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Abstract

Sub-grid orographic drag directly acts on wind and impacts the regional water cycle through control of atmospheric water
vapor (AWV) transport. The effect of turbulent orographic form drag (TOFD) on wind and precipitation is investigated in
this study using the WRF model for a winter month over the western Tibetan Plateau (TP), where solid precipitation supplies
large amounts of water resources. The diurnal cycle of wind components and atmospheric circulation simulated with TOFD
are consistent with observations and ERA-Interim data, whereas stronger westerlies exist in the simulation without the TOFD
scheme. The latter results in more zonal AWV transport from the west and more precipitation over the western TP and sur-
roundings. The implementation of the TOFD scheme leads to reduced biases, when evaluated with two observation-based
precipitation products. It is therefore concluded that this scheme has a clear dynamical control on the regional atmospheric
water recharge and thus the parameterization of the small-scale orographic drag in the model helps to improve the prediction
of wintertime precipitation in the western TP region.
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1 Introduction

Sub-grid orographic drag represents the stress of the meso
to micro scale orographic variance, thus its impacts on the
atmosphere are more prominent in mountainous regions
than in flat areas. In numerical models, the different for-
mulations of drag induced by the unresolved sub-grid oro-
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Research and Forecasting) in the TP region were also found
by Gao et al. (2015) and Ma et al. (2015). Regional mod-
eling with a finer resolution can improve the simulation of
precipitation (Ji and Kang 2013; Lin et al. 2018), implying
that inappropriate or lack of parameterization of the sub-
grid orographic processes in a coarse-resolution model may
be one of the main causes of the above biases. Therefore,
parameterizations of sub-grid orographic effects are neces-
sary in numerical models over the TP region to improve
weather and climate simulations as shown in the studies of
Zhou et al. (2017, 2018).

There are two groups of methods to represent the drag
effect of small scale orographic features (with horizontal
scales typically smaller than 5 km), namely by using (1)
the effective roughness concept or (2) the distributed drag
approach. Effective roughness or orographically enhanced
roughness is the value of the surface roughness that should
be selected in the logarithmic wind profile such that the
correct enhanced drag is simulated (Fiedler and Panofsky
1972). The concept is justified by the observation that even
over complex terrain far above the surface the wind pro-
file is logarithmic and that the slope of the profile scales
with friction velocity, i.e. the square root of the total surface
drag divided by density (Grant and Mason 1990; Wood and
Mason 1993). The effective roughness length approach is
the traditional way of representing the effects of small scale
orography in large scale models e.g. in the NCAR model
(Neale et al. 2012). In practice it means that the transfer
coefficient between the surface and the lowest model level
is computed with the effective roughness rather than with
the value for vegetation or land use cover. In the formulation
by Jimenez and Dudhia (2012) the transfer coefficients are
computed directly and not only depend on the magnitude of
the sub-grid terrain variability, but also vary between val-
leys and peaks. An alternative approach is the distributed
drag formulation where the drag is directly applied to the
flow on model levels up to a certain height (Beljaars et al.
2004; Wilson 2002; Wood et al. 2001). The turbulent oro-
graphic form drag (TOFD) scheme by Beljaars et al. (2004)
follows this idea and applies a scale height that is deter-
mined by the horizontal scale of the sub-grid mountains.
The main difference between the effective roughness scheme
and the TOFD scheme is in the height distribution of the
drag: the effective roughness scheme applies drag at the
lowest model level only and leaves the vertical spreading
to the turbulence model. The distributed drag formulation
applies drag directly to a number of model levels. In practice
it also means that the effect of effective roughness length
drag is strongly affected by the stability formulation of the
turbulence model, whereas TOFD is much less dependent
on stability.

The WRF model is widely used in meteorological (Bao
et al. 2015; Guo et al. 2016; Li et al. 2017a; Norris et al.
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2015; Wang et al. 2016) and hydrological (Li et al. 2017b;
Zheng et al. 2016) process studies. Several schemes have
been implemented in this model to account for different
scales of sub-grid orographic drag, such as gravity wave
and flow blocking drag (representing the orographic vari-
ance for scales larger than 3—5 km) (Choi and Hong 2015)
and TOFD, representing the orographic variance with scales
smaller than 5 km (Jimenez and Dudhia 2012; Lorente-
Plazas et al. 2016). The above schemes for the unresolved
sub-grid orography significantly contribute to the realism
of global and regional wind fields and the associated atmos-
pheric circulation (Choi et al. 2017; Choi and Hong 2015;
Liang et al. 2017; Lindvall et al. 2013).

To further improve the atmospheric dynamics, the TOFD
scheme, as developed by Beljaars et al. (2004), was imple-
mented by Zhou et al. (2017, 2018) in the WRF model. The
evaluation of this scheme over the TP shows a considerable
improvement of 10-m wind speed. However, the atmos-
pheric dynamical control on winter time precipitation in
the Tibetan Plateau (TP) region has not been investigated
yet with respect to sub-grid complex terrain, although it is
expected that the dynamical processes may play an impor-
tant role because the thermal forcing of the TP is weak in
winter. At the same time, the above studies of Zhou et al.
(2017, 2018) provide a basis of the current experimental
design for model setup as described in Sect. 2.2.

The TP region controls one of the important water
sources of China, India, and other Eastern Asian countries.
Accurate prediction of precipitation is crucial for water
source management and the local ecosystem. The TP is sur-
rounded by high mountains with high orographic variance
and the local climate is very sensitive to orographic drag.
Precipitation over the TP plays an important role in control-
ling the regional hydrological, ecology and meteorological
processes (Liu et al. 2012; Wu et al. 2012; Zhu et al. 2018;
Zuo et al. 2011), but few studies focus on the western TP,
where weather stations are very sparse. The goal of this
study is to improve the understanding of the dynamical con-
trol of TOFD on the regional atmospheric water recharge
and improve the prediction of precipitation in the western
TP region.

This paper investigates the impact of TOFD on winter-
time precipitation using WREF. Section 2 introduces the study
area, model and methodology. The simulated 10-m and 500-
hPa wind speeds (especially the diurnal cycles) with and
without TOFD are evaluated in Sect. 3, which provides a
basis of investigating the effects of TOFD on the simulation
of precipitation through its dynamical control on atmos-
pheric water vapor (AW V) transport (Sect. 4). Additionally,
the TOFD scheme is compared with a different concept-
based orographic drag scheme developed by Jimenez and
Dudhia (2012, see also Lorente-Plazas et al. 2016) in Sect. 5.
Concluding remarks are finally given in Sect. 6.
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2 Study area and methodology
2.1 Study and analysis area

The TP is selected as the study domain (Fig. 1). The cli-
mate of the TP and surroundings is generally controlled
by the monsoon in summer due to its strong thermal
effect and characterized by westerly wind in winter due
to the southward movement of the Ferrel cell. The mean
winter temperature is very low and increases from west
(=25 °C) to east (— 15 °C) (Kuang and Jiao 2016). Due
to the low temperature, precipitation is generally in the
form of snow. The amount of precipitation over the cen-
tral and eastern TP is rather small. However, considerable
amounts are observed over the western TP related to the
steep topography which blocks the westerly wind (Jin and
Mullens 2012, Pu et al. 2007).

Figure 1 shows the simulation domain with the terrain
height color coded. The bold white rectangle includes the
TP region and near surroundings, which is our main study
area. The bold black rectangle indicates the western TP,
where a large amount of precipitation fell during the study
period, and which was therefore selected for the precipi-
tation evaluation. The thin black rectangles indicate the
regions for cross-section plots averaged over the zonal
(solid) and meridional (dashed) direction to represent the
AWYV transported across the western edge of the Pamir
Plateau.

Fig. 1 Geographical distribu-
tion of the topography (color
shaded; unit: m) of the simula-
tion domain. Black triangles
show the 17 stations in the
southern TP and the green
triangles indicate the 44 stations
in the interior area of the TP.
The thin black contour line rep-
resents 3000-m terrain height.
The large white and large black
rectangles, covering the entire
TP and the western TP (Pamir
Plateau plus surroundings)
respectively, are selected areas
for further analysis. The thin
black/white solid and dashed
lines indicate the regions used
for cross-section averaging in
Fig. 8
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2.2 Model description and configuration

In this study, WRF model version 3.7 is selected to simulate
wind and precipitation in a large domain around the TP (full
area in Fig. 1), 800 x 500 grid points without nesting, and a
horizontal grid spacing of 0.1° (about 10 km). The model
has 37 levels from the surface to the top of the atmosphere
at 50 hPa. WRF was configured with the Noah land surface
model (Chen and Dudhia 2001), the Yonsei University plan-
etary boundary layer scheme (Hong et al. 2006), the RRTM
scheme for long-wave and solar radiative transfer (Mlawer
et al. 1997), the cloud microphysics scheme by Lin et al.
(1983) and the Grell 3D cumulus convection parameteriza-
tion (Grell 1993). The latter is an improved version of the
scheme, described by Grell and Devenyi (2002).

In order to represent the dynamical effect of small scale
sub-grid orographic height variability, the TOFD scheme
developed by Beljaars et al. (2004) was applied in this study.
Zhou et al. (2018) implemented this scheme in the WRF
model and demonstrated that considerable improvement in
the simulations of wind and 2 m air temperature could be
achieved. The TOFD scheme was incorporated independent
of other physical schemes (e.g. the PBL and land surface
schemes). It accounts for drag caused by turbulence-scale
orography, with horizontal scales typically smaller than
5 km. It is implemented as a wind tendency due to a vertical
stress divergence in addition to surface drag due to the land
surface roughness. It does not depend on atmospheric stabil-
ity and the current parameterization is applicable when the
resolution is larger than 5 km. For finer model resolutions,
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the scheme should obviously only cover the scales below the
model grid scale. However, it is worth noting that the mag-
nitude of TOFD is proportional to the variance of orographic
slope, which is computed as a spectral integral of an empiri-
cal orographic power spectrum. Most of the contribution to
this integral comes from the smallest scales, so changing the
largest scale from say 5—-1 km has only minor impact. The
consequence is that TOFD drag is not very sensitive to the
resolution of the simulation; although the key parameters can
easily be recomputed for any resolution. More details can be
found in Beljaars et al. (2004) and a summary is provided by
Zhou et al. (2018). To study the sensitivity to TOFD, experi-
ments are performed with and without this scheme (referred
to as TOFD and NoTOFD). With the rather fine resolution
of 0.1°, most of the orographic gravity wave generation and
flow blocking is explicitly resolved in the WRF model and
therefore the available sub-grid schemes for these processes
are switched off (Zhou et al. 2017). This is also suggested in
the WRF model User Guide (http://www2.mmm.ucar.edu/
wrf/users/docs/user_guide_V3.7/ARWUsersGuideV3.7.pdf).

Note that there is a default small-scale orographic drag
scheme in WRF developed by Jimenez and Dudhia (2012)
(JD12 scheme hereafter). The JD12 scheme exerts the surface
drag on the first model level in the momentum-conservation
equation by including a factor dependent on the sub-grid
scale orographic variability and mountain/valley height cor-
rections. This scheme is atmospheric stability dependent. A
considerable bias reduction for the surface wind speed has
been demonstrated in the simulations over the Iberian Pen-
insula (Lorente-Plazas et al. 2016). Nevertheless, it shows
limited improvements in the forecast skills in other meteoro-
logical fields including precipitation over the central western
part of South Korea (Lee et al. 2015). Its effect on the simu-
lated wind and precipitation over TP is discussed through a
comparison with the current TOFD scheme in Sect. 5.

The 79 km (T255) ERA-Interim reanalysis data (Dee
et al. 2011) at 6-h intervals is used as the initial condition
and for the time dependent lateral boundary forcing. This
reanalysis system is based on ECMWF’s (European Centre
for Medium-Range Weather Forecasts) Integrated Forecast-
ing System (IFS) and assimilates a multitude of observations
including measurements from conventional surface based
stations and satellite platforms. The sea surface temperature
is also taken from ERA-Interim, which is updated daily.

In the current study, the simulation period is from
November 21st to December 31st in 2007. The reason that
we select December of this year is that the mean precipita-
tion (0.87 mm day~!) during this period is close to the cor-
responding value averaged over 2002-2012 (0.84 mm day ')
in our main focus region (western TP in Fig. 1) based on
Global Precipitation Climatology Center (GPCC), and thus
the selected month is representative for the climatology in
winter. The initial 10 days prior to December 1st are treated

@ Springer

as a spin-up period. Although the atmosphere has a predict-
ability horizon that is much shorter than a month, in the
current experiments the large scale synoptic variability is
constrained by the forcing with re-analysis at the bounda-
ries of the domain, so a single 41-day model integration is
highly reproducible for the large scales. However, the more
local details and particularly the divergent part of the flow
are rather model and orography dependent. Experimenta-
tion with a resolution of 0.25° (about 25 km) demonstrated
that individual simulations with the same model setup but
slightly perturbed initial conditions by starting 2, 4, 6, 8 days
later, are very close to the unperturbed simulation in terms
of wind and precipitation (not shown). The reason is that
(1) the evolution of the synoptic flow is very much con-
trolled by the imposed boundaries from re-analysis and (2)
the orographic effect is a dominant process in winter. Thus, a
simulation with one initial time is sufficient to investigate the
dynamical effects of the TOFD in winter. Additionally, the
TOFD exerts a similar effect on the wind speed between the
simulations with resolution of 0.25° and 0.1° (not shown).

2.3 Data for model evaluation and comparison

A range of observations is used to evaluate model simu-
lations, namely in-situ observations, reanalysis data and
remote sensing products. The wind fields are of particular
importance, because they represent the atmospheric circula-
tion and control the AWV transport. The latter is relevant
for the interpretation of TOFD impact on precipitation.
Wind components at 10 m above the ground are available
from 61 weather stations from the China Meteorological
Administration (CMA, http://data.cma.cn/data/detail/dataC
0de/A.0012.0001.html). The geographical locations of those
stations are shown in Fig. 1. The data were measured hourly
so they are highly suitable for the evaluation of the simulated
diurnal cycle of wind speed. The simulation results are bi-
linearly interpolated to the station locations for comparison.

The monthly mean GPCC (Global Precipitation Climatol-
ogy Center) and APHRODITE (Asian Precipitation Highly
Resolved Observational Data Integration Towards Evalua-
tion of water resources) precipitation products were used as
reference data for model comparison. GPCC (https://clima
tedataguide.ucar.edu/climate-data/gpcc-global-precipitat
ion-climatology-centre) is a global gridded gauge-analysis
product derived from quality controlled station data with
a horizontal resolution of 0.5° (Becker et al. 2013). APH-
RODITE (https://climatedataguide.ucar.edu/climate-data/
aphrodite-asian-precipitation-highly-resolved-observatio
nal-data-integration-towards) is a 0.25° continental-scale
daily product that contains a dense network of rain gauge
data for Asia including the Himalayas, South and Southeast
Asia, and mountainous areas in the Middle East (Yatagai
et al. 2012). Both the GPCC and APHRODITE data include
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a large number of high quality observations, which adds to
the reliability of the datasets, although the variation of the
number of stations per grid cell over time can be a major
inhomogeneity source. In areas with very few or no rain
gauge stations at all, the quality of these products is obvi-
ously reduced. The number of stations used in these two
products can be found at the above given web pages.

The Moderate Resolution Imaging Spectroradiometer
(MODIS) daily snow cover fraction (SCF; MOD10C1) and
albedo (MCD43C3) collection 6 were used to determine the
occurrence of snowfall over the TP region. The Terra 0.05
degree daily snow cover SCF product, which is available from
the National Snow and Ice Data Center in Boulder, Colorado,
USA (http://nsidc.org/data/MOD10CM#), was selected as a
primary key for snow detection. SCF is calculated by using
the regression equation by Salomonson and Appel (2004),
which is based on the Normalized Difference Snow Index
(NDSI) values of each observed pixel. The albedo data is the
Climate Modeling Grid (CMG) Nadir Bidirectional Reflec-
tance Distribution Function (BRDF) Adjusted Reflectance
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Fig.2 Diurnal cycles of the monthly mean 10-m zonal wind (ul0; unit: m
s™1), meridional wind (v10; unit: m s™") and total wind speed (U10; unit:
m s~ derived from the TOFD run (solid), the NoTOFD run (dashed),
and observations (bold) averaged over all stations in the TP (a, c, e) as

(NBAR) Product (https://Ipdaac.usgs.gov/dataset_discovery/
modis/modis_products_table/mcd43c3), which is a combined
product of Terra and Aqua. The error of this high quality
MODIS operational albedo is well below 5% at the major-
ity of validation sites, and even the albedo values with “low
quality flags” have been found to be primarily within 10% of
the field data (Cescatti et al. 2012; Qin et al. 2011; Wang et al.
2010). The main error of the two MODIS products is gener-
ally caused by errors in the discrimination between surface
snow cover and cloud (Hall and Riggs 2007).

3 Impact of TOFD on wind

Since TOFD directly retards the wind speed at the lowest model
levels, a clear impact is expected at the 10 m level. Figure 2
displays the mean diurnal cycle of the simulated and measured
wind components, and the wind speed averaged over all 61 sta-
tions on the TP (left) and averaged over the 17 stations on the
southern TP (right). The 17 stations are generally located south

o N b~ OO @

0 1
00 06 12 18
Local time

shown in Fig. 1 (all triangles), and averaged over the stations in the south-
ern TP (b, d, f; black triangles only). The study period is December 2007
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of 30°N, adjacent to the Himalayan Mountains. This region
generally shows high orographic variance. The TOFD run
shows a reasonable magnitude of ul0 (zonal wind component)
and a correct pattern of the diurnal cycle of v10 (meridional
wind component). In contrast, without TOFD, u10 is substan-
tially overestimated and v10 has a diurnal cycle that is com-
pletely out of phase. The zonal wind component ul0 is close to
the absolute wind speed (Fig. 2¢) because of the predominant
westerly circulation in winter over the TP. The southern TP is
adjacent to the Himalayan Mountains, and therefore, the local
model climate is very sensitive to orographic drag due to its
complex terrain. This is the reason that the TOFD effect on the
diurnal cycle of v10 is even more pronounced over the southern
TP (Fig. 2d). Moreover, this region (along the Himalaya Moun-
tain range) is the southern boundary of the TP, through which
water vapor is transported from South Asia to the interior TP.
The significant reduction in magnitude of ul0 can be seen
as the direct impact of more surface drag from the TOFD
scheme, and the increase of the mean meridional flow is the
result of the new geostrophic balance. The diurnal cycles
of ul0 and v10 are much more difficult to explain. Diurnal
cycles of surface wind are not just the result of the day/night
variation of the strength of turbulent diffusion, but also of
the subtle variation with height of the diffusion coefficients.
According to Monin—Obukhov similarity, turbulent diffusion
coefficients decrease with height more than for neutral flow in
stable situations (at night) and increase with height more rap-
idly than for neutral flow in unstable situations (day). The way
TOFD affects the diurnal cycle is not very clear and it would
require a separate single column study to explore this further.

_____________

~a -

—TOFD
10f{- - -NoTOFD 1
——ERA

v500 (ms™")
\
Ay
1
1

.....

00 06 12 18
Local time

Fig.3 Diurnal cycles of the monthly mean zonal wind (upper; unit:
m~ ") and meridional wind (bottom; unit: m s~ ") at the 500 hPa pres-
sure level in the TOFD run, NoTOFD run and the corresponding val-
ues at the specific time in the ERA-Interim dataset averaged over the
entire TP region and over the study period

@ Springer

However, in the NoTOFD simulations, we notice that the low-
est model layers are rather decoupled from the layers above,
which is less the case with TOFD because of the gradually
decaying function of height. This is believed to be related to
the difference in diurnal cycles of NoTOFD and TOFD.

Further, the correlation coefficients of the mean diurnal v10
between the two simulations and observation have been calcu-
lated at each station. The number of stations showing positive
correlation (larger than zero), namely 37 in the NoTOFD run
and 46 with TOFD, also reflects the improved realism of the
diurnal cycles. These results reveal that the effect of TOFD in
the simulation of atmospheric dynamics is particularly strong
over the mountainous southern TP region (Fig. 2).

The atmospheric flow directly controls the AWV trans-
port between the TP and its surroundings. Impacts of the
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Fig.4 Wind difference (simulation minus ERA-Interim; unit: m s~ 1)
at 500 hPa in the TOFD run (a) and the NoTOFD run (b), and the
precipitation difference (mm day™') of the NoTOFD run minus the
TOFD run (c) averaged over the study period. The black contour line
shows the 3000-m terrain height
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TOFD on the wind speed at 500 hPa (to represent low-
level atmospheric flow) were also investigated. The diurnal
cycles of the 500 hPa wind components derived from the
two simulations and ERA-Interim (for specific times) are
shown in Fig. 3. Generally, both runs show similar diurnal
patterns. The simulation without the TOFD overestimates
the u-component and underestimates the v-component at the
500 hPa surface. To illustrate the effects of the TOFD on the
large-scale flow, the differences of the 500 hPa wind with
respect to ERA-Interim are shown for the whole domain in
Fig. 4a, b. The monthly means in this figure consist of aver-
ages of the 6-hourly fields in the study period (i.e. December
2007) as they are available from ERA-Interim. Compared
to NoTOFD, TOFD simulates weaker westerlies. The above
evaluation reveals that TOFD has a substantial impact on
the 500 hPa flow, and that the errors with respect to surface
observations and the ERA-Interim analysis (Table 1) are

substantially reduced. The precipitation is expected to be
influenced by the atmospheric circulation through the con-
trol of water vapor transport. Figure 4c shows the difference
of precipitation between the NoTOFD run and the TOFD
run. Result shows that precipitation is increased over the
western TP when the TOFD scheme is switched off.

4 Impact of the TOFD on precipitation

The atmospheric flow can be seen as the dynamical link
between the TP and its surrounding region. Because of its
impact on the flow, TOFD modulates precipitation over the
interior TP and surroundings through its dynamical control
on the horizontal AWV transport. It is therefore of interest to
compare precipitation in the two simulations with each other
and with observations. Figure 5 shows the December mean

Table 1 The mean bias (MB; m s~ 1), root mean square error (RMSE; m s~ 1, and pattern correlation coefficient (CORR) of monthly mean wind
speed at 10-m (versus station observation) and 500 hPa (versus ERA-Interim) in comparison with station data and the ERA-Interim analysis

Simulation Statistic metric

10-m wind speed versus stations 500 hPa wind speed versus ERA-Interim

MB RMSE CORR MB RMSE CORR
NoTOFD 2.61 2.84 0.45 3.15 4.30 0.45
TOFD 0.06 0.74 0.73 0.25 2.00 0.76
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Fig.5 Precipitation (unit: mm day~!) in a the TOFD run, b the
NoTOFD run, ¢ GPCC data, d and APHRODITE (APHRO in the
figure) data averaged over the study period. The black contour line

shows the 3000-m terrain height; the black rectangles indicates the
western TP (Pamir Plateau plus surroundings)
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precipitation of the two simulations and the corresponding
GPCC and APHRODITE (APHRO hereafter) data, both
based on in-situ precipitation gauges. Precipitation mainly
occurs over the western TP during the study period. The
simulations show large amounts of precipitation over the
Pamir Plateau (about 70-74°E and 35-41°N) and the west-
ern Himalaya mountain range (from about 73 to 80°E along
the 3000-m terrain height contour), whereas GPCC shows
much less. The APHRO data is quite similar to the GPCC
product over the interior Pamir Plateau but does not have
precipitation over the western Himalaya mountain range.
Figure 6a, b illustrates the differences between model and
observations. Overestimations in both simulations occur over
the western part of Pamir Plateau and along the Himalaya
Mountain range when compared with reference datasets,
with NoTOFD showing larger errors. Both the GPCC and the
APHRO are based on station observations and their quality
can be questioned in station-sparse areas. Additionally, there
are deficiencies in snowfall measurements. The reason is that
instruments have systematic negative biases originating from
the wind-induced gauge under-catch (Chen et al. 2015) and
evaporation loss. The bias is particularly significant when lit-
tle precipitation or solid precipitation occurs (Ye et al. 2004).

Satellite observations are employed to gain some insight
in the uncertainty of the GPCC and APHRO data. The
occurrence of precipitation can be detected by consider-
ing the change in MODIS snow cover fraction (SCF), and
high albedo (Fig. 7). Precipitation is generally in the form
of snowfall due to the extreme cold climate in winter. The
albedo depicted by MODIS, and the MODIS SCF-change
both support the large scale feature that there is much higher
precipitation in GPCC and APHRO data over the western TP
than the middle and eastern TP. This consistency between
data sets gives confidence in the gauge based fields. Also the
distribution map of precipitation gauges (see https://clima
tedataguide.ucar.edu/climate-data/aphrodite-asian-precipitat
ion-highly-resolved-observational-data-integration-towar
ds), indicates a good density of gauges in the domain of the
western TP, which results in credible GPCC and APHRO
data sets. Therefore statistical measures of the quality of
simulated precipitation versus GPCC and APHRO data are
computed (Table 2) for this area. Differences between the
two reference datasets gives insight into their uncertainty:
mean precipitation is 0.84 mm day~' over the western TP
in GPCC, while the value is 0.57 mm day_l in APHRO;
the root mean square difference between the two datasets

Fig. 6 Precipitation diff ” = . =
(mmday- Dol the TOFDand  gpop || @ TOFD-GPCC famme = 4o0p || b NOTOFD-GPCC e =
NoTOFD runs minus GPCC (a, = by
b) and APHRO (¢, d) over the 40°N - 40°N -
western TP averaged over the
study period. The black contour 38°N - 38°N -
line shows the 3000-m terrain
height 36°N - 36°N .
34°N A 34°N {72
32°N - 32°N -
SOON I I I I I T SOON I I I I T I T
66°E 70°E 74°E 78°E 66°E 70°E 74°E  78°E
¢ TOFD-APHRO - dN TBFD-APHRO
42°N - % - = 42°N - 970 1?
40°N 4 40°N
38°N 38°N
36°N 36°N
34°N - 34°N {73
32°N 32°N
30°N T T T I T T 30°N T T I I T T T
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Fig.7 MODIS snow cover fraction change indicated by the difference
between the 31st and 1st of December 2007 (a); and MODIS monthly
mean albedo for December 2007 (b)

is 1.16 mm day~ ! Nevertheless, the bias, pattern correla-
tion, and RMS error derived from simulations versus the
two datasets all support the conclusion that the TOFD run
has more accurate precipitation over the western TP than
the NoT'OFD run.

Also for the western Himalayas there is qualitative con-
sistency between the satellite information and GPCC, but
APHRO has negligible precipitation (Fig. 5). Because
MODIS SCF and albedo (Fig. 7) are more consistent with
GPCC, we have more confidence in GPCC than in APHRO.
The TOFD simulation is closer to GPCC than NoTOFD, but

Table 2 Mean precipitation (mm day~') from different datasets in
the western TP (indicated by large black rectangles in Fig. 1), and
the mean bias (MB; mm day™ 1, root mean square error (RMSE; mm

GPCC in this area is based on very few observations and
therefore, it is difficult to draw firm conclusions.

Although precipitation cannot be verified everywhere to
a high level of accuracy, it is of interest to interpret the dif-
ferences between the two runs (Fig. 4c). The differences
can be explained through AWV transport, because in win-
ter, the ground is frozen and the evaporation/sublimation
of soil water is small (Li et al. 2016). Thus, nearly all the
precipitation on the plateau originates from the horizontal
AWV transport. Differences (NoTOFD minus TOFD) of ug
(monthly mean zonal wind multiplied by specific humid-
ity) along a zonal cross-section and along a meridional
cross-section are given in Fig. 8. The zonal flow is gener-
ally perpendicular to the western edge of the Pamir Pla-
teau, where the AWV is transported to the interior plateau
through horizontal advection. The stronger westerly in the
NoTOFD run leads to more AWV transport from the west
than in the TOFD run, especially at low levels (Fig. 8). This
results in more precipitation over the Pamir Plateau (Fig. 4c)
in NoTOFD. The above difference in AWV transport can
also be seen from the 500 hPa transport difference and the
vertically integrated transport differences of wind vector
multiplied by specific humidity (Fig. 9). It is clear that the
changed AWV flow is perpendicular to the western range of
the Pamir Plateau and western Himalaya mountains, which
is a direct effect of the parameterized TOFD on the atmos-
pheric flow.

5 Discussion on the sensitivity
to orographic drag schemes

According to the above analysis, the current TOFD scheme
effectively reduces the precipitation amount over the western
TP. Meanwhile, there is a default scheme for small-scale oro-
graphic drag in WRF, which was proposed by Jimenez and
Dudhia (2012). This scheme parameterizes the drag in the
surface layer and influences the wind profile in the upper lay-
ers through the vertical diffusion. Thus, an additional simu-
lation with this scheme is performed to make a comparison
(Fig. 10) with the current TOFD scheme.

day™"), and pattern correlation coefficient (CORR) for simulated pre-
cipitation versus reference data (GPCC and APHRODITE)

Simulation Statistic metric
Mean precipitation Simulation versus GPCC Simulation versus APHRO
MB RMSE CORR MB RMSE CORR
GPCC/APHRO 0.84/0.57 - - - - -
NoTOFD 1.54 0.69 2.20 0.31 0.97 2.25 0.39
TOFD 1.22 0.38 1.40 0.49 0.66 1.46 0.55
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Fig.8 Differences (NoTOFD minus TOFD) of ug (gkg™'m-s™!;
zonal wind multiplied by specific humidity) at the western edge of the
Pamir Plateau a along a zonal cross-section averaged over 36-39°N
(Fig. 1, thin solid black line), and b along a meridional cross-section
averaged over 69.5-71°E (Fig. 1, thin dashed black line). The average
is performed only for the grid points above the ground

As shown in Fig. 10a, the implementation of the JD12
scheme also effectively reduces the zonal wind speed, but
the magnitude of the reduction is less and its bias is greater
than that with the current TOFD scheme. The diurnal pat-
tern of the mean meridional wind in the JD12 run is similar
to the NoTOFD run which is opposite to the observed one
(Fig. 10b). This indicates that the current TOFD scheme
performs better than the default JD12 scheme in simulating
the 10-m wind speed, which is believed to be associated
with the large scale circulation. The current TOFD scheme
has stronger effects on the upper-layer atmospheric flow
than JD12 does (Fig. 10c, d) due to the fact that the for-
mer adds the orographic drag at each model layer following
an exponential decay with altitude while the JD12 scheme
modulates the drag at the lowest model level only. This is
consistent with the statement in Liang et al. (2017) that the
currently used TOFD scheme is more sensitive to complex
orography. As a result, the impact on the large scale circula-
tion by the JD12 scheme is not strong enough to correct the
diurnal cycle in v10. Meanwhile, JD12 has a weaker dynam-
ical control on the AWV transport (not shown) and its effects
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Fig. 9 The difference of \7q (g'kg™"m-s~") at 500 hPa and vertically
integrated Vg from the bottom to the top of the atmosphere (50 hPa;
10* g¢m~'s™!) derived from the N6TOFD minus TOFD runs aver-
aged over the study period. The black contour line shows the 3000-m
terrain height

on the simulation of precipitation are limited compared with
the current TOFD scheme (see Fig. 10e, f).

6 Concluding remarks

In the current study, the impacts of a turbulent orographic
form drag (TOFD) scheme on precipitation over the western
TP winter were investigated based on WRF simulations.
The WRF simulation produces reasonable diurnal cycles of
wind speed (especially over the southern TP) and regional
atmospheric circulation when the TOFD scheme proposed
by Beljaars et al. (2004) is included, whereas the simula-
tion without the TOFD scheme has too strong westerlies.
Accordingly, the former case yields less water vapor advec-
tion to the western TP due to the weakened westerly wind,
which results in less bias in precipitation than the latter
case.

There are alternative schemes to represent sub-grid
orographic drag [e.g. the JD12 scheme in WRF and the
turbulent mountain stress scheme in the National Center
for Atmospheric Research Community Earth System
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Fig. 10 Comparisons of diurnal cycles of 10-m wind components
(a, b; m s™1); the difference in 500-hPa atmospheric wind (m s7h
derived from the TOFD run minus the NOoTOFD run (c¢) and that
from the JD12 run minus the NoTOFD run (d); and the difference

Model (Neale et al. 2012)]. These schemes all have the
inherent characteristic of obstructing the horizontal atmos-
pheric flow. In this study, we compared the JD12 scheme,
a default one in WRF, with the TOFD scheme in terms
of the simulation of wind speed and precipitation. It is
shown that the JD12 scheme can effectively reduce the
wind speed over the TP during winter, but its performance
is poorer than the TOFD scheme, in terms of wind speed
magnitude and its diurnal pattern. The difference in per-
formance is related to their structure: the JD12 scheme
adds the orographic drag at the lowest atmosphere level
only, whereas the TOFD scheme adds the drag at each
level following an exponential decay with height. The lat-
ter results in a much stronger modulation of the large-scale
circulation. Nevertheless, inter-comparisons of multiple
schemes for sub-grid orographic drag are highly desirable,
as proposed in the “Drag project” (Zadra 2013), which was

in precipitation (mm day~') derived from the TOFD run minus the
NoTOFD run (e) and that from the JD12 run minus the NoTOFD run
®

initiated by the Working Group for Numerical Experimen-
tation of the World Meteorological Organization.

As far as we know, this study is the first to investigate
the impact of small scale orographic drag on the simu-
lation of wintertime precipitation in the TP. Our result
highlights the distinct dynamical control of the param-
eterized sub-grid orographic drag (especially this TOFD
scheme) on the regional atmospheric water recharge and
its importance in wintertime snowfall simulations for this
unique region.

This work together with previous work by Zhou et al.
(2018) show that the incorporation of small-scale oro-
graphic drag can effectively improve the simulation of
precipitation over the TP region both in winter and sum-
mer. Thus, large scale and long period simulations are
expected to benefit from the inclusion of sub-grid oro-
graphic drag parameterizations. However, the simulated
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precipitation is still biased, especially when the thermal
effect is strong. TOFD can reduce only about 20% of the
precipitation bias compared to station averages in summer
(Zhou et al. 2018). The reason could be that the sub-grid
orographic variance not only has dynamic barrier effects
but also influences the atmospheric circulation and syn-
optic conditions through thermal effects (e.g. associated
with clouds, radiation and turbulent heat fluxes) (Feng and
Zhang 2007; Zhang et al. 2006). These thermal effects
also need accurate representations in numerical weather
prediction and climate models.
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