
1.  Introduction
Rugged terrain covers most of the land surface in Earth and has various thermal and dynamic effects on weather 
and climate (Barry, 2008). Under the influence of terrain elevation, shading, and land cover, the surface tempera-
ture of rugged area presents strong heterogeneity which impacts the thermal stratification of the overlying atmos-
phere (Gu et al., 2022; Shi et al., 2019; Wu et al., 2016). Orographic mechanical effects (OME) on synoptic 
systems depend on the scale of topography and air flow (R. Zhang et al., 2020). The macro-scale (▵L ∼ 10 3 km) 
mountain ranges with the horizontal scale of ∼10 3 km force the planetary waves (Charney & Eliassen, 1949; 
Davis, 1997; McHall, 1991; Yeh, 1950). The meso-scale (▵L ∼ 10 1–10 2 km) mountain blocks the weak low-level 
airflow, lifts the stronger airflow, and produces orographic gravity wave (Athanassiadou, 2003; Xu et al., 2021; 
Zadra et  al.,  2003). The micro-scale (▵L  ≤  10 0  km) topography drags the airflow by forming the turbulent 
(Belcher & Wood, 1996; Zhou et al., 2019).

Abstract  Terrain has multi-scale dynamic impacts on the climate. The Regional Climate Model version 
4 (RegCM4) has simulation uncertainty partly due to insufficient description of sub-grid orographic drag 
(SOD). In this study, the sub-grid turbulent orographic form drag (TOFD) scheme has been adopted into the 
RegCM4 to better describe SOD. Results show that the overestimated near surface wind over rugged areas 
leads to non-negligible biases of the summer monsoon precipitation simulation over China in the original 
RegCM4, whose skill in simulating the summer precipitation over the monsoonal regions of China can be 
remarkably improved by adopting the sub-grid TOFD scheme. Compared to the original RegCM4, the Taylor 
scores (root mean square error) of the precipitation simulated by the RegCM4 with the sub-grid TOFD scheme 
are increased (decreased) by 4%, 13%, 11%, and 7% (8%, 5%, 30%, and 16%) over the southeastern China, the 
mid-lower Yangtze River Basin, the Huang-Huai Basin, and the northeastern China, respectively. The improved 
precipitation simulation mainly comes from the atmospheric circulation simulation improved by adopting 
the sub-grid TOFD scheme, which leads to cyclonic (anti-cyclonic) wind differences over the southeastern 
(northeastern) China from the boundary layer to the mid-troposphere and thereafter vertical motion differences 
in the middle troposphere, further resulting in the variation of the simulated precipitation intensity (heavy to 
torrential) and the convective precipitation and consequential improvement of summer monsoon precipitation 
simulation. This study indicates that the dynamic impact of micro-scale terrain plays an important role in the 
summer monsoon precipitation simulation.

Plain Language Summary  The description of mechanical effects of the sub-grid scale terrain 
in the numerical model is important to the climate modeling. This study introduces the Sub-grid Turbulent 
Orographic Form Drag (TOFD) parameterization scheme into the Regional Climate Model version 4 
(RegCM4). The TOFD scheme offers the RegCM4 a description of the turbulent drag on the air flow induced 
by the sub-grid terrain and reduces the large bias of the near surface wind simulated by the original RegCM4 
over the areas with the complex terrain in China. The RegCM4 with the TOFD scheme performs better in 
simulating the precipitation over eastern China in summer relative to the original RegCM4. This study not only 
further improves the capability of RegCM4 in simulating summer precipitation over the monsoonal region of 
China, but also illustrates the essential role of the turbulent orographic form drag in the formation of regional 
climate.
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The multi-scale OME on the air flow greatly affect the atmospheric stratification, water vapor transport, 
cloud micro-physical structures, and thereafter precipitation over the mountains and downstream areas (R. B. 
Smith, 2019; Y. Wang et al., 2020; M. Yang et al., 2007; Zagrodnik et al., 2019; Y. Zhao et al., 2020). Previ-
ous studies have shown that the topography has significant influence on the amount, intensity, phase, and 
spatial-temporal distribution of precipitation (Singh & Kumar, 1997; Anders et al., 2008; Feng & Zhou, 2012; Y. 
Zhang et al., 2014; Garvert et al., 2007). Therefore, reasonable representation of OME is crucial for precipitation 
modeling over the mountains and adjacent areas (Cannon et al., 2017; S. Chen et al., 2019; Lee et al., 2015).

Efforts to better describe the OME in numerical models have been made as follows: (a) Increasing the horizon-
tal resolution of grid-scale topography to enhance the depiction of grid scale OME (Li et al., 2022; C. Zhao 
et al., 2019; Gao et al., 2006). By raising the horizontal resolution to tens of (or several) kilometers, the numerical 
models come to well characterize the macro-scale (meso-scale) OME but leave the micro-scale OME unresolved 
(S. A. Smith et al., 2006; Vosper et al., 2020; Lin et al., 2018; van Niekerk et al., 2016). (b) Take account the 
sub-grid scale orographic variation by the “envelope orography” and “effective roughness length” (Fiedler & 
Panofsky, 1972; Wallace et al., 1983; Wood & Mason, 1993). The “envelope orography” (“effective roughness 
length”) represents the meso-scale (micro-scale) sub-grid orographic drag (SOD) to a certain degree but has 
ineluctable disadvantages due to the lack of physical basis (Koo et  al.,  2018; Lott & Miller, 1997; Slingo & 
Pearson, 1987; Zhou et al., 2019). (c) Thus, it has become common to develop the parameterization schemes 
directly describing the SOD such as the gravity wave drag, the flow-blocking drag, and the turbulent orographic 
form drag (TOFD) (Beljaars et al., 2004; Choi & Hong, 2015; Kim & Doyle, 2005; McFarlane et al., 1986; Xu 
et al., 2019). Challenges remain in the development of the SOD parameterization. Lots of previous SOD param-
eterization schemes are developed based on the assumption of isotropic SOD and nowadays a new generation 
of the anisotropic SOD parameterization are developed considering the 3-dimensional anisotropic variation of 
the terrain and the SOD (van Niekerk et al., 2023; Xie et al., 2020; Xue & Shen, 2023). Another Challenge is to 
make  the SOD parameterization more “scale aware” (van Niekerk & Vosper, 2021).

The adoptions of SOD parameterization improve the ability of models in precipitation forecast through better 
description of the sub-grid OME (R. Zhang et  al.,  2020; Y. Wang et  al.,  2020; Zhong & Chen,  2015; Lee 
et  al.,  2015; Xue et  al.,  2021). Insufficient description of the SOD maintains an important source of model 
uncertainty (Elvidge et  al.,  2019; van Niekerk et  al.,  2020). The global climate models (GCMs) commonly 
underestimate (overestimate) precipitation over the southeastern China (Tibetan Plateau, TP) (Jiang et al., 2020; 
Kusunoki, 2018; Tong et al., 2022; Jiang et al., 2016; Xin et al., 2020; Alapaty et al., 2012; H. Chen et al., 2010; 
C. Zhao et  al.,  2020; Scinocca et  al.,  2016). The simulated precipitation biases of the GCMs can be clearly 
reduced by adopting the high-resolution regional climate models (RCMs) (Gao et al., 2013; Gao et al., 2011; 
Yu et al., 2010; Bao et al., 2015; H. Yang et al., 2016; Ma et al., 2015; L. Zou & Zhou, 2017). However, the 
problem of dry (wet) bias over the southeastern China (TP) remains in the RCMs, such as the Regional Climate 
Model Version 4 (RegCM4) (Nguyen-Xuan et al., 2022; Giorgi et al., 2012; Gao et al., 2017; Lu et al., 2019; M. 
Yang et al., 2018; J. Zou & Xie, 2012; Shi et al., 2018; J. Chen et al., 2014). Studies indicate that the Weather 
Research and Forecasting Model (WRF) outperforms the RegCM4 in down-scaling precipitation over China 
(Ge et al., 2021; Huang & Gao, 2018; Liang et al., 2019), which can be partly attributed to the differences of the 
abilities of the WRF and RegCM4 in the description of the SOD (R. Zhang et al., 2020; Zhou et al., 2017; Liang 
et al., 2012).

Improving the simulation of regional climate over the mountainous areas is one of the original goals and usual 
applications of RCMs (Giorgi & Bates, 1989; Boroneant et al., 2006; Torma et al., 2011; X. Wang et al., 2016). 
The development of RCMs has come to a horizontal resolution of several kilometers recently, resulting in detailed 
grid-scale description of meso-scale orographic drag (Becker & Vadas,  2018; Coppola et  al.,  2021; Kendon 
et al., 2017; Prein et al., 2015; Schär et al., 2020). However, the TOFD parameterization has added value to the 
WRF even with a horizontal resolution of ∼3 km (Y. Wang et al., 2020), suggesting that the TOFD scheme is still 
necessary for the weather modeling over rugged areas even at very high model resolution. Previous studies show 
that the TOFD scheme enhances the ability of the WRF in simulating precipitation over the southeastern China 
and part of the Himalaya (Y. Wang et al., 2020; Xue et al., 2021). But these studies mainly discuss about the skills 
of weather forecast or specific weather case based on the numerical experiments with relatively small domain and 
short simulation period. The effects of the TOFD scheme on the simulation of the summer precipitation climatol-
ogy over China remain inadequately elucidated.
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Two questions are raised: (a) Can the TOFD parameterization scheme improve the ability of the RegCM4 with 
a horizontal resolution of tens of kilometers in simulating the precipitation over China? (b) How does the TOFD 
parameterization scheme influence the ability of RegCM4 in simulating the precipitation? In this study, the 
TOFD scheme has been introduced into the RegCM4 and its impacts on the model performance in simulating 
the summer monsoon precipitation over China have been investigated. Section 2 introduces the TOFD scheme, 
RegCM4, data, and methodology. The effects of TOFD scheme on modeling the summer precipitation over China 
are illustrated in Section 3. Section 4 discusses the possible physical mechanisms. Conclusion and discussion are 
given in Section 5.

2.  TOFD Scheme, RegCM4, Data and Methodology
2.1.  The TOFD Parameterization Scheme

The sub-grid TOFD scheme (Beljaars et al., 2004) calculates the TOFD caused by the micro-scale topography 
based on the method of Wood et al. (2001). The grid-scale TOFD at each vertical layer is estimated by Equation 1 
and accounted in the atmospheric equation:

𝜕𝜕

𝜕𝜕𝜕𝜕

(
𝜏𝜏𝑜𝑜

𝜌𝜌

)
= −1.08372058×10−7 ⋅ | ⃖⃖⃗𝑉𝑉 | ⋅ ⃖⃖⃗𝑉𝑉 ⋅ 𝑒𝑒−(𝑧𝑧∕1500)

1.5
⋅ 𝜎𝜎2

𝑓𝑓𝑓𝑓𝑓𝑓 ⋅ 𝑧𝑧
-1.2� (1)

where e, τo, z, ρ, 𝐴𝐴 | ⃖⃖⃗𝑉𝑉 | , and 𝐴𝐴 ⃖⃖⃗𝑉𝑉  are the natural constant, stress in the wind direction, elevation above ground surface, 
air density, wind speed, and horizontal wind vector at each layer. 𝐴𝐴 ⃖⃖⃗𝑉𝑉  has zonal (meridional) component u(v). 𝐴𝐴 | ⃖⃖⃗𝑉𝑉 | 
is calculated by 𝐴𝐴 | ⃖⃖⃗𝑉𝑉 | =

√
𝑢𝑢2 + 𝑣𝑣2 . σflt is the standard deviation of the filtered sub-grid terrain elevation. The value 

of the TOFD is determined by 𝐴𝐴 𝐴𝐴2

𝑓𝑓𝑓𝑓𝑓𝑓
 , 𝐴𝐴 ⃖⃖⃗𝑉𝑉  , and z. The TOFD increases with the raising 𝐴𝐴 𝐴𝐴2

𝑓𝑓𝑓𝑓𝑓𝑓
 and 𝐴𝐴 ⃖⃖⃗𝑉𝑉  but exponentially 

decreases with the raising z. Following Xue et al. (2021), σflt at each model grid in this study is derived from the 
30″ × 30″ (∼1 km×∼1 km) Global Multi-resolution Terrain Elevation Data (GMTED, Danielson & Gesch, 2011). 
Details about the TOFD scheme and the method for calculating σflt are shown in Beljaars et al. (2004) and Xue 
et al. (2021). As shown in Figure 1, the large values of σflt over the western TP, Himalaya, and Hengduan Moun-
tain indicate the complex micro-scale terrain and strong TOFD.

2.2.  RegCM4

The RegCM as the first limited-area model for regional climate simulation has been developed since the late 
1980s (Dickinson et al., 1989; Giorgi, 1990). After more than 30 years of intensive development in dynamic 
cores, physical process descriptions, portability, and user-friendliness, the RegCM has reached its fifth genera-
tion recently (RegCM5, details in Pal et al., 2007; Giorgi et al., 1993; Giorgi et al., 2012; Coppola et al., 2021; 
Giorgi et al., 2023). The Abdus Salam International Centre for Theoretical Physics (ICTP) establishes the RegCM 
with public free release (https://github.com/ictp-esp/RegCM), abundant supporting data (http://clima-dods.ictp.
it/regcm4), and convenient user communication platform (https://lists.ictp.it/mailman/listinfo/regcnet), which 

Figure 1.  Grid-scale elevation (a) and standard deviation of filtered elevation σflt (b) in the model domain with the horizontal 
resolution of 25 km. The thick blue lines are the elevation contour of 3,000 m. The thin blue lines indicate the Yangtze River 
and the Yellow River. The red dash rectangles show the sub-regions Reg1, Reg2, Reg3, and Reg4. The black dash rectangles 
show the west and east sub-regions. The black grids illustrate the lateral buffer zone.
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benefits a great deal to the geophysical research community (Pan et al., 2020; Sawadogo et al., 2021; Teodoro 
et al., 2021; Torres-Alavez et al., 2021). Compared to the RegCM4, the main progresses of the RegCM5 are some 
additional physical schemes and a new non-hydrostatic dynamic core (Giorgi et al., 2023). The performances of 
the new core and schemes of the RegCM5 have not been well evaluated while the RegCM4 are widely applied 
in the studies over East Asia (Gao & Giorgi, 2017; Lu et al., 2019; Xie et al., 2021). Therefore, the RegCM4 is 
adopted in this study.

2.3.  Numerical Experimental Design

Two experiments named as the SEXP and CTRL experiments are conducted by the hydro-static RegCM4 and 
the only difference between them is with or without the sub-grid TOFD scheme. Following Niu et al. (2021), the 
model domain covers East Asia with the resolution of 25 km (Figure 1), which owns 320 (240) zonal (meridional) 
grids and centers at (34°N, 107°E). The model has 23 vertical layers. The top layer reaches 50 hPa.

The integration is conducted from 1 May to 31 August in each year from 2006 to 2015 with the time step of 30 s 
in the dynamic core. The land surface process, emission-absorption of cloud and gas particles, convection, and 
solar radiation are calculated every 10 min, 1 hr, 30 s, and 10 min. The lateral boundary condition updates every 
6 hr. The model results are output every 24 hr in each experiment. Simulations in May are discarded as the model 
spin-up (C. Gu et al., 2022). Only the simulations in boreal summer (Jun, July, and August) are used for analysis. 
The physical packages and forcing data adopted in the experiments are listed in Table 1.

2.4.  Data for Model Evaluation

To evaluate the model performance and investigate the related physical mechanisms, the following data are used:

1.	 �The daily precipitation data from Asian Precipitation Highly-Resolved Observational Data Integration Toward 
Evaluation (APHRODITE, Yatagai et al., 2012) with the horizontal resolution of 0.25° × 0.25° in summers 
of 2006–2015.

2.	 �The hourly ERA5 Atmospheric Reanalysis with the horizontal resolution of 0.25° × 0.25° at 37 vertical levels 
(Hersbach et al., 2020) in summers of 2006–2015.

2.5.  Methodology

Following Qian et  al.  (2007), the daily precipitation (R) is classified as the light (0.1  mm·d −1  ≤  R  <  10.0 
mm·d −1), moderate (10.0 mm·d −1 ≤ R < 25.0 mm·d −1), heavy (25.0 mm·d −1 ≤ R < 50.0 mm·d −1), and torrential 

Name Value

Dynamical Core Hydrostatical Core (Grell et al., 1994)

Cumulus Scheme Tiedtke (Tiedtke, 1996) over the landKain-Fritsch (Kain & 
Fritsch, 1990) over the ocean

Planetary Boundary Layer Scheme Holtslag (Holtslag et al., 1990)

Moisture Scheme SUBEX (Pal et al., 2000)

Land Surface Model CLM4.5 (Oleson et al., 2013)

Radiation Transfer Model CCM3 (Kiehl et al., 1998)

Ocean Flux Scheme Zeng (Zeng et al., 1998)

Lateral Boundary Condition Scheme Relaxation Exponential Technique (Buffer zone shown in Figure 1)

Oceanic Surface Condition 1° × 1° NOAA OISST (Reynolds et al., 2002)

Atmospheric Condition 1.5° × 1.5° ERA-Interim Reanalysis (Dee et al., 2011)

Grid-scale Topography 30″ × 30″ GMTED (Danielson & Gesch, 2011)

Initial Soil Moisture 0.25° × 0.25° ESA CCI Surface Soil Moisture Combined Product 
(Dorigo et al., 2021)

Table 1 
Model Configuration
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(R ≥ 50.0 mm·d −1) precipitation. The accumulated precipitation is calculated with these four categories of precip-
itation. The precipitation frequency is the number of rainy days (R ≥ 0.1 mm·d −1) divided by the number of total 
days and the precipitation intensity is the total precipitation amount divided by the number of rainy days (Kan 
et al., 2015). Four sub-regions are divided for evaluation according to the propagation of summer monsoon rain-
fall (Ding, 1992; Ren et al., 2022): the southeastern China (Reg1, 18–26°N, 105–123°E), the mid-lower Yangtze 
River Basin (Reg2, 26–33°N, 107–123°E), the Huang-Huai Basin (Reg3, 33–40°N, 110–123°E), and the north-
eastern China (Reg4, 40–50°N, 119–130°E). The influences of the TOFD scheme on the RegCM4 performance 
are shown by the differences between the simulations from the SEXP and CTRL experiments. The significance 
of differences is determined by the Student's t-test (Lehmann, 1992; Student, 1908). The root mean square error 
(RMSE), spatial correlation coefficient (SCC), and Taylor score (TS, Taylor, 2001) are adopted to assess the 
simulations. Lower RMSE, higher SCC, and higher TS indicate better model performance.

3.  Model Evaluation
Compared to the APHRODITE data, both the CTRL and SEXP experiments reproduce the general features of 
the summer precipitation over China decreasing from the southeast to the northwest (Figures 2a–2c). As shown 
in Figure 2d, the precipitation is underestimated (overestimated) by 2.0 mm·d −1 over the southeastern coast (TP) 
in the CTRL experiment. The SEXP experiment with the adoption of sub-grid TOFD scheme largely reduces the 
biases over most of eastern China (Figures 2d–2f). The sub-grid TOFD scheme enhances the ability of RegCM4 
in simulating the summer precipitation over the monsoonal regions of China but slightly increases the positive 
precipitation bias over most of TP.

Figure 3 shows the statistics assessing the performance of simulated summer monsoon precipitation over the 
sub-regions of eastern China by the RegCM4 with or without the sub-grid TOFD scheme. As shown in Figure 3a, 
the simulated summer precipitation in the SEXP experiment is closer to the APHRODITE data than those in the 
CTRL experiment with the relative errors diminished by 6%, 3%, 14%, and 3% over the sub-regions. Rela tive to 
the CTRL experiment, the SEXP experiment with the sub-grid TOFD scheme can obviously improve the summer 
precipitation simulation over the southeastern China, the mid-lower Yangtze River Basin, and the Huang-Huai 
Basin with the SCC increased by 23%, 108%, and 37% (Figure 3b), meanwhile, the RMSE (TS) of the SEXP 
simulated summer precipitation over the southeastern China, the mid-lower Yangtze River Basin, the Huang-Huai 

Figure 2.  The precipitation from the APHRODITE data (a), the CTRL experiment (b), the SEXP experiment (c), and the 
precipitation differences between the CTRL experiment and the APHRODITE data (d), between the SEXP experiment 
and the APHRODITE data (e), and between the SEXP and CTRL experiments (f) over China averaged in summer during 
2006–2015. The purple lines are the elevation contour of 3,000 m. The thin purple lines indicate the Yangtze River and the 
Yellow River. The black straight lines indicate centers of precipitation differences. The black dots indicate the significance 
above 90% of t test.
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Basin, and the northeastern China against observation can be reduced (increased) by 8%, 5%, 30%, and 16% (4%, 
13%, 11%, and 7%) due to the adoption of sub-grid TOFD scheme (Figures 3c and 3d). Overall, adopting the 
sub-grid TOFD scheme can improve the performance of RegCM4 in simulating the summer precipitation over 
eastern China to varying degrees.

4.  Possible Physical Mechanisms
Figures 4a and 4b indicate that the differences of the simulated summer precipitation between the SEXP and 
CTRL experiments over the monsoonal China mainly comes from the differences of simulated precipitation 

Figure 3.  The average values (a), SCC (b), RMSE (c), and TS (d) of the summer precipitation over the four sub-regions 
averaged during 2006–2015 from the CTRL (red bar) and SEXP (blue bar) experiments against the APHRODITE data. 
Tables show the relative error (RE) and the relative changes of SCC, RMSE, and TS in the SEXP experiment compared to 
those in the CTRL experiment. The SCC all pass the significant level of 95%.
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intensity rather than precipitation frequency. The differences of the light, moderate, heavy, and torrential precipi-
tation between the SEXP and CTRL experiments share the same spatial pattern with those of the total precip itation 
(Figures 2f and 4c–4f). The summer precipitation over the TP primarily comes from the high frequent convective 
activities with the weak precipitation intensity (Ueno et al., 2001; Y. Zhao et al., 2019; Fu et al., 2020). Relative 
to the CTRL experiment, the SEXP experiment produced much higher positive precipitation bias over the top of 
the TP which is mainly attributed to the overestimated light and moderate precipitation, and reduced the heavy 
and torrential precipitation over the south and east edges of the TP. The improvement of simulated precipitation 

Figure 4.  The differences of simulated precipitation intensity (a), precipitation frequency (b), light precipitation (c), 
moderate precipitation (d), heavy precipitation (e), torrential precipitation (f), large-scale precipitation (g), and convective 
precipitation (h) between the SEXP and CTRL experiments over China averaged in summer during 2006–2015. The purple 
lines are the elevation contour of 3,000 m. The thin purple lines indicate the Yangtze River and the Yellow River.
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over eastern China in the SEXP experiment mostly comes from the improved heavy and torrential precipitation 
simulation. The differences of simulated convective (large-scale) precipitation between the two experiments are 
the major (minor) contributions to the differences of the total precipitation (Figures 4g and 4h). The simulated 
fractions of the convective precipitation frequency and amount in the total precipitation in the SEXP experiment 
are similar to those in the CTRL experiment (not shown). The improved convective or heavy to torrential precip-
itation benefits the improvements of summer precipitation simulation over the monsoonal region of China in the 
SEXP experiment by adopting the sub-grid TOFD scheme (Figures 2 and 4).

In the CTRL experiment, the RegCM4 overestimates the near surface wind over most of the land compared to 
the ERA5 data, and the large overestimation of the near surface wind is located over the rugged area such as the 
Pamir Plateau, the Tianshan Mountain, the edges of TP and hilly areas of southeastern China (Figure 5d). The 
errors in near surface wind simulation over the Tianshan Mountain, the Pamir Plateau, the western TP, and the 
southern TP can be reduced by adopting the sub-grid TOFD scheme in the SEXP experiment (Figures 5d–5f). 
Furthermore, the RMSE of near surface wind speed produced by the CTRL experiment over the elevated and 
rugged western China is much larger than that over the flat eastern China (Figure 6a) and mainly comes from the 
simulation of zonal wind component (Figures 6a–6c). Relative to the CTRL experiment, the SEXP experiment 
with the sub-grid TOFD scheme can significantly reduce the RMSE of near surface wind simulation over the 
Tianshan Mountain, Pamir Plateau, and southern TP (Figures 6d–6i). Overall, the sub-grid TOFD scheme can 
offer the RegCM4 to describe the SOD and reasonably reproduce the near surface wind field over the rugged 
areas.

Figures 7a–7f show that the direction of simulated TOFD acceleration in the SEXP experiment is the opposite of 
the direction of simulated horizontal wind velocity in the CTRL experiment at each vertical layer, which indicates 
that the TOFD directly slow down the local horizontal wind speed but do not affect the local horizontal wind 
direction over the regions with complex terrain. The TOFD primarily affects the horizontal wind directly in the 
planetary boundary layer (below 1,000 m in Beljaars et al., 2004). The TP has the highest elevation and most 
complex terrain among East Asia with the elevation rising from 3,000 to 6,000 m (Figure 1a). Therefore, the 
planetary boundary layer of the TP can be 4,000–7,000 m above the sea level. The pressure layers of 925, 850, 
700, 600, 500, and 400 hPa are about 700, 1,500, 3,000, 4,000, 5,500, and 7,000 m above the sea level. Thus, the 
TOFD acceleration over the monsoonal China are mainly generated at the layers below 700 hPa while the TOFD 

Figure 5.  The wind at 10 m above the ground surface from the ERA5 data (a), the CTRL experiment (b), the SEXP experiment (c) and the differences of wind at 10 m 
above the ground surface between the CTRL experiment and the ERA5 data (d), between the SEXP experiment and the ERA5 data (e), and between the SEXP and 
CTRL experiments (f) averaged in summer during 2006–2015. The purple lines are the elevation contour of 3,000 m. The thin purple lines indicate the Yangtze River 
and the Yellow River. The black dots indicate the significant level above 90% of t test.
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acceleration over the TP can affect the simulated horizontal wind velocity at 400 hPa (Figures 7a–7f and 8). 
The TOFD acceleration over the western China especially the TP is much stronger than those over the eastern 
China (Figure 8). In addition, Figures 7g–7l further show the differences of simulated wind at different vertical 
layers from 925 to 400 hPa between the SEXP and CTRL experiments. Compared to the CTRL experiment, the 
SEXP experiment with the sub-grid TOFD scheme makes the RegCM4 generate cyclonic (anti-cyclonic) wind 
differences over the southeastern (northeastern) China and the TP (northwestern China), which are the synergis-
tic influence of the local TOFD acceleration and the wind differences propagated from the upper stream rugged 
areas. Because the TOFD accelerations over eastern China are below 700 hPa (Figure 8b), the wind differences 
in the middle troposphere over eastern China primarily comes from the propagation of the wind differences over 
the western region, especially over the TP. Both the cyclonic and anti-cyclonic wind differences extend from the 
boundary layer to the mid-troposphere (Figures 7g–7l) and lead to profound impacts on the atmospheric stability, 
the vertical motion, and the water vapor transport (Figures 9 and 10).

The precipitation differences between the SEXP and CTRL experiments (Figure 2f) could not be well explained 
alone by the differences of the convective available potential energy (CAPE), the water vapor transport, or 
the low-level troposphere vertical motion (Figures  9a–9c). However, the precipitation differences are totally 
in consistent with the differences of the middle troposphere vertical motion averaged from 600 to 400  hPa 
(Figures 2f and 9d). Although the water vapor transport and the CAPE are two of the determining factors for the 
summer monsoonal rainfall (Dong et al., 2019; Zhou & Yu, 2005), the low-level atmospheric feedback to the 
TOFD (Figures 9a–9c) are not the main reason for the precipitation differences over the eastern China between 
the SEXP and CTRL experiments in this study. The large-scale atmospheric circulation can regulate the rainfall 

Figure 6.  The RMSE of simulated wind speed at 10 m above the ground surface (a, d), zonal component (b, e), and meridional component (c, f) averaged in summer 
during 2006–2015 from the CTRL (a-c) and SEXP (d-f) experiments against those from the ERA5 data. The RMSE differences of simulated wind speed at 10 m above 
the ground surface (g), zonal component (h), and meridional component (i) between the SEXP and CTRL experiments. The purple lines are the elevation contour of 
3,000 m. The thin purple lines indicate the Yangtze River and the Yellow River.
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in the aspects of locations and intensity (Miao et al., 2019; Zhang et al., 2008). The differences of the middle trop-
osphere vertical motion (Figure 9d) result in the differences of the precipitation intensity (Figure 4) and thereafter 
precipitation amount (Figure 2).

Figures 10a,10c,10d and 10f indicate more (less) stable atmospheric stratification and weaker (stronger) ascending 
motion in the middle troposphere are simulated in the SEXP experiment compared to those in the CTRL experiment, 
leading to the negative (positive) precipitation differences in Figure 2f. Similar to Figures 9, Figure 10 also shows 
that the differences of the atmospheric stability, the water vapor transport, and the vertical motion in the low-level 
troposphere are not the essential reason for the precipitation differences between the SEXP and CTRL experiments.

In all, the sub-grid TOFD scheme provides the RegCM4 a better description of the SOD, which results in the 
improvements of simulated horizontal wind (Figures 5 and 6) over the regions with complex terrain (such as 

Figure 7.  The simulated summer wind in the CTRL experiments (blue vector), the TOFD acceleration (red vector) in the SEXP at 925 hPa (a), 850 hPa (b), 700 hPa 
(c), 600 hPa (d), 500 hPa (e), and 400 hPa (f) averaged over 2006–2015. The differences of simulated summer wind between the SEXP and CTRL experiments at 
925 hPa (g), 850 hPa (h), 700 hPa (i), 600 hPa (j), 500 hPa (k), and 400 hPa (l) averaged during 2006–2015. The thick purple lines are the elevation contour of 3,000 m. 
The thin purple lines indicate the Yangtze River and the Yellow River. The gray shade indicates the topography above the vertical layer in panels (a–d) and (g–j). The 
green dots indicate the significance above 90% of t test. The red character “C” and “A” indicate the center of cyclonic and anti-cyclonic wind differences. The black 
straight lines indicate the centers of precipitation differences.
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the TP). Due to the evolution and propagation of the atmospheric circulation, the TOFD not only slows down 
the local horizontal wind over the complex terrains but also induces horizontal wind differences over the down-
stream of the rugged areas (Figure 7). The TOFD over western China especially over the TP greatly contributes 
to the horizontal wind differences and thereafter vertical motion differences over the monsoonal China (Figures 7 
and 8). The differences of the vertical motion in the middle troposphere primarily determine the precipitation 
differences over monsoonal China through regulating the precipitation intensity (Figures 2f, 4, 9, and 10).

Figure 8.  The profiles of the regionally averaged simulated summer TOFD acceleration over the lands of the sub-regions divided in Figure 1.

Figure 9.  The differences of simulated convective available potential energy (a), the water vapor transport (integral from 
the surface to 100 hPa) (b), the low-level troposphere vertical speed ω averaged from 925 to 700 hPa (c), and the mid-level 
troposphere vertical speed ω averaged from 600 to 400 hPa (d) between the SEXP and CTRL experiments over China 
averaged in summer during 2006–2015. The thick purple lines are the elevation contour of 3,000 m. The thin purple lines 
indicate the Yangtze River and the Yellow River. The gray shade indicates the topography above the vertical layer. The green 
dots indicate the significance above 90% of t test. The black straight lines indicates centers of precipitation differences.
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5.  Conclusion and Discussion
Previous studies show that the micro-scale terrain has great impacts on the weather and the sub-grid TOFD 
scheme improves the ability of model in weather forecast. However, the importance of the sub-grid TOFD 
scheme is not well recognized in the climatic modeling of precipitation. In this study, the sub-grid TOFD scheme 
has been introduced into the RegCM4 to improve the description of SOD and its impacts on the performance of 
the RegCM4 in simulating the summer precipitation over China has been investigated based on two numerical 
experiments using the RegCM4 with or without the sub-grid TOFD scheme in ten summers of 2006–2015. The 
main results are listed as following:

The original RegCM4 overestimates the wind over the rugged areas due to the absent of SOD, which leads to 
the unrealistic simulated atmospheric circulation and thereafter precipitation. The adoption of sub-grid TOFD 
scheme can remarkably improves the ability of the RegCM4 in simulating summer precipitation over monsoonal 
region of China in the aspect of both the spatial distribution and the magnitude. Relative to those in the CTRL 
experiment, the SCC of summer precipitation simulated by the SEXP experiment with the adoption of sub-grid 
TOFD scheme over the southeastern China, the mid-lower Yangtze River Basin, and the Huang-Huai Basin 
can be improved by 23%, 108%, and 37%, respectively, and the RMSE (TS) of the SEXP experiment simulated 
summer precipitation over the southeastern China, the mid-lower Yangtze River Basin, the Huang-Huai Basin, 
and the northeastern China in the SEXP experiment is decreased (increased) by 8%, 5%, 30%, and 16% (4%, 13%, 
11%, and 7%), respectively.

The improvements of the modeled precipitation over the monsoonal China are mainly attributed to the changes 
of the precipitation intensity (heavy to torrential precipitation) and convective precipitation simulation, which is 

Figure 10.  The cross-section of the differences of simulated potential pseudo-equivalent temperature θse (a, d), the water vapor flux divergence (b, e), and the vertical 
speed ω (c, f) between the SEXP and CTRL experiments over China averaged in summers of 2006–2015. Panels (a–c) and (d–f) are the cross-section in the large 
negative (positive) precipitation difference center shown in Figure 2f.

 21698996, 2023, 20, D
ow

nloaded from
 https://agupubs.onlinelibrary.w

iley.com
/doi/10.1029/2023JD

039113 by N
anjing U

niversity, W
iley O

nline L
ibrary on [14/10/2023]. 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



Journal of Geophysical Research: Atmospheres

GU ET AL.

10.1029/2023JD039113

13 of 18

resulted from the better produced atmospheric circulation due to the adoption of sub-grid TOFD scheme. The 
TOFD scheme improves the ability of the RegCM4 in describing the SOD and evidently reduces the biases of 
near surface wind simulated by the original RegCM4 over the southern TP, Tianshan Mountain, Pamir Plateau, 
and Yungui Plateau. Compared to the CTRL experiment, the SEXP experiment adopting the TOFD scheme 
generates cyclonic (anti-cyclonic) wind differences over the southeastern (northeastern) China from the boundary 
layer to the mid-troposphere. The wind differences over the monsoonal China are attributed to the wind differ-
ences propagated from the rugged upstream area (TP) and the local TOFD acceleration. Then the vertical motion, 
the atmospheric stability, and the water vapor transport adapt to the wind differences. The vertical motion differ-
ences in the middle troposphere determine the precipitation differences and the negative (positive) precipitation 
differences are in consistent with the downward (upward) vertical motion differences.

Previous studies have shown that the East Asia Summer Monsoon (EASM) is mainly controlled by the thermal 
effects of the TP (Duan & Wu, 2005; Wu et al., 2007), which excite the Rossby wave and greatly affect the down-
stream precipitation (B. Wang et al., 2008; Y. Wang et al., 2011). The results of this study are in accordance with 
the recent studies (Son et al., 2019, 2020) which claim that mechanical forcing also plays an important role in the 
formation and development of precipitation during the EASM. Meanwhile, the adoption of the sub-grid TOFD 
scheme increases the wet bias over the TP with more convective and light precipitation. Our recent study shows 
that the parameterization of 3D sub-grid terrain solar radiation effects (3DSTSRE) reduces the wet biases over the 
TP in the RegCM4 (C. Gu et al., 2022). Thus, the collaborative influences and relative importance of the sub-grid 
TOFD scheme and 3DSTSRE scheme on the numerical modeling should be addressed in the future work.

Although this study shows the necessity of sub-grid TOFD scheme for the climate modeling, we have to admit 
this study has its disadvantages. It only provides an elementary evaluation of the sub-grid TOFD scheme on the 
performance of the RegCM4 due to the limitation of discontinuous simulations in 10 summers over East Asia 
by the hydro-static RegCM4 with moderate resolution. The readers must check the model performance if the 
TOFD scheme is applied in the RegCM4 with the different configurations of domain, physical schemes, forcing 
data, dynamic cores, regions, and seasons. The relative importance of sub-grid TOFD due to the terrain over the 
upstream areas and the local areas on the monsoonal precipitation are not revealed quantitatively, which is inves-
tigated now and will be reported in near future. We also preliminary find that the impacts of the TOFD scheme 
on the ability of the RegCM4 in simulating the summer precipitation is more evident during the flood years than 
during the drought years in eastern China. The impacts of the sub-grid TOFD scheme on the climate modeling 
over China under different climatic backgrounds should also be investigated with the long-term simulations. In 
addition, more detailed investigations about the RegCM4/RegCM5 with the sub-grid TOFD scheme should be 
conducted based on the non-hydrostatic simulations with high resolution across the world.

Data Availability Statement
Data—The data used in this study are the daily 0.25° × 0.25° gridded precipitation provided by Asian Precip-
itation Highly-Resolved Observational Data Integration Towards Evaluation (APHRODITE, 2012), the hourly 
0.25° × 0.25° ERA5 atmospheric reanalyses (ECMWF, 2020), the 30″ × 30″ Global Multi-resolution Terrain 
Elevation Data (GMTED, Danielson & Gesch, 2011), the weekly 1.0° × 1.0° NOAA Optimum Interpolation 
Sea Surface Temperature (OISST, NOAA, 2002), the 0.25° × 0.25° European Space Agency (ESA) Climate 
Change Initiative (CCI) Essential Climate Variable (ECV) Surface Soil Moisture Combined Product (Dorigo 
et al., 2021), the hourly 1.5° × 1.5° ERA-Interim reanalysis (ECMWF, 2011). Software—The RegCM4 with the 
TOFD scheme (Gu et al., 2023) and the original RegCM4 without the TOFD scheme (ICTP, 2016).
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