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Abstract
Current climate models commonly overestimate precipitation over the Tibetan Plateau (TP), which limits our understand-
ing of past and future water balance in the region. Identifying sources of such models’ wet bias is therefore crucial. The 
Himalayas is considered a major pathway of water vapor transport (WVT) towards the TP. Their steep terrain, together 
with associated small-scale processes, cannot be resolved by coarse-resolution models, which may result in excessive 
WVT towards the TP. This paper, therefore, investigated the resolution dependency of simulated WVT through the central 
Himalayas and its further impact on precipitation bias over the TP. According to a summer monsoon season of simulations 
conducted using the weather research forecasting (WRF) model with resolutions of 30, 10, and 2 km, the study found that 
finer resolutions (especially 2 km) diminish the positive precipitation bias over the TP. The higher-resolution simulations 
produce more precipitation over the southern Himalayan slopes and weaker WVT towards the TP, explaining the reduced wet 
bias. The decreased WVT is reflected mostly in the weakened wind speed, which is due to the fact that the high resolution 
can improve resolving orographic drag over a complex terrain and other processes associated with heterogeneous surface 
forcing. A significant difference was particularly found when the model resolution is changed from 30 to 10 km, suggesting 
that a resolution of approximately 10 km represents a good compromise between a more spatially detailed simulation of 
WVT and computational cost for a domain covering the whole TP.
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1 Introduction

The Tibetan Plateau (TP), the highest and most extensive 
highland in the world, is considered the water tower of Asia 
(e.g., Xu et al. 2008) because it hosts the headwaters of many 
major Asian river systems (Su et al. 2016). Precipitation 
changes over the TP are critical to glacier mass balance, 
river runoff and local ecology (e.g., Yang et al. 2011; Yao 

et al. 2012; Shen et al. 2015). This, in turn, has significant 
implications for securing Asia’s water tower and the wellbe-
ing of a large portion of the world’s population downstream.

Numerical models provide the best tools for projecting 
future climate changes, and precipitation is one of the most 
important variables to be delivered as it drives hydrological 
processes. However, the majority of global climate mod-
els (GCMs) participating in the Fifth Phase of the Coupled 
Model Inter-comparison Project (CMIP5) significantly over-
estimate precipitation over the TP (e.g., Su et al. 2013; Meh-
ran et al. 2014; Mueller and Seneviratne 2014). Regional cli-
mate models (RCMs) with a coarse resolution do not reduce 
the wet bias (referred to positive bias in precipitation herein) 
much (e.g., Ji and Kang 2013; Maussion et al. 2014; Gao 
et al. 2015; Ma et al. 2015). Determining its sources, there-
fore, is crucial for the performance improvement of current 
models in this region, one of the probable “tipping points” 
in the global climate system (Lenton et al. 2008).
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The wet bias may be attributed to issues with the dynami-
cal core, imperfect errors produced by parameterization 
schemes, and/or coarse horizontal resolution. The com-
putational errors of pressure gradient force at the lowest 
model levels induced by the terrain-following coordinate 
(Danard et al. 1993) and the decoupling between advection 
and condensation processes (Codron and Sadourny 2002) 
are noticed as probable factors contributing to the overes-
timation of orographic precipitation. Apart from errors in 
microphysics and cumulus schemes, which directly represent 
the physical processes responsible for precipitation, inappro-
priate land surface schemes may also disgrace contribute to 
precipitation errors by producing an unrealistic local recy-
cling of moisture (Gao et al. 2017). Due to the coarse reso-
lution, climate models cannot resolve the steep terrain (like 
the Himalayas) and fail to capture regional-scale processes, 
which may affect the simulation of water vapor transport 
(WVT) and ultimately precipitation.

Efforts including advection scheme modification have 
been made to mitigate the precipitation bias on the steep 
edge of the TP in GCMs (Yu et al. 2015; Zhang and Li 
2016). Nevertheless, the resolution dependency of WVT in 
a model remains to be clarified, which represents an inter-
esting and feasible starting point of departure to investigate 
the potential sources of wet bias over the TP by considering 
the following facts: (1) the TP’s complex terrain (especially 
the margin area) is poorly represented by coarse-resolution 
models; (2) positive systematic errors in precipitable water 
(PW) has been confirmed in the reanalyses for the southern 
TP (Wang et al. 2017), implying an excessive amount of 
water vapor flowing into the TP in climate models; and, (3) 
fact (2) may lead to an unrealistic reaction of hydroclimate 
processes in a model, hindering the assessment of precipita-
tion bias brought from parameterization schemes.

Although RCMs used for the TP typically have resolu-
tions of a few tens km, most of them can offer higher reso-
lutions which provide more accurate surface forcing of 
regional climate processes, such as those associated with 
topography, land–water contrasts and heterogeneous surface 
cover. Numerous studies illustrated that increasing resolu-
tion could improve many simulated features of local climate 
processes and variables (e.g., Sato et al. 2008; Chin et al. 
2010; Norris et al. 2016; Mughal et al. 2017). This demon-
strates the potential for a more realistic simulation of hydro-
climate over the region with a higher resolution. Recently, 
studies (Collier and Immerzeel 2015; Karki et al. 2017) have 
shown that high resolution indeed brings added value to the 
simulation of precipitation over the complex terrain of the 
central Himalayas. With regard to atmospheric water supply 
for summertime precipitation over the TP from the South 
Asian monsoon, the Himalayas are recognized as a major 
pathway for WVT from the Indian Mainland to the TP (e.g., 
Tian et al. 2007; Feng and Zhou 2012; Zhang et al. 2017). 

The steep terrain of the Himalayas is generally considered 
a barrier for WVT, whereas there are many meridional 
canyons in this region that may function as vapor channels 
(Bookhagen and Burbank 2010). Thus, a sufficient model 
resolution (being available to describe the aforesaid terrain 
features) becomes critical to realistically simulate WVT over 
the complex terrain in the Himalayas. Curio et al. (2015) 
discussed the difference of WVT towards the TP between 
the two resolutions, 30 and 10 km, of the High Asia Refined 
(HAR) data (Maussion et al. 2014). Nevertheless, to the 
best of our knowledge, no study has yet evaluated the added 
value with respect to WVT from a fine resolution model of 
convection permitting and kilometer terrain resolving so far. 
Employing the Weather Research Forecasting (WRF) model 
(designed as the next-generation mesoscale simulation sys-
tem for use across a broad range of weather forecasts and 
idealized research applications) (Skamarock et al. 2008), this 
paper aims to address the resolution dependency of simu-
lated WVT over the Himalayas and its further impact on 
precipitation bias over the TP.

2  Methodology

2.1  Modeling design

2.1.1  Study region and model domains

The Advanced Research WRF (ARW) version 3.7.1, which 
features state-of-the-art numeric and numerous physical 
parameterizations and is suitable for simulating across a 
variety of horizontal and vertical scales, is utilized in this 
study. Three one-way nested domains D1, D2, and D3 used 
by the WRF were configured at 30, 10, and 2 km horizontal 
grid spacing, respectively (Fig. 1a). D1 (the outer domain) 
contains the complete body of the vast Asian highlands. 
The Bay of Bengal and parts of the Arabian Sea, which are 
considered the moisture sources of prevailing monsoonal 
precipitation over the TP (e.g., Tian et al. 2007; Feng and 
Zhou 2012; Zhang et al. 2017), are also covered in D1. D2 
(the middle domain) spans from the moister Ganges Plain 
to the southern part of the TP that is influenced by the mon-
soon during summer, with the Himalayan range centered. 
It includes two major pathways of water vapor transport 
associated with the South Asian monsoon (e.g., Tian et al. 
2007), i.e., one crossing over the Himalayas and the other 
penetrating into the TP through the Brahmaputra River. D3 
(the inner domain) is situated in the central Himalayas. It 
comprises the slopes of the central Himalayas and a part of 
the southern TP. Further, it features very complex terrain 
including several high mountains and low valleys, e.g., Mt. 
Everest, Mt. Kanchenjunga, and the Yadong Valley.
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The very complex-terrain D3 is of particular concern, and 
the detailed analyses are carried out for D3. To avoid confu-
sion between model domains and horizontal resolutions, the 
WRF model’s output in the three different horizontal resolu-
tions (30, 10, and 2 km) will be named WRF30, WRF10, and 
WRF2 respectively. Compared to the real topography pre-
sented by the Shuttle Radar Topography Mission (SRTM) 
of 30 m resolution, WRF30 heavily smooths the topography 
while WRF2 represents more details of SRTM (Fig. 1b). 
Information loss due to coarse resolution is not limited to 
the topography but also land use classification (figure not 
shown), which has important effects on the representation of 
meso-microscale processes. Despite the fact that the coarser 
model runs provide lateral boundary conditions for runs with 
finer resolution, each of them can still be seen as an inde-
pendent simulation. WRF30 refines the forcing data from the 
reanalysis and may therefore capture larger-scale processes. 
WRF10 is expected to represent most mesoscale features 
and explicitly resolve gravity wave drag (GWD). Processes 
of scale smaller than 10 km, such as mountain-valley cir-
culation, glacier wind, and turbulent form orographic drag 
(TOFD), are expected to be represented in WRF2. As the 
resolution dependency is of our particular interest, it is nec-
essary to give freedom to each simulation of the different 
resolutions. Thus, the analysis nudging is not applied, to 
avoid overly influencing the results with the lateral bound-
ary forcing, although it is a sophisticated way to prevent 
the downscaling model from unrealistic drift and improve 

simulation performance (Storch et al. 2000; Pohl and Crétat 
2014).

2.1.2  Selection of model physics and other technical notes

The setup of physical parameterization schemes (detailed 
in Table 1) overall refers to the reference experiment in 
Maussion et al. (2011), which has been also prescribed for 
the High Asia Refined (HAR) data (Maussion et al. 2014). 
Note that cumulus parameterization was turned off in the 
highest-resolution, convection-permitting WRF2 (e.g., Moli-
nari and Dudek 1992; Weisman et al. 1997). Sensitivity to 
physical parameterization schemes is beyond the scope of 
this study, though it could be a critical factor for precipita-
tion bias in models (e.g., Maussion et al. 2011; Gao et al. 
2017). Thus, little attention was paid to optimizing the setup 
of model physics. Regarding the steep terrain specified, we 
did take some additional actions to ensure the model’s per-
formance following various simulation studies for complex 
terrain (e.g., Mölg and Kaser 2011; Collier et al. 2013), i.e., 
enlarging the number of grids for specified boundary value 
nudging, adding an damping layer to control reflection from 
the upper boundary, and applying positive-definite explicit 
6th order diffusion (Knievel et al. 2007). The ERA-interim 
reanalysis (at 0.75°) (Dee et al. 2011), produced by the 
European Centre for Medium-Range Weather Forecasts, 
provides lateral boundary conditions and sea surface tem-
perature (both updated every 6 h) for WRF30. The WRF 

(a) (b)

Fig. 1  a Maps of the three nested WRF domains with the water area 
marked as blue. Black dots show available observation sites within 
D2. b Topography of the target region (D3) at three resolutions—30 
km (WRF30), 10 km (WRF10), and 2 km (WRF2) – and the refer-
ence from the Shuttle Radar Topography Mission (SRTM; 30 m reso-

lution) with two currently available rain gauges marked and labeled: 
Pagri and Xiayadong. Blue shaded denotes grids with land use type 
classified as “ICE/SNOW”. Red line indicates the southern border of 
the TP defined herein
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run was carried out for a matured summer monsoon period 
(June–August; JJA), accompanied with a great proportion 
of annual precipitation (e.g., Su et al. 2013). Specifically, 
the simulation began at 00:00 UTC on 26 May 2015 and 
ended at 00:00 UTC on 1 September 2015, with the first 6 
days regarded as the model spin-up time. According to our 
checking, the choice of first 6 days as spin-up time is safe 
to ensure the equilibrium between the boundary conditions 
and the model dynamics. Ensemble runs are usually needed 
to derive a robust result. However, this technique was not 
implemented, as we considered that each simulating day 
can be regarded as an ensemble member (i.e., JJA mean as 
the ensemble mean) to investigate resolution dependency of 
simulated WVT in a matured monsoon season.

In order to further isolate the impact of topographic rep-
resentation on the WVT simulation, two additional simula-
tions (named WRF10_TOPO30 and WRF2_TOPO10) were 
performed with the same configurations as in the original 
runs but with topography data derived from the coarser reso-
lutions; i.e., WRF10_TOPO30 has same configurations as 
WRF10 but with topography data that has a single value for 

each nested 3 × 3 grids as the corresponding grid of WRF30, 
and similar for WRF2_TOPO10.

2.2  Data for reality check

A reality check based on multiple data could assist the inter-
pretation of model results. The resolution dependency of simu-
lated WVT is of particular interest; however, there is currently 
no direct observations that can be used to verify model simula-
tions, because observing WVT is difficult (e.g., Gutowski et al. 
1997 and references therein). The routine measurements of 
weather stations include precipitation and near-surface wind 
speed. Understanding the potential sources of precipitation 
bias in models is the ultimate objective of this study. As wind 
transports water vapor, we conducted comparisons between 
model results and in situ measurements for mean wind speed 
at 10 m height and JJA cumulative precipitation. We collected 
these observational data from “Global Summary of the Day” 
provided by NOAA’s National Centers for Environmental 
Information (NCEI). Sites only with complete records over 
the simulation period (JJA, 2015) are selected. It is a pity that 

Table 1  WRF configuration
Map and grids
 Map projection Lambert conformal
 Center point of domain 30°N, 87.5°E
 Number of vertical layers 38 staggered levels
 Model top pressure 25 hPa
 Horizontal grid spacing 30, 10, 2 km
 Unstaggered grid points 150 × 150, 181 × 100, 181 × 121
  Static geographical fields USGS standard dataset at 30′′

Timing
  Simulation period June–August 2015
 Time step 60, 10, 1 s

Physical parameterization schemes
  Short-wave radiation Dudhia scheme (Dudhia 1989)
  Long-wave radiation Rapid radiative transfer model (Mlawer et al. 1997)
  Microphysics Modified Thompson scheme (Thompson et al. 2008)
  PBL Mellor–Yamada–Janjic TKE scheme (Janić 2001)
  Cumulus parameterization New Grell–Devenyi 3 scheme (Grell and Dévényi 

2002) (except for WRF2)
  Land surface Noah land-surface Model (Chen and Dudhia 2001)

Dynamics
  Top boundary condition Implicit gravity-wave damping
  Horizontal advection Explicit 6th order coeff: 0.12, 0.12, 0.36
  Diffusion Calculated on coordinate surfaces

Forcing strategy
 Specified boundary width 10 grid points
 Relaxation exponent 0.33
 Boundary conditions ERA-interim (0.75°, 6-hourly)
 Sea surface temperature ERA-interim (0.75°, 6-hourly)
  Initialization Climate run
 Spin up 6 days
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there is only one site (Pagri, behind the Yadong valley) avail-
able within the target region D3 (Fig. 1b) plus one rain gauge 
in Xiayadong (a village within the Yadong Valley) installed 
and maintained by the authors. To make a compensation, we 
therefore extended the comparison to D2, within which there 
are totally 20 NCEI stations. Of note is that we calculated the 
relative precipitation bias rather than absolute one, in view 
of there is huge difference of precipitation between over the 
southern Himalayan slopes and the flattening inner TP. The 
relative bias a variable x is calculated as follows:

where xsim and xobs are of simulation and observation, 
respectively.

With regard to spatial pattern, simulated precipitation 
was also compared to satellite data of the Global Precipita-
tion Measurement (GPM) mission (Hou et al. 2014), which is 
designed as a next-generation space-based measuring system 
and the successor of the successful Tropical Rainfall Measur-
ing Mission (TRMM). GPM has been shown to outperform 
TRMM in the southern TP region (Xu et al. 2017). We used 
its monthly product of Level-3 IMERG (the Integrated Merged 
MultisatellitE Retrievals for GPM) Final Run (research prod-
ucts) version 04D, which has the spatial resolution of 0.1° 
close to 10 km.

2.3  Assessment method for WVT

Curio et al. (2015) assessed the climatology of WVT towards 
the TP based on HAR analysis, providing a good example for 
analyzing WVT over a complex region using model data. Fol-
lowing the methodology therein, the analysis was performed 
for the original model levels directly (without interpolation to 
pressure levels) to avoid information loss, and the data from 
the boundary grids (10-grid width) removed to avoid lateral 
boundary effects. In addition, water vapor content (WV) and 
horizontal wind in the model were examined to reveal pro-
cesses which were poorly represented by the model due to 
insufficient resolution. WV and WVT at each of 37 unstag-
gered � levels were calculated using the following formulas:

and

with

where � is the air density (kg  m−3), r the mixing ratio for 
water vapor (kg  kg−1), vh the horizontal wind vector (m 
 s−1), p the pressure (pa), Rd the gas constant, and T the air 

(1)
xsim − xobs

xobs
× 100%

(2)WV = �r

(3)WVT = vh�r

(4)� =
p

Rd(1 + 0.61r)T

temperature (K). The Himalayan range is almost east–west 
oriented within D3, which is considered the southern border 
of the TP. Here we specify it at grids paralleled x-direction 
and around 27°50′N (Fig. 1b). Therefore, WVT towards the 
TP was quantified at the vertical cross section along this bor-
der, and only the v (northward) component was of concern. 
To obtain the total column of WV (i.e., PW) and of WVT 
( WVTcol ), we additionally integrated WV and WVT along 
the metric z coordinate from surface to the top of the � levels 
using the rectangle method as follows:

and

where �z is the thickness of each � level (m).

3  Results and discussion

3.1  Reality check of model simulation

3.1.1  Comparison for precipitation

Figure 2a shows the comparison of JJA cumulative precipi-
tation between the in situ measurement and the simulations 
with different resolutions. All the model results overesti-
mate precipitation, on an average around 200%. In terms 
of absolute magnitude, the overestimation has lager values 
for sites located at the southern part of D2 than those of the 
north. In terms of relative bias (as shown in 2a), however, 
large overestimation (with an average > 250%) appears at 
the northern sites whereas small overestimation (with an 
average < 150%) at the southern sites within D2, as there 
is a relatively large amount of precipitation at the southern 
Himalayan slopes and their south. WRF10 outperforming 
WRF30 is commonly observed at sites in the northern D2 
(i.e., the TP). As revealed from the only two available rain 
gauges within D3, WRF2 significantly reduces precipitation 
bias compared to the coarser-resolution simulations.

Figure 3 provides a comparison of spatial pattern of JJA 
cumulative precipitation between the model results and 
GPM data. In general, GPM shows that high values of JJA 
cumulative precipitation are found in the southeast part of 
D3 and gradually decrease northward and westward. Overall, 
this pattern is captured by WRF10 and WRF2. In WRF30, 
the center of high precipitation turns northward, near the 
top of the Himalayas. Moreover, WRF10 and WRF2 pro-
vide small-scale features that are not presented by GPM. 

(5)PW = ∫
z=ztop

z=zsfc

�r�z

(6)WVTcol = ∫
z=ztop

z=zsfc

vh�r�z
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(a) (b) (c)

Fig. 2  Comparison of model results against in  situ observations 
with respect to latitude. a Relative bias of JJA cumulative precipi-
tation (bottom axis) and observed presipitation (top axis). b Bias 
of JJA mean wind speed at 10 m height (bottom axis) and observed 

wind speed (top axis). c Terrain height difference to observation sites 
for corresponding model grids. Mean values (grey for WRF30 and 
orange for WRF10) over certain latitudinal ranges (denoted by close 
braces) are given following the close braces

Fig. 3  Spatial pattern of JJA cumulative precipitation for WRF30, WRF10, WRF2, and GPM over D3, with domain average provided at upper-
right conner. Two currently available rain gauges within D3 are marked as black dots
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Referring to the zonal average as from the perspective of 
precipitation along the slopes, as shown in Fig. 4, WRF 
model with a finer (coarser) resolution among the three 
produces more (less) precipitation over the lower southern 
slopes and less (more) over the regions within the TP (i.e., 
to the north of the Himalayan top).

3.1.2  Comparison for near‑surface wind speed

Like for precipitation, near-surface wind speed is overesti-
mated (with an average bias of 2.6 and 2.4 m  s−1 for WRF30 
and WRF10, respectively) by model results at all the sites 
other than the only observation (at Pagri) available within 
D3 (Fig. 2b). At Pagri, a negative bias of wind speed is 
detected for WRF10 and WRF2; however, a large uncer-
tainty relating to this comparison is expected as there is only 
one observational site for D3. Overall, WRF10 outperforms 
WRF30 for wind speed simulation, especially for the sites 
with latitude within the range from 27°N to 30°N.

3.1.3  Uncertainties associated with the reality check

According to above comparisons, notable discrepancies 
exhibit between the model results and the in situ observa-
tions that are available at a limited number of sites. Under-
standing the sources of uncertainties, for both model results 
and observations, is necessary and useful.

With regard to the simulations of this study, uncertainties 
may come from the forcing data (e.g. Gao et al. 2017), inap-
propriate setup of vertical levels, selection of parameteriza-
tion schemes (e.g. Gao et al. 2017; Maussion et al. 2011) 
and/or dynamic options (e.g. Collier et al. 2015; Kusaka 
et al. 2005). For instance, Collier et al. (2015) found that 
computing horizontal diffusion in physical space rather than 
along coordinate surfaces improves their precipitation sim-
ulation over a complex terrain, indicating potential rooms 

to optimize our model configuration. For another instance, 
the explicit treatment of convection can play a key role to 
improve precipitation simulation (e.g. Collier and Immerzeel 
2015; Norris et al. 2016; Sato et al. 2008; Karki et al. 2017). 
Nevertheless, cases of this treatment with either overestima-
tion or underestimation have reported in previous studies. 
Our simulations with the three resolutions show overall the 
similar amount of precipitation for the whole domain of D3 
despite the differences in spatial heterogeneity (Fig. 3). It is 
interesting to note that convection-permitting WRF2 does 
not provide significantly more details of such a spatial het-
erogeneity than WRF10.

This high spatial heterogeneity of precipitation, mean-
while, lacks an absolute reference due to the scarce obser-
vations. Further, there are also issues linked to their poor 
spatial representativeness due to the complex terrain and the 
fact that few, if at all, stations are located at mountain peaks 
and ridges. A study of precipitation characteristics in high-
mountain areas of the Nepal Himalaya (Higuchi et al. 1982) 
found that precipitation over mountain peaks and ridges can 
be around 4–5 times larger than that at valley bottoms. This 
example indicating large uncertainty can be induced by the 
limited spatial representativeness of precipitation measure-
ments over this complex-terrain region. Additionally, unreli-
able snowfall measurements may also degrade the quality of 
observations from high-elevation stations (e.g. Norris et al. 
2016), where snowfall may occurs in summer as well.

The satellite data GPM has been proved to have a poor 
performance over complex terrain (Xu et al. 2017). Indeed, 
the high heterogeneity of precipitation over mountainous 
areas documented in Higuchi et al. (1982) is exhibited in 
both WRF10 and WRF2 but not in GPM (Fig. 3).

The fact that model result is for the average over a grid 
cell while the in situ observation is for a point can also 
bring about uncertainties. Huge mismatch is found between 
the real elevation of the Xiayadong station and that of the 
model’s nearest grid cell, especially for coarse resolutions 
(Fig. 2c), which could be a probable reason for the extra 
precipitation bias of WRF10 at Xiayadong against that 
observed.

3.1.4  Facts revealed by the reality check

It is currently not available to present a solid validation of 
model results in view of the above discussion. Attempt to 
optimizing the configuration of WRF may improve some 
features of simulation, but this is beyond the scope of the 
current study. We noticed two facts delivered from the real-
ity check: (1) the finer-resolution simulations produced 
more precipitation over the lower southern Himalayan 
slopes whereas less over regions within the TP where “wet 
bias” gets diminished to a certain extent; and (2) the finer-
resolution simulations overall presents weaker wind speed 

Fig. 4  Zonal average of JJA cumulative precipitation for WRF30, 
WRF10, WRF2, and GPM. Shaded areas show the corresponding ter-
rain represented by different resolutions
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than the coarser ones. With respect to these facts, further 
analyses on the resolution dependency of simulated WVT 
were conducted.

3.2  Resolution dependency of simulated WVT

3.2.1  On the total column WVT

The left column of Fig. 5 shows the JJA mean of WVT 
within the cross-section along the southern border of the TP 
around 27◦50′ N, of which the positive values (northward) 
mean transport towards the TP. Overall, the total column 
WVT crossing through the transect for WRF30, WRF10, 
and WRF2 is 33.1, 28.0, and 26.0 kg  m−1  s−1, respectively; 
i.e., compared to WRF2, WRF30 brings 27.5% more water 
vapor to the TP while a moderate addition of 7.9% is esti-
mated for WRF10. However, these values could depend on 
how we define the border. According to our investigation by 
moving the border to different locations (30 km southward, 
30, 60, 90 and 120 km northward, among which the last is 
to the north of D3), however, such resolution dependency 
is found to remain essentially the same (figures not shown). 
Indeed, this resolution dependency can also be backed up 

by the inter-comparison of spatial pattern (Fig. 6) and zonal 
average (Fig. 7a) of total column WVT. Even for the whole 
D3, there is such a resolution dependency for domain-
averaged northward total column WVT. According to the 
assessment of Curio et al (2015, Table 1 and 2 therein), less 
summertime WVT crossing through the central Himalayas 
(cross-sections 4–5 in their tables) for the finer HAR was 
presented, supporting our results.

In contrast to the difference of WVT through the border 
(top of the Himalayas), similar values of WVT are found 
at the lower southern Himalayan slopes for the three reso-
lutions (Fig. 7a). This points to an additional convergence 
of water vapor in finer-resolution simulations compared to 
coarser ones, explaining the larger amount of precipitation 
over the southern slopes (Fig. 4). Meanwhile, the reverse 
causality is true from a conservation point of view; more 
water vapor removal (in form of precipitation) over the 
southern slopes leads to less WVT towards the TP.

3.2.2  Impact on precipitation bias

According to our experiment with WRF, the positive pre-
cipitation bias in simulations with coarser resolutions can be 

Fig. 5  JJA mean of water vapor transport (left), water vapor content 
(middle), and v wind (right) within the cross section (along the south 
border of the TP defined herein, i.e., red lines in Fig. 1) for WRF30, 
WRF10, and WRF2. Section mean value of total column water vapor 

transport, content (i.e., precipitable water), and lowest-10-level mean 
v wind is given at bottom-left conner of each subplot. Grey shaded 
areas show the terrain
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plausibly linked to the excessive WVT towards the TP, as the 
WVT provides a major moisture source for the precipitation 
over the TP in summer (Feng and Zhou 2012; Zhang et al. 
2017). Nevertheless, it is difficult to quantify the contribu-
tion from the excessive WVT caused by insufficient resolu-
tion to the wet bias in models due to the fact that no WVT 
measurements are available. Moreover, additional areas of 
uncertainty comes from following facts: (1) the tendency of 
PW over a certain area is a function of WVT convergence, 
rather than WVT; (2) the whole TP is not covered in D3 with 
a resolution of 2 km due to limited computational resources; 
and (3) the performance of microphysics and/or cumulus 
scheme can also affect simulated formation of cloud and 
precipitation via the transformation rate from water vapor to 
precipitation. Besides errors in the external sources of mois-
ture, precipitation bias over the TP may also be contributed 
by representation errors of land surface model in WRF, as 
63.2% of water is estimated to be provided by local mois-
ture recycling (Curio et al. 2015). However, to estimate this 
part of precipitation bias contribution, realistic simulation of 
WVT is firstly required because land surface may react to it.

3.2.3  Topographical barrier and channeling effects on WVT

In addition to total column WVT, our results also reveal 
some other features of WVT with respect to different model 
resolutions. As shown in the left column of Fig. 5, dominant 
WVT takes place at lower levels and, therefore, its zonal 
distribution is associated with the terrain height represented 
by the model. For WRF30, the terrain is so smoothed that 
the mountain bodies can hardly be revealed from the figure. 
As a result, the Himalayas across the domain from west to 
east serve as pathways rather than barriers for WVT. By con-
trast, the regional heterogeneity of WVT (Fig. 6), i.e., barrier 
effect of high mountains and channeling effect of valleys, is 
exhibited in the modeling results from WRF2, which defi-
nitely benefits from the improvement of topographic repre-
sentation. And, to some extent, WRF10 simulates the overall 
zonal WVT distribution as well as WRF2 does, except for 
a few details. This indicates a resolution of around 10 km 

Fig. 6  Spatial pattern of total column water vapor transport (vector) 
and its v component (color) for WRF30, WRF10, and WRF2, with 
domain average of v component provided at bottom-left conner. Grey 
curves represent elevation of 4000 m

(a) (b) (c)

Fig. 7  Similar to Fig. 4, but for total column water vapor transport (a), precipitable water vapor (b), and lowest-10-level mean v wind (c)
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is likely to be the minimum required by a model to reason-
ably represent topographical barrier and channeling effects 
on WVT, as they regulate the spatial pattern of water vapor 
content which in turn has impacts on local precipitation.

3.3  Behind the resolution dependency of simulated 
WVT

Processes of varying spatial scales are explicitly resolved 
by models when increasing the resolution. Thus, simulated 
WVT over a complex terrain is expected to be improved 
with finer resolutions. For instance, orographic precipita-
tion over the southern Himalayan slopes can only be well-
captured by models with the finest resolution of the three 
(25, 5, and 1 km) used in Karki et al. (2017). Such oro-
graphic precipitation would reserve part of the water vapor, 
leading to less WVT being transported towards the TP. To 
identify processes that are behind the changed WVT and 
precipitation, we initially examined WV and v wind (i.e., 
the two independent terms of WVT computation). It is clear 
that changes in the representation of meridional wind play 
a more important role in the WVT patterns shown in Fig. 5, 
as differences in atmospheric humidity are relatively minor 
outside of deep valley areas. Because the lowest 10 model 
levels (below approximately 2 km) almost account for 80% 
of the total column WVT, the lowest-10-level mean of v 
wind is inter-compared among the three resolutions. For the 
section mean as shown in the right column of Fig. 5, the 
simulated lowest-10-level mean of v wind is 2.6, 1.9, and 
1.5 m  s−1 for WRF30, WRF10, and WRF2, respectively. 
Similarly, moving the cross section within a certain range 

does not challenge the resolution dependency of simulated 
meridional wind.

Types of orographic drag including GWD and TOFD 
directly influence the wind field and are of importance to 
complex-terrain regions (e.g., Beljaars et al. 2004). Suffi-
cient resolution or subgrid parameterization for models is 
required to resolve such drag processes so that wind field can 
be realistically simulated. Among the simulations, WRF10 
is expected to nearly fully resolve GWD; and WRF2, fur-
ther, should be able to explicitly resolve TOFD. Efforts were 
made to isolate impact of topographic representation on 
WVT and wind simulation, by conducting additional simula-
tions (WRF10_TOPO30 and WRF2_TOPO10; see Sect. 2), 
as shown in Fig. 8. Compared to the results of Fig. 5, degrad-
ing the topographic representation indeed yielded stronger 
WVT and wind speed; especially, a large difference (49.5 vs. 
28.0 kg  m−1  s−1) was found between WRF10_TOPO30 and 
WRF10, indicating GWD is crucial for the complex terrain. 
WRF simulations generally overestimate the near-surface 
wind speed according comparison to the limited observa-
tions. Refining the model resolution from 30 to 10 km weak-
ens simulated wind significantly, although there may still 
be rooms to further diminish the positive bias as indicated 
by WRF2.

Besides the direct orographic drag, other processes asso-
ciated with heterogeneous surface forcing that cannot be well 
represented due to resolution issues, such as glacier wind 
and mountain-valley circulation, can also affect the simula-
tion of wind field. Indeed, negative value (i.e., southward) 
corresponding to glacierized areas (of grids with land use 
type classified as “ICE/SNOW”; Fig. 1) in the right column 

Fig. 8  Similar to Fig. 5, but for WRF10_TOPO30 and WRF2_TOPO10
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of Fig. 5 possibly reflects downslope glacier wind, which is 
not captured by WRF30 but by finer-resolution simulations, 
especially WRF2. This may also account for, at least partly, 
the resolution dependency of simulating wind and WVT.

The success of HAR (Maussion et al. 2014) illustrates 
that a fine-resolution regional modeling covering a long 
period and high spatial resolution is direly needed and useful 
as forcing for hydroclimate studies over the TP. Our results 
indicate that a coarser resolution can lead to stronger sum-
mertime WVT crossing the Himalayas, which in turn may 
cause the wet biases in precipitation over the TP. Although 
WRF2 produced relatively weak WVT and a small amount 
of precipitation over the part of the southern TP, which 
likely lead to reduce the wet biases over the TP, it is how-
ever not operationally feasible to carry out a long-term run 
for the entire TP with such a convection-permitting reso-
lution. A good compromise seems to lie with a resolution 
around 10 km. According to above analyses, a significant 
weakening of both simulated wind speed and WVT, which 
may be linked to less wet biases in precipitation over the 
TP, is found when the resolution is changed from 30 to 10 
km. WRF2 further weakens simulated wind speed and WVT 
from WRF10 to a lesser extent, which may have to do with 
the fact that TOFD is explicitly resolved in WRF2. Indeed, 
by inducing the TOFD scheme developed by Beljaars et al. 
(2004) to WRF with a resolution of 0.25°, Zhou et al. (2017) 
were able to improve the simulation of both near-surface and 
upper-air wind fields over the TP. The variance of subgrid-
scale orography is extremely high (up to 50 000 m 2 ) over the 
slopes of the Himalayas for a 10 km grid spacing (figure not 
shown); this points to the necessity of considering subgrid 
drag with such a resolution.

4  Concluding remarks

In view of the common wet bias in current climate models 
over the TP, it is necessary to determine the sources of such 
wet bias and find solutions. In this study, we investigated the 
resolution dependency of simulated WVT over the central 
Himalayas and its impact on precipitation bias over the TP 
by analyzing WRF simulations over a summer season with 
horizontal resolutions of 30, 10, and 2 km.

According to the comparison with limited in situ observa-
tions and GPM satellite data, overestimation of precipitation 
commonly exists in the WRF simulations. As a reality check, 
the comparison meanwhile provides an direction to dimin-
ish the positive precipitation bias over the TP by increasing 
model resolution. This is especially true for convection-per-
mitting WRF2, as it produced the least amount of precipita-
tion over the areas within TP.

The coarser-resolution simulations produce less precipita-
tion over the southern Himalayan slopes and more intensive 

WVT towards the TP, leading to a larger wet bias in pre-
cipitation over the TP. This resolution dependency of the 
simulated WVT is reflected mostly in wind field. A finer 
resolution is corresponding to lower wind speed and WVT 
simulated, of which the former is closer to observations, 
probably because of the better capacity to explicitly resolve 
orographic drag (e.g., GWD, TOFD) over the complex ter-
rain as well as other relevant processes (e.g., glacier wind, 
mountain-valley circulation) that are associated with hetero-
geneous surface forcing. Particularly, the most significant 
decrement of the simulated wind speed and WVT was found 
from WRF30 to WRF10, suggesting a resolution around 10 
km or so to be a good compromise to reasonably and mean-
while efficiently simulate WVT in the study region.
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