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Abstract: The terrain of Central Asia is complex and rugged over mountains. Consequently, wind
speed is overestimated over mountains and plains when using the Weather Research Forecast
(WRF) model in winter. To solve this problem, three different simulations (named as control
simulation (CRTL), gravity waves (GWD), and flow-blocking drag (FBD), respectively) were designed
to investigate the impact of sub-grid orography (gravity waves and flow-blocking drag) on wind
forecasts. The results illustrated that near-surface wind-speed overestimations were alleviated when
sub-grid orographic drag was used in GWD, though the upper-level wind fields at 500 hPa were
excessively reduced compared to CRTL. Thus, we propose eliminating the gravity wave breaking
at the upper level to improve upper-level wind underestimations and surface wind speeds at the
same time. The sub-grid orographic drag stress of the vertical profile over mountains was reduced
when only the flow-blocking drag was retained in FBD. This alleviated underestimations of the
upper-level wind speed and near-surface wind, which both have the same positive effects as the
gravity wave and flow-blocking total. The mean bias and root mean squared error reduced by 32.76%
and 9.39%, respectively, compared to CRTL. Moreover, the temperature and specific humidity in the
lower troposphere were indirectly improved. The results of the study demonstrate that it is better to
remove sub-grid orographic gravity wave drag when using the gravity wave drag scheme of the
WRF model.

Keywords: flow-blocking drag; WRF; complex terrain; gravity waves drag; Central Asia

1. Introduction

The effects of orography can be represented by various means in large-scale models of the
atmosphere, and their inclusion is crucial for successful simulations and forecasts of weather and
climate [1]. An analysis of medium-term numerical forecasts in the 1980s found that upper-troposphere
wind speeds in the northern hemisphere were significantly overestimated in winter. This system has an
effect on predictions of sea-level pressure, underlying wind fields, and altitude. It has been shown that
high wind-speed bias in wintertime through mountains is mainly caused by neglecting orographic drag
effects [2]. In recent years, some parameterizations attempted to represent more profound additional
drag exert on atmospheric circulation, and the sub-grid scale orographic parameterization scheme
was proposed to solve orographic features and has been widely applied in atmospheric models [3].
In general, sub-grid orographic drag is classified into three types: drag from gravity waves (GWD),
low-level wave breaking (LLB), and flow-blocking drag (FBD). Gravity waves are generated by flow
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over mountains that propagates vertically upward to not only troposphere, but also mesosphere and
thermosphere, and produces drag when breaking [4–7]. LLB and trapped downstream lee waves can
enhance drag in the lower troposphere. FBD is forced by flow blocked on the mountain flanks or
flowing around mountains under upstream stable conditions, providing drag near the surface where
the blocking occurs [8]. FBD exerts an important effect on the circulation of the low-tropospheric
atmosphere over mountains in complex terrain. It directly controls wind fields, which further modulate
water vapor and energy transport. FBD parameterizations improve the wind fields over the lower
troposphere and indirectly affect temperature and others fields [9].

The Weather Research Forecast (WRF) model parameterizes sub-grid gravity wave drag and
FBD together as dynamical processes [1,9–11] to reduce the bias in wind speeds over complex terrain.
This improves the performance of winds forecast at 10 m [12]. However, GWD generally provides
large-scale drag at upper levels when the waves break, and this can reduce the upper-level (the upper
level is upon 500 hPa; on the contrary is low levels) wind fields circulating through the mountains [13].
Moreover, vertical momentum transfer is also affected [14,15], and precipitation is indirectly affected [16].
When GWD stress and FBD stress are calculated as the sum stress of orography in the WRF model,
upper-levels winds are excessively reduced. Such phenomena exist in the Tibetan Plateau when using
the regional model [17]. The WRF model suffers from high-surface wind-speed bias over plains and
valleys, limiting its use for several applications [12].

We evaluated the performance of sub-grid orographic parameterizations to determine which one
is more suitable for the complex terrain of Central Asia. Three different simulations were designed:
a simulation that included GWD (the sum of GWD and FBD), a simulation of FBD, and a control
simulation (CRTL). The differences between the GWD and FBD sub-grid orographic schemes were
investigated using data from one winter month in the complex terrain of Central Asia. The simulations
were examined against observation data from surface stations and radio soundings of the China
Meteorological Administration. The distribution of vertical wind speed, drag stress near the surface,
and vertical profiles over mountains generated from orography were compared and analyzed. Further,
we discuss how to reduce upper-level wind underestimations based on this dynamic mechanism.

2. Model and Simulation Design

2.1. WRF Model

The model used in this study is version 3.8.1 of the WRF, which was recently developed from the
ongoing Mesoscale Model (MM5). The fully compressible conservative form of the nonhydrostatic
atmospheric model is designed for both research and operational numerical weather prediction (NWP)
applications. The WRF is suitable for use in a wide range of applications across scales ranging from
meters to thousands of kilometers. The WRF is a fully compressible non-hydrostatic model with
a horizontal lattice in Arakawa-C format, a vertical coordinate system of power quality, and Euler
center-based on-terrain following. Physical parameterization schemes can be selected in the model,
including microphysics, cumulus, planetary boundary layer, and land surface processes. The WRF
modeling system includes the WRF Pre-Processing System (WPS), the Advanced Research WRF (ARW),
and the WRF data assimilation (WRFDA) and post-processing systems. The WPS contains the initial
data used to define the simulation domain, interpolate terrestrial data (including ground vegetation,
terrain, soil type, and land use), and horizontally interpolate the initial data into the simulation
domains [18,19].

2.2. Flow-Blocking Drag

The WRF model includes the effects of the GWD from sub-grid scale orography. This not only
treats the traditional upper levels wave breaking due to the orographic variance from mountains
(non-dimensional), but also the enhanced lower troposphere wave breaking due to drag by flow
blocked on mountain flanks near the surface (FBD). The upper levels and near-surface drag are
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calculated as the sum of GWD when using the ACM2 planetary boundary layer scheme with the
option of gravity wave drag. The GWD parameterization has been extended to include the effects
of orographic anisotropy. This considers the orographic direction (OD), which is equivalent to the
horizontal aspect ratio of the orography, formulated as

OD =
Lg

Ld
(1)

where Lg is the effective orographic length, which represents the subgrid-scale mountain width in the
direction of low-level wind measured at the critical orographic height. Further, Ld denotes Lg for the
cross-wind direction. The Froude number is the factor to determine the GWD stress at a reference level
(the level is a assumed relatively height surface and not influenced by other force) [20], and is then
redefined through multiplication with OD as follows:

Fro = h
N0

U0
OD (2)

where h is the orographic height, which is defined as the standard deviation of sub-grid scale orography
(SSO); N0 is the low-level Brunt–Väisälä frequency; and U0 is the low-level horizontal wind speed.
The GWD stress (τGWD) at the reference level is given as follows:

τGWD = ρ0Eh
m
λ

G
|U0|

3

N
(3)

E = (OA + 2)CEFr0/Frc
·m = (1 + Lg)(OA+1)

·G =
Fr2

0

Fr2
0 + CGOC

(4)

where ρ0 is the low-level density; E is the enhancement factor for representing the nonlinear
enhancement of drag due to low-level wave breaking, which is calculated by the orographic asymmetry
(OA), representing the shape and location of subgrid-scale orography relative to the grid and the Fr0

normalized by its critical value (Frc = 1); m is the amount of subgrid-scale orography; λ is the effective
grid length; G is an asymptotic function that provides a smooth transition between the nonblocking
and blocking cases and includes the effect of orographic convexity (OC) corresponding to the vertical
orographic aspect ratio; and CE and CG are set to 0.8 and 0.5, respectively, based on the mesoscale
simulation results from Kim and Arakawa [10]. A more detailed description is given by Kim and
Doyle [1]. The GW stress is the same as that of Hong et al. [21], except for the Fr0, which includes the
effect of OD and a free parameter, λ. In Hong et al., λ was practically set to the grid length with a
minimum limit of 50 km. In our study, it is set to twice the grid length without the limit. The updated
λ has little effect on short- and medium-range forecasts but gives slightly better seasonal forecasts.
The FBD effects are included in the gravity wave drag parameterizaion. The flow-blocking stress is
given as follows:

τFBD =
1
2
ρ0

m
Lx2 CdLdhb|U0|

2 (5)

where Lx is the grid box area, Cd is the bulk drag coefficient of order unity, Ld is the grid length in the
cross-wind direction, and hb is the height of the blocked layer.

2.3. Simulation Setup

Comparative simulations were performed using WRF3.8.1 without a gravity wave drag scheme
(CRTL), with gravity wave drag (including both gravity wave breaking and flow blocking) (GWD),
and with flow blocking exclusively (FBD only). The sub-grid orographic effect is significant mainly
in winter or with a stable atmospheric layer. We focus on period of atmospheric stratification
stable, so the simulation period was selected as January 2019. The simulation nested domain and
topography are illustrated in Figure 1. Domain 1 covered Central Asia and China with complex terrain,
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including the Tibetan Plateau, the Tianshan Mountains, and the Iran Plateau. Moreover, the Central
Asian region includes Xinjiang’s upstream weather area as the main source of water vapor transport.
Domain 2 covered Xinjiang and its western mountainous areas, where many synoptic observation
stations are distributed. The model was vertically divided into 50 layers, and the configuration of the
parameterization schemes was as follows: the micro-physics scheme from the WSM6 [21] and the
cumulus scheme from Kain–Fritsch [22], D02 domain without a micro-physics process, the RRTMG
scheme for both long-wave and short-wave radiation [23,24], the planetary boundary layer scheme is the
YSU [25] scheme with a gravity wave scheme [9], and the land surface scheme is the Noah land surface
model [26]. The model was initialized and driven by NCEP FNL reanalysis data, hourly forecasts,
and a 24 h forward cycle. Details of the simulations used in this work are provided in Table 1.
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Figure 1. Two nested domains and topography (the red dots show radio sounding stations).

Table 1. Detailed parameterization schemes of three simulations.

Simulation Parameterization Schemes (Parallel) Sub-Grid Orographic Drag

CRTL micro-physics:WSM6; cumulus: Kain–Fritsch
long-wave: RRTMG; short-wave: RRTMG

planetary boundary layer: YSU; land surface: Noah

no gravity wave drag scheme
GWD gravity wave drag
FBD only flow-blocking drag

2.4. Observational Data and Metrics of the Evaluation

We determined the direct impact of sub-grid orographic parameterizaion on wind fields and
the indirect effect on 2 m air temperature and specific humidity. The effects of the simulations were
investigated base on hourly observation data from 105 synoptic stations and 14 radio sounding
stations in Xinjiang. The distribution of the stations is shown in Figure 1. The evaluation elements
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included surface wind speed, 2 m air temperature, relative humidity, vertical upper-level wind speed,
and temperature. The evaluations used in this study were the mean bias (MB), mean absolute bias
(MAE), and root mean squared error (RMSE).

3. Results

3.1. SSO Analysis and GWDO Distribution

Central Asia includes many mountain ranges, including the Tibetan Plateau, Tianshan Mountains,
Altai Mountains, and the Iranian Plateau, where terrain is complex and orographic variance is
large. Orographic variance is calculated based on high-resolution elevation data. It represents the
heterogeneity of sub-grid orography and exerts gravity wave drag. The spatial distribution of sub-grid
orographic variance in Central Asia is illustrated in Figure 2. Large orographic variance is mainly
located around the mountains that are steep and rugged, such as the Tibetan Plateau and Tianshan
Mountains. In flat areas like the Tarim Basin, the sub-grid orographic variance effectively describes
the feature of terrain complexity. The sub-grid orographic variance is non-negligible data for the
sub-grid orographic parameterization scheme, which produces the turbulent orographic form of drag
and exerts a prominent impact over mountains regions. When the height of the sub-grid terrain
is relatively small and there is airflow over the mountains, the gravity wave is forced by vertical
movement. Thus, gravity wave drag is propagated. When the boundary layer has stable conditions
and the sub-grid terrain is sufficiently high, vertical flow is limited and the lower-level airflow around
mountains cannot cross it. Airflow is forced to go around the mountain flanks, directly exchanging
momentum with the surface. Flow-blocking drag is thus generated. The surface and upper-level stress
(m/s2) of integrated GWD and FBD is represented in Figure 3. The stress magnitude is derived from
DUSFCG (column-integrated U component gravity wave drag stress) and DVSFCG (column-integrated
V component gravity wave drag stress). Figure 3a shows that high-value stress propagated by gravity
waves is mainly located at mountain edges, especially the Tianshan Mountains, Altai Mountains,
and Iranian Plateau, where the terrain is flat and the stress is lower. This indicates that the stress depends
on orographic variance. Figure 3b illustrates that the stress was forced only by the flow-blocking drag
in the FBD simulation, which was eliminated by gravity waves breaking over the mountains at upper
levels. The surface stress differences between GWD and FBD show in the Figure 3c; stronger stress
(red pixels in the picture) was considerably reduced compared to the GWD (black rectangular lines).
This means that the GWD has greater influence on winds fields. The stress was more obviously
reflected in the upper levels. Upper-level stress was calculated by combining the DTAUX3D (local U
wind component gravity drag stress) and DTAUY3D (local V wind component gravity drag stress).
They were the output variables of the WRF model. From Figure 4a,b, we set the longitude–pressure
vertical profile cross-section-averaged drag from the simulation of GWD and FBD over the Tianshan
Mountains (Lat = 42.63◦ N), respectively. The vertical zonal profile selected the zonal cross-section
in general. However, considering that the Tianshan Mountains are east–west, we adopted the warp
cross-section here. Figure 4b shows that the sub-orographic drag generated by FBD clearly decreased
in the middle-upper troposphere.
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Figure 4. Longitude–pressure cross-section of the vertical structure of sub-grid orographic drag stress
of GWD (a) and FBD (b) plotted from the DTAUX3D and DTAUY3D of the simulation by (DTAUX3D2

+ DTAUY3D2) × 3600.

3.2. Evaluation of Wind Speed and Air Temperature

3.2.1. Ten-Meter Wind Speed

The sub-grid orographic drag directly impacts wind speed at the near-surface layer, especially
where there is high orographic variance (Figure 2). Three simulations of the 10 m wind speed were
evaluated by observation. The evaluation metrics are shown in Table 2. The results demonstrated that
GWD and FBD significantly reduced the overestimation of 10 m wind speed. The bias of GWD and
FBD was reduced by 34.39% and 32.99%, respectively, compared to the CRTL simulation, and the wind
speed RMSE was reduced by 10.33% and 9.39%, respectively, compared to CRTL. This shows that the
effects of sub-grid orographic drag alleviate wind speed overestimations near the surface.

Table 2. Mean bias (Bias, m/s), mean absolute error (MAE, m/s), and root mean squared error (RMSE,
m/s) of wind speeds at 10 m, and statistic evaluation of hourly simulations at the station verified against
surface observations.

Metrics/Cases Bias ∆ RMSE ∆ MAE ∆

CRTL 1.16 0.00 2.13 0.00 1.61 0
GWD 0.76 34.48 1.91 10.33 1.57 2.48
FBD 0.78 32.76 1.93 9.39 1.46 9.32

∆ presents the ratio of improvement (∆ = 100% (BiasFBD − BiasCRTL)/BiasCRTL).

3.2.2. Vertical Structure of Wind Evaluation

The gravity wave breaking at upper levels propagates drag to affect the zonal wind structure.
The flow-blocking drag only exerts effects near the surface. In general, the WRF can describe the
structural circulation features of the zonal winds well. Figure 5a shows the isobaric wind of the
average latitude–pressure cross-section (42◦–43◦ N) over the Tianshan Mountains (Latitude = 42◦

N). The vertical structure wind speed of the three sets simulations, the middle-upper troposphere,
and low troposphere wind speed slightly decreased by GWD compared to CRTL (black rectangular
lines), and the vertical wind direction and speed changed (pink rectangular lines). The results
demonstrate that the stress from the gravity wave breaking produced drag at the upper level and
exerted significant impacts on the momentum flux and convective gravity wave drag centered on
middle-upper levels. Figure 5b,c illustrate the differences of vertical structure wind speed between
GWD and FBD, which only kept the flow blocking around the near surface. The blocking effect of the
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topography decelerated the near-surface layer airflow, so the low troposphere wind reduced compared
to the CRTL (red rectangular lines at the bottom left). Moreover, the middle-upper troposphere wind
decreased clearly compared to GWD (black rectangles), and the vertical speed was also enhanced.
The orographic block impacts the flow near the surface. Figure 6 shows the bias and RMSE of each
simulation at isobaric layers. Figure 6a shows the isobaric wind speed bias of each vertical level
examined by radio sounding data. GWD produced greater negative bias below 300 hPa due to the
gravity waves producing drag at the upper levels when breaking. This breaks the inertial oscillation of
the horizontal air flow. The simulations of the CRTL did not consider the blocking effect of near-surface
winds, which have a positive deviation below 800 hPa. The FBD reduced negative deviations compared
to the GWD below 300 hPa (black rectangles). The reason pertains to the flow blocked on the mountain.
Air flow was blocked or flowed around the mountain flanks. This effectively slows down the wind
speed. Figure 6b illustrates the RMSE of isobaric horizon winds. GWD obtained a maximum RMSE
between the levels of 300 and 850 hPa. Simulations of the CRTL had the largest RMSE below 850 hPa.
These results indicate that the FBD performed better than the GWD and CRTL. Flow-blocking can
alleviate overestimations of wind around mountains. The recognition of the above analysis refers to
the dynamic framework of the WRF model. The sub-grid orographic drag is an additional dynamic
derived from the arbitrary variation of the topography. The wind speed at the upper levels has a
negative deviation in the current simulation; thus, the sub-grid orographic drag should be specified.
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3.3. Evaluation of Air Temperature and Specific Humidity

3.3.1. Two-Meter Air Temperature and Specific Humidity

The sub-grid orographic drag also indirectly impacts air temperature and specific humidity in the
regional model forecast, which changes the air transport and convection through atmosphere–land
interactions. The air temperature and specific humidity of three different simulations were examined
against surface observations. The bias and RMSE are given in Table 3. The air temperature of all
simulations was performed with systematically warm bias. The simulation of the CRTL had the largest
bias, and the RMSE, GWD, and FBD show limited alleviation. The differences are not conspicuous.
This may result from stable stratification with weaker convection in wintertime. Although all of the
2 m air temperature simulations were not obviously different in terms of evaluation metrics, FBD had
the best performance with the smallest RMSE and mean bias. These results demonstrate that the FBD
can exert indirect improvements on 2 m temperature forecasts, although the improvements are not
obvious. For specific humidity, however, the three simulations had the same dry bias. This might relate
to the rare water vapor over Central Asian arid land in wintertime. The GWD and FBD had the same
mean absolute error. The FBD had the lowest RMSE, at 0.78 g/kg, and surface wind speed directly
impacted the evaporation. Thus, FBD could indirectly change the vapor content. This illustrates that
the GWD and FBD had insufficient impact on surface-specific humidity when compared to CRTL.

Table 3. The mean bias (T2-Bias, ◦C), mean absolute error (T2-MAE, ◦C), and root mean squared error
(RMSE, ◦C) of air temperature at 2 m; the mean bias (spfh-Bias, g/kg), mean absolute error (spfh-MAE,
g/kg), and root mean squared error (spfh-RMSE, g/kg) of specific humidity at 2 m; and the statistical
evaluation of hourly simulations at stations verified against surface observations.

Simulations T2-Bias T2-MAE T2-RMSE spfh-Bias spfh-MAE spfh-RMSE

CRTL 0.28 2.64 3.79 −0.09 0.57 0.81
GWD 0.26 2.66 3.86 −0.09 0.55 0.79
FBD 0.25 2.65 3.62 −0.09 0.55 0.78

3.3.2. Vertical Structure of Air Temperature and Specific Humidity

The above analysis of wind speed simulations demonstrates that sub-grid orographic drag has
a considerable influence on the wind structure in vertical isobaric layers. Additionally, the complex
terrain produced sub-grid orographic drag over mountains. It changes wind fields to some degree, thus,
the vertical structure pattern of air temperature and specific humidity at isobaric layers is impacted.
Figure 7 shows three experiments of the latitude–pressure cross-section temperature over the Tianshan
Mountains. The GWD and FBD increase between 400 to 500 hPa versus the CRTL. The stratosphere of
the CRTL is colder than the others, although there is little difference between them. The turbulent
kinetic energy is not sufficient in winter due to the stable atmospheric stratification. Figure 7 shows the
temperature evaluation results verified by radio sounding. From Figure 7a, it is clear that the bias of
temperature at 850–600 hPa reduced when compared to CRTL, and there is a cold bias from 900 to
500 hPa. All of the simulations of temperature near the surface suffer from warm bias, but they are not
obviously different at other isobaric layers between 500 to 200 hPa. The temperature changed partly
because of the thermal wind relationship. Wind speed affected the air flow and vertical convection.
The RMSE of the three experiments is plotted in Figure 7b. The RMSE of FBD and GWD reduced slightly
below 500 hPa. FBD had the smallest RMSE at the low troposphere. The bias and RMSE generally
indicated that the vertical pattern of the FBD simulation better agrees with the observations than CRTL
and GWD. Figure 7c,d show the bias and RMSE of the isobaric-specific humidity, respectively. The bias
has nearly no difference in the three experiments. It is not useful to evaluate the impact of changing
the dry or wet vertical structure of specific humidity. The difference is less than 0.1 g/kg. The RMSE
illustrates that GWD and FBD perform better than CRTL. FBD shows moderate bias and the RMSE of
specific humidity at the low troposphere.
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4. Summary and Conclusions

Wind speed is often overestimated in wintertime in Central Asia, where the terrain is complex,
due to the effects of sub-grid orographic drag. Such drag is significant in winter and has stable
atmospheric stratification. Because gravity wave drag parameterizations include both upper-level
gravity drag and near-surface flow blocking, these two kinds of drag are considered together in the
WRF model. In this study, we demerged flow-blocking drag from gravity wave drag in the WRF
model. We performed three sets of numerical simulations and examinations with surface synoptic
observations and radio sounding data to investigate the performance of these two kinds sub-grid
orographic drag. Here, we summarize a few key points of this study:

First, we determined the distribution and features of stress near the surface and vertical structure.
We found that with more variance, there is stronger sub-grid orographic drag stress. The stress at
the middle-upper troposphere of the FBD (flow blocking drag stress only) reduced considerably
compared to GWD. We then evaluated the performance of the surface and vertical structure wind
speed, air temperature, and specific humidity. Statistical metrics showed that it is useful to reduce the
positive bias of wind speed at the surface by gravity wave drag, though this causes greater negative
bias of wind at the middle-upper troposphere in GWD. FBD not only reduces overestimations of wind
speed near the surface, but also alleviates absolute bias at upper levels. The simulation of FBD was
compared to GWD and CRTL, which were reduced by RMSE by 0.2 m/s (9.3%). Moreover, the vertical
speed and direction of GWD at each isobaric layer changed considerably compared to CRTL and FBD.
The stress caused from the breaking drag of gravity waves at the upper levels produced excessive
large-scale circulation over mountains. This suggests that the sub-grid orographic drag should be
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specified. The simulations demonstrated that flow-blocking has capacity to solve the overestimation of
wind speeds over complex terrain.

A temperature evaluation showed that sub-grid orographic drag does not have a significant
impact on 2 m air temperature. Both GWD and FBD improved temperature at vertical isobaric layers
below 500 hPa. The slightly negative bias was alleviated via the stress from the complex terrain.
In general, the air temperature at the surface and vertical isobaric slightly improved compared to CRTL.
Thus, it is feasible to use FBD in regions with complex terrain. An evaluation of specific humidity
indicated that sub-grid orographic drag is not sensitive to specific humidity at upper levels in winter.
The RMSE reduced only slightly when compared to CRTL.

The above conclusions show that sub-grid orographic drag is effective at reducing the estimation of
wind at the surface. This is superior to gravity wave breaking drag at the upper levels and other fields,
such as the vertical structure of temperature and wind. Flow-blocking drag is useful for improving the
performance of wind speed over complex terrain regions. In consideration of our results, we updated
the FBD in the WRF model in version 3.8.1 and implemented it in the Xinjiang regional forecast
operational system, RMAPS-CA (Rapid-Refresh Multiscale Analysis and Prediction System-Central
Asia), to improve the performance for wind forecasts.
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