temperature, and residual of non-hydrostatic equilibrium, 
respectively. Under the conditions of hydrostatic balance, the geo

potential gradient force 
(

−
∂ϕ
∂x

)

can be further decomposed into the 

Fig. 13. The spatial distribution of the mean urban-induced difference in wind 
field (vectors) and divergence (shading) at 850 hPa (a) during the 21 cases of 
RHEPEs. Vertical cross-section of the mean urban-induced differences (b) in the 
specific humidity (shading) and the horizontal and vertical winds (vectors; the 
vertical velocity is enlarged by 10 times) along the C–D purple line in (a). The 
black shadings in (b) represent topography and the blue dashed lines represent 
the main urban area of Zhengzhou. (For interpretation of the references to 
colour in this figure legend, the reader is referred to the web version of 
this article.)

Fig. 14. Average UHI and wind speed in different sub-regions in Fig. 7d in the 
CTRL experiments.
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horizontal gradient force in the free atmosphere 

(

−
∂ϕ
∂x

⃒
⃒
⃒
⃒
P0

)

, which is 

related to synoptic systems, and the effects of thermal wind 

between Pand P0

(

− Rd
∂〈Tv〉

∂x ln
(

P0
P

))

, where 〈Tv〉 is the average taken 

between Pand P0. The friction term represents the effect of terrain 
blocking. Therefore, the deceleration of the zonal wind can be attributed 
to synoptic forcing, thermal contrasts, non-hydrostatic residual, Corio
lis, and friction.

Diagnostic analysis indicates that topography causes greater cooling 
in mountainous areas than in plains (Fig. 9b), and the thermal contrast 
generates an anomalous westerly wind at lower levels from the moun
tains to the plains (Fig. 10a), thereby enhancing low-level convergence. 
However, the impact of thermal contrast on wind field deceleration is 
much smaller than the effect of topographic blocking (Fig. 10b).

A detailed analysis of the temporal variation in thermal contrast 
caused by terrain revealed that six hours before the occurrence of the 
RHEPE, the temperature drop in the mountainous area was much 
greater than that in the plains, and there was an obvious temperature 
gradient between the mountains and the plains, resulting in a thermal 
wind effect (Fig. 11a). However, with the progression of time, the 
continuous near-surface (near 800hpa) warming over the mountains 
gradually reduces the thermal contrast between the mountainous and 
plain areas, thereby weakening its deceleration effect on the background 
easterly flow (Figs. 11b-d). Consequently, the impact of thermal contrast 
on wind field deceleration becomes less significant than the blocking 
effect induced by the terrain.

Figure 12a illustrates the impact of urban surfaces (i.e., CTRL minus 
SEXP_NM) on moisture budget during the selected RHEPEs regionally 
averaged over Henan Province, indicating that the influences of dy
namic terms (i.e., DYA and DYC) are much greater than that of ther
modynamic terms (i.e., THA and THC). The reduction in precipitation is 
largely due to the decreased DYC. By contrast, DYA is increased, 
partially offsetting the impact of DYC. The responses of DYC and DYA 
are mainly seen in the low-to-middle atmosphere between 1000 and 
600 hPa (Fig. 12b). The urban-induced reduction in DYC is primarily 
located in the urban areas of central Henan, while at urban-rural in
terfaces, especially in the downwind regions of urban, DYC is increased 
to some degree (Fig. 12d), which is highly consistent with the responses 
of precipitation caused by the urban surfaces (Fig. 7d).

In central Henan (Fig. 13a), due to the much larger surface roughness 
compared to the cropland, the urban surfaces result in the anomalous 

westerly winds at 850 hPa over the urban areas and upwind regions 
(point D in Fig. 13a). Consequently, the low-level convergence at 850 
hPa (contour in Fig. 13a) is reduced over the urban areas, corresponding 
to the decrease in DYC. Simultaneously, due to the west-to-east gradient 
of low-level water vapor (figure not shown), anomalous westerlies result 
in positive anomalies in moisture advection, explaining the increase in 
DYA (Figs. 12b and c). It is evident that the horizontal winds bifurcate 
and rejoin in the downwind area (point C in Fig. 13a) when traversing 
the urban areas, increasing low-level convergence and thereafter DYC in 
the downwind areas. The vertical cross-section from downwind to up
wind areas (Fig. 13b) shows anomalous downward and upward motions 
in the urban and downwind areas, respectively. This leads to decreased 
(increased) specific humidity over the urban areas (urban-rural in
terfaces) via vertical moisture advection.

The UHI effect (ΔT) is defined as the average 2 m air temperature of 
urban grid points within a 10× 10 grid minus the average 2 m air 
temperature of rural grid points, with the subregional mean calculated 
by averaging within the subregion. The mean urban canopy wind (U) is 
defined as the average 10 m wind speed of all grid points within the 
subregion. During the RHEPE, the UHI effect slightly increased low-level 
air temperatures, resulting in a modest enhancement in vertical velocity. 
However, the increased surface roughness over urban areas led to 
descending air motion in the urban core. The combined dynamic and 
thermal effects of urban surfaces resulted in a net decrease in vertical 
velocity over urban areas, indicating that the dynamic effects associated 
with urban roughness dominated, while the thermal effects were rela
tively minor. During the RHEPE, due to relatively high background wind 
speeds (U>2 m s− 1) and a weak UHI effect (ΔT<0.9 ◦C), the thermal 
influence on precipitation was minimized (Fig. 14). This finding is 
consistent with previous studies (Shen and Yang, 2023; Zhang et al., 
2017), which demonstrated that under conditions of strong winds and a 
weak UHI effect, the thermal contributions of urbanization have limited 
impacts on precipitation.

4. Summary and discussion

The study identifies three primary synoptic patterns associated with 
RHEPEs in Henan. The terrain and urban surface impacts on RHEPEs 
associated with synoptic pattern 3, which is characterized by tropical 
cyclones and causes the most extreme precipitation events, including the 
historic “21⋅7” event, are further investigated based on numerical sim
ulations. The terrain significantly enhances precipitation by increasing 
wind convergence on the windward slopes, primarily through dynamic 

Fig. 15. Schematic diagram of the physical mechanism of the impacts of terrain and urban surfaces on RHEPEs in Henan Province. The colour of the elements in the 
figure corresponds to the colour of the text.
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blocking effects. Additionally, the deceleration of the wind field induced 
by the thermal contrast between mountainous and plain areas further 
promotes convergence, thereby intensifying precipitation (Fig. 15).

The impact of urban surfaces is more localized. Because of the strong 
wind and weak UHI intensity, the dynamic effects of urban surface play 
a more substantial role in precipitation compared to its thermal influ
ence. The high roughness of the urban surface leads to the bifurcation of 
the low-level horizontal wind field. This bifurcation reduces precipita
tion within central urban areas while enhancing precipitation on both 
sides of the city and in surrounding suburban areas (Fig. 15).

This study contributes to a better understanding of the relative im
pacts of terrain and urban surface on regional precipitation patterns 
under extreme weather conditions, which is important for developing 
disaster mitigation strategies for areas prone to extreme precipitation. 
Future research should explore these terrain and urban impacts across 
various synoptic conditions.
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