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Abstract. The effects of urbanization and orographic uplift
play significant roles in extreme precipitation events, and
therefore in water management. In this study, the main im-
pact factors in an extreme precipitation event that occurred
during July 2023 in Beijing were analyzed, using the Weather
Research and Forecasting (WRF) model. The results showed
that the main cause of this precipitation event was the resid-
ual forces of Typhoon Doksuri combined with water vapor
transported from the subtropical high. The orographic ef-
fect altered the spatial pattern of accumulated precipitation
throughout the simulation period by changing the local cir-
culation, as the accumulated precipitation in the southwest-
ern mountainous regions increased by 229.4 mm (41.3 %),
and the precipitation in the plain areas decreased by 83.6 mm
(43.5 %). The impact of the underlying urban surface led to
accumulated precipitation in the southwestern mountainous
regions of Beijing decreasing by 88.1 mm (15.9 %). Further
analysis showed that orographic features caused the uplift
of air masses in the mountainous regions and prevented the
low-pressure system from propagating, leading to significant
enhancement of the convective intensity over Beijing and
precipitation for a prolonged duration. The presence of ur-
ban surfaces contributed to reductions in the latent heat flux
and wind speed, resulting in decreased energy transfer to the
southwestern mountainous regions via easterly winds. This
reduction in energy suppressed convective activity and sub-
sequently led to a decrease in precipitation in these regions.
As extreme precipitation events become more frequent, the
comprehensive research into such events may help with pre-
vention and the response to similar events in the future.

1 Introduction

In the precipitation process, water vapor in the atmosphere
condenses and falls to the Earth’s surface in the form of liq-
uid or solid as a crucial component of the global water cycle
(Gimeno et al., 2010; Trenberth et al., 2003). Unlike other
climatic variables, precipitation is typically discontinuous in
a given location and its temporal distribution is uneven (Pen-
dergrass and Knutti, 2018; Wu et al., 2021). Extreme precip-
itation events, characterized by high precipitation rates over
short durations or prolonged accumulated precipitation, of-
ten result in natural disasters such as floods and landslides.
These events can disrupt ecosystems, agricultural produc-
tion, and cause significant economic damage and loss of life
(Ayat et al., 2022; Mahoney, 2016; Yu et al., 2024). There-
fore, extreme precipitation has become a major focus of re-
search in weather and climate research (Dai et al., 2024; Li
et al., 2024a; Sun et al., 2021; Zhang et al., 2022).

Orography is one of the most critical factors in land-
air interaction, due to its capacity to alter precipitation pat-
terns through a variety of complex processes (Smith, 2006).
Mountains can modify the spatial distribution of precipita-
tion by blocking and uplifting air masses to alter the atmo-
spheric properties at different elevations on both the wind-
ward and leeward sides (Cornejo et al., 2024; Davolio et
al., 2009; Lin et al., 2001; Wei et al., 2023). Meanwhile, oro-
graphic forcing can also influence the temperature and hu-
midity of the lower atmosphere, which alters the distribution
of convection by controlling the buoyancy of air masses to
increase the moisture content over the foothills, thereby pro-
moting precipitation in these regions (Du et al., 2020; Gao
et al., 2021; Xia and Zhang, 2019; Yin et al., 2020; Nicolas
and Boos, 2024). In addition, the thermodynamic contrast
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between mountainous regions and plains give rise to local
thermal circulations, which is one of the key physical pro-
cesses shaping the spatial distribution and diurnal variation
of precipitation (Chen et al., 2014; He and Zhang, 2010).
The altitude used in the numeric model can affect the re-
gional water vapor flux, especially the channel of moisture
in the lower and middle troposphere (Saurral et al., 2015).
Therefore, the influence of orography is particularly signif-
icant for determining precipitation patterns in mountainous
regions and surrounding plains.

Due to human activities, altered land use patterns caused
by urbanization are another key factor that needs to be con-
sidered in extreme precipitation events (Dou et al., 2015;
Niyogi et al., 2011; Huang et al., 2019). The emergence
of urban areas has led to the development of unique urban
canopies and urban boundary layers, giving rise to the ur-
ban heat island (UHI) effect, thereby causing convergence
and upward lifting in the lower atmosphere (Bornstein and
Lin, 2000; Hjelmfelt, 1982). The UHI effect can enhance
boundary layer turbulence mixing by increasing the surface
heat flux, therefore strengthen boundary layer instability and
promote precipitation (Holst et al., 2016; Nie et al., 2017).
This effect is especially significant for mesoscale and small-
scale circulations and convection (Dixon and Mote, 2003;
Oke, 1982; Yin et al., 2020; Zhang et al., 2017), which in-
duces convective activity in urban and surrounding areas,
and changes in precipitation patterns (Fu et al., 2024; Li
et al., 2011; Yang et al., 2017). However, precipitation re-
spond to urbanization varies under different degree of land
use change climatic backgrounds (Wang et al., 2015). The
“urban rain island” effect may be observed in some coastal
cities with abundant moisture transport (Jauregui and Roma-
les, 1996; Wang et al., 2018), whereas the depletion of mois-
ture in the lower atmosphere caused by urban activities may
lead to the “urban dry island” effect in relatively arid cities
(Freitag et al., 2018; Wang and Gong, 2010). Therefore, the
mechanisms that urbanization influences extreme precipita-
tion events are complex, and further research are required to
clarify the roles of cities in these events.

Beijing is located in the northwest of the North China
Plain, where is the transitional zone between the Taihang
Mountains, Yanshan Mountains, and North China Plain. It is
an international metropolis with a population of over 10 mil-
lion and its surrounding areas have experienced rapid urban-
ization since the 1980s. In recent years, Beijing and neigh-
boring areas of Hebei and Tianjin have frequently experi-
enced high-intensity extreme precipitation events during the
summer months (Tewari et al., 2022; Yu et al., 2017; Zhang
et al., 2013; Zhong et al., 2015). Some previous studies have
provided evidence of increases in the frequency of extreme
precipitation events in large cities (Liang and Ding, 2017),
and Beijing is a representative region for studying these
events.

In this study, an extreme precipitation event that occurred
in Beijing from 29 July to 2 August 2023 was analyzed, us-

ing the Weather Research and Forecasting model (WRF).
The accumulated precipitation distribution had a clear pat-
tern, with higher amounts in the southwestern mountainous
areas and lower amounts in the northeastern regions. There-
fore, both the orographic effect and urban land use could
have potentially influences to the precipitation spatial pat-
tern, which were assessed by the comparisons of several ex-
periment schemes. The causes of the event and the related
mechanisms were examined, by quantifying the effects of
orography, land use, and other factors on the precipitation
event.

2 Data and Methodology

2.1 Study Area and Precipitation Event

The present study focused on the “23 · 7” precipitation event
that occurred in Beijing area (shown in region D04 in Fig. 1)
during July 2023. From 29 July to 2 August 2023, a se-
vere and prolonged heavy rainfall event affected Beijing
and neighboring areas of Tianjin and Hebei. This event was
driven by the residual forces of Typhoon Doksuri moving
northward combined with the water vapor transported from
the subtropical high. The average precipitation in the Bei-
jing region exceeded 300 mm, where the most affected areas,
including Fangshan and Mentougou districts, recorded aver-
age accumulated rainfall amounts greater than 500 mm (Li
et al., 2024b). The rainstorm also triggered severe flooding
and urban waterlogging, resulting in significant damage to
infrastructure and property across the entire region.

2.2 Data Descriptions

In the experiment, ERA5 global reanalysis data were used to
provide initial and boundary conditions for the WRF model
(Hersbach et al., 2020). The data selected for this study
has a temporal resolution of 1 h and a spatial resolution of
0.25°× 0.25°. To investigate the impact of land use in the
simulation, updated land use data were used to replace the
default one within the WRF model. The data used in this
study were acquired from the Moderate-resolution Imaging
Spectroradiometer (MODIS) MCD12Q1 V6 product for the
year of 2020, with a spatial resolution of 500 m (Friedl and
Sulla-Menashe, 2019).

The gauge observations used to verify the model simu-
lation on single points were from the China Meteorolog-
ical Administration (version 2.0; http://data.cma.cn/en/?r=
data/detail&dataCode=A.0012.0001, last access: 30 October
2024). There are totally 37 stations in the D04 area, shown
in Fig. 2a. Due to the scarcity of meteorological stations,
the observations were compared with the model outputs on
the grid that the meteorological stations located in. In order
to evaluate the quality of simulated precipitation depending
on terrain, the stations with altitude greater or smaller than
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100 m are divided into mountainous stations and plain sta-
tions, which have 10 and 27 stations respectively.

The analysis involves the movement and spatial variabil-
ity of extreme precipitation systems, which cannot be ade-
quately captured by meteorological observation stations. Al-
ternatively, satellite-derived precipitation products are com-
monly used and have reliabilities in estimating spatial pre-
cipitation distribution (Bhattarai and Talchabhadel, 2024).
Among them, the Climate Prediction Center Morphing tech-
nique (CMORPH) product can offer high temporal and spa-
tial resolution and has demonstrated advantages in captur-
ing extreme precipitation patterns (Liu et al., 2022), which
has been validated over China in previous studies (Ebert et
al., 2007; Jiang et al., 2016; Sun et al., 2016). CMORPH data
based on a combination of microwave and infrared precipita-
tion data provide high temporal and spatial resolution global
precipitation data (Joyce et al., 2004), and is highly reason-
able to be used to validate the simulation results. In this study,
CMORPH data with a temporal resolution of 30 min and spa-
tial resolution of 8 km× 8 km were used for precipitation val-
idation.

2.3 Model Description and Experimental Design

WRF model version 4.5.1 was selected as the numerical sim-
ulation tool for this study (Skamarock et al., 2019). The
simulation period covered from 00:00 UTC 28 July 2023 to
00:00 UTC 2 August 2023, while the first 24 h were used
for model spin-up. A four-level nested domain was utilized
with grid spacing (grid number) of 27 km (120× 122), 9 km
(181× 187), 3 km (259× 268), and 1 km (217× 226). Do-
main D01 covered most of central and eastern China, and
domain D04 was focused on the Beijing region (Fig. 1). In
addition, 49 vertical layers were employed in the simula-
tion and the upper boundary was set at 50 hPa to resolve
the vertical structure of the subtropical high and upper-level
jet streams while minimizing spurious wave reflection near
the upper boundary (Wang et al., 2018; Yu et al., 2024; Pei
et al., 2025). The physical packages used are summarized
in Table 1. To ensure that the large-scale circulation in the
experiment closely matched the ERA5 input data for accu-
rate results, spectral nudging was applied to the D01 do-
main in terms of the zonal and meridional wind, temper-
ature, and specific humidity (Miguez-Macho et al., 2004;
Spero et al., 2014). The assimilation coefficient was set to
3× 10−4 s−1 suggested in other previous researches (Liu et
al., 2012; Holst et al., 2016; Ma et al., 2016; Pei et al., 2025),
and the cut-off wave number was set to 3 in both the zonal
and meridional directions as the length-scale is more accu-
rate at 1000 km (Gómez and Miguez-Macho, 2017; Kukulies
et al., 2023). The hourly output for region D04 was used in
the following analysis.

To improve the accuracy when simulating the impacts of
urban areas on the precipitation event, the single-layer urban
canopy model (Chen et al., 2011) was used to enhance the

accurate simulation of the evolution of dynamic and thermo-
dynamic processes in urban environments (Yu and Liu, 2015;
He et al., 2023). Different sensitivity test groups were set-
up to explore the effects of land use and orography on the
precipitation event, and the differences between these test
groups were analyzed. The default land use types in WRF
(represented as LU_def in Fig. 2b) were replaced with land
use data from the MODIS MCD12Q1 V6 product for the year
2020 (represented as LU_2020 in Fig. 2c).

To explore the impact of orography, based on the LU_2020
scheme, areas in domain D03 and D04 with elevations
greater than 100 m were set to 100 m (represented as
LU_nohgt) in order to explore the impacts of the Taihang
and Yan Mountains on precipitation. In addition, urban ar-
eas in the land use data in D04 were replaced with cropland
(represented as LU_nourb in Fig. 2d) to examine the results
in the absence of urban surface effects.

2.4 Verification Statistics

To investigate the impacts of land use changes on the simu-
lation results, the accumulated precipitation, precipitation in-
tensity from LU_2020 simulations with validated data were
analyzed. The following evaluation metrics were used for
validation: mean absolute error (MAE), root mean square
error (RMSE), and correlation coefficient (R). The specific
formulas for these metrics are as follows:
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1
n
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where Si and Oi are the simulated and observed values, re-
spectively; S and O are the average values of the simulated
and validated data, respectively; and n is the number of grid
points.

3 Results

3.1 Evolution of the Precipitation Event

As shown in Fig. 3, the remnant low of Typhoon Doksuri
maintained considerable intensity at the 500 hPa level on
29 July, with its center located near 112–114° E, 32–34° N.
At this time, the main body of the Western Pacific Subtrop-
ical High (WPSH) was situated along the eastern coastal re-
gion of China and the adjacent seas, with the westernmost
position of the 5880 gpm geopotential height contour around
118° E, indicating its limited westward extension. The Bei-
jing area was primarily located within the weakly influenced
northwestern periphery of the WPSH, where low-level mois-
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Figure 1. Study area and domains of the numerical model. The coordinates of the different domains are as follows: D01: 98.23 to 135.35° E,
23.45 to 52.49° N; D02: 107.88 to 126.65° E, 30.91 to 46.00° N; D03: 112.25 to 121.23° E, 36.04 to 43.19° N; D04: 115.17 to 117.68° E,
39.21 to 41.20° N. The grid spacing for each domain is 27, 9, 3, and 1 km, respectively.

Figure 2. Terrain elevation and land use types in domain D04 in the experiment. (a) Terrain elevation in region D04. The dots represent the
locations of meteorological stations used in this study. (b) Default land use types in region D04. (c) Land use types of 2020 in region D04
after replacement. (d) Land use types in region D04 with urban areas replaced by cropland.
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Table 1. Model configurations selected for WRF in this study.

Options Settings

Surface layer scheme Revised MM5 Monin–Obukhov scheme (Jiménez et al., 2012)
PBL scheme Yonsei University scheme (Hong et al., 2006)
Land Surface scheme unified Noah land–surface model (Chen and Dudhia, 2001)
Shortwave radiation Dudhia scheme (Dudhia, 1989)
Longwave radiation RRTM scheme (Mlawer et al., 1997)
Microphysics scheme WSM6 (Hong and Lim, 2006)
Cumulus scheme Kain–Fritsch scheme for D01 and D02 (Kain, 2004)

ture transport was relatively weak and heavy precipitation
had not developed.

By 30 July, the WPSH had extended westward, with the
5880 gpm contour reaching approximately 105–110° E and
stretching northward to Mongolia. It thereby established a
relatively stable high-pressure ridge to the north of the Dok-
suri remnant low and formed a typical blocking circulation
pattern. Consequently, the center of the remnant low oscil-
lated slightly within 112–115° E and 33–35° N, illustrating a
pronounced quasi-stationary state that persisted until around
12:00 UTC 31 July. During this period, Beijing was located
between the southern of the blocking high and the northern
of the remnant low. This configuration was favorable for sus-
tained southeast flow and continuous moisture toward Bei-
jing area.

After 12:00 UTC 31 July, the remnant low of Doksuri
gradually weakened and shifted slightly westward, while the
blocking high also began to decay. Meanwhile, Typhoon
Khanun over the offshore waters of China (Fig. 3f–i) es-
tablished a strong cyclonic circulation on its northwestern
side, further enhancing moisture transport into North China.
It greatly increased precipitable water, thereby triggered the
heavy precipitation event between 12:00 UTC 31 July and
00:00 UTC 1 August. Then, the WPSH further intensified
and continued to westward extension, with the 5880 gpm
contour maintained at the west of 108° E. The western
ridge of the strengthened WPSH subsequently blocked the
moisture transport pathway from Typhoon Khanun toward
North China, leading to a pronounced reduction in the mois-
ture transportation. The precipitation process then gradually
weakened and terminated.

The differences among the experimental groups are mainly
reflected in the local circulation. A comparison of Figs. S1
and S2 shows that the removal of terrain elevation exerts a
noticeable influence on the circulation associated with the
remnant low-pressure system. In the absence of the oro-
graphic blocking effect of the Taihang Mountains, the rem-
nant low of Typhoon Doksuri continued to move northward
and prolonged the duration of the low-pressure circulation.
Consequently, the changed dynamical and thermal condi-
tions over the Beijing region were prone to alter the spa-
tiotemporal distribution of precipitation. In comparison, the

differences between Figs. S1 and S3 indicate that urban un-
derlying surface has a relatively weak effect on the large-
scale circulation. It resulted in the reduction of the regional
surface roughness and an increase in wind speed over Beijing
area. In addition, the dissipation time of the remnant low cir-
culation in the LU_nourb scheme is slightly prolonged due
to the reduction of anthropogenic heat. Therefore, the large-
scale circulation pattern in the LU_nohgt and LU_nourb
schemes are generally similar to LU_2020. This suggests
that the differences in simulated precipitation are primarily
induced by the changes in local circulation.

3.2 Analysis of Variations in Precipitation

3.2.1 Impacts of Updated Land Use Data

The simulated precipitation was compared with meteorolog-
ical station observations and satellite products to evaluate the
accuracy of the model outputs. It was found that, the max-
imum observed precipitation is 772.2 mm, which was com-
parable with the simulation result of approximate 800.0 mm.
The average precipitation amount was 237.0 mm for all the
station observations during this precipitation event, and the
average simulated value on the grid where the station located
in is 228.4 mm. Therefore, the magnitudes were comparable
between model simulation and observation on the stations.

The CMORPH data were used to further verify the spa-
tial distribution of precipitation on D04 region. As shown in
Fig. 4a–b, the spatial distributions of accumulated precipita-
tion were similar, with higher precipitation in the southwest-
ern mountainous areas and lower precipitation in the north-
eastern region. This illustrated that the pattern of LU_2020
scheme closely matched the accumulated precipitation dis-
tribution obtained by CMORPH, which was slightly higher
than 700 mm. The simulated average precipitation intensity
results also matched closely with the spatial distribution of
CMORPH (Fig. 4c–d) although LU_2020 slightly underesti-
mated the precipitation intensity (Fig. 4e). Thus, the WRF
simulation results provided a reasonable representation of
the overall precipitation event, and the LU_2020 simulation
results were used to analyze the differences due to orogra-
phy and land use. The correlation coefficient of the plain ar-
eas shows a smaller value (R= 0.56) compared with moun-
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Figure 3. 500 hPa circulation pattern for the precipitation event (source: ERA5). The blue solid lines represent geopotential height contours;
the red solid contours represent position of subtropical high; the typhoon symbols in panels (a)–(e) represent residual circulation center of
typhoon Doksuri.

Table 2. Statistics of the precipitation intensity between simulation
and CMORPH data.

R RMSE (mm h−1) MAE (mm h−1)

All 0.74 2.00 1.65
Mountain 0.81 2.10 1.77
Plain 0.56 1.17 0.95

tain areas (R= 0.81). For the result of MAE and RMSE,
the statistics in the plain areas are smaller than those in the
mountainous areas and the entire study region (Table 2). This
may be due to that there are more stations in the plain areas,
and the precipitation is smaller than mountain areas.

In addition, the model uncertainty was further accessed
using an ensemble simulation of LU_2020 scheme, where
are originated from 10 ensemble members of ERA5. They
provide estimates of the short-range forecast uncertainty,
and can be considered to represent the evolution of the er-
rors in the high-resolution component of ERA5 (Hersbach
et al., 2020). The results show that there is slightly difference
between the ensemble mean simulation and our experimental
results (Fig. S4). Statistically, the average precipitation inten-
sity is 3.6 mm h−1 for LU_2020 scheme and 4.1 mm h−1 for
the ensemble mean. The RMSE and MAE of precipitation in-
tensity is 1.17 mm h−1 and 0.86 mm h−1 for the two simula-
tion results and the correlation coefficient is 0.90. Therefore,
the experimental scheme and simulation results in this study
are convincing.
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Figure 4. Comparison of simulated and validated precipitation: (a, b) accumulated precipitation for CMORPH and LU_2020, respectively;
(c, d) average precipitation intensity for CMORPH and LU_2020; and (e) scatter plots for the precipitation intensity for CMORPH in x axis
and LU_2020 in y axis, while the red line represents the linear regression; (f, g) representing area where terrain height greater and smaller
than 100 m.

3.2.2 Impacts of Orography

Figure 5a and c show the spatial distributions of the aver-
age precipitation intensity and accumulated precipitation be-
fore and after removing the orography. It illustrated that the
removal of terrain elevation indeed significantly altered the
spatial pattern of accumulated precipitation throughout the
simulation period. Compared to the LU_2020 scheme, the
LU_nohgt exhibited a marked decrease in cumulative pre-

cipitation over the southwestern portion of D04 area. The ac-
cumulated precipitation was 229.4 mm higher in LU_nohgt,
accounting for over 41.3 % of the total precipitation. In con-
trast, in the central urban and northern regions of Beijing, the
total precipitation was 83.6 mm lower, representing 43.5 %
of the total precipitation. This is primarily attributed to the
removal of the Taihang mountainous region. As the block-
ing effect caused by mountain on the remnant circulation was
greatly diminished. This allowed low-pressure system persist
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a long period within Beijing region and facilitated its north-
ward progression. The lack of orographic lifting ultimately
leads to different precipitation distributions over the Beijing
region.

Figure 6a and b show the changes in precipitation for
each time period at the central latitudes between 39.5 and
40.1° N. From 00:00 to 10:00 UTC on 30 July, precipita-
tion primarily occurred in the transition zone between the
city and mountains, where the terrain features caused heavy
precipitation in the mountainous areas in the morning dur-
ing this period. From 31 July to 12:00 UTC on 1 Au-
gust, precipitation mainly occurred in the mountainous ar-
eas, and the impact of orography became more significant.
In the LU_nohgt scheme, precipitation in the mountainous
areas stopped around 12:00 UTC on 31 July, whereas in
the LU_2020 scheme, precipitation continued until around
00:00 UTC on 1 August, i.e., 12 h longer. Thus, the orog-
raphy had a significant impact on the second phase of pre-
cipitation. In terms of the precipitation intensity and distri-
bution, the presence of the orography altered the timing of
heavy precipitation in the mountainous areas and intensified
the precipitation in the central urban area around 12:00 UTC
on 31 July.

3.2.3 Impacts of Land Use

Figure 5b and d show the impact of the urban land surface
compared with removal of the urban land surface. The spatial
distributions of the average precipitation intensity and accu-
mulated precipitation were quite similar between LU_2020
and LU_nourb, with no significant difference in the overall
precipitation pattern. The presence of urban areas did not sig-
nificantly affect the central urban region of Beijing. However,
in the southwestern mountainous region of Beijing, the aver-
age accumulated precipitation was 88.1 mm lower (the total
precipitation was 15.9 % lower).

Figure 6a and c show the variations in precipitation with
longitude and time for the central urban region corresponding
to the central latitude. From 00:00 to 10:00 UTC on 30 July,
the range and intensity of precipitation differed little be-
tween the city and the mountain transition zone, indicating
that changes in land use had minor effects during this period.
From 31 July to 12:00 UTC on 1 August, the overall total pre-
cipitation was lower in the LU_2020 scheme, although more
precipitation occasionally occurred in the western part of the
city in the LU_2020 scheme compared with the LU_nourb
scheme. There was no significant difference in the duration
of precipitation between the two experimental groups.

Therefore, during the precipitation event, both orography
and land use altered the precipitation pattern, where the most
significant changes in precipitation occurred in the south-
western part of Beijing. To understand the main causes of
the differences in precipitation, the region in purple box in
Fig. 5 was selected for more detailed analysis of the under-
lying mechanism as it was affected most by the land surface

(referred to as RegP hereinafter). In addition, due to the pro-
longed nature of the event, three time periods with notable
differences in the precipitation distribution were selected for
further mechanistic analysis to explore the effects of orog-
raphy and land use on the event. The three periods of inter-
est were: 01:00–04:00 UTC on 30 July (referred to as T1),
03:00–06:00 UTC on 31 July (referred to as T2), and 12:00–
15:00 UTC on 31 July (referred to as T3).

3.3 Physical Mechanism

3.3.1 Energy and Water Vapor Budget Comparison

The energy and water vapor fluxes were compared among
different experimental groups. As shown in Fig. 7, all ex-
perimental groups exhibited distinct diurnal variations, with
significant increases in both the sensible heat flux and la-
tent heat flux after 00:00 UTC 1 August. This phenomenon
was mainly due to the end of the extreme precipitation event,
where the increased surface energy input strengthened both
the sensible and latent heat fluxes. In RegP, both the sensible
and latent heat fluxes were slightly higher than the regional
averages. The orographic effects on the latent heat flux were
more pronounced, especially during periods T1 and T2 (Ta-
ble 3), as the removal of orographic features lead to an in-
crease in both surface pressure and temperature for the high
elevated regions. It enhances near-surface humidity and al-
ters the latent heat flux across the region. The relatively lower
latent heat flux observed in LU_nohgt during period T3 could
be attributed to the extended duration of the precipitation
event, which was caused by the removal of orography.

Compared with period T1, urbanization reduced latent
heat flux by an average of 16.70 and 7.06 W m−2 in RegP
during periods T2 and T3, respectively. This was mainly be-
cause the lower permeability of urban surfaces compared
with croplands reducing the regional humidity, and thus de-
creasing the latent heat flux across the area. The impact of
urbanization on the moisture content in RegP was less pro-
nounced during period T1, suggesting that removing urban
areas had minimal effect on the water vapor content. Changes
in the sensible heat flux (Fig. 7a) due to urbanization were
also concentrated in RegP, since the orography in the urban
area varied little among the three experimental groups. When
the land use shifted from urban surfaces to croplands, the re-
duced urban heat emissions significantly decreased the sen-
sible heat flux in the central urban area, so it was lower than
that in the other groups. It was notable that changes in the
latent heat flux (Fig. 7b) in RegP were more complex than
those in the sensible heat flux, which could be attributed to
different changes in the water vapor content.

Figure 8 shows the magnitudes of the water vapor flux at
the four boundaries of RegP for LU_2020. An increase in net
moisture convergence during each period leads to higher pre-
cipitable water over the region, which in turn provides more
favorable conditions for precipitation. Specifically, the mois-
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Figure 5. Effects of terrain and urban underlying surface changes on accumulated precipitation and average precipitation intensity from
00:00 UTC 29 July to 00:00 UTC 2 August: panels (a) and (c) are differences in accumulated precipitation and average precipitation in-
tensity between the simulation using 2020 land use data and the scheme where terrain higher than 100 m was removed; panels (b) and (d)
are differences in accumulated precipitation and average precipitation intensity between the simulation using 2020 land use data and the
scheme where urban land use was removed. The purple area (RegP) indicates the region in Beijing where the difference in precipitation was
significant.

Table 3. Average flux values in RegP region during precipitation process (unit: W m−2).

flux Scheme T1 T2 T3 All-time

LU_2020 7.28 5.98 −15.36 14.04
Sensible Heat LU_nohgt 10.85 −0.62 −18.47 16.25

LU_nourb −4.19 −0.92 −22.91 1.83

LU_2020 46.38 41.82 19.04 41.85
Latent Heat LU_nohgt 63.38 67.18 17.68 58.00

LU_nourb 42.74 58.52 26.10 56.29

ture inflow across the southern boundary (Fig. 8a, e, i) and
the eastern boundary (Fig. 8d, h, l) represents meridional and
zonal sources of water vapor entering the region. The outflow
across the northern boundary (Fig. 8b, f, j) and the western
boundary (Fig. 8c, g, k) reflects the moisture exported from
the region. The difference between the inflow and outflow

moisture flux indicates net moisture income in each time pe-
riod (shown in Table 4).

During period T1, about 49.58 kg (m s)−1 water vapor
was transported southward at lower latitudinal levels along
the southern boundary, while it was transported totally
58.63 kg (m s)−1 northward at high latitudes. As the Tai-
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Figure 6. Hovmöller diagrams from 00:00 UTC 29 July to 00:00 UTC 2 August for the three experimental groups: (a) LU_2020 scheme,
(b) LU_nohgt scheme, and (c) LU_nourb scheme, within the range of 39.8–40.1° N. Terrain heights at corresponding latitudes are shown.

Figure 7. Temporal variations in energy balance during the event for the LU_2020, LU_nohgt, and LU_nourb schemes. In panels (a) and (b),
solid lines represent the sensible and latent heat fluxes within the precipitation anomaly area RegP for each scheme.

hang Mountains extend in a southwest-northeast direction
in the study area, the eastern zonal airflow was totally
130.50 kg (m s)−1, blocked by the mountainous area and
shifted southward which explained why water vapor trans-
ported southward in northern boundary. Overall, the mois-
ture input into the RegP was dominated by zonal water va-
por transport. Although the meridional transport contributed
a relatively large amount of moisture inflow, its substantial
outflow resulted in a comparatively small net contribution to
the regional moisture budget.

The water vapor flux distributions were similar during pe-
riods T2 and T3, while the magnitude of water vapor de-
creased from 23.58 to 6.25 kg (m s)−1. Although the zonal
water vapor transport increased to some extent, the total
moisture inflow during the two periods remained compara-
ble. Meridionally, the eastward water vapor flux decreased
from −13.97 to −23.71 kg (m s)−1. In addition, the water
vapor transport during T3 became more concentrated in the
lower layers which indicated the contribution of low-level
water vapor transport to the precipitation process. Compared
with that in T1, the northward water vapor flux at the south-
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Figure 8. Distribution of water vapor flux magnitude in the LU_2020 scheme across latitude-height/longitude-height coordinates of RegP.
Figures show the water vapor flux magnitude for time periods T1 (a–d), T2 (e–h), and T3 (i–l), with fluxes from the south (a, e, i),
north (b, f, j), west (c, g, k), and east (d, h, l). Positive and negative water vapor flux values correspond to input and output water vapor flux
relative to RegP.

Table 4. The water vapor flux (kg (m s)−1) during each period for different schemes.

kg (m s)−1 North South Zonal West East Meridional All

LU_2020 58.63 −19.52 39.11 130.50 −100.61 29.89 69.00
T1 LU_nohgt 78.89 −83.09 −4.20 141.79 −110.93 30.86 26.66

LU_nourb 55.42 −22.42 33.00 133.97 −94.19 39.78 72.78

LU_2020 146.94 −109.39 37.55 146.05 −160.02 −13.97 23.58
T2 LU_nohgt 222.99 −146.99 76.00 176.09 −199.31 −23.22 52.78

LU_nourb 152.31 −113.83 38.48 139.02 −150.29 −11.27 27.21

LU_2020 199.32 −169.36 29.96 71.65 −95.36 −23.71 6.25
T3 LU_nohgt 228.22 −237.85 −9.63 32.12 −0.69 31.43 21.80

LU_nourb 206.16 −160.40 45.76 74.65 −64.38 10.27 56.03

ern boundary was significantly increased in T2 and T3. The
northwestward transport increased and led to strong uplift
motion in the mountainous area. Consequently, the moun-
tainous areas may have been more prone to intense convec-
tive weather events due to the sufficient water vapor and air
uplift during T2 and T3.

Orographic height significantly impacted water vapor flux
transport, as shown by the differences in the water vapor dis-
tribution between LU_2020 (Fig. 8) and LU_nohgt (Fig. 9)
and the corresponding water vapor flux transport in Table 4.
From a zonal perspective, orography considerably influenced

the water vapor distribution within RegP. Due to orographic
effects, water vapor was lifted and its northward transport
was prevented, statistically reduced about 63.57 kg (m s)−1

in the LU_2020 (Fig. 9a, e, i), which also increased the
total amount of zonal water vapor flux in LU_2020. From
meridional perspective, the meridional water vapor flux out-
put from western boundary substantially decreased by 49.41
and 79.38 kg (m s)−1 during the whole period, resulting in a
noticeable rise in the water vapor content in the entire region.
Furthermore, the easterly winds were blocked and diverted
by the orographic effect of the mountains to the west of Bei-
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jing, which also leads to a modest increase in the magnitude
of the southward water vapor flux at the southern boundary
in the lower atmospheric layers.

The impacts of the urbanization on water vapor transport
are shown in Fig. 10. There was no significant difference
between LU_2020 and LU_nourb in water vapor flux dur-
ing periods T1 and T2 as the difference between net conver-
gence is smaller than 10 kg (m s)−1. However, the differences
mainly appeared at the western boundaries of RegP during
period T3. At the western boundary, the westward water va-
por flux was 30.98 kg (m s)−1 higher compared with that in
LU_nourb (Fig. 10k). These differences of moisture flux be-
tween different schemes were mainly due to wind speed in
lower troposphere. As urban land use can influence local at-
mospheric circulation, such strong ascent induces horizontal
convergence and a subsequent conversion of horizontal mo-
mentum into vertical motion. Such momentum redistribution
can reduce the horizontal wind speed, particularly within the
convectively active region, leading to a reduction in moisture
flux across the western and northern boundaries.

3.3.2 Differences in Near-surface Physical Variables

Near-surface physical quantities did not directly determine
the magnitude of precipitation, but the changes in the un-
derlying surface were directly reflected in variations in near-
surface physical quantities, which influenced the upper at-
mosphere and subsequently affected the intensity of precip-
itation. Figure 11a–c illustrates the horizontal distributions
of the equivalent potential temperature, wind speed, and the
humidity during the three precipitation time periods.

During period T1 (Fig. 11a), precipitation was mainly con-
centrated in the southwestern mountainous and central re-
gion. The equivalent potential temperature over Beijing re-
mained between 346 and 347 K, but it was slightly lower
than the regional average in RegP. These results are consis-
tent with the flux changes shown in Fig. 7. The lowest equiv-
alent potential temperature in Beijing was observed in the
northwestern mountainous region (343 K). In addition, the
2 m relative humidity in Beijing during period T1 remained
at an average value above 90 %, and the 10 m wind direction
was influenced by the circulation and orographic blocking,
resulting in northeastern wind. The wind direction was more
erratic in the mountainous areas, where the relative humidity
was slightly lower than that in the plains, and the precipi-
tation was also relatively lower compared with the southern
regions.

During period T2 (Fig. 11b), the precipitation entered the
initial stage of the second precipitation phase, during which
the precipitation mainly occurred in the southwestern moun-
tainous areas. The warm and moist southerly air currents
transported water vapor and also provided the energy re-
quired for precipitation. The equivalent potential tempera-
ture was higher in southern Beijing, and it decreased from
south to north, a trend linked to the energy loss as the air

moved northward. This variation was associated with the en-
ergy dissipation process as the airflow moved northward. The
overall equivalent potential temperature gradually increased
over time, from 351.6 K at 03:00 UTC on 31 July to 354.3 K
at 06:00 UTC on 31 July.

In period T3 (Fig. 11c), the precipitation remained intense
and the areas with the most intense precipitation were still
located in the western mountainous areas. The overall dis-
tribution of the equivalent potential temperature during this
period was similar to that in period T2, and the highest val-
ues were still located in the southwestern mountainous areas
of Beijing. The average equivalent potential temperature in
Beijing remained within a range of 355 to 356 K. The over-
all relative humidity in the region was higher compared with
that in period T2 (rising to 90.0 %). The wind direction in the
central urban area shifted slightly to the north due to the in-
fluence of the northerly air currents, but there was no signif-
icant change in the wind speed compared with that in period
T2.

The effects of orography on the wind speed, temperature,
and humidity were evident (Fig. 11d–f). During period T1,
the equivalent potential temperature in the LU_2020 scheme
over Beijing was significantly higher compared with that in
the LU_nohgt scheme, with the largest increase observed in
the eastern and northeastern regions of Beijing. Due to the
blocking effect of the mountains, the relative humidity across
the entire D04 area also increased during period T1. Dur-
ing periods T2 and T3, the presence of the mountain range
led to a notable decrease in the equivalent potential tempera-
ture across the region compared with the LU_nohgt scheme,
mainly due to the transport of water vapor along the Taihang
Mountains to the Beijing area during the second stage, dur-
ing which substantial amounts of water vapor and energy ac-
cumulated as the air mass passed through the mountainous
areas. The dissipation of energy and water vapor during this
process led to significant reductions in the relative humidity
and equivalent potential temperature in the plains and north-
ern Beijing during these periods. Moreover, the presence of
the western mountainous terrain led to the redistribution of
the water vapor, resulting in significant variability in the hu-
midity distribution in the mountainous areas. Minimal vari-
ation was found in wind direction in the plains, and there
were no significant differences between the two experimental
groups across all three periods. However, in the mountainous
areas, the orography induced air convergence at the boundary
between the plains and mountains. Due to the complexity of
the terrain, the wind speed and direction were more hetero-
geneous in the western mountainous areas.

The effects of urbanization were analyzed by compar-
ing LU_2020 (Fig. 11a–c) and LU_nourb (Fig. 11g–i). The
changes in precipitation were primarily concentrated in peri-
ods T2 and T3. During period T2, replacing urban underlying
surfaces with croplands significantly altered the 2 m relative
humidity in the central urban area, with an increase of more
than 5 %. This increase in the relative humidity led to greater
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Figure 9. Water vapor fluxes as shown in Fig. 8, where panels (a)–(l) depict the magnitude of the water vapor flux from four directions in
the LU_nohgt scheme.

Figure 10. Water vapor fluxes as shown in Fig. 8, where panels (a)–(l) depict the magnitude of the water vapor flux from four directions in
the LU_nourb scheme.
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Figure 11. Simulated 2 m equivalent potential temperature, 2 m relative humidity, 10 m wind speed, and orographic height for LU_2020
scheme (a–c), LU_nohgt scheme (d-f), and LU_nourb scheme (g-i). Three consecutive time periods were selected: T1 (a, d, g), T2 (b, e, h),
and T3 (c, f, i). In the figures, the 2 m temperature is represented by color-filled maps, areas with 2 m relative humidity greater than 90 % are
outlined by green dashed lines, the 10 m wind speed is represented by arrows, brown solid lines indicate orographic contours at 100 m, and
brown dashed lines represent orographic contours at 1000 m.

accumulation of latent heat in the air. As a result, the 2 m
equivalent potential temperature increased by approximately
1 K. The wind speed increased slightly in the urban area, with
greater air convergence in the mountainous regions. During
period T3, the increase in the relative humidity in the urban
area was smaller compared with that in period T2 (increas-
ing by around 3 %). Wind convergence was evident in the
western mountainous regions. Although the relative humid-
ity in the central urban area increased significantly, there was
no noticeable increase in the relative humidity in the down-
stream mountainous areas located to the east of the urban
region.

Since presenting only the surface equivalent potential tem-
perature could be insufficient to fully explain the influence
mechanisms of the underlying surface, the gradient of equiv-

alent potential temperature at representative times is further
analyzed to characterize the atmospheric stability (Fig. 12).
The orographic lifting exerts a significant modulation on
the spatial distribution of the horizontal equivalent potential
temperature gradient. During the T1 period, the LU_nohgt
scheme exhibits an eastward displacement of the maximum
gradient compared with the LU_2020, accompanied by a no-
ticeable shift in the 850 hPa wind shear location. This indi-
cates the orographic lifting alters the low-level flow and ther-
modynamic structure, thereby modulates the distribution of
moist baroclinicity and the position of the potential frontal
zone. Therefore, it can provide a more favorable thermo-
dynamic environment for convective development over the
mountainous areas. During the T2 period, orographic lift-
ing further enhances low-level moist baroclinicity and makes
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the high-gradient zone more continuous. Combined with the
low-level wind shear, these conditions are conducive to fron-
togenetic processes and convective systems.

In contrast, although relatively large gradients still exist
in the LU_nohgt during the T3 period, the low-level conver-
gence and vertical ascent are substantially weakened. It pre-
vents the effective release of thermodynamic instability, and
therefore the precipitation process consequently comes to an
end. Meanwhile, the changes in urban land use also influence
the precipitation intensity, especially during the T2 period.
The LU_2020 scheme exhibits larger horizontal gradients
over the southwestern mountainous region than LU_nourb.
This indicates that urbanization can enhance low-level moist
baroclinicity in this area, which is favorable for strengthen-
ing frontal structures and increasing the likelihood of intense
convection precipitation.

3.3.3 Differences in the Vertical Profile

Figure 13 presents the meridional and zonal vertical profiles
for the three distinct time periods. In LU_2020 scheme, con-
vection was primarily confined to the mountainous regions
and the plains to the east of the mountains during period T1.
The orography blocking effect resulted in significant upward
motion in both the mountainous areas and adjacent plains.
Around 02:00 UTC on 30 July, the eastward water vapor flux
was sufficiently high, leading to condensation of substantial
amounts of water vapor into cloud droplets and raindrops
over the mountainous regions. The latent heat released in
this process induced fluctuations in the equivalent potential
temperature contours in the upper levels. In the zonal direc-
tion, cloud droplets and raindrops were predominantly lo-
cated over the southern mountains. In the northern moun-
tainous areas, due to the relatively low water vapor flux and
lower equivalent potential temperature, there was almost no
vertical motion in the air, resulting in negligible cloud droplet
formation in this region.

During period T2, the atmosphere over the mountain-
ous regions was characterized by vigorous convection in the
meridional direction. In the southwestern mountains, higher
equivalent potential temperatures correlated with greater
cloud droplet concentrations. Both the southerly winds and
vertical wind speeds increased significantly compared with
those in period T1, while the cloud water and rainwater mix-
ing ratios elevated near 39.8° N. The cloud water mixing
ratios were relatively high in other regions, but this corre-
sponded to the early stages of precipitation when cloud wa-
ter had not yet to fully convert into rainwater, resulting in low
rainwater concentrations in most areas.

In the meridional direction, only the low-level wind speed
over the plains was noticeably higher in period T3 compared
with that in period T2. The low-level winds exhibited conver-
gence, whereas the upper-level winds exhibited divergence
in the southwestern mountainous region, and thus the equiv-
alent potential temperature remained relatively high near the

surface. In the zonal direction, notable convection occurred
over the mountainous areas, accompanied by significant fluc-
tuations in the near-surface equivalent potential temperature.
In addition, the southward water vapor flux was relatively
large during this period, and energy, water vapor, and mo-
tion within the southwestern mountainous regions were con-
ducive to the development of convection. As illustrated in
Fig. 13i–k, both the cloud water and rainwater concentrations
in the southwestern mountainous area increased compared
with other regions. Consequently, the region experienced rel-
atively higher precipitation during period T3.

Comparisons between the LU_2020 (Fig. 13) and
LU_nohgt (Fig. 14) experimental groups highlighted the con-
vection observed during the three periods driven by oro-
graphic uplift. In period T1, the uplift motion in the southern
part of the area facilitated the condensation of cloud droplets
and raindrops, thus increasing the precipitation intensity. In
period T2, due to higher equivalent potential temperature and
water vapor content of the atmosphere, strong convection
persisted in the western part of the study area in LU_nohgt.
The intensity of convection and water droplet concentration
in the atmosphere were markedly higher than those observed
in the LU_2020 scheme. In the zonal direction, significant
differences were observed between the locations of cloud
water droplet accumulation between the two experimental
setups. In period T3, convection shifted northward with the
southerly winds in the LU_nohgt scheme. At the southern
edge of the convective cloud mass, the distributions of wind
speed, temperature, and humidity stabilized, indicating the
cessation of intense precipitation in the region. Despite the
high energy levels within the study area, the absence of oro-
graphic uplift led to a reduction in the intensity of precipita-
tion, and the precipitation event ended earlier compared with
the LU_2020 scheme.

The impacts of urbanization on precipitation outcomes
were examined by comparing the LU_2020 (Fig. 13) and
LU_nourb (Fig. 15) schemes, where the primary effects were
observed during periods T2 and T3. Due to the influence of
urbanization, there were no significant changes in the cloud
water content over the mountainous areas during period T2,
besides the rainwater content was markedly reduced, indicat-
ing a smaller amount of precipitation relative to LU_nourb.
Urbanization led to decreases in the water vapor and energy
transported into the mountains from the eastern and south-
ern parts of the region, thereby reducing the condensation
of cloud water and water vapor particles, which also agreed
with the delayed precipitation during T2 due to urbanization.
During period T3, both the meridional and zonal convection
activities were weaker compared with LU_nourb, and the
distribution of cloud droplet particles were also altered. The
presence of the city reduced the latent heat flux in the region,
thereby diminishing the amount of energy transported into
the southwestern mountainous areas, and thus intense pre-
cipitation occurred in the southwestern mountainous region
during periods T2 to T3.
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Figure 12. Gradient of equivalent potential temperature field for LU_2020 scheme (a–c), LU_nohgt scheme (d–f), and LU_nourb scheme (g–
i) from 850 hPa. Three consecutive time periods were selected: T1 (a, d, g), T2 (b, e, h), and T3 (c, f, i).

4 Discussion

4.1 The intention of experiment design

In this study, simulations were conducted using the WRF
model to investigate the changes in the timing and spatial dis-
tribution of precipitation during the “23 · 7” event caused by
the effects of orography and urban land use. Previous studies
have also analyzed the mechanisms related to precipitation
and the impacts of orography on extreme precipitation events
(Gao et al., 2024; Li et al., 2024b). In contrast to previous
analyses, the effects of mountain-plain orographic conditions
were explored by altering the underlying surfaces as well as
investigating the impact of urbanization on this extreme pre-
cipitation event. The primary causes of this extreme precipi-
tation event were identified by considering three time periods
with significant differences in precipitation and analyzing the
changes in basic physical quantities.

It has been pointed out that regional climate models have
some limits on reproducing large-scale circulation features

(Kukulies et al., 2023; Yu et al., 2024). To address this lim-
itation, spectral nudging to the D01 domain was applied in
all schemes. The ERA5 reanalysis data was used to constrain
large-scale circulation of the model, while allowing freely
development for mesoscale and small-scale processes within
the domain (Ma et al., 2022; Miguez-Macho et al., 2005;
von Storch et al., 2000; Waldron et al., 1996). Therefore, it
can provide a more accurate large-scale flow fields to the in-
ner domains. The simulation results showed that, the orogra-
phy and land use modifications in this study primarily influ-
enced local circulation patterns and had limited impacts on
synoptic-scale weather systems.

4.2 Comparisons with related studies

According to previous research, the maximum reduction in
precipitation due to urbanization during warm-season rain-
fall occurs in the northeastern region of Beijing (Song et
al., 2014; Wang et al., 2018). However, in the present study,
the largest reduction in precipitation induced by urbanization
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Figure 13. Meridional-vertical profiles (a, c, e, g, i, k) at 39.9° N and zonal-vertical profiles (b, d, f, h, j, l) at 115.7° E for LU_2020. In
panels (a), (b), (e), (f), (i), (j), the shaded areas represent the magnitude of the equivalent potential temperature and red contours indicate the
water vapor mixing ratio. In panels (c), (d), (g), (h), (k), (l), the shaded areas represent the rainwater mixing ratio and blue contours indicate
the cloud water mixing ratio. The arrows represent the horizontal wind vectors (with the vertical wind speed amplified by a factor of five).
Gray shading denotes the terrain height. The red line at the bottom of the map indicates RegP, as shown in Fig. 6.

was observed in the southwestern mountainous region. This
difference is mainly caused by the different response patterns
of mean and extreme precipitation events. The climatologi-
cal statistics represent response of mean state, while extreme
precipitation is often governed by nonlinear, specific dynam-
ical forcing, and that may cause different distribution pattern
(Liu and Niyogi, 2019). As shown in the results, the water
vapor transport of this precipitation event was mainly domi-
nated by the southeasterly water vapor flux governed by the
large-scale circulation, which thus triggered precipitation in
the southwestern piedmont area of the Taihang Mountains.
Although precipitation also occurred in the northwestern re-
gion, its intensity was weaker than that in the southwestern
region, which is also the reason why this precipitation event
is distinct from others. Therefore, compared with the changes
in the average distribution of seasonal precipitation in Beijing
found in previous studies, individual case experiments may
simulate precipitation distribution patterns that differ from
the multi-year observed accumulated precipitation.

Previous studies also found that, the modifications of local
urban land surface can influence local-scale atmospheric cir-
culation (Kim et al., 2021; Sui et al., 2024; Zajic et al., 2011).
The widespread presence of impervious surfaces in urban ar-
eas restrained surface evaporation, by reducing the upward
transport of moisture into the atmosphere. This process can

lead to low relative humidity and reduce atmospheric in-
stability, which in turn modifies the local precipitation dis-
tribution (Wang et al., 2018). For the extreme precipitation
event occurred on 21 July 2012, the precipitation event was
mostly generated by convective cells that were triggered by
local orography and then propagated along a quasi-stationary
linear convective system (Zhang et al., 2013). According
to analyses of multiple extreme precipitation events in Bei-
jing in recent years, urbanization can reduce rainfall in the
urban area and increases rainfall downwind of the city. In
some cases, the larger percentage of sealed area could give
rise to the heavier precipitation or extreme rain events (Liu
et al., 2021). As different types of precipitation or differ-
ent weather conditions can lead to complex relationships
between precipitation and elevation, even along the same
slope (Gnann et al., 2025; Houze, 2012). Therefore, urban
effects of each event should be analyzed independently (Liu
et al., 2021). This precipitation event is somewhat represen-
tative; however, for precipitation events under different initial
conditions, further investigation is needed.

4.3 Uncertainty in the experiment simulation

The choice of removing the terrain with an elevation above
100 m was adopted in this study to ensure that the terrain
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Figure 14. Meridional-vertical and zonal-vertical profiles for the LU_nohgt schemes. The physical quantities are consistent with those shown
in Fig. 13.

Figure 15. Meridional-vertical and zonal-vertical profiles for the LU_nourb schemes. The physical quantities are consistent with those shown
in Fig. 13.
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in other regions would not be affected while eliminates the
terrain of the Taihang and Yanshan Mountains. Similar ex-
perimental design had been used in other researches (Song
and Shao, 2023; Saurral et al., 2015; Insel et al., 2010; Boos
and Kuang, 2010). To detect the influence of the terrain re-
moval operation, the experiment was repeated after removing
all the terrain in the entire research area and the simulation
of completely flat terrain was explored. It can be seen from
Fig. S5 that the spatial patterns of precipitation are similar for
the schemes of 100 and 0 m removal experiment. The center
of maximum precipitation in 0 m removal experiment shifts
eastward. This is mainly because the flat terrain enhanced
the northward transport of water vapor and further slowed
the dissipation of the remnant low of Doksuri. It therefore
increases the precipitable water over the region and leads
to a more intense precipitation event. Statistically, the mean
precipitation intensity is 4.2 and 4.7 mm h−1 for the 100 and
0 m removal experiment, respectively. The RMSE and MAE
of precipitation intensity is 1.54 and 1.17 mm h−1 between
these two schemes and the correlation coefficient is 0.74. The
results proved the strong relationships between the precipita-
tions from 100 and 0 m removal experiment schemes, which
may apply to other precipitation related variables.

The simulations were conducted using selected parame-
terization schemes and the impacts of the underlying sur-
face were analyzed in this study. Physical parameteriza-
tion schemes are widely recognized to exert substantial im-
pacts on precipitation simulations, affecting not only inten-
sity and duration, but also spatiotemporal distribution pat-
terns. The parameterization method adopted in this study had
also been used in other studies about urban extreme precip-
itation events (Xian et al., 2023; Wang et al., 2018; Ryu et
al., 2016; Huang and Gao, 2017; Tian et al., 2017), which
can partly can prove the rationality of this study. Additional
investigations into the parameterization schemes governing
this precipitation event are required to elucidate the specific
atmospheric conditions and physical mechanisms. Further-
more, due to constraints in data accessibility, only the 2020
MODIS land use dataset was obtained and used in our simu-
lations, despite potential temporal mismatches with other in-
put data periods. The Sentinel-2 satellite observations were
further detected to assess the potential biases in land use be-
tween 2020 and 2023. The urban extent exhibited minimal
variation between these years (Fig. S6), validating the tem-
poral stability of the MODIS baseline. However, the inherent
differences in classification schemes between MODIS and
Sentinel-2 precluded direct data integration or substitution.
Therefore, the 2020 MODIS dataset was retained as the most
recent consistent one, though it may introduce some uncer-
tainties into the results.

Besides, the concentrations of aerosols emitted in urban
areas could also have influenced the extreme precipitation
because it is largely driven by the coalescence of cloud
droplets. Studies have shown that aerosols can lead to the for-
mation of smaller-sized cloud droplets, increasing the effec-

tive radius of precipitation, and thus impact convective rain-
fall (Sun et al., 2022; Zhong et al., 2015). In addition, topo-
graphic variations can also affect the generation of cloud par-
ticles (Lee et al., 2018; Mazzetti et al., 2021). However, this
study focuses on the impact of natural factors, particularly
the underlying surface, on precipitation events. Aerosols are
largely attributed to anthropogenic factors, therefore are not
involved in this study and would be considered in future re-
search.

5 Conclusion

In this study, the WRF model was used to analyze the ex-
treme precipitation event that occurred in the Beijing region
from 29 July to 2 August 2023. The effects of orography and
land use on the precipitation process were evaluated by re-
moving the orography and replacing urban land use types
with croplands from the updated land use experiment group.
The results showed that, the areas influenced most signifi-
cantly by orography were concentrated in the southwestern
mountainous region of Beijing. Presence of terrain caused
orographic uplift and increased the precipitation within the
mountainous area by more than 40 % during the event. This
main because that the mountainous area blocked the exis-
tence of the low-pressure system of typhoon Doksuri from
propagating northward and lead to extended duration of the
precipitation event by approximately 12 h. The underlying
urban surfaces also altered the overall precipitation process.
For the scheme removing the underlying urban surfaces the
enhanced water vapor flux transported by low-level easterly
winds to the southwestern mountainous region of the city
increased the accumulation of energy and water vapor in
the region. After 31 July, the accumulation of sufficient en-
ergy and moisture in the southwestern mountainous region
strengthened the intensity of precipitation. In addition, re-
moving the underlying urban surface caused an increase in
the wind speed in the plain areas, which led to large conver-
gence at the mountain boundary and contributed to stronger
precipitation. These findings can help us with the prevention
and response to similar future events, and possibly reduce the
likelihood of disasters.

Data availability. The ERA5 reanalysis data can be downloaded
at Climate Data Store (https://cds.climate.copernicus.eu, last ac-
cess: 23 September 2024). The hourly gauge observations were
from the China Meteorological Administration (version 2.0; https:
//data.cma.cn/en, last access: 30 October 2024). The CMO-
PRH precipitation data were obtained from Climate Prediction
Center (https://www.ncei.noaa.gov/products/climate-data-records/
precipitation-cmorph, last access: 27 September 2024). The up-
dated land use/land cover data from MCD12Q1 V6 over Beijing
region are available from the Land Processes Distributed Active
Archive Center (https://lpdaac.usgs.gov/, last access: 22 August
2024).
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