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Abstract The sub‐grid turbulent orographic form drag (STOFD) significantly affects the regional
circulation and precipitation. This study explores the local and remote effects of the STOFD on the summer
monsoon precipitation across Eastern China using the Regional Climate Model Version 4 adopting a STOFD
scheme. Results indicate that the local and remote effects of the STOFD primarily influence the improvement of
summer precipitation simulation in the Southeastern and Northern China, respectively. The local effects of the
STOFD can lead to 37.1% and 10.7% reduction of the absolute error and the root mean square error (RMSE) of
simulated summer precipitation in the Southeastern China with complex sub‐grid terrains. The remote effects of
the STOFD within the Indochina Peninsula and Yunnan‐Guizhou Plateau result in the absolute error and RMSE
of simulated summer precipitation in the Northern China with mild sub‐grid terrain decreased by 90.1% and
32.9%, respectively. Moreover, the remote effects of the STOFD within the Tianshan Mountains and Tibetan
Plateau can clearly improve the simulated precipitation in both the Southeastern and Northern China. The
disturbances generated by the local effects of the STOFD are more locally concentrated than those produced by
the STOFD remote effects, leading to a more significant improvement of precipitation simulation in the
Southeastern China. While the disturbances resulted from the remote effects of the STOFD affect the summer
precipitation in both the Southeastern and Northern China obviously. This study highlights the significance of
the remote effects of the STOFD in improving the summer precipitation simulation in Eastern China.

Plain Language Summary Due to resolution limitations, micro‐scale terrains are often ignored in
climate simulations. While the collision between airflow and sub‐grid micro‐scale terrains produces turbulence,
which results in sub‐grid turbulent orographic form drag (STOFD). A STOFD scheme has been applied in the
Regional ClimateModel and proved its ability to improve the summer precipitation simulation in Eastern China.
However, the specific source of the improvements remains unclear. This study explores the local and remote
effects of the STOFD on precipitation simulation and reveals possible mechanisms. Results show that the
remote effects of the STOFD greatly improve the precipitation simulation in the Northern China with mild sub‐
grid terrains by inducing substantial disruptions in atmospheric circulation and related factors. Whereas both the
local and remote effects of the STOFD significantly affect the precipitation simulation in the Southeastern
China with complex sub‐grid terrains. This research emphasizes the crucial role of the remote effects of the
STOFD.

1. Introduction
The East Asian summer monsoon (EASM), which impacts a quarter of the global population, is influenced by a
combination of tropical and mid‐latitude factors (Chen & Bordoni, 2014; Ding & Chan, 2005; Wu et al., 2009).
The summer precipitation with increased variability over Eastern China is predominantly controlled by the EASM
(Ding, 1992; Sanders, 1988; Tao et al., 2004). The increased variability in precipitation leads to frequent oc-
currences of both droughts and floods, which significantly affect social and economic development (Huang
et al., 2007; Ye & Lu, 2012; Zheng et al., 2006). Therefore, it is crucial to explore the factors that influence
summer monsoon precipitation in Eastern China to improve the prediction accuracy.

The EASM is influenced by various factors on multiple time scales, including anomalies in sea surface tem-
perature, snow cover, the Indian summer monsoon, and others (Chen et al., 2019; Jin & Huo, 2018; S. Li
et al., 2023; Wei et al., 2014; Yim et al., 2010). Different types of El Niño‐Southern Oscillation events, along with
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their developmental stages, can alter the position and intensity of the Western Pacific Subtropical High, subse-
quently affecting the EASM (Ronghui & Yifang, 1989; Weng et al., 2007). Additionally, the anomaly of winter
snow cover on the Tibetan Plateau (TP) can impact the EASM by altering the land‐sea thermal contrast or the
Philippine Sea anticyclone in June (Ren et al., 2016).

Furthermore, terrain across various scales plays a crucial role in shaping EASM. Large‐scale topography in-
fluences the related atmospheric circulation through both dynamic and thermodynamic effects (Lu et al., 2021;
Wu et al., 2014). The static Rossby waves generated by TP produce a downstream zonal pressure gradient and
southerly winds, which affect the water vapor transport in the EASM (Son et al., 2020). The intense heating over
TP enhances the downstream southwesterly wind circulation and promotes the convergent upward movement of
water vapor, leading to the early onset of EASM (Duan et al., 2020). Furthermore, the micro‐ and mesoscale
topography can create dynamic and thermal disturbances that spread and affect the EASM precipitation (Duan
et al., 2012; Grabowski, 1989; Shi et al., 2008).

Numerical models have been widely employed to explore the impact of terrain and other key factors on weather
and climate. Previous studies directly remove, smooth, or add terrain and related variables to visualize the weather
and climate effects of the terrain across various scales (Babaei et al., 2021; J. Li et al., 2023; Pontoppidan
et al., 2017; Wang et al., 2020; Wu et al., 2016; Xu et al., 2024). A large part of these studies is based on several
years or just a major event of simulations to demonstrate the impact of topography on climate, so it is reasonable
to assume that the average of several‐year simulation is sufficient to represent regional climate (Babaei
et al., 2021; Pontoppidan et al., 2017; Wang et al., 2020; Wu et al., 2016; Xu et al., 2024). Among these terrain
effects, the micro‐scale topography with horizontal scales less than 5 km can generate sub‐grid turbulent
orographic form drag (STOFD, Beljaars et al., 2004; Koo et al., 2018; Zhou et al., 2019; Zhou, Yang, &
Wang, 2017). The amount of stress caused by the STOFD is equal to or even greater than that caused by the land
cover frictions (Belcher & Wood, 1996; Xue et al., 2011).

Solely increasing the model resolution cannot enhance the representation of the STOFD. Wood et al. (2001)
proposed a scheme for directly parameterizing STOFD, and several related schemes were then developed on the
conception of this scheme (Beljaars et al., 2004; Jiménez & Dudhia, 2012; Rontu, 2006). These schemes have
been successfully applied and validated in several numerical models, demonstrating the positive impacts of the
STOFD on the model performance (Beljaars et al., 2004; Liang et al., 2017; Milton &Wilson, 1996; Zhou, Yang,
&Wang, 2017). For instance, Zhou et al. (2019) compared two topographic turbulent drag schemes and found that
the STOFD scheme proposed by Beljaars et al. (2004) leads to a more obvious improvement of atmospheric
circulation simulation. The STOFD scheme reduces more than 7% and 5% of the seasonal root mean square error
(RMSE) and deviation in the simulated surface winds in the Southeastern China, respectively (Xue et al., 2021).

While existing researches have primarily focused on the local effects of the STOFD at the synoptic scale, the
remote effects of the STOFD and the relative roles of the local and remote effects of the STOFD at the climate
scale receive little attention (Lim et al., 2019; Matsukawa et al., 2022; Xue et al., 2021; Xue & Shen, 2023).
However, the remote climatic effect of terrains, as mediated by airflow, cannot be overlooked (Blumen, 1988;
Duine et al., 2021; Lane & Watson, 2012; Xu et al., 2024). For instance, the EASM exhibits a distinct seasonal
rainfall migration, which is different from other monsoon systems due to the remote influence of TP (Chiang
et al., 2020; Seok & Seo, 2021). Additionally, the Tianshan Mountains, Yunnan‐Guizhou Plateau, and Indochina
Peninsula also have remote effects on the Asian monsoon by modifying the atmospheric circulation (Baldwin &
Vecchi, 2016; Shi et al., 2017; Zhuang et al., 2022). Recently, Gu et al. (2023b) integrated the STOFD scheme
(Beljaars et al., 2004) into the Regional Climate Model Version 4 (RegCM4) and found that adopting the STOFD
scheme can reduce the RMSE of the 10‐year average simulated summer precipitation by up to 30% over Eastern
China. This significant improvement is mainly attributed to the remote effects of the STOFD, while a quantitative
analysis of the local and remote effects of the STOFD and their relative importance has not been provided yet.

Previous studies have underscored the notable impacts of STOFD on local circulation and precipitation, and some
of them also highlighted the importance of the remote effects of the STOFD (Gu et al., 2023b; Lim et al., 2019;
Matsukawa et al., 2022; Xue et al., 2021; Xue & Shen, 2023). Nonetheless, the remote effects of the STOFD have
been less explored and warrant further research. To delve deeper into the impacts of the local and remote effects of
the STOFD on the summer precipitation simulation in Eastern China, we use the RegCM4 adopting the STOFD
scheme (Gu et al., 2023b) to conduct sensitivity experiments. These experiments activate the STOFD scheme in
different sub‐regions independently, enabling us to quantify the relative contributions of the local and remote
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effects of the STOFD on the summer precipitation simulation over Eastern China and enhance our understanding
of the associated physical mechanisms.

This paper not only reveals the influence of remote effects of the STOFD on precipitation quantitatively but also
conducts a comparative analysis with the local effects of the STOFD. It further explores the differences in the
influence mechanism of the local and remote effects of the STOFD on precipitation. The remaining parts of this
paper are arranged as follows: Section 2 introduces the model, data, metrics and experimental design. Section 3
systematically shows the influence of local and remote effects of the STOFD on the summer precipitation in
Eastern China. Section 4 explores the underlying physical mechanisms. The conclusion and discussion can be
found in Section 5.

2. Model, Data, Methodology and Experimental Design
2.1. RegCM4 Model With the STOFD Scheme

The RegCM4, developed from the first limited area model designed for long‐term regional climate simulation,
has gained popularity in a wide range of regional climate studies (Ashfaq et al., 2021; Giorgi, 2019; Giorgi
et al., 2012; Raju et al., 2015; Shalaby et al., 2012). The RegCM4 with high resolution provides detailed regional
climate assessments of complex terrain regions, with preferable representations of physical mechanisms (Berg
et al., 2013; Giorgi, 2019). The RegCM4 is one of the most commonly used regional climate models in East Asia
(Gao & Giorgi, 2017). Although a new version (RegCM5) is available, RegCM4 is used in this paper because the
performance of RegCM4 is comprehensively evaluated over Eastern China (Gao et al., 2017; Xu et al., 2022).

The STOFD scheme developed by Beljaars et al. (2004) was incorporated into the RegCM4 (Gu et al., 2023b) to
improve the ability to describe the sub‐grid terrain dynamic effects. The STOFD at each level of atmosphere is
calculated by:

∂
∂z
(
τ0
ρ
) = − 1.08372058 × 10− 7 ⋅ |V→| ⋅ V→ ⋅ e

− ( z
1500)

1.5

⋅ σ2f lt ⋅ z
− 1.2 (1)

where z, τ0 and ρ represent the elevation of the level above the ground surface (unit: m), wind stress (unit: N·m− 2),

and air density (unit: kg·m− 3) at each model grid, respectively. V→ is the horizontal wind (unit: m·s− 1). σ f lt is the
standard deviation of filtered sub‐grid terrain height (unit: m), and the filtering method is introduced by Beljaars
et al. (2004). This scheme introduces a resistance that decays exponentially with increasing elevation at each
level. It has been widely acknowledged for its ability to accurately represent the STOFD and shown superior
performance than other STOFD schemes in improving the climate model simulations (Wang et al., 2020; Xue
et al., 2021; Zhou et al., 2017a, 2019). Specifically, the STOFD scheme can significantly enhance RegCM4's
ability to simulate the summer precipitation over Eastern China (Gu et al., 2023b).

The experiments are conducted by the RegCM4 model adopting the STOFD scheme with a 25 km horizontal
resolution and 23 vertical layers extending from the surface up to 50 hPa. The domain is shown in Figure 1,
centered at (34°N, 107°E), consisting of 320 and 240 grids in zonal and meridional directions, respectively. The
details of the experimental design are shown in Section 2.3.

2.2. Data

The atmospheric initial and lateral boundary conditions of the RegCM4 model are provided by the 1.5° × 1.5°
ERA‐Interim Reanalysis (EIN15) with the temporal resolution of 6 hr (Dee et al., 2011). The oceanic surface
conditions are derived from the 1° × 1° Optimum Interpolation Sea Surface Temperature (OISST) data provided
by the National Oceanic and Atmospheric Administration (NOAA, Reynolds et al., 2002). The initial conditions
of the land surface model are derived from the 0.25° × 0.25° European Space Agency (ESA) Climate Change
Initiative (CCI) Essential Climate Variable (ECV) surface soil moisture and combined product (Dorigo
et al., 2021).
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Three types of data are used for model evaluation.

1. The daily Asian Precipitation‐Highly‐Resolved Observational Data Integration Toward Evaluation
(APHRODITE) grid precipitation with a 0.25° × 0.25° horizontal resolution in the summers (June to August)
of 2011–2015 (Yatagai et al., 2012). It is based on a dense rain‐gauge data network in Asia.

2. The fifth generation of European Reanalysis (ERA5, Hersbach et al., 2020) atmospheric reanalysis of the
global climate produced by European Centre for Medium‐Range Weather Forecasts, covering the period from
January 1940 to present with a horizontal resolution of 0.25°× 0.25° and temporal resolution of 1 hr, providing
the air pressure, relative humidity, specific humidity, vertical velocity, and wind field at different levels in the
summers of 2011–2015.

3. The enhanced global data set for the land component of the ERA5 (ERA5‐Land Muñoz‐Sabater, 2019)
covering the period from January 1950 to present, boasting a fine horizontal resolution of 0.1° × 0.1° and
temporal resolution of 1 hr, offering information on the 10 m wind during the summer of 2011–2015.

2.3. Methodology and Experimental Design

The summer mean daily precipitation of the simulations and observation, and the Root Mean Squared Error
(RMSE) of the daily precipitation simulations in summer based on the observed data are used to assess the model
performance and the remote and local impact of STOFD of key regions. All significant differences in this study
are determined by the Student's t‐test (Student, 1908).

The σflt is the sole input for the calculation of STOFD. By setting the value of σflt, we can accurately capture the
dynamic impacts of micro‐scale topography in simulations. This scheme allows for selective activation in
different sub‐regions by assigning a σflt value of 0 in other regions, facilitating to explore the influence of STOFD
of the sub‐regions. In this study, the σflt is calculated using the 30″ × 30″ (∼1 km × ∼1 km) Global Multi‐
resolution Terrain Elevation Data (GMTE, Danielson & Gesch, 2011) following Beljaars et al. (2004) and
Xue et al. (2021). The GMTE data also provide the grid‐scale elevation (Figure 1a).

Higher σflt indicates that the sub‐grid terrain is more complex. In Eastern China, the Southeastern China (21–
32°N, 110–123°E, rectangle A) shows relatively higher σflt, while the Northern China (32–40°N, 107–123°E,
rectangle B) displays a much lower σflt (Figure 1b). Therefore, the Southeastern China with complex sub‐grid
terrain and the Northern China with mild sub‐grid terrain are chosen as the key regions to evaluate the
improvement of precipitation simulation in the areas with different local sub‐grid terrain complexity. Previous
studies have shown that the large‐scale and mesoscale terrains of the TP, Tianshan Mountains, Yunnan‐Guizhou
Plateau, and Indochina Peninsula induce significant remote effects on the Asian monsoon (Baldwin & Vec-
chi, 2016; Shi et al., 2017; Zhuang et al., 2022). In addition, the Tianshan Mountains and TP (27–46°N, 65–
106°E, rectangle C) and the Indochina Peninsula and Yunnan‐Guizhou Plateau (8–27°N, 97–110°E, rectangle D)
are in a critical region where the westerly and southwest flows pass respectively and both have relatively higher
σflt. Therefore, the remote effects of the STOFD in these regions on the precipitation of EASM are worth to be

Figure 1. The elevation (a) and standard deviation of the filtered elevation (b) across the model domain. The black rectangles
marked with A, B, C, and D indicate the areas where the sub‐grid turbulent orographic form drag (STOFD) scheme is
activated in the experiments of SEC_exp, NC_exp, TS_TP_exp, and IP_YG_exp, respectively. The full plotting domain
indicates the model domain and the area where the STOFD is activated in the All_exp experiment. The purple contour lines
represent the elevation of 3,000 m. The brown lines depict the Yangtze River and Yellow River.

Journal of Geophysical Research: Atmospheres 10.1029/2024JD041173

ZHOU ET AL. 4 of 21

 21698996, 2024, 20, D
ow

nloaded from
 https://agupubs.onlinelibrary.w

iley.com
/doi/10.1029/2024JD

041173 by N
anjing U

niversity, W
iley O

nline L
ibrary on [20/10/2024]. See the T

erm
s and C

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

/term
s-and-conditions) on W

iley O
nline L

ibrary for rules of use; O
A

 articles are governed by the applicable C
reative C

om
m

ons L
icense



explored. This study aims to explore the remote effects of the STOFD generated by micro‐scale topography in the
regions mentioned above and compare it with the local effects.

A control experiment (CTRL) and four sensitivity experiments named SEC_exp, NC_exp, TS_TP_exp, and
IP_YG_exp are conducted to explore the local and remote effects of the STOFD. The STOFD scheme is indi-
vidually enabled in the Southeastern China, the Northern China, the Tianshan Mountains and TP, and the
Indochina Peninsula and Yunnan‐Guizhou Plateau in the SEC_exp, NC_exp, TS_TP_exp, and IP_YG_exp ex-
periments, respectively. The STOFD scheme is disabled in the CTRL experiment. Also, an experiment labeled as
All_exp, in which the STOFD scheme is enabled over the entire model domain, is conducted to confirm the total
influence of STOFD in the model domain on the summer precipitation simulation in Eastern China. The sub‐
regions in which the STOFD is activated are outlined by black rectangles in Figure 1b. The details of the
experimental design are shown in Table 1.

The only difference between these experiments is the different regions where the STOFD scheme is enabled. The
other settings of these experiments are totally identical. The hydrostatic dynamic core is adopted with the domain
center located at (34°N, 107°E), with a grid of 320 and 240 grids in zonal and meridional directions, respectively.
The horizontal resolution is set to 25 km. The model has 23 vertical layers and extends from the surface up to
50 hPa. The simulation covers the period from 1 May to 31 August for each year from 2011 to 2015, with the
month of May being designated as the model spin‐up period. The output data for the period from 1 June to 31
August are analyzed to explore effects of the STOFD. The time step is 30 s, and the model outputs are generated
every 24 hr. The calculations for long‐wave radiation absorption‐emission of cloud and gas particles, convection,
land surface process, and solar radiation are performed every hour, 30 s, 10 min, and 10 min, respectively. The
lateral boundary conditions of the atmosphere are derived from the EIN15 data with a time resolution of 6 hr.

The Tiedtke cumulus scheme (Tiedtke, 1996) and the Kain‐Fritsch cumulus scheme (Kain & Fritsch, 1990) are
employed over the land and ocean, respectively. The Zeng ocean flux scheme (Zeng et al., 1998), the Community
Land Model version 4.5 (CLM4.5, Oleson et al., 2010), the sub‐grid explicit moisture scheme (SUBEX, Pal
et al., 2000), the radiation transfer module of the Community ClimateModel version 3 (CCM3, Kiehl et al., 1998),
and the Holtslag planetary boundary layer scheme (Holtslag et al., 1990) are selected for the simulation.

3. Results
Figures 2a and 2b illustrate that the RegCM4 without the STOFD scheme can generally capture the spatial pattern
of summer mean precipitation in Eastern China. However, the simulated rain belt exhibits an obvious northward
shift, showing the summer precipitation in the Northern China overestimated by 15.9% and the summer pre-
cipitation in the Southeastern China underestimated by 27.6% compared to the observation (Figure 2c). The
All_exp experiment with the STOFD scheme activated over the entire model domain can clearly reduce the biases
of summer precipitation simulation in the Southeastern China and Northern China compared to the CTRL
experiment without the STOFD scheme (Figures 2d and 2i).

Table 1
Experimental Design

Experiments The region where the STOFD scheme is enabled Experimental purpose

CTRL No STOFD scheme enabled Control experiment

All_exp Full domain (Figure 1b) Confirm the total influence of STOFD in the model domain

SEC_exp Southeastern China (21–32°N, 110–123°E), label A in Figure 1b Explore the local effect of STOFD of the regions with
complex sub‐grid terrain

NC_exp Northern China (32–40°N, 107–123°E), label B in Figure 1b Explore the local effect of STOFD of the regions with
mild sub‐grid terrain

TS_TP_exp Tianshan Mountains and Tibetan Plateau (27–46°N, 65–106°E), label C in Figure 1b Explore the remote effect of STOFD

IP_YG_exp Indochina Peninsula and Yunnan‐Guizhou Plateau (8–27°N, 97–110°E), label D in
Figure 1b

Explore the remote effect of STOFD
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Inclusion of the STOFD in different sub‐regions can lead to different degrees of improvement in summer pre-
cipitation simulation over Eastern China (Figures 2e–2h). These sensitivity experiments produce increased
precipitation in the Southeastern China and decreased precipitation in the Northern China to varying extents
(Figures 2j–2m). Over the Southeastern China with complex sub‐grid terrain, the local effects of the STOFD
increase simulated precipitation there (Figure 2j), playing a prominent role in improving the precipitation
simulation (Figure 2). The STOFD of the Indochina Peninsula and Yunnan‐Guizhou Plateau has the most sig-
nificant effect on the improvement of precipitation simulation in the Northern China with mild sub‐grid terrain
(Figures 2h and 2m), followed by the impact of the STOFD over the Tianshan Mountains and TP (Figures 2g and
2l). Whereas the local effects of the STOFD within the Northern China are minimal due to its weaker intensity
(Figures 2f and 2k). For the Northern China, the All_exp, TS_TP_exp and IP_YG_exp experiments can well
improve the spatial pattern of simulated precipitation (Figures 2d, 2g, 2h, 2i, 2l, and 2m). However, in the
Southeastern China, the All_exp and SEC_exp experiments which can clearly improve the precipitation simu-
lation only resulted in a reduction of precipitation simulation bias without fundamentally altering the spatial
pattern of precipitation (Figures 2d, 2e, 2i, and 2j).

Figure 3 further shows the summer mean daily precipitation and the RMSE of simulated precipitation to better
evaluate the impact of STOFD in different regions on the summer precipitation simulation over Eastern China. As
shown in Figure 3a, the summer mean daily precipitation in the Southeastern China simulated by the CTRL
experiment is 0.94 mm·d− 1 less than the observation. Compared to the CTRL experiment, including the impact of
STOFD in different regions reduces the absolute error of the summer precipitation simulation in the Southeastern
China by varying percentages: the reductions are 48.5% for the All_exp experiment, 37.1% for the SEC_exp
experiment, 17.3% for the TS_TP_exp experiment, 8.6% for the IP_YG_exp experiment, and 0.6% for the
NC_exp experiment. The All_exp experiment shows the highest reduction of absolute error in precipitation
simulation over the Southeastern China among the 5 sensitivity experiments, followed by the SEC_exp and
TS_TP_exp experiments. While the local effects of the STOFDwithin the Southeastern China result in the largest

Figure 2. The observed (a) and simulated summer mean precipitation in the CTRL experiment (b), the differences of summer
mean precipitation between the CTRL (each sensitivity) experiment and observation (c–h), and the differences of summer
mean precipitation between each sensitivity experiment and the CTRL experiment (i–m). The regions of the Southeastern
China and Northern China are indicated by the black lines. The differences that pass the 90% significance level are dotted.
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reduction of RMSE of the precipitation simulation over there (Figure 3b). The STOFD in the Southeastern China,
Tianshan Mountains and TP, and whole model domain can lead to the RMSE of the simulated precipitation in the
Southeastern China decreased by 10.7%, 8.0%, and 7.0% compared to the CTRL experiment, respectively.

The summer mean daily precipitation in the Northern China simulated by the CTRL experiment exceeds the
observation by 0.93 mm·d− 1 (Figure 3a). The improvements of precipitation simulation over the Northern China
in the IP_YG_exp experiment are the most significant, followed by the TS_TP_exp experiment, with the absolute
error of summer mean precipitation reduced by 90.1% and 72.5%, respectively. Enabling the STOFD scheme in
the Indochina Peninsula and Yunnan‐Guizhou Plateau, the TianshanMountains and TP, the whole model domain,
the Northern China, and the Southeastern China can reduce the RMSE of the simulated precipitation in the
Northern China by 32.9%, 24.5%, 22.7%, 2.1%, and 0.8% compared to the CTRL experiment, respectively
(Figure 3b).

Overall, among the STOFD effects in the four sub‐regions, the most significant reductions in the RMSE and
absolute error of summer precipitation simulation in the Southeastern China are attributed to the STOFD local
effects. While the greatest reductions in the RMSE and absolute error of the summer precipitation simulation in
the Northern China are contributed by the remote effects of the STOFD within the Indochina Peninsula and
Yunnan‐Guizhou Plateau. Unexpectedly, the improvement of the precipitation simulation in the Southeastern and
Northern China induced by the STOFD of the whole model domain is less significant than the STOFD of the
Southeastern China, Indochina Peninsula and Yunnan‐Guizhou Plateau. This indicates that there are additional
coincidental factors affecting the simulated precipitation enhancement. The coincidence can be attributed to the
imperfect representation of STOFD by the scheme, which fails to account for the impact factors such as boundary‐
layer stability and interactions of individual orography wave numbers effects (Beljaars et al., 2004; Wood
et al., 2001). Additionally, the mutual cancellations of STOFD effects in different sub‐regions may play a role in
this unexpected result.

To conclude, for the Southeastern China with complex sub‐grid terrain, the local effects of the STOFD, as well as
the remote effects of the STOFD within the Tianshan Mountains and TP has a considerable impact on precipi-
tation simulation. While the impact of local effects of the STOFD on the precipitation simulation in the Northern
China with mild sub‐grid terrain is weak. The remote effects of the STOFD within the Indochina Peninsula and
Yunnan‐Guizhou Plateau, and the Tianshan Mountains and TP significantly mitigate the precipitation over-
estimation in the Northern China compared to the CTRL experiment. The remote effects of the STOFDwithin the
Tianshan Mountains and TP contributes to the remarkable improvement of precipitation simulation in both the
Southeastern and Northern China.

4. Physical Mechanisms
Since this study mainly explores the local and remote effects of the STOFD in different sub‐regions, only the
impact mechanisms related to the STOFD of each sub‐region are introduced below. Compared to the CTRL
experiment, the effects of STOFD within the Southeastern China, Tianshan Mountains and TP, and Indochina

Figure 3. Mean precipitation in summer (a), and the reduction of RMSE in each sensitivity experiment compared to the
CTRL experiment (b). The percentages on the bar charts show the relative reduction of absolute error (a) and RMSE (b) of 5‐
year mean summer precipitation in the Southeastern China and Northern China simulated by each sensitivity experiment
relative to the CTRL experiment.
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Peninsula and Yunnan‐Guizhou Plateau significantly reduced the absolute error and RMSE of simulated pre-
cipitation in the Southeastern and Northern China (Figure 3). The mechanisms related to the effects of the STOFD
in these three regions will be explored below in detail.

The STOFD opposing the wind direction extends from the surface to 400 hPa with different magnitudes and
directions at different levels. The STOFD at 6 representative levels has been highlighted in Figure 4. In the
SEC_exp experiment, the STOFD at 925 hPa is particularly prominent, exerting a strong southward force
(Figure 4a, rectangle A). At 850 hPa, the force diminishes but still maintains a southward direction (Figure 4b,
rectangle A). The sub‐grid topography of the Tianshan Mountains and TP is highly complex, with the STOFD of
this region mainly occurring in the mid‐level troposphere with large magnitude (Figures 4c–4e, rectangle C).
From 600 to 400 hPa, the STOFD along the northern side of TP is acting westward predominantly (Figures 4d–4f,
rectangle C). While in the other areas, it exhibits chaotic directions. In the lower troposphere over the Tianshan

Figure 4. The direction (arrows) and magnitude (color shadings, units: 10− 5m·s− 2) of sub‐grid turbulent orographic form drag
(STOFD) at different levels in the ALL_exp experiment. The arrows and color shadings are tendencies in the momentum
equations of the STOFD scheme. The black rectangles marked with A, C, and D indicate the direction (arrows) and
magnitude (color shadings) of STOFD in the SEC_exp, TS_TP_exp, and IP_YG_exp, respectively. The gray shadow
indicates the terrain height is higher than the altitude of the air pressure level. The purple contour lines represent the elevation
of 3,000 m. The brown lines depict the Yangtze River and Yellow River.

Journal of Geophysical Research: Atmospheres 10.1029/2024JD041173

ZHOU ET AL. 8 of 21

 21698996, 2024, 20, D
ow

nloaded from
 https://agupubs.onlinelibrary.w

iley.com
/doi/10.1029/2024JD

041173 by N
anjing U

niversity, W
iley O

nline L
ibrary on [20/10/2024]. See the T

erm
s and C

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

/term
s-and-conditions) on W

iley O
nline L

ibrary for rules of use; O
A

 articles are governed by the applicable C
reative C

om
m

ons L
icense



Mountains and TP, such as 925 hPa and 850 hPa, most areas are obstructed by terrain barriers, resulting in smaller
magnitudes and disordered directions of the STOFD (Figures 4a and 4b, rectangle C). At 700 hPa, the direction of
STOFD on the north side adjacent to the TP is toward the east (Figure 4c, rectangle C). Conversely, near the
Tianshan Mountains, the STOFD direction is westward. The STOFD of the Indochina Peninsula and Yunnan‐
Guizhou Plateau is particularly noteworthy at 925 hPa and 850 hPa, primarily situated in the northern region
of the Indochina Peninsula and the southern part of the Yunnan‐Guizhou Plateau (Figures 4a and 4b, rectangle D).
The prevailing direction of the STOFD in this area is westward.

The influence of the STOFD on the 10 m wind simulation corresponds well with the STOFD in each sensitivity
experiment and is the most significant in the sub‐region where the STOFD is enabled (Figures 5a–5c). In the
TS_TP_exp experiment, the STOFD significantly weakens the 10 mwind speed over the TianshanMountains and
TP (Figure 5b), resulting in a notably reduced RMSE of simulated wind at 10 m in these regions compared to the
CTRL experiment (Figure 5e). Although not as significant as those in the TS_TP_exp experiment, the remote

Figure 5. The differences of the simulated wind vector and speed (color shadings) at 10 m above the ground between each
sensitivity experiment and the CTRL experiment (a–c); and the differences in the RMSE of the simulated wind speed at 10 m
above the ground between each sensitivity experiment and the CTRL experiment (d–f). The black rectangles show the
regions where the sub‐grid turbulent orographic form drag scheme is activated in each sensitivity experiment. The purple
contour lines represent the elevation of 3,000 m. The brown lines depict the Yangtze River and Yellow River. The differences
that pass the 90% significance level are dotted.
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effects of the STOFD in the IP_YG_exp experiment lead to a notable reduction of the simulated 10 m wind speed
and its RMSE over the Indochina Peninsula and Yunnan‐Guizhou Plateau compared with the CTRL experiment
(Figures 5c and 5f). Among the 3 sensitivity experiments, the local effects of the STOFD in the SEC_exp lead to
the most significant reduction of the simulated 10 m wind speed and its RMSE in the Southeastern China
compared with the CTRL experiment (Figures 5a and 5d). It's worth noting that ERA5, which also uses the
STOFD scheme, does not use observations of 10 m winds over land, but instead follows model profiles driven by
the analysis of upper air data. Therefore, a portion of the reduction in RMSE can be attributed to the inclusion of
the STOFD scheme in ERA5 for calculating 10 m wind, this confirms the accurate application of the STOFD
scheme in RegCM4.

Even though the effects of the STOFD within the Tianshan Mountains and TP show the most significant
improvement of the 10 mwind speed simulation in the region with the most complex sub‐grid terrain in the model
domain, the same cannot be said for its impact on precipitation simulation in Eastern China. However, there is still
evidence to suggest that the STOFD exhibits favorable capabilities for enhancing the precipitation simulation
performance in Eastern China. The relationship between the improvements of 10 m wind speed simulations and
those of precipitation simulations is complex and nonlinear, with even minor alterations in wind patterns leading
to obvious changes in precipitation compared to the CTRL experiment.

Combined with Figures 4 and 5 illustrates a direct impact of the STOFD on the 10 m wind, showcasing a strong
correlation between the changes in wind direction and speed with the STOFD. By decomposing the impact of
10 m wind into various levels corresponding to the STOFD in Figure 7, the underlying formation mechanism of
atmospheric circulation field disparities is uncovered.

Previous studies have shown that the development of wind is highly influenced by the background circulation
(Chang, 2014; Ching et al., 2010; B. Li et al., 2022; Pepler et al., 2018), so do the wind differences between each
sensitivity experiment and the CTRL experiment. The atmospheric circulation fields at different levels in the
CTRL experiment are shown in Figure 6 as the background circulation for the development of wind difference
between each sensitivity experiment and the CTRL experiment.

From Figures 6a–6d, at 600 hPa and below, there is a deep monsoon trough near the Southeastern China around
20°N. Additionally, a monsoon trough can be seen between the Bay of Bengal (labeled in Figure 1a) and the
Indochina Peninsula, which is a distinguishing feature of the South Asian summer monsoon (Choudhury &
Krishnan, 2011; Krishnamurti & Surgi, 1987). A weak ridge separates these two troughs. The east part of the
trough acts as a dynamic trough, characterized by strong convergence and moisture accumulation, creating a
favorable dynamic condition for the development of cyclone (Choudhury & Krishnan, 2011; Das, 1986; Sikka &
Narasimha, 1995). A high‐pressure ridge is present in the low‐level troposphere over the Northern China and
moves southwest in the mid‐level. In the Northeastern China, a transversal trough forms at the low‐level
troposphere, which is then replaced by a westerly trough at the mid‐level troposphere. At higher levels, the
Northern China is located between the westerly trough and high‐pressure ridge, with prevailing northwest winds,
which is conducive to the development of downward motion. A westerly ridge appears on the northwest side of
China at the middle and upper levels. Due to the thermal difference between TP and its surrounding terrains in
summer, a cyclone appears over TP. The low‐pressure center gives rise to a trough, while a ridge forms on the east
side of the trough. On the northwest side of TP, a high‐pressure ridge appears due to the lower temperature in the
Tarim Basin (labeled in Figure 1a) compared to the surroundings.

Compared to the CTRL experiment, the SEC_exp experiment produces a significant decrease of the local wind
speed in the low‐level troposphere corresponding to the STOFD, which diminishes as altitude increases in the
mid‐upper troposphere (Figures 7a–7f). This deceleration of wind is directly generated by the southward STOFD,
resulting in an increase in wind speed on both sides of the deceleration. The wind shear caused by the difference
between north and south winds on each side of the deceleration leads to anticyclonic and cyclonic disturbances on
the west and east sides of the deceleration, respectively. The cyclonic disturbance on the east side is induced and
promoted by the monsoon trough, forming a cyclone difference between the SEC_exp experiment and the CTRL
experiment. While the anticyclonic disturbance on the west side is suppressed by the westerly winds and does not
exhibit further development. Along with the direction of background circulation, the cyclone difference between
the SEC_exp experiment and the CTRL experiment propagates northward. This cyclonic difference deepens and
expands in the lower and middle levels in the northeast side of China due to the influence of the transversal trough
and monsoon trough in the Northeastern China, respectively.
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As shown in Figures 7g–7l, the STOFD of Tianshan Mountains and TP greatly weakens the westerly winds on
the north side of TP in the mid‐level troposphere, creating a pronounced easterly difference compared to
situations in the CTRL experiment. On both sides of the easterly difference, the flow is accelerated. The winds
at the levels with relatively weaker STOFD are primarily influenced by the remote effects of the substantial
STOFD at other levels. The contrasting easterly and westerly wind differences between the TS_TP_exp
experiment and the CTRL experiment produce the wind shear differences, which generate cyclonic and anti-
cyclonic disturbances on the south and north sides of the easterly difference, respectively. The presence of a
high‐pressure ridge in the Tarim Basin and a trough on the southern side of TP contribute to the development of
these disturbances (Figures 6c and 6d), further resulting in the formation of corresponding anticyclonic and
cyclonic differences between the TS_TP_exp experiment and the CTRL experiment. The deceleration and
acceleration compared to the CTRL experiment produced by the STOFD of Tianshan Mountains and TP spread
southwest along the direction of the mid‐level wind, leading to easterly differences in the middle and lower

Figure 6. The wind vector and geopotential height (color shadings) in the CTRL experiment at different levels. The
significant troughs and ridges associated with the development of circulation differences are labeled by white text. The gray
shadow indicates the terrain height is higher than the altitude of the air pressure level. The purple contour lines represent the
elevation of 3,000 m. The blue lines depict the Yangtze River and Yellow River.
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Figure 7. Distribution of wind vector and speed (color shadings) differences at different levels; from left to right are the differences between each of the SEC_exp,
TS_TP_exp and IP_YG_exp experiment and the CTRL experiment. The black rectangles indicate the regions with the sub‐grid turbulent orographic form drag scheme
activated in each sensitivity experiment. The gray shadow indicates the terrain height is higher than the altitude of the air pressure level. The purple contour lines
represent the elevation of 3,000 m. The brown lines depict the Yangtze River and Yellow River. The differences that pass the 90% significance level are dotted.
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reaches of the Yangtze River and westerly differences on either side of the easterly differences. The interaction
between the shear differences and the background monsoon trough leads to the formation of a new cyclone
difference compared with the situation of the CTRL experiment. In addition, an updraft prevails in the
background trough in the northeast side of China. The updraft is intensified by the westerly difference and
forms a cyclone difference in the northeast side of China between the TS_TP_exp experiment and the CTRL
experiment. Meanwhile, the anticyclonic difference compared to the situation in the CTRL experiment on the
northern side of TP moves downstream, creating a fresh center of high‐pressure difference between these two
cyclonic differences. The high‐pressure difference is further strengthened by the influence of downdraft in the
front ridge to the back of the trough. This high‐pressure difference weakens slightly at lower levels and
eventually merges with the anticyclonic difference on the northern side of TP in the upper troposphere under
the influence of the westerly ridge.

The STOFD of the Indochina Peninsula and Yunnan‐Guizhou Plateau causes a slowdown in the westerly in the
north of the Indochina Peninsula and the south of the Yunnan‐Guizhou Plateau, while accelerating them on both
sides of the deceleration zone (Figures 7m–7r). Compared to the CTRL experiment, the wind shear differences in
the south side of the deceleration meet the South Asian monsoon trough at the mid‐level troposphere, forming a
cyclonic difference and developing downstream. The cyclonic difference then deepens into a center of low‐
pressure difference at another monsoon trough. The wind shear variations on the north side of the deceleration
meet the ridge on the south side of TP to generate an anticyclone difference between the IP_YG_exp experiment
and the CTRL experiment. The anticyclonic difference deepens over the Northern China because of meeting
lower reaches of the ridge in the Northern China.

Comparing the circulation differences between each sensitivity experiment and the CTRL experiment, the in-
tensity of cyclonic difference in the Southeastern China induced by the local effects of the STOFD is weaker than
those generated by the remote effects of the STOFD due to relatively smaller magnitude of STOFD over the
Southeastern China. While in the Southeastern China, where the local effects of the STOFD have a major impact,
the cyclone differences induced by the local effects of the STOFD are more localized.

These cyclonic and anticyclonic differences between each sensitivity experiment and the CTRL experiment
stimulate the vertical motion changes, so the dynamic foundation is laid for the improvement of precipitation
simulation. However, the magnitude of changes in vertical velocity is not exactly consistent with the circulation
differences due to the influence of other factors.

Due to the differences in the wind field between each sensitivity experiment and the CTRL experiment, there are
changes in the water vapor flux convergence as shown in Figure 8. The eastern part of China, which is located
near the coast, has abundant water vapor. Although there are atmospheric circulation differences over theWestern
China between each sensitivity experiment and the CTRL experiment, the most significant disparities in water
vapor flux convergence are located in Eastern China. This could potentially explain why the improvement of
simulated precipitation primarily appears in Eastern China. The local cyclonic difference between the SEC_exp
experiment and the CTRL experiment in the Southeastern China results in the convergence of airflow, thereby
increasing the convergence of water vapor flux in the Southeastern China (Figure 8b). In the TS_TP_exp
experiment, the corresponding cyclonic (anticyclonic) difference between the TS_TP_exp experiment and the
CTRL experiment in the Southeastern China (Northern China) promotes the increase (decrease) in convergence
of water vapor flux (Figure 8c). The changes of water vapor flux convergence generated by the STOFD effects of
the Indochina Peninsula and Yunnan‐Guizhou Plateau are roughly the same as those generated by effects of the
STOFD over the Tianshan Mountains and TP (Figure 8d). Even though there are cyclonic (anticyclonic) dif-
ferences and water vapor convergence differences compared to the CTRL experiment over the Southeastern
China (Northern China) in the SEC_exp, TS_TP_exp, and IP_YG_exp (TS_TP_exp and IP_YG_exp) experi-
ments, discrepancies still exist among the different sensitivity experiments. Compared to the CTRL experiment,
the SEC_exp experiment produced cyclonic and water vapor flux convergence differences covering the entire
Southeastern China. Whereas those differences are partly located in the Southeastern China in the TS_TP_exp
and IP_YG_exp experiments. Furthermore, in the IP_YG_exp experiment, there also exists a decrease in water
vapor flux convergence over the west part of Southeastern China compared to the CTRL experiment (Figure 8d),
hindering precipitation production over these regions. However, the increased convergence of water vapor flux
and the cyclonic differences in the other parts of the Southeastern China in the IP_YG_exp experiment both
contribute to the increase of precipitation there. The increase in water vapor induced by the local effects of the
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STOFDmainly occurs in the Southeastern China, with the remote effects of the STOFD only increasing the water
vapor flux convergence in part of this region. In the Northern China, the remote effects of the STOFD in both the
IP_YG_exp and the TS_TP_exp experiment produce remarkable decreased water vapor flux convergence
compared to the CTRL experiment.

The convective available potential energy (CAPE) increases in the Southeastern China while decreases in the
Northern China in the sensitivity experiments (Figure 9). Except for TS_TP_exp, the differences of CAPE
correspond well with the differences of water vapor flux convergence mentioned above. It suggests that the
differences in CAPE are notably influenced by changes in regional water vapor content caused by the differences
of water vapor flux convergence. Apart from the water vapor flux convergence, many other factors may also
impact the CAPE, but no significant corresponding has been demonstrated thus far. Although the decrease of
water vapor flux convergence over the Northern China is more obvious in the TS_TP_exp experiment than in the
SEC_exp experiment (Figures 8b and 8c), the change of CAPE remains relatively unaffected (Figures 9b and 9c).
This could be attributed to the influence of other factors such as the thermodynamic environment (not shown).
The local effects of the STOFD significantly boost the CAPE in most areas of the Southeastern China (Figure 9b),
whereas the remote effects of the STOFD are relatively minimal or affect only a small part of the region compared
to the impact of local effects (Figures 9c and 9d).

The differences in CAPE facilitate vertical motion differences in Eastern China (Figure 10). Notably, compared to
the CTRL experiment, the significant increases of CAPE in the Southeastern China produced by the SEC_exp
experiment facilitate the occurrence of updrafts (Figure 10b). In the IP_YG_exp experiment, the CAPE only
increases in a small part of the Southeastern China, and even decreases in the rest region compared to the CTRL
experiment, hindering the occurrence of updrafts (Figure 10d). Relative to the CTRL experiment, the significantly
reduced CAPE in the IP_YG_exp experiment over the Northern China greatly inhibits updrafts.

Figure 8. Spatial distribution of water vapor flux (vector) integrated from surface to 300 hPa and its convergence (color
shadings) in the CTRL experiment (a), and their differences between each sensitivity experiment and CTRL experiment (b–
d). The black rectangles indicate the Southeastern China and Northern China as shown in Figure 2a. The purple contour lines
represent the elevation of 3,000 m. The brown lines depict the Yangtze River and Yellow River. The differences that pass the
90% significance level are dotted.
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Previous research of Van Den Dool (1987) demonstrated a strong correlation between vertical motion at
500 hPa and precipitation. Consequently, Figures 10a–10d further show the vertical velocity at 500 hPa in the
CTRL experiment, along with the differences of vertical velocity at 500 hPa between each sensitivity exper-
iment and the CTRL experiment. It is clearly noted that the vertical motion differences exhibit strong corre-
spondence with precipitation differences in all the sensitivity experiments. To explore the source of this strong
correspondence, the lead‐lag correlation coefficients between 500 hPa vertical velocity differences and pre-
cipitation differences produced by each sensitivity experiment relative to the CTRL experiment have been
calculated. Due to the consistent results across all sensitivity experiments, only the correlation coefficient
between the 500 hPa vertical velocity differences and precipitation differences produced by the SEC_exp
relative to the CTRL experiment is presented (Figures 10e–10h). The 500 hPa vertical velocity differences at
3 hr ahead the precipitation show the largest relations with the precipitation differences, suggesting that the
500 hPa vertical velocity differences contribute to the precipitation differences and the precipitation corre-
sponds well with the vertical velocity.

The vertical velocity differences at 500 hPa level between each sensitivity experiment and the CTRL experiment
can be primarily attributed to the upward and downward motion differences resulting from cyclonic and anti-
cyclonic differences. Furthermore, the CAPE differences between each sensitivity experiment and the CTRL
experiment can either inhibit or promote the development of vertical motion.

Including the STOFD of the microscale orography can improve the climate simulation by blocking partial airflow,
which highly resembles the effect of mesoscale orography. Compared to the sub‐grid mesoscale terrain‐generated
orographic gravity wave drag in previous studies, the STOFD exhibited in this research is of a much smaller
magnitude (Van Niekerk et al., 2018). As a result, the blocking effect of STOFD on airflow is also less pro-
nounced than that of the gravity wave drag (Liu et al., 2023; Van Niekerk et al., 2018). This finding is consistent
with previous research (Zhou, Beljaars, et al., 2017). Furthermore, the orographic gravity wave drag typically

Figure 9. Spatial distribution of convective available potential energy in the CTRL experiment (a), and its differences
between each sensitivity experiment and the CTRL experiment (b–d). The dark rectangles indicate the Southeastern China
and Northern China as shown in Figure 2a. The purple contour lines represent the elevation of 3,000 m. The blue lines depict
the Yangtze River and Yellow River. The differences that pass the 90% significance level are dotted.
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occurs in the lower and upper levels due to the break of upward‐propagating orographic gravity waves, while the
STOFD is more obviously produced near the surface (Kim et al., 2003; Zhang et al., 2020). Despite its relatively
modest magnitude and impact in comparison to the mesoscale orography, this study highlights the clear climatic
effects of micro‐scale orography that should not be overlooked.

Overall, both the local and remote effects of the STOFD significantly affect the formation of wind differences
between each sensitivity experiment and the CTRL experiment, leading to discrepancies in cyclone and anti-
cyclone when interacting with troughs and ridges. Subsequently, these disparities result in fluctuations of water
vapor flux convergence in Eastern China where abundant water vapor is present. Cyclonic (anticyclonic) dif-
ferences generate upward (downward) vertical velocity differences, which are facilitated by increased (decreased)
CAPE. The combined effects of these cyclonic (anticyclonic) differences, along with the differences in the water
vapor flux convergence, CAPE and vertical motion, contribute to the simulated precipitation differences in each
sensitivity experiment compared to the CTRL experiment. In the Southeastern China, the local effects of the
STOFD produce a cyclonic difference that is locally concentrated and delivers water vapor over a large area of the
Southeastern China. Also, the CAPE is greatly increased and the upward movement is intensified. While the
cyclonic differences generated by the remote effects of the STOFD within the Indochina Peninsula and Yunnan‐
Guizhou Plateau, and the Tianshan Mountains and TP are more intense, they only generate relatively little water
vapor flux convergence in the Southeastern China compared to that induced by the local effects. And the increases
of CAPE are weaker than those generated by the local effects of the STOFD. Therefore, the local effects of the
STOFD correct the underestimation of precipitation in the Southeastern China more significantly compared to the
remote effects. The remote effects of the STOFDwithin the Indochina Peninsula and Yunnan‐Guizhou Plateau, as
well as the Tianshan Mountains and TP, greatly improve the accuracy of summer precipitation simulation in
Eastern China due to their notable disturbances.

Figure 10. The vertical velocity at 500 hPa level over Eastern China in the CTRL experiment (a), and its difference between each sensitivity experiment and the CTRL
experiment (b–d). The lead‐lag correlation coefficient between 500 hPa vertical velocity differences and precipitation differences in the SEC_exp experiment relative to
the CTRL experiment is represented in panels (e–f). The lead (lag) of n hours means the 500 hPa vertical velocity differences leading (lagging) the precipitation
differences by n hours. The black rectangles indicate the Southeastern China and Northern China as shown in Figure 2a. The differences passing the 90% significance
level are dotted.
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5. Conclusions
Inclusion of the STOFD in the RegCM4 can remarkably improve the summer monsoon precipitation simulation
in Eastern China, while the remote effects of the STOFD have not yet been revealed quantitatively. This study
conducts a series of sensitivity experiments using the RegCM4 adopting the STOFD scheme to examine the
impact of local and remote effects of the STOFD on precipitation simulation.

The results indicate that the local effects of the STOFD within the Southeastern China with complex sub‐grid
terrains has the most significant impact on the improvement of the summer precipitation simulation in this re-
gion. The local effects of the STOFD within the Southeastern China results in the absolute error and the RMSE of
the precipitation simulation in this region reduced by 37.1% and 10.7%, respectively. Conversely, the
improvement of the precipitation simulation in the Northern China with mild sub‐grid topography is primarily
induced by the remote effects of the STOFD. Specifically, the STOFD of the Indochina Peninsula and Yunnan‐
Guizhou Plateau has the most pronounced impact, contributing to the absolute error and the RMSE of the pre-
cipitation simulation in this region reduced by 90.1% and 32.9%, respectively.

In addition, the process of the local and remote effects of the STOFD affecting precipitation is also revealed. The
STOFD generates wind differences opposite to the background wind direction. Promoted by the background
circulation, these wind differences form cyclonic and anticyclonic differences between each sensitivity experi-
ment and the CTRL experiment. The circulation disturbances induced by the remote effects of the STOFD
propagate downstream to Eastern China. Both cyclonic and anticyclonic differences generated by the local and
remote effects of the STOFD produce corresponding water vapor flux convergence differences. The differences
of CAPE in sensitivity experiments relative to the CTRL experiment further influence the development of vertical
motion associated with cyclonic and anticyclonic differences. All these differences of meteorological factors
ultimately contribute to the improvement of precipitation simulation. The influence of the local effects of the
STOFD on the precipitation simulation in the Southeastern China is more pronounced compared to those induced
by the remote effects of the STOFD. This is due to the cyclonic differences, corresponding water vapor flux
convergence differences, CAPE variations and vertical velocity differences induced by the local effects of the
STOFD are more concentrated in this region. The relatively larger magnitudes of the remote effects of the STOFD
within both the Tianshan Mountains and TP, Indochina Peninsula and Yunnan‐Guizhou Plateau and their
resulting disturbances play a significant role in the improvement of summer precipitation simulation in the
Northern China with mild sub‐grid terrain. The impact of the STOFD within the Indochina Peninsula and
Yunnan‐Guizhou Plateau on the precipitation simulation is particularly pronounced in the Northern China,
resulting in the most significant enhancement of precipitation simulation performance. Although not the largest,
the remote effects of the STOFD within the Tianshan Mountains and TP play the second significant role in
improving the summer precipitation simulation in both the Southeastern and Northern China.

This study recognizes the remote impact of STOFD of Tianshan Mountains and TP in improving the summer
precipitation simulation in Eastern China, which is consistent with previous studies (Chiang et al., 2020; Kong &
Chiang, 2020; Son et al., 2020). Different from the deduction of Gu et al. (2023b), this study discovers that the
vertical velocity differences in the mid‐level troposphere exhibit strong correspondence with precipitation dif-
ferences in all the sensitivity experiments. Therefore, this strong relationship is not solely attributed to the STOFD
of TianshanMountains and TP. This study also emphasizes the remote effects of the STOFDwithin the Indochina
Peninsula and Yunnan‐Guizhou Plateau on the summer precipitation simulation in the Northern China and the
local effects of the STOFD within the Southeastern China on the summer precipitation simulation in this region.

Nevertheless, there are still several deficiencies in this study that require further improvement. Although the
STOFD scheme applied in this study is widely recognized and utilized in various numerical models, it still has its
constraints. This scheme is based on the surface stress and vertical distribution derived from two‐dimensional
sinusoidal hills, rather than accounting for the complexities of actual sub‐grid orography (Beljaars et al., 2004;
Wood et al., 2001; Xue & Shen, 2023). Furthermore, the STOFD calculated by this scheme is not sensitive to
boundary‐layer stability (Beljaars et al., 2004). Thus, there is a pressing need for further research to refine the
STOFD scheme to obtain more accurate simulations and predictions. Recently, Xue and Shen (2023) proposed a
STOFD scheme that considers three‐dimensional hills and incorporates the angle direction of low‐level wind and
terrain, remedying the limitations of the previous two‐dimensional approach. This scheme will be applied in
future studies to further enhance the model's ability to represent micro‐scale terrain. In addition, the conclusions
obtained by this study may rely on the regional model used. The sub‐grid terrain data with ∼1 km resolution used
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in this study may be too coarse to some extent. Besides, the focus on only two regions representing the areas with
mild and complex sub‐grid terrain may limit the generalization of the conclusions. It is recommended that more
regions representing various sub‐grid terrains are included and use much finer sub‐grid terrain data in future
studies to provide a more comprehensive analysis.

Data Availability Statement
Data‐The data used in this study include the 0.25° × 0.25° gridded precipitation daily products provided by the
Asian Precipitation ‐ Highly Resolved Observational Data Integration Towards Evaluation (APHRO-
DITE, 2012), the fifth generation ECMWF atmospheric reanalysis of the global climate (ERA5) with a horizontal
resolution of 0.25° × 0.25° (ECMWF, 2020) and the replay of the land component of the ERA5 reanalysis with a
finer spatial resolution of 0.1° × 0.1° (ECMWF, 2019). Additionally, the 1° × 1° NOAA Optimum Interpolation
Sea Surface Temperature (OISST, NOAA, 2002) and the 1.5° × 1.5° ERA‐Interim Reanalysis (ECMWF, 2011),
along with the 0.25° × 0.25° European Space Agency (ESA) Climate Change Initiative (CCI) Essential Climate
Variable (ECV) Surface Soil Moisture and Combined Product (Dorigo et al., 2021) are used for numerical
simulations. Grid‐scale Topography is derived from 30″ × 30″(∼1 km) Global Multi‐resolution Terrain Elevation
Data (GMTED, Danielson & Gesch, 2011) developed by the U.S. Geological Survey (USGS). Software‐To carry
out the simulations, the REGCM4 (ICTP, 2016) and RegCM4 with a STOFD scheme (Gu et al., 2023a) are
utilized.
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