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Abstract The circulation and precipitation over complex terrains can be clearly influenced by the sub‐grid
turbulent orographic form drag (STOFD). This study refines the Beljaars STOFD scheme by incorporating the
anisotropic topographic factors. Both the original and modified STOFD schemes were implemented in the
Regional Climate Model Version 4 (RegCM4). Results show that both STOFD schemes effectively reduce the
overestimation of winter precipitation by the RegCM4 over the western Tibetan Plateau (TP). Adopting the
original STOFD scheme increases the correlation coefficient (CC) and Taylor score (TS) of simulated winter
precipitation over the western TP by 2.6% and 17.5%, respectively, while reducing the root mean square error
(RMSE) by 16.3%. Compared to the original scheme, using the modified STOFD scheme further improves the
TS (CC) by 6.4% (1.3%) and decreases the RMSE by 6.3%, indicating that winter precipitation simulation in the
western TP is further enhanced. Mechanism analysis indicates that the suppression of overestimated
precipitation results from the weakened simulation of vertical motion and water vapor transport, which are
caused by the attenuated westerly winds due to the STOFD scheme. The significant reduced precipitation on the
windward slope is attributed to the combined effects of anomalous downward motion and negative water vapor
transport anomalies. Conversely, changes in precipitation simulation on the leeward slope are not significant,
which results from the mutually offsetting influences of anomalous upward motion and negative water vapor
transport anomalies. This study indicates the importance of considering the anisotropic topographic effects in
the STOFD scheme.

Plain Language Summary This study updates the Beljaars STOFD scheme by incorporating the
anisotropic topographic factors. The original and updated schemes are implemented in the Regional Climate
Model Version 4 (RegCM4). Results show that the overestimated winter precipitation over the western Tibetan
Plateau (TP) by the RegCM4 can be clearly reduced by adopting each of the STOFD schemes, and the updated
one performs better than the original one. Relative to the original STOFD scheme, adopting the updated one can
lead to an additional increase of 6.4% (1.3%) in the Taylor score (correlation coefficient) of winter precipitation
simulation over the western TP, along with an additional reduction of 6.3% in the root mean square error. The
reduced precipitation simulation results from the weakened simulation of water vapor transport and upward
motion, which in turn stems from the decreased simulation of the west wind induced by the STOFD. The
significant reduction in precipitation simulation on the windward slope is attributed to the combined effects of
weakened upward motion and reduced water vapor transport. Conversely, on the leeward slope, the effects of
weakened ascending motion and reduced water vapor transport largely offset each other, resulting in only minor
changes in simulated precipitation.

1. Introduction
The Tibetan Plateau (TP) exerts substantial thermal and dynamic influences on the Asian monsoon system, with
far‐reaching implications for global atmospheric circulation patterns (Huang et al., 2023;Wu et al., 2022). The TP
is known as the “Asian Water Tower.” Its western region is the origin of important rivers such as the Indus, Amu
Darya, and Tarim Rivers, where precipitation mainly consists of winter rainfall driven by moisture transported by
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the westerlies (Curio & Scherer, 2016; Liu et al., 2020; Ma et al., 2018; Rahimi et al., 2019). Precipitation in the
western TP significantly influences the distribution of regional water resources, the maintenance of ecological
balance, and the water supply of major downstream Asian rivers (Li et al., 2020; Mao et al., 2024; Wang
et al., 2017). Therefore, improving the precipitation simulation and prediction in this area is critically important.

The TP features complex terrain and intense land‐atmosphere interactions, such as orographic forcing, uplift, and
active turbulent exchange, making it a challenging region for the performance of many numerical models (Guo
et al., 2018; Karim et al., 2025; Li et al., 2022; Wang et al., 2020). Currently, the various numerical models tend to
underestimate temperatures during cold seasons and overestimate precipitation throughout the year in the TP (Cui
et al., 2021; Fu et al., 2021; Hu et al., 2022; Li et al., 2023). Systematic errors in numerical models over the TP
pose significant challenges to regional climate prediction and ecological conservation (Bao & Li, 2020; Ma
et al., 2023). These biases partly arise from limitations in the parameterizations of sub‐grid scale processes, such
as convection, thermal effects, terrain‐induced drag, and orographic precipitation triggering mechanisms (Gu
et al., 2020; Li, Lu, et al., 2024; Su et al., 2013).

By enhancing the representation of cloud cover, incoming longwave radiation flux, surface snow cover, and land‐
atmosphere interaction processes in the numerical models, the cold bias of the simulated temperature over the TP
can be partially mitigated (Gu et al., 2024; Li, Gao, et al., 2024; Luo et al., 2025; Yue et al., 2021). Improving
model resolution, representing land‐atmosphere interactions more realistically, employing a convection‐
permitting model, and refining cloud processes can reduce the wet bias in the simulation of summer precipita-
tion over the TP (Gu et al., 2022; Lin et al., 2018; Liu et al., 2022, 2024; Wang et al., 2021; Yang &Wang, 2022;
Zhao et al., 2023). In addition, various numerical models also overestimate winter precipitation in the TP (Li
et al., 2023; Rahimi et al., 2019; Zou & Zhou, 2024). A recent study shows that adopting the sub‐grid turbulent
orographic form drag (STOFD) parameterization can improve the simulated precipitation in the western TP
during December 2007 with the Weather Research and Forecasting Model (Zhou et al., 2019).

The STOFD refers to the turbulence induced by small‐scale topography, leading to the turbulent breakdown and
slowed atmospheric flow (Koo et al., 2018; Zhou et al., 2017). The effective roughness length method and the
distributed method have been used to parameterize STOFD (Emeis & Zilitinkevich, 1991; Wood et al., 2001).
Typically, the roughness length in models is determined by underlying surface types and vegetation, while the
effective roughness length also accounts for sub‐grid terrain features and improves the simulation of drag forces
in rugged regions (Fiedler & Panofsky, 1972; Weissel et al., 1994). The effective roughness length method is
relatively simple and widely used but has non‐negligible shortcomings and errors (Liu et al., 2019; Lorente‐Plazas
et al., 2016; Zhou et al., 2017). Therefore, the distributed STOFD scheme is designed to directly apply terrain‐
induced turbulent drag forces to the horizontal wind components across multiple model layers (Wilson, 2002;
Wood et al., 2001). The distributed STOFD scheme proposed by Beljaars et al. (2004) is applicable to numerical
models with various horizontal resolutions and different configurations (Gu et al., 2023; Sandu et al., 2016; Xue
et al., 2021; Zhou et al., 2018). However, in the Beljaars STOFD scheme, the small‐scale terrain‐related factors
are derived by filtering elevation data at a horizontal resolution of 30″ (∼1 km), which cannot fully capture fine‐
scale topographic features. Additionally, the Beljaars scheme treats the STOFD as isotropic. Given that elevation
data at very high horizontal resolution now cover the entire globe (Farr et al., 2008; Fujisada et al., 2012;
Grohmann, 2018), it has become feasible to directly utilize these high‐resolution elevation data sets to generate
the STOFD scheme. Therefore, Xue and Shen (2023) developed an anisotropic STOFD parameterization scheme
using the elevation data at a horizontal resolution of 3″ (∼90 m), specifically designed for numerical models with
horizontal resolutions ranging from kilometers to sub‐kilometers.

The Regional Climate Model Version 4 (RegCM4), widely applied to East Asia, also significantly overestimates
the winter precipitation over the TP (Gao et al., 2017; Gao & Giorgi, 2017; Gu et al., 2020). The Beljaars STOFD
scheme has been demonstrated to enhance the RegCM4's simulation of summer monsoon precipitation in eastern
China (Gu et al., 2023). Specifically, the STOFD scheme enhances precipitation simulation in southeastern China
by generating more concentrated disturbances, while its remote effects significantly influence atmospheric cir-
culation and improve precipitation simulation in northern China (Zhou et al., 2024). However, the influence of the
STOFD scheme on RegCM4's performance in simulating the winter precipitation over the TP remains
unexplored.

Based on this background, three key research questions emerge: (a) Can the integration of high‐resolution
elevation data into the Beljaars STOFD scheme improve its representation of sub‐grid scale terrain processes?
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(b) To what extent do the modified and original STOFD schemes differ in their impacts on RegCM4's perfor-
mance during winter over the western TP? And (c) What are the underlying physical mechanisms? To address
these questions, this study enhances the Beljaars STOFD scheme by transitioning it from an isotropic to an
anisotropic formulation using high‐resolution elevation data at a horizontal resolution of 1″ (∼30 m). The research
systematically evaluates and compares the effects of both the original and modified STOFD schemes on the
performance of RegCM4 in simulating the winter precipitation over the TP.

The remainder of this paper is structured as follows. Section 2 describes the Beljaars STOFD scheme and presents
its modification. Section 3 introduces the data, model configuration, and experimental design. Section 4 evaluates
and compares the performance of RegCM4 adopting the original and modified STOFD schemes in simulating
winter climate over the western TP. Section 5 indicates the physical mechanisms underlying the differences
induced by the two schemes. Finally, Section 6 summarizes the key findings and provides discussions.

2. Introduction of the STOFD Schemes
2.1. Original Beljaars STOFD Scheme

Beljaars et al. (2004) developed an STOFD scheme that directly applies to the horizontal wind components at
each vertical model level. Within this scheme, the STOFD can be calculated according to Equation 1.

∂
∂z

(
τo
ρ
) = − 2.109αβCmdCcorrV⃗

⃒
⃒V⃗

⃒
⃒e− (

z
1500)

1.5
z− 1.2a2 (1)

Where α = 12, β = 1, Cmd = 0.005, and Ccorr = 0.6. V⃗ represents the horizontal wind vector at various vertical
levels, with u and v as its two components. The wind speed is denoted by

⃒
⃒V⃗

⃒
⃒=

̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅
u2 + v2

√
. e = 2.7182818 is the

base of the natural logarithm. z represents the height above ground at different vertical levels. In Equation 1, the
only term associated with sub‐grid small‐scale topography is a2. Here, a2 represents the proportionality coeffi-
cient of the small‐scale topographic spectral function F(k) within the wavenumber range from k = 0.003 m− 1 to
k = 0.012 m− 1. Substituting the constants mentioned above into Equation 1 results in Equation 2.

∂
∂z

(
τo
ρ
) = − 7.5924 × 10− 2a2V⃗

⃒
⃒V⃗

⃒
⃒e− (

z
1500)

1.5
z− 1.2 (2)

The small‐scale topographic spectral function can be expressed as a piecewise power‐law function:

F(k) = {
a1kn1 for 0.000628 < k ≤ 0.003

a2kn2 for 0.003 < k ≤ 0.012
. In this function, the power‐law exponents n1 = − 1.9 and

n2 = − 2.8 can be approximated as constants across various regions and intensities of small‐scale topographic
spectra. Therefore, the intensity of F(k) is determined by the proportionality coefficients a1 and a2, which can be
derived through Fast Fourier Transform (FFT) analysis using topographic elevation data with a horizontal res-
olution of tens of meters. However, due to the unavailability of globally accessible elevation data with this
resolution at that time, the small‐scale topographic spectral function was estimated using elevation data with a
horizontal resolution of 30″ (∼1 km) following Equations 3–5.

FO(k) = {
a1kn1 , 0.000628 < k ≤ 0.003

a2kn2 , 0.003 < k ≤ 0.012
(3)

a1 = σ2flt( IHk
n1
flt)

− 1 (4)

a2 = a1k
(n1 − n2)
1 (5)

where n1 = − 1.9, n2 = − 2.8, k1 = 0.003 m− 1, kflt = 0.00035 m− 1, and IH = 0.00102 m− 1. σ2flt represents the
sub‐grid small‐scale topographic filtering variance derived from the elevation data with a horizontal resolution of
30″ through filtering (details shown in the appendix of Beljaars et al., 2004). Substitute
a2 = 1.4273755 × 10− 6σ2flt into Equation 2 to calculate the STOFD using Equation 6.
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∂
∂z

(
τo
ρ
) = − 1.08372058 × 10− 7σ2flt V⃗

⃒
⃒V⃗

⃒
⃒e− (

z
1500)

1.5
z− 1.2 (6)

The original Beljaars STOFD scheme described above has three limitations as follows: (a) It assumes identical
power‐law exponents (n1 = − 1.9 and n2 = − 2.8) for the small‐scale topographic spectral function across all
regions. This assumption cannot be disregarded; otherwise, the STOFD would need to be explicitly calculated at
each grid, necessitating the construction of separate differential equations for each location. Such an approach
would consume substantial computational resources and require the differential equations to be rebuilt whenever
the model grid changes. (b) It assumes an isotropic STOFD, treating the small‐scale topographic spectral
functions in the u and v component directions as identical in the large grid cells. (c) It utilizes coarse‐resolution
elevation data rather than high‐resolution data to extract the parameters for the small‐scale topographic spectral
function.

2.2. Modified STOFD Scheme

Currently, global coverage of topographic elevation data with horizontal resolutions of 1″ (∼30 m) is available.
Consequently, high‐resolution elevation data can be utilized to directly resolve the small‐scale topographic
spectral functions for both u and v components, thereby eliminating errors associated with shortcomings (b) and
(c). According to previous studies (Bannon & Yuhas, 1990; Beljaars et al., 2004; Young & Pielke, 1983), the
method for resolving Fo(k) = akn at model grids is as follows:

1. Sampling. As illustrated in Figure 1a, sampling is performed within the designated grid range. Horizontal
intervals of 1″ (∼30 m) are utilized to sample from west to east and from south to north, respectively, obtaining
sub‐grid terrain elevation sequences such as WE1, WE2, ……, WEi − 1, and WEi in the west‐east direction and
SN1, SN2, ……, SNj − 1, and SNj in the south‐north direction. For example, the thin black line in Figure 1b
represents WE1.

2. The linear trend of the elevation sequences is eliminated using the least squares method. For example, the
black dashed line in Figure 1b represents the linear trend of WE1, while the blue polyline illustrates WE1 after
the linear trend has been removed. Removing the linear trend before performing a FFT primarily aims to

Figure 1. (a) Schematic diagram of sub‐grid terrain sampling. (b) Example of a sub‐grid terrain elevation sequence (black
line), including its linear trend (dashed line) and the detrended elevation sequence (blue line). (c) Example of a single small‐
scale topographic spectrum alongside the grid‐scale averaged small‐scale topographic spectrum in the u direction.

Journal of Geophysical Research: Atmospheres 10.1029/2025JD045948

GU ET AL. 4 of 17

 21698996, 2026, 11, D
ow

nloaded from
 https://agupubs.onlinelibrary.w

iley.com
/doi/10.1029/2025JD

045948 by A
nning H

uang - N
anjing U

niversity , W
iley O

nline L
ibrary on [04/06/2026]. 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



eliminate low‐frequency interference caused by terrain with an infinite scale, thereby enhancing the accuracy
and clarity of the spectral analysis.

3. The FFT is applied to the detrended elevation sequences to obtain the analyzed values of the small‐scale
topographic spectrum Fo,WE1(k) corresponding to the WE1 elevation sequence (e.g., the black polyline in
Figure 1c).

4. Steps (2) and (3) are repeated to obtain the analytical values of the small‐scale topographic spectra corre-
sponding to the elevation sequences WE1, WE2, ……, WEi − 1, WEi, SN1, SN2, ……, SNj − 1, and SNj. These
spectra are denoted as Fo,WE1(k), Fo,WE2(k), ……, Fo,WEi − 1(k), Fo,WEi(k), Fo,SN1(k), Fo,SN2(k), ……, Fo,SNj − 1

(k),
and Fo,SNj

(k), respectively.
5. Calculate the grid‐scale averaged small‐scale topographic spectra in the u and v directions:

Fo,WE(k) = 1
i∑

m= i
m=1Fo,WEm(k) and Fo,SN(k) = 1

j∑
m= j
m=1Fo,WEm(k). For Example, the blue line in Figure 1c rep-

resents the grid‐scale averaged small‐scale topographic spectrum in the u direction.
6. Based on Fo,WE(k), Fo,SN(k), and FO(k) = a2k− 2.8 within the wavenumber range 0.003 < k ≤ 0.012, the grid‐
scale a2,WE and a2,SN for the u and v directions are calculated inversely, respectively.

According to Equations 2 and 6, the formulation for the STOFD can be expressed as Equations 7–9:

∂
∂z

(
τo
ρ
) = CTOFDV⃗

⃒
⃒V⃗

⃒
⃒e− (

z
1500)

1.5
z− 1.2 (7)

CTOFD = CTOFD,o = − 1.08372058 × 10− 7σ2flt (8)

CTOFD =
⎧⎨

⎩

CTOFD,u = − 7.5924 × 10− 2a2,WE for u direction

CTOFD,v = − 7.5924 × 10− 2a2,SN for v direction
(9)

Here, CTOFD represents the sub‐grid scale topographic factor. Equation 8 calculates this factor by filtering 30″‐
resolution elevation data proposed by Beljaars et al. (2004), while Equation 9 derives the sub‐grid scale topo-
graphic factors through FFT analysis of 1″‐resolution elevation data, utilizing the methodology introduced in this
section. Compared to Equation 8, the updated Equation 9 addresses two of the three shortcomings in the original
STOFD scheme by (a) directly extracting the small‐scale topographic spectra from finer resolution elevation data,
and (b) accounting for the heterogeneity of STOFD effects in the u and v component directions.

The sub‐grid scale topographic factor σ2flt in the original scheme is derived from the Global Multi‐resolution
Terrain Elevation Data (GMTED) with the horizontal resolution of 30″ (Xue et al., 2021). In the modified
scheme, the sub‐grid scale topographic factors a2,WE and a2,SN are calculated using 1″‐resolution elevation data
from the Advanced Spaceborne Thermal Emission and Reflection Radiometer (ASTER, Abrams et al., 2022).
Figure 2 illustrates that the CTOFD,u and CTOFD,v derived from the 1″‐resolution topographic data can clearly
capture more details of sub‐grid terrains compared to the CTOFD,o obtained through the original method. The
CTOFD,u and CTOFD,v exhibit a symmetric distribution overall, with their distributions becoming more dispersed as
STOFD intensifies (Figure 2f). Therefore, it is necessary to account for the heterogeneity of STOFD in the u and v
directions.

3. Data, Experimental Design, and Methodology
3.1. Data

Data for driving the RegCM4: The 6‐hourly ERA‐Interim reanalysis (Dee et al., 2011) with a horizontal reso-
lution of 1.5◦ and 37 vertical levels and the weekly NOAA OISST data (Reynolds et al., 2002) with a horizontal
resolution of 1◦ provide the forcing data.

Topography elevation data: The GMTED data provide the grid‐scale topography elevation for the RegCM4 and
the sub‐grid small‐scale topographic filtering variance for the original STOFD scheme. The ASTER GDEM data
(Version 3, Abrams et al., 2022) offers the sub‐grid scale topographic factors for the modified STOFD scheme.

Data for evaluation: The hourly precipitation is provided by the Global multi‐source Merging‐and‐Calibration
Precipitation (GMCP) data sets with a horizontal resolution of 0.1◦ (Ma et al., 2025). The atmospheric
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circulation information is offered by the daily ERA5 reanalysis with a horizontal resolution of 0.25◦ at 37 vertical
levels (Hersbach et al., 2020).

3.2. Experimental Design

The STOFD scheme was integrated into the Holtslag planetary boundary layer scheme (Holtslag et al., 1990) in
RegCM4. Based on Equations 7 and 8 or Equations 7 and 9, the STOFD is incorporated into the momentum
equations at all model levels. To evaluate the effects of the original and modified STOFD schemes on the
simulation performance of RegCM4 over the TP, three numerical experiments were designed. The CTRL
experiment employed the standard RegCM4 configuration without considering the STOFD. The SEXPO
experiment implemented the original STOFD scheme developed based on low‐resolution elevation data with a
horizontal resolution of ∼1 km, whereas the SEXPN experiment incorporated the modified STOFD scheme
updated based on high‐resolution topographic data with a horizontal resolution of ∼30 m. The only difference
among the three experiments is the method used to treat the STOFD. The other model configurations are identical:
the Tiedtke and Kain–Fritsch cumulus convection schemes were adopted over the land and ocean, respectively
(Kain, 2004; Tiedtke, 1996); the static dynamic core, the CCM3 radiative transfer scheme, the Community Land
Model version 4.5, the SUBEX moisture scheme, and the Zeng ocean flux scheme were also employed (Grell
et al., 1994; Kiehl et al., 1998; Oleson et al., 2013; Pal et al., 2000; Zeng et al., 1998).

Following the model configuration of Zhou et al. (2018), the simulation domain (Figure 3) covers the extensive
TP and its surrounding areas to minimize the influence of lateral boundary conditions on atmospheric flow over
the plateau. The model is configured with a horizontal resolution of 25 km, centered at (87◦E, 33◦N), and consists
of 300 and 200 grids in the east‐west and north‐south directions, respectively. Vertically, the domain is discretized
into 29 layers, extending up to 50 hPa. The simulation period was set from 00:00 UTC on 1 November of each
year to 00:00 UTC on 1 March of the following year, covering the winters from 2008 to 2012. Surface variables
were output hourly, while atmospheric variables were output every three hours. The analysis focused on the
December‐February period.

3.3. Metrics

The metrics such as the root mean square error (RMSE), spatial correlation coefficient (SC), and Taylor score
(TS) (Taylor, 2001) are used to evaluate the model performance (Equations 10–13).

Figure 2. Sub‐grid scale topographic factor at the model grids with the horizontal resolution of 25 km. (a) CTOFD,o, (b) CTOFD,u, (c) CTOFD,v, (d) the relative difference
between the absolute values of CTOFD,u and CTOFD,o, (e) the relative difference between the absolute values of CTOFD,v and CTOFD,o, and (f) scatter plot of CTOFD,u
and CTOFD,v.
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RMSE =

̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅

∑
n
i=1(Si − Oi)

2

n

√

(10)

SC =

̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅

∑
n
i=1(Oi − O)(Si − S)

√

̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅

∑
n
i=1 (Oi − O)2∑n

i=1 (Si − S)2
√ (11)

TS =
4(1 + SC)

(γ + 1/γ)2 (1 + SC0)
(12)

γ =

̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅
1
n∑

n
i=1 (Si − S)2

√

̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅
1
n∑

n
i=1 (Oi − O)2

√ (13)

Where S and O are the simulations and observations, respectively. S (O) is the mean value of simulations (ob-
servations) with a sample size of n. RMSE measures the simulation error, low RMSE suggests the simulations
closely agree with the observations in quantity. SC is the spatial correlation coefficient. High SC implies high
similarity in spatial variation between observations and simulations. SC0 in Equation 12 is an achievable
maximum correlation, it is set to 1. γ is calculated as the ratio of the standard deviation of the simulations to that of
the observations. TS quantifies the similarity of the spatial heterogeneity between simulations and observations.
Both TS and SC range from 0 to 1. Higher TS and SC and lower RMSE indicate better model performance (Huang
et al., 2016).

To further clarify the impacts of the STOFD scheme on the winter precipitation simulations, this study analyzes
water vapor transport Q⃗ (Equation 14) and the water vapor budget (Equation 15) using the simulation results.

Q⃗ =
1
g
∫

pt

ps
q Vh
̅→ dp (14)

P = <
∂q
∂t

> + <∇h · (q Vh
̅→

)> + <
∂(ωq)
∂p

> + E + δ (15)

Figure 3. The elevation of grid scale topography in the model domain. The black grids in the domain boundary show the
lateral boundary buffer zone. The blue rectangle is the analysis zone. The thin and thick purple lines indicate the elevations of
1,000 and 3,000 m, respectively.
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Where g, pt, ps, p, P, q, t, Vh
̅→, ω, E, and δ are the gravity acceleration, surface pressure, pressure of top layer,

pressure of each layer, precipitation rate, specific humility, time, horizontal wind, vertical velocity, evaporation
rate, and residual, respectively. The operators ∇h and < > are ∇h = ∂

∂x +
∂
∂y and < >= − 1

g∫
pt
ps dp, respectively.

pt is set as 100 hPa in this study. The terms <
∂q
∂t >, <∇h · (q Vh

̅→
)>, and <

∂(ωq)
∂p > represent the local moisture

tendency, horizontal moisture convergence, and vertical moisture transport, respectively. The detailed derivation
and explanation of Equation 15 can be found in Seager et al. (2010), Cai et al. (2023), and Xu et al. (2024).

4. Model Evaluation
The observed winter precipitation in western TP is largely confined to elevations below 3,000 m, with maximum
values occurring between 1,000 and 3,000 m in the western Himalayas (Figure 4a). The CTRL experiment
without considering the STOFD exhibits a pronounced positive bias in the simulated winter precipitation over this
region (Figures 4b and 4e). Although the CTRL experiment can well capture the spatial distribution of precip-
itation over western TP and its surrounding areas, it produces spurious precipitation above 3,000 m (Figure 4e).
The SEXPO experiment adopting the original STOFD scheme partially reduced the overestimation of the
simulated precipitation in the CTRL experiment (Figures 4e and 4f). However, it does not fully eliminate the
excessive winter precipitation in the western TP simulated by the CTRL experiment (Figures 4a and 4c). In
contrast, the SEXPN experiment adopting the updated STOFD scheme further suppressed the overestimation of
winter precipitation in the western TP more effectively than the SEXPO experiment (Figures 4f and 4g).

The implementation of the STOFD schemes leads to clear improvements in the simulation of winter precipitation
over the western TP, evidenced by higher SC and TS, as well as a markedly reduced RMSE (Figure 5). Spe-
cifically, the SEXPO experiment produces increases of 2.6% in SC and 17.5% in TS, along with a 16.3% reduction
in RMSE, relative to the CTRL experiment. Comparison of the SEXPN and SEXPO experiments indicates that
adopting the modified STOFD scheme can lead to additional improvements in simulated winter precipitation,
with SC and TS increased by 1.3% and 6.4%, respectively, and the RMSE reduced by 6.3% (Figures 5d–5f). These
quantitative results demonstrate that adopting each of the original and modified STOFD schemes can clearly
enhance the model performance in simulating winter precipitation over the western TP, with the modified one
performing better than the original one.

Figure 4. The observed and simulated winter precipitation over the Western TP averaged over 2008–2012: (a) the GMCP, (b) the CTRL experiment, (c) the SEXPO
experiment, and (d) the SEXPN experiment. AS well as the differences of the winter precipitation (e) between the CTRL experiment and the GMCP, (f) between the
SEXPO and CTRL experiments, and (g) between the SEXPN and SEXPO experiments. The thick and thin contours indicate the elevations of 3,000 and 1,000 m,
respectively. The black dots in figures (e–g) show the differences passing the t‐student test with a significance of 95%.
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5. Possible Physical Mechanisms
The CTRL without considering the STOFD clearly overestimates the 10 m wind speed over complex terrains,
especially over the regions with elevations above 3,000 m where the 10 m wind speed is overestimated by more
than 5 m·s− 1 (Figures 6a, 6b, and 6e). Adopting the original STOFD scheme can substantially reduce this near‐
surface wind speed bias (Figures 6c and 6f), and adopting the modified STOFD scheme achieves an even greater
reduction (Figures 6d and 6g). At 500 hPa, the CTRL experiment overestimates the wind speed over the TP in
winter but underestimates the jet stream speeds along its northern and southern flanks (Figures 6h, 6i, and 6l).
Adoption of the original STOFD scheme mitigates both the mid‐tropospheric overestimation of wind speed over
the plateau and the underestimation of wind speed in the jet regions (Figures 6j and 6m), leading to an overall
improvement in the 500 hPa wind simulation. Adopting the modified STOFD scheme yields further improvement
(Figures 6k and 6n). The reduction in wind speed bias is attributed to a drag generated by the STOFD scheme,
which acts opposite to the flow direction (red vectors in Figures 6c, 6d, 6j, and 6k). The modified scheme pro-
duces stronger drag (purple vectors in Figures 6d and 6k) due to its more accurate representation of sub‐grid scale
topographic variations, explaining its superior performance in correcting the wind speed overestimation.
Adopting the STOFD scheme consistently improves the simulation of winds at both 10 m and 500 hPa levels in
winter, and adoption of the modified one can yield more improvement.

The spatial pattern of differences in the simulated vertical velocity at 500 hPa between the CTRL experiment and
ERA5 aligns with major topographic features (Figure 7a). Over mountain ranges such as the Kunlun, Karakoram,
and Himalayas, the CTRL experiment simulates excessively strong upward motion, while the intermontane re-
gions exhibit overly weak ascent. From Figures 7a and 7b, adopting the original STOFD scheme can reduce the
overestimation (underestimation) of simulated upward motion at 500 hPa over the major mountain ranges
(intermontane areas) in the CTRL experiment, leading to an overall improvement in the 500 hPa vertical velocity
simulation. The SEXPN experiment adopting the modified STOFD scheme can further improve the simulation of
vertical motion at 500 hPa (Figures 7b and 7c). The differences in vertical motion are caused by variations in
horizontal wind speed, which can be explained as follows: higher wind speeds correspond to greater horizontal

Figure 5. The (a) Spatial correlation (SC), (b) Taylor score (TS), and (c) root mean square error (RMSE) of the simulated climatic mean winter precipitation over the
Western TP during 2008–2012, along with the relative differences (d–f) in these metrics between the experiments are presented. The statistics were calculated over the
grid points within the blue rectangle shown in Figure 3.
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Figure 6. The climatic mean winter wind speed at 10 m and 500 hPa in the Western TP over 2008–2012: ERA5 reanalysis (a, h) and the simulations from different
experiments (b–d, i–k). The differences in the winter wind among the ERA5 reanalysis and the simulations from different experiments (e–g, l–n). The red vectors show
the STOFD from the SEXPO and SEXPN experiments. The purple vectors represent the differences in the STOFD between the SEXPN and SEXPO experiments. The
black vectors indicate the wind or the difference in wind. The thick and thin contours indicate the elevations of 3,000 and 1,000 m, respectively. Differences in wind
speed that are not above the 95% significance level in the t‐test have been masked out.

Figure 7. The differences in the climatic mean vertical velocity at the 500 hPa in winter over 2008–2012 are (a) between the CTRL experiment and ERA5, (b) the
SEXPO experiment and CTRL experiment, and (c) between SEXPN experiment and SEXPO experiment. Vertical velocity differences that are not above the 95%
significance level in the t‐test have been masked out. The thick and thin contours indicate the elevations of 3,000 and 1,000 m, respectively. The negative vertical
velocity indicates upward motion.
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momentum when mass remains constant. The total momentum of the airflow is the sum of its horizontal and
vertical components. When air flows over a mountain, the meso‐scale terrain's blocking effect converts part of the
horizontal momentum into vertical momentum, resulting in upward motion on the windward slope and downward
motion on the leeward slope. Therefore, a larger horizontal wind speed produces greater initial momentum and,
consequently, higher vertical velocity. As a result, the CTRL simulation, which exhibits significantly higher
horizontal wind speeds than the ERA5 data, also produces stronger vertical motions (Figures 6l and 7a). This is
evident in the more intense upward motion on the windward slopes and stronger downward motion on the leeward
slopes (Figure 7a). When the both STOFD schemes are applied, the simulated horizontal wind speed decreases
(Figures 6m and 6n), and the corresponding upward and downward motions on the windward and leeward slopes
are suppressed (Figures 7b and 7c).

The STOFD decreases exponentially with height over the western TP, diminishing to near zero at around 300 hPa
(Figure 8a). Although the modified STOFD scheme produces stronger near‐surface drag than the original one, the
difference between them decreases markedly with altitude. The CTRL experiment significantly overestimates
both the horizontal wind speed and vertical velocity between 500 and 300 hPa over the western TP compared to
the ERA5 reanalysis (Figures 8b and 8c). The implementation of the STOFD scheme can clearly reduce these
biases across the regions. Adopting the modified STOFD scheme can further achieve a greater reduction in the
overestimation of both wind speed and vertical velocity between 500 and 300 hPa over the western TP relative to
the original STOFD scheme.

Overall, introducing the STOFD scheme (notably the modified scheme) can significantly improve the simulation
of horizontal winds and vertical velocity structure across complex terrains of western TP in winter (Figures 6–8).
It is worth noting that, although the suppression of upward motion on the windward slope and downward motion
on the leeward slope are comparable after applying the STOFD scheme (Figures 7b and 7c), the reduction in
precipitation on the windward slope is significantly more pronounced than the increase on the leeward slope
(Figures 4f and 4g). The reason is that, after implementing the STOFD scheme, the simulated water vapor
transport across the entire region is significantly reduced and more accurate due to the improved simulation of the

Figure 8. Vertical profiles of regionally averaged STOFD (a), horizontal wind speed (b), and vertical velocity (c) over the western TP indicated by the blue rectangle in
Figure 3 simulated by each experiment during the winters of 2008–2012. The negative vertical velocity indicates upward motion.
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wind fields (Figure 9). The CTRL experiment clearly overestimates the moisture transport flux over the western
TP, with the maximum bias exceeding 25 kg m− 1 s− 1 along the TP‐Tarim Basin boundary (Figure 9a). Adopting
the original STOFD scheme can lead to this bias significantly reduced by up to 12.5 kg m− 1 s− 1 (Figure 9b). A
further reduction of bias can be achieved by adopting the modified STOFD scheme, leading to a more accurate
simulation of moisture transport than the original one (Figure 9c). Precipitation formation requires three
fundamental elements: water vapor, upward motion (which provides cooling and condensation conditions), and
cloud condensation nuclei. Consequently, the distribution of reduced water vapor transport shown in Figure 9
does not exactly correspond to the distribution of reduced precipitation in Figure 4. For example, the region with
the most pronounced reduction in water vapor transport is the Taklamakan Desert, located north of the TP. This
area is dominated by subsiding airflow, which inhibits precipitation formation. Therefore, although the STOFD
scheme weakens the simulated winter water vapor transport across the entire western TP, its impact on winter
precipitation remains limited to the regions where precipitation originally occurred.

Compared to ERA5, the regional mean components of the moisture budget over the western TP are systematically
overestimated by the CTRL experiment (Figure 10). The SEXPO and SEXPN experiments considering the
STOFD can clearly reduce these biases across multiple moisture budget components relative to the CTRL
experiment without the STOFD (Figure 10). Obviously, compared to the CTRL experiment, the reduced simu-
lation of winter precipitation over the western TP in both STOFD‐based experiments is primarily attributable to
the reduction of the simulations of local moisture tendency and horizontal moisture convergence, which lead to
the improved simulations of winter precipitation over the western TP. The reduction in the simulated local
moisture tendency is a feedback response to the decreased precipitation and evaporation, while the decrease in the
simulated horizontal moisture convergence is a direct result of the altered horizontal wind field.

Figure 9. The differences in the climatic mean water vapor transport flux integrated from the surface to 100 hPa over the winters of 2008–2012: (a) between the CTRL
experiment and ERA5, (b) between the SEXPO experiment and CTRL experiment, and (c) between the SEXPN experiment and SEXPO experiment. Differences that
are not above the 95% significance level in the t‐test have been masked out. The thick and thin contours indicate the elevations of 3,000 m and 1,000 m, respectively.

Figure 10. Differences in each moisture budget component regionally averaged over the western TP indicated by the blue
rectangle in Figure 3 between the simulations of CTRL experiment and ERA5 and among the simulations of different
experiments during the winters of 2008–2012. The terms P,<∂q/∂t>, Conv(Vq),<∂wq/∂p>, and E represent the precipitation
rate, local moisture tendency, horizontal moisture convergence, vertical moisture transport, and evaporation rate,
respectively.
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Overall, the primary reason for the suppressed wet bias in RegCM4's simulation of precipitation (Figures 4 and 5)
over the western TP, when using the STOFD scheme, is the reduction of simulated vertical motion and the
weakening of water vapor transport across the entire region (Figures 7 and 9). Fundamentally, this is caused by the
weakening of the atmospheric westerly flow due to the STOFD scheme (Figures 6 and 8). After considering the
STOFD scheme, the significant reduction in precipitation on the windward slope is attributed to the combined
effects of anomalous downward motion and negative water vapor transport anomalies. Conversely, changes in
precipitation simulation on the leeward slope are not significant, as they result from the mutually offsetting effects
of anomalous upward motion and negative water vapor transport anomalies.

6. Conclusion and Discussion
The STOFD associated with sub‐grid small‐scale terrain features remains inadequately represented in numerical
models. The classic Beljaars STOFD scheme suffers from limitations such as being developed based on low‐
resolution elevation data and the assumption of isotropic drag. This study refines the Beljaars scheme by
deriving anisotropic topographic factors from high‐resolution (∼30 m) elevation data. We implemented both the
original and modified STOFD schemes into RegCM4 and conducted three numerical experiments: a control run
(CTRL) without STOFD, one with the original scheme (SEXPO), and another with the modified scheme
(SEXPN). Based on these experiments, we systematically evaluate how each scheme affects the simulation of
winter precipitation over the western TP and investigate the underlying physical mechanisms. The key findings
are summarized as follows:

RegCM4 without considering the STOFD significantly overestimates the winter precipitation over the western
TP. Adopting each of the original and modified STOFD schemes can effectively reduce this overestimation of
winter precipitation over western TP. Relative to the CTRL experiment, the SEXPO experiment adopting the
original STOFD can lead to the SC and TS (RMSE) of simulated winter precipitation over the western TP
increased by 2.6% and 17.5% (reduced by 16.3%), respectively. Moreover, compared to the SEXPO experiment,
the SEXPN experiment adopting the modified STOFD scheme can further increase (reduce) the CC and TS
(RMSE) of simulated winter precipitation over the western TP by 1.3% and 6.4% (6.3%), respectively.

The introduction of STOFD, which acts opposite to the flow direction, can effectively reduce the overestimation
of 10 m wind speeds over the complex terrains of TP. This correction can extend to the 500 hPa level, where the
STOFD schemes mitigate the overestimation of wind over the plateau itself and the underestimation of jet stream
speeds on its flanks. Consequently, the excessive 500 hPa upward motion over major ranges (e.g., Kunlun,
Karakoram, Himalayas) is weakened while the 500 hPa ascent over intermountain areas is enhanced, leading to a
more realistic 500 hPa vertical velocity simulations. Moreover, relative to the original STOFD scheme, the
modified STFOD scheme producing consistently stronger drag leads to further improvements in all aspects
mentioned above.

Relative to the situations without the STOFD, the improvements in wind field simulations induced by the STOFD
lead to a more realistic representation of moisture transport. Adopting each of the original and modified STOFD
schemes substantially reduces the overestimation of moisture transport over the western TP produced in the
CTRL experiment without STOFD, with much more improvements in the moisture transport simulation induced
by the modified STOFD scheme. Consequently, the overestimation of local moisture tendency and horizontal
moisture convergence over the western TP in the CTRL experiment during winter is reduced by adopting each of
the original and modified STOFD schemes, further leading to the improved simulations of winter precipitation
over the western TP with much more obvious improvement induced by the modified STOFD scheme than the
original one.

The impact of the STOFD scheme on the precipitation simulation performance varies between windward and
leeward slopes. The simulated precipitation on the windward slope decreases significantly due to the combined
effects of anomalous downward motion and negative water vapor transport anomalies. In contrast, changes in the
simulated precipitation on the leeward slope are not significant because they result from the mutually offsetting
influences of anomalous upward motion and negative water vapor transport anomalies.

Overall, this study demonstrates that incorporating the STOFD scheme including the anisotropic topographic
factors clearly improves the performance of RegCM4 over complex terrains of the western TP. Our results
confirm the important role of STOFD in regional climate modeling, particularly over rugged regions such as the
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western TP. Although the original STOFD scheme effectively reduces the simulation biases of precipitation and
wind speed over western TP in winter, the improvement is limited by insufficient representation of fine‐scale
topographic features. The modified STOFD scheme addresses this limitation by employing high‐resolution
(∼30 m) elevation data to compute direction‐dependent drag forces (applying distinct STOFD to u and v wind
components), thereby more accurately capturing the drag effects of complex topography. This enhancement
yields additional improvements in simulations of wind fields, vertical motion, moisture transport, and thereafter
precipitation. This study also highlights the importance of using high‐resolution topographic data to represent the
STOFD in numerical models.

Nevertheless, this study has certain limitations. First, despite substantial improvements, residual biases persist in
specific regions, such as the areas along the western margins of the TP (e.g., persistent overestimation of moisture
transport). These may be attributed to physical processes not fully captured in RegCM4, such as orographic
gravity wave drag. Second, the influence of the STOFD schemes on simulations of other climatic variables, such
as near‐surface temperature and snow cover, and their performance beyond the winter season require further
assessment. Future work should address these aspects to achieve a more comprehensive understanding.
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