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Abstract This study systematically evaluates the influence of the sub-grid turbulent orographic form drag
(STOFD) scheme on the performance of the Regional Climate Model Version 4 in simulating 10 m wind and
precipitation over China across seasons and investigates underlying mechanisms. Results demonstrate that the
improvement of 10 m wind simulation across China induced by STOFD scheme is the most pronounced in
winter among all seasons, reducing root mean square error (RMSE) by 27.72% and increasing Taylor score by
46.09% for wind speed, with improvement degree positively correlated with micro-scale terrain complexity.
The effects of STOFD scheme on precipitation simulations also vary seasonally. Specifically, adopting STOFD
scheme most effectively reduces precipitation overestimation over the Tibetan Plateau in winter among all
seasons, with RMSE reduced by 9.69%. The greatest improvements in precipitation simulations over the
Southeastern and Northeastern China occur in summer among all seasons, with RMSE reductions of 6.45% and
33.11%, respectively. Mechanistically, STOFD impedes westerlies, generating southeasterly wind differences
that trigger secondary meridional circulation and pressure differences, enhancing westerlies on both sides of the
southeasterly wind differences and inducing cyclonic (anticyclonic) differences over the Southeastern
(Northeastern) China. Seasonal variations in the intensity and position of background westerlies modulate the
magnitude and distribution of STOFD-induced 10 m wind simulation improvements, thereby driving the
seasonality of impacts on regional circulation and water vapor transport, shaping clear seasonal differences in
improvements of precipitation simulations. This study reveals seasonality in the effects of STOFD scheme,
offering crucial insights for model development.

Plain Language Summary The sub-grid turbulent orographic form drag (STOFD) describes the
dissipation of momentum caused by the interaction between airflow and unresolved micro-scale terrain.
Although prior research has recognized the climatic effects of the STOFD scheme in model simulations, the
seasonal difference of these influences has not been systematically examined. This study addresses this gap
through a 5-year continuous regional climate simulation over China using the Regional Climate Model Version
4. Results reveal that the STOFD-induced improvement of 10 m wind simulations across China in winter is the
most notable among all seasons, while the most significant improvement in precipitation simulations induced by
the STOFD occurs over the Tibetan Plateau in winter and eastern China in summer among all seasons. Seasonal
variations in intensity and location of the background westerlies collectively govern the magnitude and direction
of STOFD, thereby differentially modifying the simulations of 10 m wind, circulation, water vapor transport,
and precipitation in various seasons. This study advances the understanding of the seasonal differences in the
impact of STOFD on the performance of regional climate simulations.

1. Introduction

With the rapid growth of the low-altitude economy, the urgent demand for precise simulation and forecast of near-
surface wind and precipitation has continued to rise (Huang et al., 2024; Ilyas et al., 2025; Lee et al., 2022; Qin
et al., 2025). The performance of the near-surface wind and precipitation simulations is governed by multiple
factors, such as model resolution, terrain representation, and the parameterization of physical processes (Andrade
Cardoso et al., 2025; Namdeyv et al., 2024; Park et al., 2024; Xu et al., 2023). Since the scale of real terrain is much
finer than the resolution of model grids, the resulting unrepresented sub-grid terrain becomes a major source of
simulation deviation (Cannon et al., 2017; Sandu et al., 2019; Wang et al., 2023).
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The effects generated by sub-grid terrain on the airflow need to be characterized through parameterization
schemes (Niekerk et al., 2016; Zuo & Wu, 2025). Numerous sub-grid terrain parameterization schemes have been
developed and implemented in numerical models, demonstrating consistent improvements in simulation and
prediction accuracy across diverse regions and applications (Elvidge et al., 2019; Wang & Wu, 2022). For
example, the application of a three-dimensional sub-grid terrain solar radiative scheme mitigates the precipitation
overestimation over the southern Tibetan Plateau (TP) by reducing surface solar radiation, weakening plateau
thermal forcing, enhancing atmospheric stability, and diminishing southwesterly moisture transport (Cai
et al., 2023).

The sub-grid turbulent orographic form drag (STOFD) is generated by the uneven pressure distribution on the
windward and leeward slopes of the sub-grid micro-scale terrain (Belcher et al., 1993). The parameterization
scheme of STOFD is widely recognized for its substantial impact on the 10 m wind simulations (Gu et al., 2022;
Koo et al., 2018; Xu et al., 2023; X. Zhou et al., 2017). Compared to flow blocking drag and orographic gravity
wave drag parameterization schemes, the STOFD scheme has proven to be the most critical for improving 10 m
wind simulations (Xu et al., 2023; Zuo & Wu, 2025). Consequently, numerous studies have investigated the effect
of the STOFD parameterization schemes on the near-surface wind simulations (Xue & Shen, 2023; Xue
etal., 2021; X. Zhou et al., 2018). For instance, the STOFD scheme substantially improves 10 m wind simulations
over the western TP in winter by reducing the wind speed overestimation and correcting the diurnal phase of the
zonal wind (X. Zhou et al., 2019). It can not only significantly improve the 10 m wind simulations, but also
indirectly regulate the precipitation simulations by influencing water vapor transport and ascending motion (J. Li
et al., 2024; Wang et al., 2020; Y. Zhou et al., 2024). The STOFD scheme alters the precipitation distribution in
the Central Himalayas with more precipitation in the lowlands and less precipitation at high altitudes by slowing
the winds and hindering the moisture uplift (Wang et al., 2020).

Previous studies have predominantly focused on single-season analysis, exploring the impact of the STOFD
scheme on the 10 m wind and precipitation simulations in specific seasons, while the seasonal differences
of improvements and underlying mechanisms have been poorly explored (Gu et al., 2023a; Wang et al., 2020;
X. Zhou et al., 2019). The enhanced intensity of the STOFD can rapidly induce deceleration of surface westerlies
and meridional pressure gradient adjustments, subsequently altering zonal wind, temperature, and geopotential
height across all time scales in winter (Sandu et al., 2016). In southern China, the impact of the STOFD scheme
weakens the simulated 10 m and low-level winds, suppressing the southwesterlies and promoting low-level
moisture convergence, which consequently increases the simulated rainfall in pre-summer (Xue et al., 2021).

The impact of the STOFD scheme on simulated precipitation varies seasonally, with a reduction in winter over TP
but an enhancement in summer (Gu et al., 2023a; X. Zhou et al., 2019). However, these studies employ different
models and simulation domains, making it impossible to attribute the seasonal contrast solely to a seasonal
difference in the impacts of the STOFD scheme. A systematic investigation of the seasonality in the impacts of the
STOFD scheme, ideally within a consistent modeling framework, is therefore urgently needed.

The systematic investigation of the seasonality in the impacts of the STOFD scheme is particularly critical in
regions like China with distinctly different climate systems across seasons. The seasonal variations in the
westerlies over the mid-latitudes, the East Asian monsoon, and other associated factors collectively establish
distinct dynamic backgrounds in various seasons (Asakereh & Jahedi, 2025; Curio & Scherer, 2016; Yihui &
Chan, 2005). Moreover, substantial evidence indicates that the efficacy of many parameterization schemes varies
significantly across seasons (Choi et al., 2017; Giorgi & Marinucci, 1991). For instance, in the western Hima-
layas, where distinct weather systems prevail in winter and summer, the impacts of microphysical and cumulus
parameterization schemes on simulations exhibit marked seasonal differences (Dixit et al., 2023). Given that the
impacts of other schemes vary seasonally, the impact of the STOFD scheme may also exhibit clear seasonal
variations, warranting the systematic investigation. Furthermore, research based on a single season is inadequate
to meet the demand of stable year-round simulation and prediction accuracy for meteorological services, such as
the low-altitude economic meteorological services (WMO, 2015).

In parallel, given the complex topography and marked regional climate diversity across China, the influence of the
STOFD scheme on the model simulations is therefore likely to vary substantially across regions and seasons (Wu
et al., 2018). Systematic investigation into the seasonal applicability of STOFD in different characteristic regions
of China is therefore urgently needed.
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This paper systematically compares the influence of the STOFD scheme on the performance of Regional Climate
Model Version 4 (RegCM4) in simulating the 10 m wind and precipitation over China in different seasons and
reveals its seasonal dependence characteristics in different regions of China and the underlying physical mech-
anisms. The aim of this paper including: (a) quantify the impact of the STOFD scheme on the simulations of 10 m
wind and associated precipitation responses in different seasons; (b) evaluate the seasonal applicability of the
STOFD scheme in different characteristic regions of China; (c) reveal the mechanisms related to the seasonal
differences in the impact of the STOFD scheme on the 10 m wind and precipitation simulations. Findings of this
study may provide a foundation for refining the STOFD parameterization scheme and improving the accuracy of
simulation and prediction. The rest of the paper is structured as follows: Section 2 describes the data, model,
experimental design, and methodology. Section 3 presents a quantitative analysis of the seasonal differences in
the effects of the STOFD scheme on the simulations of 10 m winds and precipitation. The associated physical
mechanisms in different seasons are explored in Section 4. Finally, Section 5 provides the conclusion and
discussion.

2. Data, Model, Experimental Design, and Methodology
2.1. Data
The data for model input are summarized as follows:

1. The 6-hourly ERA-Interim Reanalysis data set with the horizontal resolution of 1.5° X 1.5° (Dee et al., 2011) is
used to provide atmospheric initial and lateral boundary conditions.

2. The weekly Optimum Interpolation Sea Surface Temperature (OISST) data with the horizontal resolution of
1° x 1° (Reynolds et al., 2002) is employed as the oceanic boundary condition.

3. The monthly European Space Agency Climate Change Initiative Essential Climate Variable (ESA CCI ECV)
surface soil moisture combined product with the horizontal resolution of 0.25° X 0.25° (Dorigo et al., 2021) is
used to initialize the land surface model.

4. The 30” x 30” (~1 X ~1 km) Global Multi-resolution Terrain Elevation Data (GMTED, Danielson &
Gesch, 2011) is applied for the computation of the standard deviation (SD) of filtered sub-grid terrain
elevation. This data set also provides the grid-scale elevation.

The data for model evaluation are summarized as follows:

1. The daily Asian Precipitation-Highly-Resolved Observational Data Integration Toward Evaluation
(APHRODITE) grid precipitation with the horizontal resolution of 0.25° X 0.25° (Yatagai et al., 2012) from
December 2010 to November 2015 is employed for assessing the accuracy of precipitation simulation.

2. The hourly ERAS reanalysis data set with the horizontal resolution of 0.25° X 0.25° (ECMWEF, 2020) during
December 2010 to November 2015 is used to provide the 10 m wind data for evaluating near-surface wind
simulations.

2.2. The RegCM4 Model and STOFD Scheme

The RegCM4, developed by the Abdus Salam International Center for Theoretical Physics (ICTP), stands as a
pioneering regional climate model designed for climate downscaling (Dickinson et al., 1989; Gao &
Giorgi, 2017). It has been widely adopted in East Asia for regional climate studies due to the demonstrated
reliability in performance (Jo et al., 2024; Liu et al., 1994; Lu et al., 2019).

Among various STOFD parameterization schemes, the scheme developed by Beljaars et al. (2004, B04) per-
formed better in enhancing simulation performance (Wang et al., 2020; Xue et al., 2021; X. Zhou et al., 2018,
2019). Therefore, this study employs the BO4 scheme to investigate the seasonal differences in the influence of
STOFD on the 10 m wind and precipitation simulations. The B04 scheme, initially implemented in RegCM4 by
Gu et al. (2023a), has subsequently been employed in two dedicated studies to investigate the effects of the
STOFD scheme on simulated precipitation over China in summer (Gu et al., 2023a; Y. Zhou et al., 2024). The
STOFD at each model level is computed as:

J i = 2 \IS5
_<T_0) = —1.08372058 x 1077+ |[V|- V- ¢~ (&0) .62, o712 "
oz\p
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Figure 1. Spatial distribution of grid scale terrain elevation (a) and the standard deviation of filtered sub-grid terrain elevation
(b) within the model domain. The thick black curves in each subplot outline the three primary sub-regions within China: the
Southeastern China, Tibetan Plateau, and Northeastern China. The purple contours in each subplot indicate the 3,000 m
elevation level (roughly equivalent to 700 hPa under standard conditions). The cyan curves in each subplot indicate the
Yangtze River and Yellow River.

where z and p represent the height of the corresponding level above ground (unit: m) and air density (unit:
kg-m™>). 7, is wind stress (unit: N-m™2) at each model grid, and V is the horizontal wind vector (unit: m-s™h). it
is the SD of filtered sub-grid terrain elevation (unit: m) computed following Beljaars et al. (2004). To ensure
spectral reliability and minimize noise in the computed SD, the filter edges are set at k = 0.00014 m™~" and
k=0.0012m™"", which correspond to spatial scales of 3-22 km. Details of the filtering procedure are provided in
Beljaars et al. (2004, Appendix A). The parameter oy, is employed to extrapolate small-scale terrain spectra
through the piecewise linear fit, serving as part of the spectral parameter in Equation 1. To calculate the STOFD,
the lower limit of the integration wavenumber is set as k, = 0.000628 m~!, corresponding to a half-wavelength
of 5 km. This effectively restricts the topographic drag calculation to scales smaller than 5 km. Although the
orographic filtering used in the STOFD scheme follows the methodology of previous studies, the choice of the
filtering range may introduce some uncertainty into the representation of the unresolved small-scale terrain
spectrum. Consequently, the separation between microscale and mesoscale topographic information may not be
complete. Future work using higher-resolution topographic data sets and improved terrain-spectrum estimation
methods could provide a more physically consistent and robust scale separation. This scheme applies a drag
opposing the wind direction at each level, which is determined by wind speed, micro-scale terrain complexity, and
height above ground of the corresponding level.

2.3. Experimental Design and Methodology
2.3.1. Experimental Design

To explore the influence of STOFD across seasons, two continuous simulations are conducted with the STOFD
scheme activated (sensitivity experiment, SEXP) and deactivated (control experiment, CTRL) in RegCM4 from 1
June 2010 to 30 November 2015 with the initial six months as spin-up.

Both experiments employ a hydrostatic dynamic core with a 30-s time step and 3-hr output interval, featuring a
horizontal resolution of 25 km and 23 vertical layers extending up to 50 hPa. The model domain (Figure 1),
centered at (34°N, 107°E), comprises 320 X 240 grid points in the zonal and meridional directions, respectively.
The model calculates long-wave radiation absorption-emission of cloud and gas particles, convection, land
surface process, and solar radiation every hour, 30 s, 10 min, and 10 min, respectively.

Both experiments adopt the physical parameterization schemes as follows: the Tiedtke scheme (Tiedtke, 1996)
over land and the Kain-Fritsch scheme (Kain & Fritsch, 1990) over the ocean for cumulus parameterization, the
Zeng ocean flux scheme (Zeng et al., 1998), the sub-grid explicit moisture scheme (SUBEX, Pal et al., 2000), the
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Holtslag planetary boundary layer scheme (Holtslag et al., 1990), the Community Land Model version 4.5
(CLM4.5, Oleson et al., 2010), and the radiation transfer module of the Community Climate Model version 3
(CCM3, Kiehl et al., 1998). The only difference in the model configuration between the SEXP and CTRL ex-
periments is the adoption of the STOFD scheme or not. Both experiments output the 3-hr simulation results, and
the model results from 1 December 2010 to 30 November 2015 are used for analysis.

2.3.2. Methodology

Model performances are evaluated using the root mean square error (RMSE) and Taylor score (TS, Taylor, 2001).
The equations to calculate these metrics are shown below:

[T
RMSE = /-3 (Si = 0))’ @

rs=— A+ER) 3
(O—nm’m + ﬁ) (1 + RO)
R= Z;’LI (S’ - 3) (01 - 5) (4)

) \/Z:’:I(Si - 5)2\/2?:1(@ - 5)2

where S; and O; denote the simulated and observed (or reanalyzed) data at sample i, with n representing the total
number of samples. The mean values of the simulated and observed (or reanalyzed) data over n samples are
represented by S and O, respectively. The correlation coefficient R between simulations and observations (or
reanalysis) is calculated by Equation 4, and o, represents the normalized SD of the simulation results (Z—Z,

where og and o, respectively represent the simulated SD and the observed SD). R, represents the attainable
maximum correlation coefficient, which is set to 1 in this study. All significance tests are based on the Student's
t-test (Student, 1908).

To visually demonstrate the water vapor differences induced by the STOFD scheme, the vertically integrated
water vapor flux convergence from the surface to 300 hPa is calculated as:

300hPa
c=-! / V-(qV)dp s)
sJ,

where C is the vertically integrated water vapor flux convergence (units: kg-m~2-s™'), g is the gravitational ac-
celeration (approximately 9.8 m-s™2), p, is the surface pressure (Pa), ¢ is specific humidity (kg - kg™h), Vis the
horizontal wind vector (m - s™'), and V- denotes the horizontal divergence operator. Positive values of C indicate
net water vapor convergence, favoring precipitation.

Driven by regional differences in dominant weather systems and circulation configurations, the seasonal impacts
of STOFD vary accordingly in different sub-regions. Based on a comprehensive analysis, three core represen-
tative sub-regions within China are selected to systematically investigate the seasonal influence of STOFD on
regional climate and key physical processes across China, as shown in Figure 1: the Southeastern China (SEC),
typically dominated by East Asian monsoon system; TP, characterized by complex micro-scale topography and
dominated by mid-latitude westerlies; and the Northeastern China (NEC), located downstream of both the East
Asian monsoon and mid-latitude westerlies. These selected sub-regions encompass distinct climatic backgrounds
and contrasting topographic characteristics, thereby ensuring the broad representativeness of the research
findings.

3. Results
3.1. Impact of STOFD Scheme on the Simulations of 10 m Wind

The CTRL experiment captures the overall spatial structure and seasonal variations of the 10 m wind field in the
ERAS reanalysis (Figure 2). In both the CTRL experiment and the ERAS reanalysis, the TP is dominated by
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Figure 2. Spatial distribution of mean 10 m wind in each season from ERAS reanalysis data (a—d) and CTRL experiment
(e-h). The thick black curves in each subplot outline the three primary sub-regions within China. The purple contours (cyan
curves) in each subplot indicate the 3,000 m elevation level (Yangtze River and Yellow River).

westerlies from autumn to spring (Figures 2a—2c and 2e—2g). In summer, a cyclonic circulation is induced by the
thermal forcing over the TP (Figures 2d and 2h). Influenced by the East Asian summer monsoon, eastern China
also exhibits markedly different wind directions in summer compared to the other seasons. In the NEC (SEC), the
prevailing wind is westerly (northerly or erratic) from autumn to spring, shifting to southerly in summer
(Figure 2).
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Figure 3. Spatial distribution of mean 10 m wind bias in each season in the CTRL experiment (a—d) and spatial distribution of
the mean differences of the simulated 10 m winds in each season between the SEXP and CTRL experiments (e—h). The thick
black curves in each subplot outline the three primary sub-regions within China. The purple contours (cyan curves) in each
subplot indicate the 3,000 m elevation level (the Yangtze River and Yellow River). The green dots denote the differences
significant at the 90% confidence level.

Compared to the ERAS reanalysis, the simulated wind speeds in the CTRL experiment exhibit a consistent
positive bias, particularly over the TP (Figures 3a—3d). Among all seasons, the most substantial overestimation
occurs in winter, with the bias exceeding 5.0 m-s~! over most parts of the TP, while summer shows the smallest
bias.
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Figure 4. The root mean square error (RMSE) (a—d) and Taylor score (TS) (e-h) for the speed, «# and v components of 10 m
wind within China in each season simulated by the CTRL and SEXP experiments. The relative changes of RMSE and TS for
the speed, u and v components of 10 m wind within China in each season in the SEXP experiment compared to the CTRL
experiment, respectively (i-1), calculated by (SEXP-CTRL)/CTRL X 100%.

The impact of the STOFD scheme demonstrates distinct regional and seasonal characteristics in improving 10 m
wind simulations across China. The STOFD scheme exerts marked enhancements in 10 m wind simulation
performance, with the strongest weakening effect on 10 m winds in winter and the weakest in summer among all
seasons (Figures 3e—3h). Even in summer, the season with the weakest effects of the STOFD scheme, the
simulated 10 m wind speed reductions exceed 2.5 m-s~* over the western TP. The most pronounced effect of the
STOFD scheme on 10 m wind is concentrated over the TP and its surroundings (the Tianshan Mountains and
Pamir Plateau) in all seasons, where the magnitude of improvement varies with the seasonal variations in the
intensity of the circulation background (Figures 2e—2h and 3e-3h).

From autumn to spring, the STOFD scheme induces significant southeasterly wind differences in 10 m wind over
TP, weakening the westerlies in the CTRL experiment (Figures 3e-3g). While in summer, there is no uniform
direction for the difference in 10 m wind over TP between the SEXP and CTRL experiments (Figure 3h). In the
SEC, the STOFD scheme yields modest but consistent improvements in 10 m wind across all seasons
(Figures 3e—3h). By contrast, in the NEC, the STOFD scheme tends to increase 10 m wind speeds, introducing
new errors. The errors induced by the STOFD scheme are minimal in winter and most substantial in summer in the
NEC, accompanied by notable southerly wind differences in 10 m wind in summer. The STOFD-induced 10 m
wind differences do not exhibit a simple inverse correspondence to the background wind field. The spatial
mismatch is observed in NEC throughout the year, while over the TP it is particularly pronounced during summer.

Across China, the STOFD scheme significantly improves the simulated speed and # and v components of 10 m
wind, with the wind speed exhibiting a greater relative improvement than either directional component (Figure 4).
From Figures 4i—41, the enhancement is the most pronounced in winter among all seasons, with the RMSE (TS) of
10 m wind speed simulation reduced by 27.72% (increased by 46.09%), while the least improvement is noticed in
summer, with the RMSE (TS) of 10 m wind speed simulations reduced by 10.33% (increased by 3.96%).
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Figure 5. Root mean square error (RMSE) (a—d) and Taylor score (TS) (e-h) of 10 m wind speed at grids with different sub-
grid terrain standard deviation across the model domain in each season simulated by the CTRL and SEXP experiments. The
relative changes of RMSE and TS in the SEXP experiment compared to the CTRL experiment (i-1) are calculated by (SEXP-
CTRL)/CTRL X 100%.

Higher sub-grid terrain SD indicates more complex micro-scale terrains. In the CTRL experiment, the RMSE
(TS) of the simulated 10 m wind speed increases (decreases) with the increasing micro-scale terrain complexity in
various seasons (Figures 5a—5h). In the SEXP experiment, the RMSE of the simulated 10 m wind speed remains
nearly constant across different micro-scale terrain complexity, indicating that the introduction of the STOFD
scheme has nearly eliminated the RMSE of simulated 10 m wind speed generated by the insufficient represen-
tation of micro-scale terrain in the model. Across almost all sub-grid terrain SD values, the STOFD scheme
reduces RMSE and increases TS. The improvement in simulated 10 m wind accuracy across all seasons is
positively correlated with micro-scale terrain complexity, with regions of more complex micro-scale terrain
exhibiting greater enhancement (Figures 5i-51). This indicates that inadequate representation of micro-scale
terrain features is a major source of bias in the model simulations. The improvement induced by the STOFD
scheme is particularly pronounced where the sub-grid terrain SD exceeds 450 m, achieving the reductions of
RMSE by 46.44%-60.76% and enhancements of TS by 190.53%-242.95% during all seasons. Under all terrain
conditions, the improvement of 10 m wind simulations shows clear seasonal differences. The STOFD scheme
generates the most significant improvement in the 10 m wind speed simulations during winter and the lowest
improvement in summer among all seasons.

The improvement of simulated winds induced by the STOFD is significant not only at the 10 m level but also
within the near-surface portions of the circulation at different pressure levels (Figure 6). Figure 6i presents the
distribution of the near-surface grids across different pressure levels. The definition of the near-surface portion:
the grids lying within 1 km above the ground at the corresponding pressure level, is provided in Figure 6j. The
most substantial reduction induced by the STOFD scheme in RMSE occurs at 500 hPa from autumn to spring
(Figures 6a—6c), whereas in summer, the most pronounced improvement occurs at 600 hPa (Figure 6d). This
finding further highlights the significant influence of the STOFD scheme generated by the complex micro-scale
terrain in the TP on wind simulations. Consistent with the 10 m wind results, the impact of the STOFD scheme on
near-surface circulation is the strongest in winter among all seasons, with a 41.06% decrease in RMSE at 500 hPa,
and the weakest improvement in summer, with a 19.57% decrease at 600 hPa (Figures 6a—6d).
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Figure 6. (a—d) Relative reduction of root mean square error (RMSE) induced by the sub-grid turbulent orographic form drag
(STOFD) scheme in the simulated near-surface wind speed within China at 925, 850, 600, and 500 hPa in each season
(calculated only for the grids lying within 1 km above the ground at the corresponding pressure level, as shown in panels
(i and j), calculated by (CTRL-SEXP)/CTRL X 100%. (e-h) Relative reduction of RMSE induced by the STOFD scheme in
the simulated near-surface wind speed at grids with different sub-grid terrain standard deviation across China in each season.
(i) Distribution of the near-surface grids involved in the calculation across different pressure levels. (j) Schematic diagram of
the near-surface grids involved in the calculation lying within 1 km above the ground at the corresponding pressure level
(Take 600 hPa as an example).

The simulation improvement induced by the STOFD for near-surface wind speeds over the regions with different
sub-grid terrain SD values shows a pattern similar to that for the 10 m wind, where the improvement increases
with sub-grid terrain SD (Figures 6e—6h). However, the most significant improvement shifts from sub-grid terrain
SD values exceeding 450 m to the range of 350—-450 m, achieving the most significant reductions of RMSE by
41.56% in winter and the least significant reductions of RMSE by 23.45% in summer among all seasons.

The near-surface circulation simulation improvement assessment aligns with the 10 m wind analysis, confirming
the reliability of both. The decrease in the improvement capability of the STOFD scheme in the circulation in-
dicates that the STOFD effect weakens as the distance from the ground increases.

Overall, the effect of STOFD exhibits pronounced seasonal variability and distinct topographic dependency in
improving 10 m wind and circulation simulations across China. The simulation improvements induced by the
STOFD scheme are the strongest in winter and the weakest in summer among all seasons, and show a consistently
positive relationship with micro-scale terrain complexity.

3.2. Impact of STOFD Scheme on the Simulations of Precipitation

Beyond the direct impact on wind, the STOFD scheme also significantly modulates precipitation through the
influence on water vapor transport and associated atmospheric processes. The involvement of multiple, inter-
acting processes and high sensitivity to circulation configuration in precipitation simulations necessitates regional
analysis of simulation results.
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Figure 7. The spatial distribution of precipitation simulation bias within China in each season in the CTRL experiment (a—d).
The spatial distribution of simulated precipitation differences within China in each season between the SEXP and CTRL
experiments (e—h). The thick black curves in each subplot outline the three primary sub-regions within China. The purple
contours (cyan curves) in each subplot indicate the 3,000 m elevation level (the Yangtze River and Yellow River). The black
dots in each subplot denote differences significant at the 90% confidence level.
During winter, spring, and summer, the distribution of simulated precipitation in the CTRL experiment exhibits a
positive bias in the northwest part and a negative bias in the southeast part of the SEC (Figures 7b—7d). While the
CTRL experiment underestimates the autumn precipitation in almost the entire SEC (Figure 7a). The adoption of
the STOFD scheme slightly increases the simulated precipitation in winter, and markedly increases simulated
precipitation in spring relative to the CTRL experiment, correcting the negative bias in the southeast part but
ZHOU ET AL. 11 of 23
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Figure 8. The root mean square error (RMSE) of the simulated precipitation over the three sub-regions in each season (a—d).
The relative changes of RMSE in the SEXP experiment compared to the CTRL experiment (e-h) are calculated by (SEXP-
CTRL)/CTRL X 100%.

intensifying the positive bias in the northwest part of the SEC (Figures 7f and 7g). The adoption of the STOFD
scheme improves the precipitation simulation across both the positive and negative biases in summer (Figure 7h).
During autumn, the STOFD scheme leads to a substantial increase in the simulated precipitation, significantly
reducing the negative bias of simulated precipitation (Figure 7a). The CTRL experiment tends to overestimate
precipitation over the TP across all seasons (Figures 7e—7h). The STOFD scheme can partially reduce the
overestimation of simulated precipitation over the western TP but tends to increase the bias over the eastern TP
from autumn to spring (Figures 7e-7g). However, the STOFD scheme exhibits the opposite effect in summer
relative to other seasons, further increasing the precipitation simulation deviation over the TP (Figure 7h). The
precipitation over the NEC simulated by the CTRL experiment shows widespread positive biases across seasons,
except for isolated negative biases during summer (Figures 7a—7d). The STOFD scheme effectively mitigates
these deviations of simulated precipitation, reducing the positive biases in all seasons except autumn and
increasing precipitation in the regions with negative biases in summer (Figures 7e—7h).

To quantitatively evaluate the seasonal differences in the impact of the STOFD scheme on the precipitation
simulation, the RMSE of the simulated precipitation over the three sub-regions is calculated, deriving the cor-
responding relative improvements induced by the STOFD scheme (Figure 8).

In the SEC, the STOFD scheme reduces the RMSE of simulated precipitation by 0.13 and 0.16 mm in autumn and
summer (Figures 8a and 8d), with relative improvements of 5.84% and 6.45% (Figures 8e and 8h), respectively,
while showing limited improvement in winter and spring. The most notable improvement of precipitation
simulation over the TP induced by the STOFD scheme is noticed in winter among all seasons, with the RMSE
reduction of 0.11 mm, representing a 9.69% relative improvement (Figures 8b and 8f). However, the improve-
ment of simulated precipitation over the TP induced by the STOFD scheme in other seasons remains limited.
Adopting the STOFD scheme substantially reduces the RMSE of precipitation simulation in the NEC from winter
to summer, except in autumn. The most significant improvement in the NEC is observed in summer, with the
RMSE reduction of 0.41, equating to a 33.11% relative improvement compared to the CTRL experiment
(Figures 8d and 8h).

Overall, the impact of the STOFD scheme on precipitation simulations exhibits even more pronounced seasonal
differences than that on the wind simulations. The STOFD scheme significantly reduces the positive precipitation
simulation bias over the TP in winter, while enhancing the simulation performance over the SEC during summer
and autumn. The STOFD scheme can clearly reduce the positive precipitation simulation bias in the NEC across
all seasons, with the most significant correction in summer.
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Figure 9. The wind vectors simulated by the CTRL experiment (gray vectors) and the directions (blue vectors, plotted only
for magnitudes >107> m-s~2) and magnitudes (color shadings) of sub-grid turbulent orographic form drag in the SEXP
experiment at 850 hPa (a—d), 600 hPa (e-h), and 500 hPa (i-1) in each season. The Gray shadings in each subplot indicate the
terrain elevation above the corresponding pressure level. The purple contours in each subplot indicate the 3,000 m elevation
level.

4. Possible Mechanisms

To elucidate the mechanisms by which the STOFD scheme influences the simulations of 10 m wind and pre-
cipitation, the spatial distribution of background circulation at multiple levels in the CTRL experiment, along with
the corresponding STOFD magnitude and vector direction, is illustrated in Figure 9. As derived from Equation 1,
the direction of STOFD is determined by wind direction, while its magnitude depends on the sub-grid terrain SD,
wind speed, and the height above the ground. Therefore, the direction of STOFD consistently opposes the
background wind, with the dominant influence concentrated over the TP and its surroundings within the 600-
500 hPa levels that correspond to the near-surface layer characterized by the most complex topography on the
plateau, with a characteristic magnitude achieving 10™* m-s~2 (Figures 9e-91).

While the sub-grid terrain SD remains constant and the height above ground varies minimally across seasons,
wind speed and direction exhibit marked seasonal variability. Consequently, the STOFD displays significant
seasonal differences in both magnitude and direction. Overall, with wind intensity in the CTRL experiment
peaking in winter and reaching a minimum in summer across all seasons over China (Figures 2e-2h), the STOFD
follows the same seasonal cycle (Figure 9). As a result, the weakening of 10 m wind induced by the STOFD
scheme is the strongest (weakest) in winter (Summer) among all seasons.

Driven by seasonal migration of the subsolar point, the meridional migration and intensity modulation of the
westerlies in the CTRL experiment produce distinct circulation regimes in different seasons. The westerlies reach
the maximum intensity and southernmost position during winter, while weakening and shifting northward in
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summer. The westerlies prevail over the TP and its surroundings from autumn to spring (Figures 9e-9g and
9i-9k). While in summer, the combined influence of the northward-displaced westerlies and the thermally
induced cyclonic circulation over the TP confines the primary westerlies in the CTRL experiment to the further
north, including the north of TP, Tianshan Mountains, and Pamir Plateau (Figures 9h and 91). Correspondingly,
the STOFD exhibits strong seasonality. Its magnitude peaks in winter, and the most pronounced STOFD is above
the TP and its surroundings, maintaining a consistent westward orientation from autumn to spring (Figures 9e-9g
and 9i-9k). During summer, when the STOFD intensity minimizes, the dominant drag vectors adopt more varied
directions, maintaining westward only along the south sides of the TP, the Pamir Plateau, and the Tianshan
Mountains (Figures 9h and 91). From autumn to spring, the STOFD distribution over TP aligns with the 10 m wind
speed differences between the SEXP and CTRL experiments, indicating a direct influence of STOFD on the 10 m
wind simulation over this region in the SEXP experiment. However, the STOFD distribution in summer partly
deviates from the 10 m wind speed differences between the SEXP and CTRL experiments, implying that indirect
effects also contribute to the 10 m wind simulation in the SEXP experiments.

Furthermore, modulated by the seasonal differences of the East Asian monsoon within the background circu-
lation, the STOFD direction in the SEC and NEC exhibits pronounced seasonality (Figures 9a—9d). In all seasons,
the STOFD at 850 hPa in the SEC aligns with the 10 m wind differences between the SEXP and CTRL ex-
periments. In contrast, the wind differences in the NEC between the SEXP and CTRL experiments deviate
markedly from the local STOFD at 850 hPa. Consequently, the STOFD acts to directly weaken the 10 m wind
simulation in the SEXP experiment over the SEC, while the 10 m wind differences in the NEC between the SEXP
and CTRL experiments may be influenced by a downstream effect arising from the STOFD-induced weakening
of the westerlies and the East Asian monsoon.

Given the maximum magnitude of STOFD over the TP and its surroundings, the main impact of the STOFD
scheme on the circulation manifests through the deceleration of westerlies above the region (Figures 10e—101).
According to the quasi-geostrophic approximation of the zonal momentum equation considering STOFD (R. Li
et al., 2023):

du 1dp
— —fv=———+STOFD 6
A oox T X (6)

Here, f is the Coriolis parameter, STOFD, is zonal component of the STOFD. For large-scale stable flows with
little downstream variation, the equation satisfies both the stationary and non-advection conditions (% = 0).
Under this condition, the zonal momentum equation reduces to a generalized geostrophic balance, expressed as:

—fv, = STOFD, (7)

As indicated by Equation 7, STOFD over the TP and its surroundings not only decelerates westerlies but also
induces an ageostrophic southerly component (v, ), resulting in southeasterly wind differences between the SEXP
and CTRL experiments (Figures 10e—101). Affected by the southerly component of the southeasterly wind dif-
ferences between the SEXP and CTRL experiments, a horizontal divergence difference (% > () at 500 hPa

occurs on the south side of the southeasterly wind difference, while a horizontal convergence difference (g—; < 0)

at 500 hPa occurs on the north side. In accordance with meridional mass continuity g—; + ‘;—;‘; = 0, therefore

vertical convergence (divergence) difference satisfying f)—‘l‘; < 0¢( g—‘lf > 0) at 500 hPa occurs on the south (north)
side of the southeasterly wind differences, leading to ascending (descending) motion difference between the
SEXP and CTRL experiments. Then, there is a meridional circulation difference across the southeasterly wind
differences between the SEXP and CTRL experiments (Figure 11). On the south side of the southeasterly wind
differences, the ascending motion difference induces a vertical divergence difference satisfying ‘;—"’ > 0 at low

P
levels. According to the zonal continuity equation % + ‘;—;’ = 0, the vertical divergence difference implies

% < 0, indicating horizontal airflow convergence difference forms a cyclone difference (Figure 10). Conversely,
the north side of the southeasterly wind differences experiences a vertical convergence difference due to
descending ascending motion difference (’;—;‘; < 0) between the SEXP and CTRL experiments, which yields

horizontal airflow divergence forms an anticyclone difference (% > 0). The formation of cyclone and
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Figure 10. Differences in wind (vectors) and the relative differences of geopotential height ((SEXP-CTRL)/CTRL x 100%),
color shadings) at 850 hPa (a—d), 600 hPa (e-h), and 500 hPa (i-1) between the SEXP and CTRL experiments in each season.
The Gray shadings in each subplot indicate the terrain elevation above the corresponding pressure level. The purple contours
(cyan curves) in each subplot indicate the 3,000 m elevation level (the Yangtze River and Yellow River). The green dots in
each subplot denote the relative differences between the SEXP and CTRL experiments in geopotential height significant at
the 90% confidence level. The vectors in black in each subplot indicate the differences in wind between the SEXP and CTRL
experiments over the 90% significance level.

anticyclone differences promotes the westerly wind differences on both sides of the southeasterly wind differ-
ences. The differences in simulated atmospheric circulation between the SEXP and CTRL experiments are
attributable not only to the mechanisms discussed above but also to various nonlinear feedback.

The secondary meridional circulation difference between the SEXP and CTRL experiments induced by the
STOFD scheme shifts seasonally in concert with the westerlies in the CTRL experiment (Figure 11). The shear
line between ascending and descending differences is situated near 36°N in winter, migrates northward to
approximately 38°N during spring and autumn, and advances further north to around 42°N in summer.

Therefore, the horizontal circulation differences between the SEXP and CTRL experiments shift meridionally in
response to the displacement of the westerlies in the CTRL experiment. In the SEXP experiment, the dynamical
response of STOFD remains consistent from autumn to spring, but exhibits pronounced seasonal variations in
location and intensity, which are attributed to seasonal meridional displacement and intensity variations of the
background circulation. In winter, the westerlies in the CTRL experiment reach the greatest intensity and
southernmost extent. Therefore, the STOFD-induced southeasterly wind differences between the SEXP and
CTRL experiments correspondingly occur with the largest magnitude at the lowest latitudes among all seasons
(Figures 10b, 10f, and 10j). During spring and autumn, the westerlies in the CTRL experiment are displaced
northward and weaken relative to winter, and the associated southeasterly wind differences between the SEXP
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Figure 11. Pressure-latitude cross section of atmospheric circulation differences (vectors; black vectors indicate differences
significant at the 90% confidence level, vertical velocity enlarged by 100 times), geopotential height differences between the
SEXP and CTRL experiments (purple contours; unit: gpm, at an interval of 2 gpm), and sub-grid turbulent orographic form
drag (color shadings) regionally averaged along 85°-95°E in each season. The brown lines represent the shear line between
the ascending and descending air flows. The gray shadings indicate terrain.

and CTRL experiments likewise appear at relatively higher latitudes with reduced magnitude compared to winter
(Figures 10a, 10c, 10e, 10g, 10i, and 10k). By contrast, the westerlies in summer locates the northernmost with the
weakest strength among all seasons, where only the Pamir Plateau and the Tianshan Mountains induce STOFD
that have significant effects (Figures 10d, 10h, and 101). Therefore, the resulting southeasterly wind differences
are the weakest among all seasons and remain restricted to the northern TP, contrasting with the entire plateau
southeasterly wind differences observed in other seasons, with substantially reduced spatial coverage. The ver-
tical motion differences between the SEXP and CTRL experiments flanking these southeasterly wind differences
persist but shift northward relative to other seasons (Figure 11d). This configuration, combined with low-pressure
differences over the southern plateau, reinforces the cyclonic circulation above the TP in the CTRL experiment,
establishing a summer circulation regime markedly different from other seasons (Figure 10). The reinforced
cyclonic circulation in the SEXP experiment explains why the improvement of the near-surface circulation at
500 hPa generated by STOFD during summer is weaker than that at 600 hPa level.

Although the STOFD primarily originates over the TP and its surroundings, the resulting southeasterly wind
differences between the SEXP and CTRL experiments are not confined to the TP and its surroundings but
continue to propagate downstream, establishing a low-pressure difference and cyclonic difference over the SEC at
850 hPa, and a high-pressure difference and anticyclonic difference over the NEC at 850 hPa, respectively
(Figures 10a—10d). The 850 hPa circulation differences over the SEC between the SEXP and CTRL experiments
do not correspond to the local STOFD but instead mirror mid-level circulation differences. Thus, they arise
mainly from the indirect mechanism of mid-level STOFD hindering the westerlies. Due to the domination of
downstream effects from the westerly wind differences between the SEXP and CTRL experiments, this indirect
process obscures STOFD's direct impact on the East Asian monsoon. Given this, the downstream effects of the
monsoon affected by STOFD on circulation over the NEC are minimal. The circulation differences in the NEC
between the SEXP and CTRL experiments are primarily attributable to the indirect impacts of the deceleration of
westerlies induced by the STOFD.
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The position and structure of these downstream circulation differences in the SEXP experiment compared to the
CTRL experiment also vary seasonally. In winter, the cyclonic difference remains over the southern part of SEC,
exerting limited influence on local precipitation (Figure 10b). During autumn and spring, the difference shifts
northward, positioning the cyclonic differences directly over the SEC and creating favorable dynamic conditions
for precipitation (Figures 10a and 10c). During summer, the relatively weak circulation differences induced by the
STOFD consequently lead to the least pronounced cyclonic differences over the SEC (Figure 10d). Although
being the weakest, the modified summer circulation pattern in the SEXP experiment establishes a dynamic
condition that aligns well with the bias of simulated precipitation.

Furthermore, the anticyclonic differences generated by the STOFD over the NEC migrate meridionally in phase
with the seasonal displacement of the westerlies, establishing favorable dynamic conditions for precipitation
reduction. These anticyclonic differences reach their southernmost position along the periphery of the NEC in
winter and shift to the northernmost location among all seasons in the central NEC during summer
(Figures 10a—10d). Although the STOFD intensity is the weakest in summer among all seasons, the associated
850 hPa anticyclonic differences over the NEC between the SEXP and CTRL experiments are more pronounced
than those in autumn (Figures 10a and 10d). The location of 850 hPa anticyclonic differences in summer aligns
closely with the area of positive precipitation simulation bias in the CTRL experiment (Figure 10d). Conse-
quently, the anticyclonic differences between the SEXP and CTRL experiments during summer demonstrate a
significant reduction in the simulated precipitation bias over the NEC.

Although the 10 m wind differences between the SEXP and CTRL experiments over the NEC induced by the
STOFD show only a weak inverse correlation with the background 10 m wind in the CTRL experiment among all
seasons, they exhibit consistency with the STOFD-induced wind differences at 850 hPa (Figures 10a—10d). This
suggests that the 10 m wind response is not solely a direct result of the STOFD forcing, but is also modulated by
circulation adjustments triggered by the scheme (Figure 10). The seasonal variations in background wind in-
tensity in the CTRL experiment lead to the strongest winter and weakest summer improvement in 10 m wind
simulations. The meridional movement of the westerlies in the CTRL experiment indirectly promotes significant
differences in the spatial distribution of summer 10 m wind differences compared to other seasons.

These seasonally dependent dynamic processes constitute a key mechanism governing regional simulated 10 m
wind and precipitation differences between the SEXP and CTRL experiments.

The distinct seasonal circulation differences between the SEXP and CTRL experiments that drive corresponding
seasonal variations in water vapor transport differences (Figure 12). From autumn to spring, the TP is primarily
influenced by southeasterly wind differences, which block water vapor transport, resulting in moisture divergence
differences over the western TP between the SEXP and CTRL experiments (Figures 12a—12c). Throughout all
seasons except summer, westerly wind differences along the south side of the TP between the SEXP and CTRL
experiments enhance water vapor transport, which subsequently converges over the eastern plateau, forming a
significant moisture convergence difference (Figures 12a—12c). The moisture divergence and convergence dif-
ferences between the SEXP and CTRL experiments determine the simulated precipitation differences over the TP
from autumn to spring. The intensity of this moisture convergence difference between the SEXP and CTRL
experiments exhibits clear seasonal variation, being weaker in winter than in spring and autumn, which is
conducive to reducing the positive simulated precipitation bias over TP in winter. In summer, the northward
migration of the westerlies shifts the STOFD-induced westerly wind differences from the south side of TP into the
plateau interior, increasing moisture inflow over the southern TP (Figure 12d). The significant moisture
convergence differences between the SEXP and CTRL experiments over TP in summer create favorable humidity
conditions for the increase of simulated precipitation in the SEXP experiment. Supported by the cyclone dif-
ference between the SEXP and CTRL experiments over the TP in summer, this enhanced moisture further in-
creases simulated precipitation probability.

Enhanced water vapor transport along the south side of the TP ultimately increases the moisture convergence in
the SEC in the SEXP experiment. The moisture convergence difference between the SEXP and CTRL experi-
ments in the SEC displays strong seasonal variability, reaching its minimum intensity in winter and maximum in
summer among all seasons (Figure 12). Due to the abundant summer water vapor, the weakest cyclone differences
over SEC in summer among all seasons (Figure 10) still generate significant moisture convergence differences
between the SEXP and CTRL experiments (Figure 12d). These moisture convergence (divergence) differences
between the SEXP and CTRL experiments align well with the precipitation negative (positive) bias in the CTRL
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Figure 12. Differences of water vapor flux convergence vertically integrated from surface to 300 hPa (color shadings)
between the SEXP and CTRL experiments in each season. Positive values (red shadings) indicate water vapor convergence,
calculated by Equation 5. The purple contours (cyan curves) in each subplot indicate the 3,000 m elevation level (the Yangtze
River and Yellow River). The green dots denote the differences significant at the 90% confidence level.

experiment, enhancing the accuracy of summer precipitation simulation in the SEXP experiment. In contrast, with
the limited water vapor and the southerly location of cyclonic differences (Figure 10b), the moisture convergence
differences produced by the STOFD scheme in winter over the SEC are the weakest among all seasons
(Figure 12b). Therefore, the improvement of winter precipitation simulation is relatively limited over the SEC.

The effectiveness of STOFD in improving precipitation simulations depends not only on its direct dynamical
influences but also on pre-existing model biases in the CTRL experiment. Although STOFD generates similar
cyclonic and moisture convergence differences conducive to precipitation increase in autumn and spring, the
contrasting initial precipitation biases in the CTRL experiment yield markedly different improvement outcomes
(Figures 12a and 12c). In autumn, when the simulation exhibits a negative precipitation bias over the SEC in the
CTRL experiment, STOFD-induced significant precipitation increases improve simulation accuracy (Figures 8a
and 8e). Conversely, in spring with a positive precipitation bias in the same region, the STOFD-induced increases
in simulated precipitation further exacerbate the overestimation, thereby degrading model performance
(Figures 8c and 8g).

Under the influence of STOFD-induced anticyclonic differences, the NEC experiences moisture divergence
differences throughout all seasons (Figure 12). This effect reaches its maximum intensity during summer when
abundant atmospheric moisture enhances the moisture divergence differences between the SEXP and CTRL
experiments (Figure 12d). Combined with the descending airflow associated with an anticyclonic difference,
these moisture differences produce a substantial reduction in simulated summer precipitation in the SEXP
experiment relative to the CTRL experiment. Conversely, autumn demonstrates the weakest moisture divergence
differences between the SEXP and CTRL experiments, which, together with relatively weak anticyclonic dif-
ferences, lead to the limited effect in the SEXP experiment (Figure 12a).

To conclude, the influence of the STOFD scheme exhibits distinct seasonal differences. The effect of STOFD on
the westerlies is substantially greater than on the East Asian monsoon, with the most pronounced impacts
occurring over the TP and its surroundings, where a westward-oriented drag is generated in all seasons. STOFD
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obstructs westerlies and water vapor transport across the TP, reducing simulated precipitation over the western
plateau in all seasons except summer. According to the quasi-geostrophic approximation of the zonal momentum
equation considering STOFD, the STOFD-induced southeasterly wind differences trigger a secondary meridional
circulation difference, producing westerly wind differences along both sides of the southeasterly wind differ-
ences. The westerly wind differences generated by the STOFD at the south side of the southeasterly wind dif-
ferences eventually converge over the eastern TP, forming moisture convergence differences there. Downstream
propagation of westerly wind differences between the SEXP and CTRL experiments on both sides of the
southeasterly wind differences induces cyclonic (anticyclonic) differences and enhances moisture convergence
(divergence) over the SEC (NEC), thereby promoting more (less) simulated precipitation over the SEC (NEC) in
the SEXP experiment than in the CTRL experiment. The seasonal variations in the precipitation simulation
improvement primarily arise from seasonal movement and intensity changes of the westerlies.

During summer, the northward shift and weakening of the westerlies in the CTRL experiment result in corre-
sponding northward migration and intensity reduction of STOFD. This shift confines the southeasterly wind
differences generated by the STOFD to the northern TP, confining the development of meridional circulation to
that region. Consequently, the westerly wind differences between the SEXP and CTRL experiments emerge over
the southern TP, accompanied by a cyclone difference that provides dynamic support for precipitation and en-
hances moisture convergence into the plateau. The SEC and NEC in the downstream exhibit corresponding
variations in the intensity and location of circulation differences and moisture responses that affect the simulated
precipitation.

5. Conclusion and Discussion

The seasonality of the effects of the STOFD scheme on model simulation remains inadequately quantified. This
study systematically demonstrates that the impacts of the STOFD scheme on simulated 10 m wind and precip-
itation across China exhibit pronounced seasonal differences, primarily modulated by the seasonal variations in
intensity and location of the background westerlies.

Systematic evaluation reveals that the efficacy of the STOFD scheme in improving 10 m wind simulations ex-
hibits strong seasonality, with the most substantial improvement occurring in winter and the weakest in summer
among all seasons. The magnitude of improvement in all seasons is positively correlated with micro-scale terrain
complexity. The direct influence of the STOFD scheme on near-surface circulation at different pressure levels is
similar to that of 10 m wind across all seasons. For simulated precipitation, STOFD most effectively reduces the
positive bias over the TP in winter, improving the RMSE by 9.69%. Over the SEC and NEC, STOFD yields the
most significant improvement in precipitation simulation during summer, with RMSE improvements of 6.45%
and 33.11%, respectively.

The physical mechanism centers on the effect of STOFD on prevailing westerlies (Figure 13). By impeding the
background westerlies, STOFD generates southeasterly wind differences, exciting a secondary meridional cir-
culation difference. The secondary meridional circulation difference leads to a dipole pressure difference that
produces westerly wind differences along both the north and south sides of the southeasterly wind differences.
The resulting downstream effects are characterized by cyclonic differences coupled with moisture convergence
differences over the SEC, and anticyclonic differences accompanied by moisture divergence differences over the
NEC. This chain of processes creates favorable dynamic and moisture conditions for simulated precipitation
improvement. Improvements in 10 m wind simulation arise from both the direct effects and the circulation
adjustment of STOFD.

Seasonal differences in the impacts of the STOFD scheme are primarily driven by combined variations in the
intensity and north-south migration of the background westerlies in different seasons. The strong winter west-
erlies amplify the STOFD's effects, the resulting circulation adjustments, resulting in the most significant
improvement in 10 m wind. The northward-shifted and weakened westerlies in summer confine and redirect the
STOFD-induced perturbations, leading to a distinct spatial pattern of 10 m wind and precipitation differences
compared to other seasons.

Consistent with previous studies, this study confirms that STOFD significantly influences simulated precipitation
in eastern China, further emphasizing the importance of the remote effects of STOFD originating over TP and its
surroundings (Gu et al., 2023a; Y. Zhou et al., 2024). This study also elucidates how STOFD-induced
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Figure 13. Schematic diagram of the seasonal difference in the influence of sub-grid turbulent orographic form drag (STOFD) on simulated atmospheric circulation and
precipitation. v, represents the ageostrophic southerly component induced by the STOFD scheme. Only the summer and winter versions are presented as representative

mechanisms.

deceleration of westerlies enhances simulated spring precipitation in the SEC. Similarly, R. Li et al. (2023)
demonstrated that orographic gravity wave drag enhances moisture transported by the southwesterly monsoon
through a parallel mechanism, intensifying spring rainfall in the same region. This indicates that distinct
orographic drag parameterizations can produce analogous regional climate impacts through similar dynamical
mechanisms.

This study primarily examines the seasonal differences in the influence of the STOFD scheme on near-surface
winds and precipitation. Notably, the implementation of the STOFD scheme does not consistently reduce
simulation biases across all seasons, particularly for precipitation. The application of other dynamic and thermal
effects of terrain is also necessary to reduce the deviations. Furthermore, while this paper focuses on the dynamic
effects of STOFD, its impact on the seasonal thermal implications of heat flux transport and surface radiative
warming induced by precipitation remains unexplored. Comprehensive mechanism understanding requires a
systematic examination of the thermal and other dynamic effects of sub-grid terrain, including their indirect
interactions and feedback.

Several limitations are noted. Due to the lack of mesoscale sub-grid orography parameterization in RegCM, the
diagnosed seasonal sensitivity of the STOFD scheme may implicitly include contributions from unresolved
mesoscale orographic drag. Further evaluation within a multi-scale terrain drag framework is therefore needed.
The current analysis shows that direct STOFD forcing indeed induces a secondary meridional circulation dif-
ference. However, the secondary meridional circulation difference may also be influenced by other factors, such
as nonlinear model feedback, which the current analysis is unable to distinguish. By comparing the patterns of
difference between the SEXP and CTRL experiments with the STOFD distribution, the present analysis dis-
tinguishes the direct and indirect effects of STOFD, but this approach provides only a partial separation. The more
rigorous disentanglement would require additional experiments and analysis, which is deferred to future work.
The conclusions are derived from a specific model (RegCM4) and regional domain, and the generalizability of
STOFD effects across different modeling systems requires further validation. The current BO4 scheme also has
inherent simplifications, such as assuming isotropic terrain and employing a topographic spectral function based
on 30” (~1 km) resolution elevation data. To ultimately improve the scheme's accuracy and applicability across
diverse geographical contexts, future refinements should incorporate topographic anisotropy and employ high-
resolution elevation data sets to reselect the terrain filtering range, thereby obtaining a more accurate small-
scale orographic spectrum.
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