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Abstract Sub-grid-scale orographic variation (smaller
than 5 km) exerts turbulent form drag on atmospheric flows
and significantly retards the wind speed. The Weather
Research and Forecasting model (WRF) includes a tur-
bulent orographic form drag (TOFD) scheme that adds
the drag to the surface layer. In this study, another TOFD
scheme has been incorporated in WRF3.7, which exerts an
exponentially decaying drag from the surface layer to upper
layers. To investigate the effect of the new scheme, WRF
with the old scheme and with the new one was used to sim-
ulate the climate over the complex terrain of the Tibetan
Plateau from May to October 2010. The two schemes were
evaluated in terms of the direct impact (on wind fields)
and the indirect impact (on air temperature and precipita-
tion). The new TOFD scheme alleviates the mean bias in
the surface wind components, and clearly reduces the root
mean square error (RMSEs) in seasonal mean wind speed
(from 1.10 to 0.76 m s™'), when referring to the station
observations. Furthermore, the new TOFD scheme also
generally improves the simulation of wind profile, as char-
acterized by smaller biases and RMSEs than the old one
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when referring to radio sounding data. Meanwhile, the
simulated precipitation with the new scheme is improved,
with reduced mean bias (from 1.34 to 1.12 mm day‘l) and
RMSEs, which is due to the weakening of water vapor flux
at low-level atmosphere with the new scheme when cross-
ing the Himalayan Mountains. However, the simulation of
2-m air temperature is little improved.

Keywords Turbulent orographic form drag - Tibetan
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1 Introduction

Topographic drag plays an important role in atmosphere
dynamical and surface boundary layer physical processes.
It directly controls wind fields, which further modulate
water vapor and energy transport.

Topographic drags are generally parameterized by
the sub-grid-scale orographic variance in climate mod-
els, which can be classified into the following two types:
(1) Large-scale drags (larger than 3-5 km, Choi and Hong
2015) including gravity wave drag and blocked flow drag
(Lotto and Miller 1997); and (2) Turbulent drags, includ-
ing the drag from surface roughness elements and turbu-
lent form drag by smaller topographic variance (within the
scale of smaller than 5 km, Beljaars et al. 2004). Numer-
ous efforts have been made to parameterize the sub-grid-
scale orographic drag such as gravity wave drag (Boer
et al. 1984; McFarlane 1987), drag owing to low-level flow
blocking (Lotto and Miller 1997; Scinocca and Mcfar-
lane 2000; Webster et al. 2003; Kim and Doyle 2005), and
turbulence-scale orographic form drag (TOFD; Wood-
ing et al. 1973; Grant and Mason 1990; Wood and Mason
1993; Wood et al. 2001; Beljaars et al. 2004). These
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parameterizations have been applied to weather forecasts
and climate simulations (e.g., Beljaars et al. 2004; Rontu
2006; Choi and Hong 2015).

In the WRF (weather research and forecasting) model
(WRF3.7), sub-grid gravity wave drag and blocked flow
drag are parameterized as independent dynamical processes
(Kim and Arakawa 1995; Kim and Doyle 2005; Hong et al.
2008; Choi and Hong 2015), which have contributed to
improvements of extratropical cyclones and other climate
simulations (Hong et al. 2008; Kim 1996; Gegory et al.
1998; Choi and Hong 2015). However, the WREF still over-
estimates the wind speed (especially near-surface wind)
(Shimada et al. 2011; Mass and Ovens 2011).

To reduce the bias in wind speeds over complex terrain,
Jimenez and Dudhia (2012) implemented a TOFD scheme
(hereafter JD12 scheme) in WRF by modulating the inten-
sity of the surface drag at the surface layer. However, the
atmosphere at different levels should be affected by differ-
ent scales of drags (Wood et al. 2001; Beljaars et al. 2004).
Insufficient TOFD expression can lead to systematic biases
in numerical weather prediction models and climate models
(Wu and Chen 1985), especially in mountainous regions. A
typical example is the Tibetan Plateau (TP), where cold and
wet biases exist in almost all current climate models, such
as regional climate models (Ji and Kang 2013), general
circulation models (Su et al. 2013; Flato et al. 2013; Mul-
ler and; Seneviratne 2014), and reanalysis data (Gao et al.
2011; Feng and Zhou 2012; Wang and Zeng 2012). These
biases also exist in WRF model, as found by Gao et al.
(2015) and Ma et al. (2015) for long term simulation and
seasonal simulation, respectively.

In this paper, a TOFD parameterization developed by Bel-
jaars et al. (2004) (hereafter BBW scheme) was implemented
in WRF 3.7. This scheme exerts momentum loss on the
whole atmosphere layer. The difference between the BBW
and JD12 TOFD scheme was then investigated using sea-
sonal simulations (two sets of simulations with three cumu-
lus convection parameterizations for each TOFD scheme) for
the complex terrain of the Tibetan Plateau (TP). The simu-
lation results were statistically examined against station data
from the China Meteorological Administration (CMA) and
radio soundings. The paper is organized as follows: brief
descriptions of the original TOFD parameterization (JD12
scheme) in WRF, the new TOFD parameterization (BBW
scheme), model setup, evaluation metrics and observation
data are given in Sect. 2. In Sect. 3, the wind components
and wind speed differences between the two sets of simula-
tions are given, and the 10-m wind components, wind speed
and vertical distributions of wind components are evalu-
ated against CMA station data and radio sounding data. In
Sect. 4, the simulated precipitation is evaluated against CMA
station data. Section 5 presents some discussions about the
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evaluation results of the two TOFD schemes. Finally, con-
cluding remarks are presented in Sect. 6.

2 Methodology
2.1 JD12 scheme in WRF

The JD12 TOFD scheme in WRF was parameterized by
introducing the factor ¢, to account for the topographic effect
on momentum flux. This factor is used to modulate the sur-
face drag associated with surface roughness elements in the
momentum conservation equation (Jimenez and Dudhia
2012):
2

L L )
ot Az [Ugl

where u stands for zonal wind component at the first model
level, |Uy| is the total wind speed at the first model level,
u* is the friction velocity due to surface roughness ele-
ments and it comes from a land surface scheme, and Az is
the thickness of the first model layer. An analogous modifi-
cation is also introduced for meridional wind equation.

The parameter c, is a function of the terrain characteristics
[e.g., sub-grid orographic standard deviation (SD)]. Physi-
cally, this scheme can be interpreted as a modification of the
friction velocity, which accounts for the effect of the oro-
graphic variability and is calculated assuming homogeneous
terrain. Detailed calculations of the above-mentioned param-
eters are given in Jimenez and Dudhia (2012). The lower
limit of factor c, is equal to 1 in the WRF, which means no
TOFD is added to the surface drag.

2.2 BBW TOFD scheme

In this study, the BBW TOFD scheme is implemented in
WREF to replace the JD12 scheme to account for the turbu-
lent drag caused by small-scale orographic variation (approx-
imately smaller than 5 km). The key formula of the TOFD
scheme developed by Beljaars et al. (2004) for zonal wind
can be expressed as:
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where U is the total wind speed of each atmospheric layer,
U = Vu? + 12, with the zonal wind u and the meridional
wind v; @ = 12 is a shear-dependent parameter, f = 11is a
shape factor implying isotropic orography; C,,, = 0.005 is
the drag coefficient under the assumption of a logarithmic
profile for the unperturbed flow; n; = —-1.9, n, = -2.8,
k is the wave number used for spectral integration from
30 m to 5 km orography variance. k, = 0.000628 m™!,
ky=0.003 m™", k; = 0.00035 m™", 7, =0.00102 m™", and
¢,, = 0.1 are parameters for the orography spectral integra-
tion; and oy, is the SD of the filtered orography (Fig. 1).

In order to improve computational efficiency, Eq. (2)
was simplified by Beljaars et al. (2004), as shown below,

a%(ﬁ) = —2apC, ,C.,, |U@)|u(z)2.109¢~C/ 150" g =12,

p
3)
where z (m) is the atmosphere layer height. C,,.,. = 0.6 is a
correction parameter introduced for the simplification. The
same parameterization is applied to the meridional wind.

Equation (3) has been used in ECMWF Integrated Fore-
casting System (IFS) model since 2006, and in this study
we tested its applicability in WRF for the TP region.

The original TOFD scheme in WREF, which was devel-
oped by Jimenez and Dudhia (2012), is incorporated to
modulate the surface drag based on the characteristics of
the orography and it speeds up the winds over the top of
mountains and hills. They show reasonable results for 2-km
resolution simulations in Iberian Peninsula, and detected to

Fig. 1 The simulation domain
of the current study; the black
contour line shows the 3000-m

o
terrain height; the color indi- S0°N
cates the standard deviation of
the filtered orography used in
the BBW TOFD parameteriza-
tion; the white line is our focus 40°N
area, the TP region; the black
points show locations of radio
sounding observations

30°N
20°N
10°N

60°E

be atmospheric stability dependent (Lorente-Plazas et al.
2016). However, turbulence-scale orography may not only
exert drag at the surface, but also at higher atmosphere.
Unlike the JD12 scheme, atmospheric stability is not con-
sidered in the BBW scheme. This scheme assumes that the
TOFD drag on the atmosphere is a function of the wind
speed and experiences exponential decay with altitude from
bottom to top.

2.3 Simulation setup

Because the orographic drag on the low-level atmosphere
is prominent in mountainous regions, the complex terrain
of the TP was selected as the study domain (Fig. 1). We
conducted evaluations of the TOFD scheme using seasonal
simulation results. In order to evaluate the impact of TOFD
schemes reliably, we conducted three simulation cases with
JD12 scheme and with BBW scheme, respectively. Each
case used one of three cumulus convection schemes, i.e.,
Kain-Fritsch scheme (Kain and Fritsch 1990; case 1), Grell
3D [which is an improved version of the GD scheme (Grell
1993; case 2)] and Tiedtke scheme (Tiedtke 1989; case 3).
The evaluation is based on the results averaged over the
three cases.

The horizontal resolution for the simulation domain
is 0.25°. The model is initialized and driven by NCEP-
FNL reanalysis data (Kanamitsu 1989). Two sets of WRF
simulations were performed with the original (JD12) and
the updated (BBW) TOFD schemes. In order to see the

105°E 120°E
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different impacts of the two TOFD schemes on precipita-
tion simulation, the simulation period is selected from 1st
May to 31st October 2010 that covers the whole monsoon
season. Both sets of simulations were configured with the
Noah land surface model (Chen and Duhia 2001; Tewari
et al. 2004) that comprises the JD12 TOFD scheme, the
Yonsei University planetary boundary layer scheme (Hong
et al. 2006) with gravity wave scheme (Choi and Hong
2015), the RRTM scheme (Mlawer et al. 1997) for long-
wave and solar radiation transfer, and the cloud microphys-
ics scheme from Lin et al. (1983).

2.4 Evaluation metrics

The direct impact of TOFD schemes on wind fields and
their indirect impact on 2-m air temperature (T2) and pre-
cipitation were quantitatively investigated based on obser-
vations at 54 CMA stations on the TP. The evaluation met-
rics used in this study are mean bias, mean absolute bias
(MAB), root mean square error (RMSE) and correlation
coefficient (R).

2.5 Observational data

Two types of data were used for the model evaluation.
The first one is daily data at 54 CMA weather stations,
which was downloaded at (http://data.cma.cn/data/detail/
dataCode/A.0012.0001.html). The second one is radio
sounding data, which was downloaded from the NOAA
Integrated Global Radiosonde Archive (IGRA) website
(https://www1.ncdc.noaa.gov/pub/data/igra/). The radio
sounding stations are shown in Fig. 1. Monthly mean val-
ues were derived if observations are available in more than
20 days in each month, and then the monthly values were
used for the model evaluations.

3 Results of wind simulation

In this study, we evaluated zonal wind component (u),
meridional wind component (v) and total wind speed,
which were averaged over three simulation cases with the
BBW scheme (BBW-average) and JD12 scheme (hereafter
JD12-average), respectively.

3.1 Impacts of TOFD schemes on wind fields

The spatial distributions of the difference (BBW-average
minus JDI12-average) of the seasonal mean wind com-
ponents and wind speed are shown in Fig. 2a—c for the
surface, Fig. 2d—f for the 500 hPa, and Fig. 2g—i for the
250 hPa.
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Major differences in 10-m u component between the
BBW-average and JD12-average occur over the south-
western TP (ca. 2-3 m s™') and over the western TP (ca.
3-4 m s™!). Obvious southward differences in 10-m v com-
ponent are detected in the BBW-average over the southern
and western TP (ca. 2-3 m s~!). The BBW TOFD scheme
significantly decreases the surface wind speed overall TP
region, while increases occur to the southwest of TP. We
even found large differences outside the TP (e.g. areas to
the southwest of the TP), where the orographic variances
are small (see Fig. la—c). These results reflect the differ-
ent impacts between BBW and JD12 TOFD scheme on
the momentum loss and horizontal air transport of surface
atmosphere.

At 500 hPa, systematic westward differences between
BBW-average and JDI12-average are detected, with the
maximum over the western TP (ca. 2-3 m s7)). Slight
northward differences are seen over the northwestern
TP (ca. 0.5 m s~!) and over the interior TP (smaller than
0.5 m s7!). Significant changes in total wind speed are also
detected over all TP region, especially over the northwest.
At 250 hPa, eastward differences (0.5-1.5 m s~!) between
BBW-average and JD12-average in the southeastern TP and
slight westward differences (02 m s™') in the northern TP
are found, slight southward differences (0.5-1 m s~!) are
found in the northern TP, and weaker wind speed is seen in
BBW-average than in JD12-average over the northern TP.
The above results indicate that the two TOFD schemes also
induce differences in the wind components and total wind
speed at upper-level atmosphere.

In Fig. 2g-i, we can see that the u, v components and
wind speed differences in upper-atmosphere are barely
dependent on local orography and its variance. This phe-
nomenon was also found in a TOFD experiment using the
ECMWF IFS model (Orr 2007). This is consistent with
the nature of turbulent orographic drag, which exerts a
larger impact on low-level atmosphere than on high-level
atmosphere.

3.2 Evaluation of 10-m wind fields

The 10-m wind components (ul0 and v10) and wind speed
(U10) from the BBW-average and JDI12-average were
evaluated against observations at 54 CMA stations on the
TP. The seasonal mean 10-m wind was used to investigate
the characteristics of its errors. Figure 3a—f show the spa-
tial distributions of the biases in the seasonal mean zonal,
meridional 10-m wind components and total wind speed
of the BBW-average and JD12-average. The comparison
between Fig. 3a, b indicates that the BBW-average slightly
alleviates the westward biases for some of the stations
located in the southern and eastern regions of the TP, and it
clearly alleviates the systematic northward biases (Fig. 3c,
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Fig. 2 Seasonal mean of the zonal (u), meridional (v) and total (U) wind speed changes (BBW average minus JD12 average over the three simu-
lation cases) at 10 m (a—c), 500 hPa (d-f), and 250 hPa (g—i)

Fig. 3 Spatial distribution of
the seasonal mean biases in

ulO (a, b), v10 (¢, d) and total
horizontal wind speed (U10; e,
f) derived from the BBW and
JD12 averages versus the station
observations (OBS)
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d) in these regions. Figure 3e, f further indicate that general
positive biases in the JD12-average are much reduced in the
BBW-average. Nevertheless, the BBW-average has nega-
tive biases along Himalayan Mountains.

The spatial statistical metrics (cross-station mean bias,
MAB, RMSE, and R) of the seasonal mean ul0, v10 and
U10 from the BBW-average and JD12-average are shown
in Table 1. For ul0O, the BBW-average slightly alleviates
the seasonal mean bias (from —0.30 to —0.26 m s~!) and
MAB (from 0.53 to 0.49 ms™!), reduces the RMSE (from
0.65 to 0.60 m s~"), but slightly lowers the R from 0.52 to
0.49. For v10, the BBW-average obviously alleviates the
seasonal mean bias (from —0.26 to —0.01 m s~') and MAB
(from 0.47 to 0.38 m s™Y), reduces the RMSE (from 0.67 to
0.55 m s~!) and slightly improves the R from 0.66 to 0.67.
For U10, the BBW-average obviously underestimates the
wind speed by —0.38 m s~! while JD12-average overesti-
mates the wind speed by 0.37 m s~!, but BBW-average alle-
viates the MAB from 0.80 to 0.55 m s~'. The RMSE in the
BBW-average (0.76 m s~!) is much less than JD12-average
(1.10 m s71). Also, the BBW scheme much increases the R
from 0.44 to 0.64.

The temporal statistical metrics (R, RMSE) derived
from the daily ul0, v10 and U10 in the BBW-average and
the JD12-average were calculated for the 54 individual
stations. Figure 4a—f show the comparison of the metrics
between the two averages. In general, both schemes yield
similar and quite low R values (0.24-0.3) and the BBW
scheme does not significantly change the correlation coef-
ficient. However, the BBW-average yields smaller mean
RMSE values in both ul0 and v10 than the JD12-average
(ul0: 0.89 versus 1.10 m s!; v10: 0.85 versus 1.05 m s71).
For U10, the BBW-average shows higher mean R value
(0.36 versus 0.30) and smaller mean RMSE (0.66 versus
0.82 m s~!) than the JD12-average, indicating significant
improvements.

These evaluations indicate that the simulation of surface
wind components and wind speed are improved over the TP
by implementing the BBW TOFD scheme in WRF, though
worse performances still exist.

3.3 Evaluation the vertical distribution of wind
components

The observed surface wind fields are highly sensitive to
the surrounding micro-scale orography variance, and thus
the representativeness of station observations may cause
uncertainties in the evaluation. In this section, the simu-
lated wind components are evaluated against radio sound-
ing data. Figure 5a—d show the biases and RMSEs in the
wind components (u and v respectively) of the BBW-
average and JD12-average versus the radio soundings at
six TP stations.

For u component (Fig. 5a, b), the BBW-average gen-
erally performs better than JD12-average. It has smaller
biases (within the scale of —0.6 to 0.2 m s~!) from the
surface to 100 hPa except at 500 hPa, while the biases
in the JD12-average range from —0.7 m s~' at surface,
—0.1 m s™" at 500 hPa, to —1.0 m s™" at 200 hPa. The
BBW-average also shows smaller RMSEs (<0.8 m s}
from the surface to 100 hPa except at 500 hPa, while the
RMSE from the JD12-average at surface is 0.8 m s~! and
then it increase from 0.7 m s~! at 500 hPa to maximum of
1.5 m s™" at 300 hPa.

For v component (Fig. 5c, d), the BBW-average also
generally performs better than JD12-average. The biases
from BBW-average range from 0.1 m s~! at surface to
1.5 m s~! at 500 hPa and then to maximum of 2.6 m s~! at
200 and 150 hPa, while JD12-average shows biases range
from 0.2 m s! at surface to maximum of 3.5 m s~! at
150 hPa. The BBW-average shows less RMSE in surface
wind than JD12-average (ca. 0.2 versus ca. 0.3 m s7h.
RMSEs from the BBW-average range from 1.4 m s~! at
500 hPa to 3.2 m s~! at 200 hPa, while JD12-average
shows RMSEs range from 1.0 m s~! at 500 hPa to maxi-
mum of 3.8 m s™! at 150 hPa.

Although there are only six radio sounding stations
available, the above evaluations show that the WRF with
the BBW scheme simulates better the vertical profile of
wind speed than with the JD12 scheme except at 500 hPa.

Table 1 Cross-station statistical metrics [mean bias (m s~!), MAB (m s~!), RMSE (m s™'), and R] for the seasonal mean and monthly mean of
ul0, v10 and U10 from both BBW and JD12 averages compared with CMA observations

TOFD Metrics

ul0 v10 uUl10

Bias MAB RMSE R Bias MAB RMSE R Bias MAB RMSE R
BBW -0.26 0.49 0.60 0.49 -0.01 0.38 0.55 0.67 -0.38 0.55 0.76 0.64
D12 —-0.30 0.53 0.65 0.52 0.26 0.47 0.67 0.66 0.37 0.80 1.10 0.44

The italics values indicate BBW average shows poorer behavior than the JD12 average
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Fig. 4 Comparison of temporal 1 a Rinul0 4r b BMSE inul0
statistical metrics [R and RMSE |
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4 Evaluation of T2 and precipitation

The monthly mean of station mean T2 and precipitation
from BBW-average, JD12-average and station observations
are given in Fig. 6a, b. The T2 from both BBW-average
and JD12-average shows similar cold biases in each month,
indicating little improvement in air temperature simulation
after implementing the BBW-scheme. However, BBW-
average generally shows less precipitation than JD12-aver-
age, especially in July. Therefore, the following only pre-
sents the evaluation of the simulated precipitation.

Figure 7a, b show the spatial distributions of the biases
(versus CMA station observations) in the seasonal mean
precipitation of the BBW-average and JD12-average. At
the same time, the cross-station statistical metrics (mean
bias, RMSE, and R) of the seasonal mean precipitation
of both the BBW-average and the JD12-average were
also calculated. On average, the BBW-average alleviates

the mean bias from 1.34 to 1.12 mm day~!, though
overestimations still exist in both BBW-average and the
JD12-average at some of the interior TP stations and
stations along Himalaya Mountains. Averaged over all
the stations, the RMSE in precipitation is reduced from
2.90 mm day~! in the JD12-average to 2.38 mm day~! in
the BBW-average, and the R is improved from 0.36 in the
JD12-average to 0.47 in the BBW-average.

The temporal statistical metrics (R and RMSE)
derived from daily precipitation of the BBW-average and
the JD12-average versus CMA station data were calcu-
lated for the individual stations and shown in Fig. 8a, b.
The BBW-average shows larger mean R value (0.32 ver-
sus 0.27) and yields a smaller mean RMSE (4.95 versus
5.28 mm day~!), than the JD12-average, indicating a bet-
ter performance in simulating precipitation after intro-
ducing the BBW scheme.
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Fig. 5 Vertical structure [from 100
surface (sf) to 100 hPa] of
the biases and RMSE:s of the
monthly mean wind compo-
nents [u (a, b) and v (¢, d) 200t
respectively] derived from
BBW and JD12 averages versus .
radio sounding data S
<
e 300+ »
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>
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5 Discussion

The BBW-average generally performs better than JD12
scheme when using spatial statistic metrics for the evalu-
ation. One reason is that the JD12 scheme increases the
spatial variability of the near surface wind speed, it is very
sensitive to the selected point used for evaluations. Worse
performances in wind speed exist in both BBW-average
and JD12-average. On the one hand, these could be asso-
ciated with the inability of the climate models to capture
small-scale (both temporally and spatially) processes. In
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particular, other parameterizations for physical processes in
the TP may need to be further investigated. On the other
hand, the station data represents observations at the point-
scale; thus, their spatial representativeness may be ques-
tionable when used to evaluate the modeling results espe-
cially for wind fields.

In order to understand why the precipitation simula-
tion is improved when applying the BBW scheme, the
associated wind speed and water vapor transport at south
boundary of TP were analyzed. Under the monsoon cli-
mate, the main air water vapor over TP is from the south
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Fig. 6 Monthly mean of sta-
tion mean T2 and precipitation
(Prec) derived from the BBW
average, JD12 average and sta-
tion observations (OBS) for the
simulation period

Fig. 7 Spatial distribution of
the seasonal mean precipita-
tion (Prec) biases derived from
the BBW average (a) and JD12
average (b) versus the station
observations (OBS)

0 | | | |
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boundary. Thus, the differences (BBW-average minus =~ BBW scheme, see Fig. 6b) are given in Fig. 9a, b at the
JD12-average) in the vertical profiles of meridional wind  south slope of TP. Obvious decreasing meridional wind
speed in July (the precipitation most improved month by ~ speed averaged from 26°N to 28°N in BBW-average has
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Fig. 8 Comparison of temporal
statistical metrics [R (a) and
RMSE (b; mm day™")] of the
daily mean Precipitation (Prec)
derived from both BBW average
and JD12 average versus the sta-
tion observations; each symbol
denotes the statistical value at
each station for the simulation
period

Fig. 9 Differences (BBW
average minus JD12 average in
July) of wind (m sHa along

a zonal cross-section averaged
over 27°N-30°N, and b along a
meridional cross-section aver-
aged over 88°E-94°E
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been detected over the south TP (Fig. 9a) at low-level
atmosphere, particularly along the slope of Himalayan
Mountains. This phenomenon is also seen in the meridi-
onal wind speed averaged from 88°E to 94°E (Fig. 9b).
The weakening of low-level meridional wind results in
weaker meridional water vapor transport from the South
Asia (Fig. 10a, b). As the water vapor from the South
Asia is a major water vapor source for the precipitation
in the Tibetan Plateau, the significant weakening in the
southerly water vapor transport at lower atmosphere may
result in less precipitation, as indicated in Fig. 6b.

6 Concluding remarks

In this study, the BBW scheme was used to replace the orig-
inal JD12 scheme in WRF3.7, as an independent dynami-
cal process to reflect the turbulence-scale orographic form
drag. The major difference between the two schemes is that
the former exerts the form drag on each atmospheric layer,
while JD12 exerts the form drag only on the surface layer.
To test the effect of the BBW scheme implementation, two
sets of WRF simulations (BBW-average and the JD12-aver-
age) were conducted for the summer climate in the Tibetan
Plateau, where terrain variability is significant.

The results show that the implementation of the BBW
scheme leads to considerable changes in wind com-
ponents and total wind speed at both lower-level and
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average minus JD12 average in o 5 B
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upper-level atmospheres. Compared to the JD12 scheme,
the BBW scheme significantly decreases the wind speed
at low-level atmosphere. The evaluation against the sta-
tion observations shows that the BBW scheme yields
smaller biases, smaller RMSE values and higher R values
in the 10-m wind components and total wind speed than
the JD12 scheme does. This improvement is more evident
for the 10-m meridional wind, as the terrain variability
is more significant along the meridional direction of this
region. Moreover, the BBW-average generally shows bet-
ter performance in the wind profile except at 500 hPa,
as characterized by smaller biases and RMSEs than the
JD12-average.

The simulated T2 and precipitation were also evaluated,
which indicates implementing the BBW scheme yields lit-
tle improvement in T2 but clear improvement in precipita-
tion. This improvement in precipitation of the BBW-aver-
age can be attributed to weaker wind speed at low-level
atmosphere and thus weaker water vapor transport from the
humid South Asia into the Tibetan Plateau.

These results demonstrate the importance of improving
the parameterization for turbulence-scale orographic form
drag over the TP. The BBW scheme seems more effective
in reflecting the impact of this complex terrain region on
wind fields and precipitation. Nevertheless, there are still
limitations in this scheme. For instance, the surface wind
speed is under estimated. It is needed to test the sensitiv-
ity of parameters in this scheme, which was originally
designed for global simulation in the ECMWF model and
may need a local readjustment when applied to the TP
region.
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