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ABSTRACT

The non-hydrostatic global variable resolution model (MPAS-atmosphere) is used to conduct the simulations for the
South Asian Summer monsoon season (June, July, and August) in 2015 with a refinement over the Tibetan Plateau (TP) at
the  convection-permitting  scale  (4  km).  Two  experiments  with  different  topographical  datasets,  complex  (4-km)  and
smooth (60-km) topography, are designed to investigate the impacts of topographical complexity on moisture transport and
precipitation.  Compared  with  the  observations  and  reanalysis  data,  the  simulation  can  successfully  capture  the  general
features of key meteorological fields over the TP despite slightly underestimating the inflow through the southern TP. The
results indicate that the complex topography can decrease the inward and outward moisture transport, ultimately increasing
the total net moisture transport into the TP by ~11%. The impacts of complex topography on precipitation are negligible
over the TP, but the spatial distributions of precipitation over the Himalayas are significantly modulated. With the inclusion
of  complex  topography,  the  sharper  southern  slopes  of  the  Himalayas  shift  the  lifted  airflow  and  hence  precipitation
northward  compared  to  the  smooth  topography.  In  addition,  more  small-scale  valleys  are  resolved  by  the  inclusion  of
complex  topography,  which  serve  as  channels  for  moisture  transport  across  the  Himalayas,  further  favoring  a  northward
shift  of  precipitation.  Overall,  the  difference  between  the  two  experiments  with  different  topography  datasets  is  mainly
attributed to their differing representation of the degree of the southern slopes of the Himalayas and the extent to which the
valleys are resolved.
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Article Highlights:

•  Global variable-resolution simulation at convection-permitting scale can reproduce key meteorological fields over the TP
in summer.

•  Topographical complexity reduces the inward/outward wind flow of the TP thereby increasing the net moisture transport
into the TP by ~11%.

•  Differences  in  precipitation  due  to  topography  result  from  the  different  extents  of  the  resolved  southern  slopes  and
valleys of the Himalayas.

 

 
 

 

1.    Introduction

The  Tibetan  Plateau  (TP),  known  as  the  world’s  third
pole (Qiu, 2008), is a large land feature with an average eleva-
tion of over 4 km and an area of 2.5 × 106 km². The uplif-
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ted  area  exerts  significant  dynamic  and  thermal  effects  on
the  large-scale  atmospheric  circulation  through  its
momentum and energy exchange with the atmosphere (e.g.,
Ye  and  Wu,  1998; Duan  and  Wu,  2005; Wu  et  al.,  2007,
2012, 2015; Boos  and  Kuang,  2010, 2013; Zhao  et  al.,
2019c). The TP is also the headwater area for many large Asi-
atic  rivers  (e.g., Singh and Bengtsson,  2004; Barnett  et  al.,
2005; Immerzeel  et  al.,  2010; Lutz  et  al.,  2014)  and hence
plays  an  important  role  in  the  water  cycle.  Precipitation
changes over the TP are critical to glacier mass balance, run-
off of rivers, and ecology (e.g., Yang et al., 2011; Yao et al.,
2012; Gao  et  al.,  2014, 2015; Shen  et  al.,  2015).  Over  the
TP,  the  precipitation  reaches  its  annual  maximum  in  sum-
mer mainly due to the water vapor transport (WVT) driven
by the South Asian summer monsoon (SASM), which can sig-
nificantly  affect  the  precipitation  distribution  over  the  TP
(e.g., Yanai and Wu 2006; Xu et al.,  2008; Feng and Zhou
2012; Zhang et al., 2012). Therefore, to prevent drought and
flood episodes in downstream regions, it is important to under-
stand the mechanisms that drive moisture transport and precip-
itation processes over the TP in summer.

Numerical  models  have  been  widely  used  to  investig-
ate the moisture budget and precipitation variations over the
TP.  However,  it  remains  a  challenge  for  current  atmo-
spheric models to simulate the precipitation and circulation
over  the  TP  accurately.  Analysis  of  modeling  results  from
the  Coupled  Model  Intercomparison  Project  (CMIP3,
CMIP5,  and  CMIP6)  showed  that  precipitation  amounts
over the TP tended to be significantly overestimated (Xu et
al., 2010; Zhu and Yang, 2020; Li et al., 2021). Only half of
the  24  models  available  in  CMIP5  could  reproduce  the
observed  seasonal  variations  for  precipitation  (Su  et  al.,
2013).  Gu  et  al.  (2020)  assessed  the  performance  of  the
Regional  Climate  Model  (RegCM4)  over  the  TP  and  con-
cluded that most model configurations could not well depict
the seasonal and interannual variations of precipitation. One
factor contributing to these biases/uncertainties may be associ-
ated with the complex topography around the TP.

The Himalayan region is well known as the main WVT
passageway from the Indian Ocean to the TP (e.g., Tian et
al.,  2007; Feng  and  Zhou,  2012; Zhang  et  al.,  2017).
However,  the  Himalayan  region,  on  the  edge  of  TP  with
steep  slopes,  is  often  regarded  as  an  obstacle  to  the  WVT.
At the same time, many meridional valleys along the Him-
alayas  may  act  as  water  vapor  passageways  in  this  region
(e.g., Burbank et al., 2012). Due to the complex topography
of the Himalayas, previous studies have found that model res-
olution was a key factor that can significantly affect the simu-
lation results of moisture and tracer transport and precipita-
tion  over  the  TP (e.g., Karki  et  al.,  2017; Lin  et  al.,  2018;
Xu  et  al.,  2018; Rahimi  et  al.,  2019; Wang  et  al.,  2020;
Zhang et al., 2020). Xu et al. (2018) used a regional climate
model to investigate the role of horizontal resolution on mois-
ture transport and precipitation over the TP. They found that
in a simulation with a relatively coarser resolution of 50 km,
the  smoothed  mountain  slope  could  lift  the  water  vapor  to

the TP easier than the one with 25 km resolution, which had
the net effect of increasing the precipitation in the southern
TP.  Rahimi  et  al.  (2019)  conducted  numerical  experiments
at  multiple  resolutions  [(1/8)°  to  1°]  with  the  global  vari-
able-resolution  model  (VR-CESM).  They  investigated  the
relationship  between  the  location  of  the  precipitation  peak
along the slope and the horizontal resolution and found that
finer resolution could shift the peak location northward. Over-
all,  the  complex  terrain  of  TP  cannot  be  resolved  well  in
coarse-resolution simulations, which could result in model-
ing biases  of  the moisture  and tracer  transport  over  the TP
and its surrounding areas (e.g., Ma et al., 2015; Zhou et al.,
2017; Lin et al., 2018; Zhang et al., 2020).

Although increasing the horizontal resolution to 10–20
km can improve the modeling results of WVT and precipita-
tion, previous studies found that the orographic drag of com-
plex topography may only be resolved at horizontal resolu-
tions  of  a  few  kilometers  or  even  finer  (e.g., Xue  et  al.,
2011; Sandu et al., 2016; Wang et al., 2020). In addition, sim-
ulations  at  resolutions  of  tens  of  kilometers  need  convect-
ive parameterizations that may also introduce large uncertain-
ties in simulating convective systems and thus large-scale cir-
culation during the summer monsoon season (e.g., Zhao et
al., 2019b; Xu et al., 2021). Therefore, some studies conduc-
ted numerical experiments using regional models at convec-
tion-permitting  scales  (a  few  kilometers  or  finer)  over  the
TP and its  surrounding areas to better  capture the effect  of
complex  topography  and  its  associated  moisture  transport
and  precipitation  processes  (e.g., Karki  et  al.,  2017; Lin  et
al.,  2018; Wang  et  al.,  2020).  Karki  et  al.  (2017)  investig-
ated the skill of convection-permitting simulations over the
central Himalayas and suggested that high-resolution (5 km
and  1  km)  simulations  can  produce  more  realistic  mon-
soonal precipitation to include its nocturnal peak. Lin et al.
(2018)  conducted  multiple  regional  modeling  experiments
over the central Himalayas with different resolutions (from
30 km to 2 km) and found that finer terrain could decrease
the  wind  speed  and  WVT  through  the  Himalayas  in  sum-
mer.  Additionally,  the  impacts  of  topographic  complexity
on  transport  were  also  investigated  by  applying  a  sub-grid
topography  parameterization  scheme  in  the  simulations
(e.g., Xue  et  al.,  2011; Sandu  et  al.,  2016; Wang  et  al.,
2020). For example, Wang et al. (2020) found a reduction in
precipitation at  higher  elevations along the southern slopes
of the TP but an increase at  lower elevations as a result  of
using either finer horizontal resolution or coarser horizontal
resolution  with  the  parameterization  of  turbulent  oro-
graphic form drag (TOFD) in the Central Himalaya Moun-
tains  (CHM).  They  concluded  that  TOFD  helps  to  reduce
the  wet  bias  of  simulated  precipitation  over  the  CHM.
These studies found that TOFD is an important factor affect-
ing  the  WVT and  precipitation  over  the  Himalayan  region
and the TP. However, simulations with resolutions of only a
few  kilometers  may  better  resolve  the  TOFD  and  thus
reduce the WVT from the Indian Ocean to the TP and the sub-
sequent precipitation over the central Himalayas.
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Although a regional model can investigate WVT and pre-
cipitation over the Himalayas and the TP at convection-per-
mitting  scales,  previous  studies  mainly  conducted  simula-
tions over relatively small regions. With limited-area simula-
tions,  the  impacts  of  the  complex  topography  of  the  Him-
alayas on WVT and precipitation over the entire TP cannot
be  fully  assessed.  In  addition,  the  limited-area  simulation
may also not be adequate to fully simulate the impacts of com-
plex topography on the large-scale circulation and thus the
WVT to the TP due to the constraint  of lateral  boundaries.
Therefore,  in  this  study,  a  non-hydrostatic  global  variable-
resolution  atmospheric  model,  the  Model  for  Prediction
Across  Scales  (MPAS-Atmosphere)  (Ringler  et  al.,  2008;
Skamarock et al., 2012), is used to simulate moisture trans-
port and precipitation over the TP at convection-permitting
scales  during  the  SASM.  The  MPAS-Atmosphere  simula-
tions  open  opportunities  for  convection-permitting  simula-
tions with regional refinement. Compared to global convec-
tion-permitting modeling, the computational cost is signific-
antly  reduced,  and  the  lateral  boundary  constraint  is
avoided.  Fine-scale  features  can  be  better  resolved  in  the
regions of interest, and uncertainties within convective para-
meterizations can be reduced over the refined regions (e.g.,
Zhao et al., 2019b; Xu et al., 2021).

To  date,  few  studies  have  used  non-hydrostatic  global
variable-resolution models, with refinement at convection-per-
mitting  scales,  to  investigate  the  impacts  of  topographical
complexity on moisture transport and precipitation over the
TP. This study aims to (1) generally evaluate the global simu-
lations of related meteorological fields around TP with refine-
ment  at  the convection-permitting scale  and (2)  investigate
the impacts of topographic complexity on the moisture trans-
port  and  precipitation  over  the  TP.  The  remainder  of  this
paper is as follows. Section 2 will concentrate on the model
description and numerical experimental design, followed by
the evaluation of key meteorological fields around the TP in
section 3. In section 4, the impacts of topographic complex-
ity  on  moisture  transport  and precipitation  over  the  TP are
investigated. A conclusion and discussion will be given in sec-
tion 5. 

2.    Methodology
 

2.1.     Model description
 

2.1.1.     MPAS-Atmosphere (MPAS-A) model

The MPAS model (v7.0), characterized by a non-hydro-
static  dynamical  core  and  a  C-grid  horizontally  discretized
scheme,  was  used  in  this  study  (Skamarock  et  al.,  2012).
The  global  variable-resolution  meshes  were  generated  by
unstructured  spherical  centroidal  Voronoi  tessellation
(SCVT) generation algorithms (Ringler et al., 2011). The ver-
tical  coordinate and temporal  discretization were similar to
the  Weather  Research  and  Forecasting  (WRF)  model
(Skamarock  and  Klemp,  2008).  Additional  details  can  be
found in Klemp (Klemp et al., 2007; Klemp, 2011). The list

of  physics schemes available in this  version of MPAS was
generally  introduced  in  Zhao  et  al.  (2019b)  and  Xu  et  al.
(2021).  In  the  past  few  years,  the  MPAS  model  has  been
widely applied to study many important scientific questions
related to the resolution dependency of clouds and precipita-
tion,  precipitation  extremes,  atmospheric  rivers,  etc.  (e.g.,
O’Brien et al., 2013, 2016; Landu et al., 2014; Yang et al.,
2014; Hagos  et  al.,  2015; Sakaguchi  et  al.,  2015, 2016;
Zhao et al., 2016, 2019b; Judt, 2018; Xu et al., 2021). 

2.1.2.     Numerical experiments

This study focuses on the SASM season from 1 June to
31 August (JJA) in 2015. Two numerical experiments are con-
ducted, configured at a 4−60 km global variable resolution.
Figure  1 shows  the  mesh  configuration  of  the  simulations.
The refined region with a cell size of 4 km is centered over
the TP and its surrounding area and is encircled by the solid
line.  The  cell  size  gradually  increases  to  approximately  60
km outside the dotted circular line. One experiment utilizes
the original terrain dataset at 4−60 km resolution, while the
other  uses  the  terrain  dataset  at  60  km uniform resolution.
The two experiments are referenced by the simulations with
complex and smooth topography over the TP, respectively,
hereafter  V4km  and  V4km.smooth.  More  specifically,  the
V4km.smooth is  conducted with  the  same configuration as
V4km except that the terrain heights of the refined and trans-
ition  regions  are  bilinearly  interpolated  from  the  terrain
heights at 60 km resolution (e.g., Lin et al., 2018; Zhang et
al.,  2020).  In  this  way,  the  impacts  of  terrain  complexity
over the refined region can be examined by subtracting the

 

Fig. 1. Global variable-resolution mesh size distribution in the
variable-resolution 4–60 km experiment. The area encircled by
the solid line is consistent with a roughly 4 km mesh size, the
area outside the dotted line is consistent with a roughly 60 km
mesh size, and the area in between is the transition zone.
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result from using V4km.smooth from that of V4km. Figure 2
shows the spatial distributions of terrain height surrounding
the TP from the V4km and V4km.smooth experiments. Obvi-
ously,  the  terrain  is  much  smoother  in  V4km  than  in
V4km.smooth. The mountain ridges and valleys of the Him-
alayas are better resolved in V4km but are mostly missed or
underestimated  in  V4km.smooth.  The  difference  in  terrain
height between the two experiments is significant along the
Himalayas  [Fig.  S1  in  the  electronic  supplementary  mater-
ial  (ESM)].  The  area  surrounded  by  five  dashed  lines  is
defined as the TP region, the focus of further analysis in this
study. The five dashed lines (B1–B5) denote the five lateral
boundaries  used  for  moisture  transport  estimation  in  sec-
tion 4.

The model is configured to have 55 vertical layers with
the top of the model at 30 km above the surface. Both experi-
ments use the scale-aware convective parameterization GF,
the  Thompson  cloud  microphysics  scheme  (Thompson  et
al., 2008), the YSU planetary boundary layer scheme (Hong
and Lim, 2006; Hong, 2010), the Noah land surface scheme
(Chen and Dudhia, 2001), and the RRTMG short and long-
wave radiation schemes (Mlawer et al., 1997; Iacono et al.,
2000).  The  initial  condition  is  derived  from  the  European
Centre  for  Medium-Range  Weather  Forecasts  (ECMWF)
Reanalysis  (ERA-Interim)  at  a  0.25°  horizontal  grid  spa-
cing  and  37  vertical  levels.  The  simulations  are  conducted
continuously for  every five days and initialized at  00 UTC
for  120  hours  to  produce  reasonable  meteorological  fields.
To avoid the impact of the initial spin-up period, the results
of the first 24 hours are excluded. The simulation results for
24 to 120 hours are analyzed. 

2.2.     Observation and Reanalysis

Observation  and  reanalysis  datasets  are  used  to  evalu-
ate  the simulations in  this  study.  The precipitation datasets
are obtained from the ERA5 reanalysis  and the APHROD-
ITE  (Asia  Precipitation  Highly  Resolved  Observational

Data Integration Towards Evaluation of water resources) data-
set. The APHRODITE dataset obtains long-term daily grid-
ded precipitation and temperature data from rain-gauge obser-
vation  records  over  Asia  through  international  collabora-
tions  with  local  meteorological/hydrological  agencies  and
researchers  (Yatagai  et  al.,  2008, 2012).  The  precipitation
data provided by APHRODITE is at a 0.25° horizontal resolu-
tion and 1-day temporal intervals. The ERA5 reanalysis has
atmospheric quantities at a 0.25° horizontal resolution, 37 ver-
tical levels, and 1-hour temporal resolution (Hersbach et al.,
2020).  The  JRA55  (Japanese  55-year  Reanalysis)  dataset
(Kobayashi et al., 2015) is also used as a reference that is reli-
able  over  the  TP area  (Zhao  and  Zhou,  2020).  The  JRA55
dataset  is  produced  by  the  Japan  Meteorological  Agency
(JMA) using a sophisticated data assimilation (DA) system
and a newly prepared dataset of past observations, covering
the 55 years from 1958 to the present. The JRA55 provides
atmospheric  fields  at  a  1.25°  horizontal  resolution,  37  ver-
tical levels, and 1-hour temporal resolution. In addition, the
CRA-40 is  the  first  generation global  atmosphere  and land
reanalysis data released by the China Meteorological Adminis-
tration  with  a  horizontal  resolution  of  0.312°  and  64  ver-
tical  levels,  covering  the  period  from  1979  to  the  present
(Zhao  et  al.,  2019a).  The  assimilation  of  various  conven-
tional  and satellite  observations,  especially  over  East  Asia,
into CRA-40 enables the observed good agreement with the
ERA5  reanalysis  (Yu  et  al.,  2021).  It  even  outperforms
other  reanalysis  datasets  in  evaluating  near-surface  wind
speed changes over China (Shen et al., 2022). 

3.    Evaluation of key meteorological fields

Model results are compared to the observations and reana-
lysis  data  in  this  section.  Geopotential  height  and  wind
fields,  near-surface  temperature,  precipitable  water,  cloud
water  path,  and  precipitation  are  evaluated  in  sections
3.1–3.5, respectively. 

 

 

Fig. 2. The spatial distributions of terrain height from the dataset at 4 km resolution with complex topography and
smooth  topography,  which  was  bilinearly  interpolated  from  the  60  km  resolution  dataset.  Water  vapor  transport
estimation will be calculated on the pentagon enclosed with the dotted lines. The boundaries are named B1–B5, from
the north boundary, in clockwise order.
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3.1.     Geopotential Height and Wind Fields

Figures 3 and 4 show the spatial distributions of the geo-
potential  height  and  horizontal  wind  fields  at  850  hPa  and
500 hPa, respectively, from the ERA5, JRA55, and CRA-40
reanalysis  and  the  V4km  simulation  averaged  for  June  to
August  (JJA)  of  2015.  Both  reanalysis  datasets  show  that
the  geopotential  heights  at  850  hPa  and  500  hPa  decrease
from the south to the north. At 850 hPa, the V4km simula-
tion  reproduces  the  spatial  pattern  of  geopotential  height
very well, featuring a flow field dominated by a thermal low
in  the  lower  troposphere  over  the  Asian-African  continent,
which  causes  westerlies  to  prevail  over  India.  The  TP
divides  the  westerly  wind  into  two  branches,  one  to  the
south and another to the north, which flows around the TP.
The northward wind generates a high-pressure ridge, while
the southward wind promotes the generation of the cyclone.
During the SASM, there is  a cyclonic shear of the prevail-
ing westerlies at ~85°E, and the closer its location is to the

TP, the sharper the wind direction shift. The flow even turns
southeasterly  over  Northeast  India.  The  Himalayas  physic-
ally block the winds directed towards the TP. The V4km simu-
lation reproduces this circulation well.

At 500 hPa, the V4km simulation generally produces a
similar spatial pattern of the geopotential height but overestim-
ates the magnitudes throughout the region,  which is  due to
the simulated higher temperature from the lower to middle tro-
posphere over the region. Figure 5 shows the spatial distribu-
tions  of  temperature  averaged  for  the  atmosphere  between
850 hPa and 500 hPa from the ERA5, JRA55, and CRA-40
reanalysis  and  the  V4km  simulation  averaged  for  JJA  of
2015. The higher temperature in the V4km model run leads
to a thicker atmosphere between 850 hPa and 500 hPa and
thus a higher geopotential height at 500 hPa than the reana-
lysis. At 500 hPa, the wind flow from the mid-latitude wester-
lies  at  ~42°N is  broken into  the  two branches  at  ~75°E by
the  TP.  One  branch  keeps  eastward  flow  entering  through
the western boundary of TP, and the other branch turns south-

 

 

Fig. 3. Spatial distributions of geopotential height and horizontal wind field at 850 hPa from the ERA5, JRA55, and
CRA-40 reanalysis and the simulation with the complex topography, averaged from 1 June to 31 August 2015.
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eastward. The southeastward branch encounters a low-pres-
sure  cyclonic  system  centered  over  the  Bay  of  Bengal
(~18°N).  As  a  result,  the  combined  flow  brings  moisture
through the southern boundary of TP. In general, the V4km
simulation produces a similar spatial  pattern of wind fields
at 500 hPa, except that the simulated cyclone near the Bay
of  Bengal  is  shifted  further  south  compared  to  the  reana-
lysis,  which leads  to  an  underestimated wind flow into  the
southern  TP  in  the  V4km  simulation,  which  may  result  in
less moisture transported across the Himalayas into the TP. 

3.2.     Two-meter temperature

Figure 6 shows the spatial  distributions of  the 2-meter
temperature from the ERA5 and CRA-40 reanalysis and the
V4km simulation  averaged  for  JJA  of  2015.  The  near-sur-
face temperature decreases sharply from North India (above
~30°C) to the TP (below 10°C) with a clear “barrier” along
the Himalayas. The V4km simulation was generally success-
ful in reproducing the spatial distribution and magnitude of

near-surface  temperature,  as  shown  in  the  reanalyses
products. More specifically, the simulation shows better agree-
ment with CRA-40 (ERA5) over North India (over the TP). 

3.3.     Precipitable Water

Figure 7 shows the spatial  distributions of  precipitable
water  from the ERA5, JRA55,  and CRA-40 reanalysis  and
the V4km simulation averaged for JJA of 2015. Both reana-
lysis datasets consistently show that the largest precipitable
water extends from the Bay of Bengal to the foothills of the
Himalayas.  The  values  from ERA5 are  a  little  higher  than
from  JRA55  over  the  region.  The  precipitable  water
decreases  sharply  from North  India  (above  ~40  kg  m–2)  to
the TP (below 10 kg m–2)  with  a  clear  “barrier”  along the
Himalayas.  The  precipitable  water  over  the  TP  is  much
lower  than to  the  south.  Over  the  TP,  precipitable  water  is
much lower in the western part than in the eastern part. The
V4km simulation reproduces the spatial distributions and mag-
nitudes of precipitable water over the region very well. The

 

 

Fig. 4. The spatial distributions of geopotential height and horizontal wind field at 500 hPa from the ERA5, JRA55,
and CRA-40 reanalysis and the simulation with the complex topography, averaged for 1 June to 31 August 2015.
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simulated  results  are  closest  to  ERA5  compared  to  JRA55
and CRA-40, partly because the initial condition of each 5-
day  forecast  is  derived  from  the  ERA-Interim  reanalysis
that may be more consistent with ERA5. 

3.4.     Cloud Water Path

Figure 8 shows the spatial distributions of cloud water
path (including cloud liquid water, ice, and snow) from the
ERA5  reanalysis  and  the  V4km  simulation,  averaged  for
JJA of 2015. The ERA5 reanalysis shows that clouds concen-
trate over central India, the northern Bay of Bengal, and the
southern  slope  of  the  Himalayas.  There  are  also  a  large
amount of clouds over the southeastern TP. The V4km simula-
tion  generally  captures  this  spatial  distribution  of  clouds
with some deviations. Compared with the reanalysis, the simu-
lation  overestimates  the  cloud  amount  over  the  eastern  TP
while  underestimating  the  cloud  amount  along  the  eastern
coast  of  the Bay of  Bengal.  The simulation produces more
clouds  over  the  central  Bay  of  Bengal.  Note  that  clouds

from the reanalysis may also have some uncertainties, espe-
cially over areas with complex surface features (e.g., Yao et
al., 2020). 

3.5.     Precipitation

Due to the sparse meteorological stations available over
the TP, the overall model performance of simulating precipita-
tion over the TP cannot be fully assessed with station observa-
tions.  Satellite  retrievals  of  precipitation  often  have  large
uncertainties without a sufficient merging of rain gauge obser-
vations  (Sun et  al.,  2016).  Therefore,  the  ERA5 and APH-
RODITE datasets are used to evaluate the modeling results.
As mentioned above, APHRODITE is a set of gridded precip-
itation  products  based  on  a  dense  network  of  Asian  rain-
gauge data, including the Himalayas region, to serve as a sub-
stitute for station observations (Yatagai et al., 2008). Figure 9
shows  the  spatial  distribution  of  precipitation  from  the
ERA5  reanalysis,  APHRODITE  observations,  and  the
V4km simulation averaged for JJA of 2015. The ERA5 reana-

 

 

Fig. 5. Spatial distributions of temperature averaged from 500 hPa to 850 hPa from the ERA5, JRA55, and CRA-40
reanalysis, and the simulation with the complex topography averaged from 1 June to 31 August 2015.
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lysis and APHRODITE datasets show high precipitation val-
ues over central India, the northern Bay of Bengal, and the
southern slope of the Himalayas, consistent with the spatial
distribution  of  clouds.  The  heavy  rainfall  band  along  the

slope  of  the  Himalayas  reflects  the  orographic  impact  of
steep  terrain.  The  precipitation  over  the  TP  is  much  less
than  that  over  India  due  to  the  blocking  of  the  Himalayas,
except that there is an evident intrusion of precipitation over
the  southeastern  TP  through  the  Yarlung  Tsangpo  Grand
Canyon in the eastern Himalayas. The V4km simulation gen-
erally captures the main characteristics of precipitation over
the TP and surrounding regions. One available station obser-
vation of precipitation near the Northern Himalayas is com-
pared with the reanalysis and simulations (not shown). The
averaged precipitation of  ERA5,  APHRODITE, and V4km
during the simulation period is 2.90, 2.53, and 2.25 mm d–1,
respectively,  generally  consistent  with  the  observation  of
2.59  mm  d–1.  More  station  observations  over  the  TP  are
needed to further evaluate and investigate the simulated pre-
cipitation characteristics. 

4.    Impacts  of  topographical  complexity  on
moisture transport and precipitation

Due to the important “barrier” effect of the Himalayas
on moisture  transport  and precipitation  over  the  TP,  previ-
ous studies have examined the impacts of topographical com-
plexity  of  the  Himalayas  by  analyzing  the  simulation  res-
ults  with  different  horizontal  resolutions.  Although  differ-
ent horizontal resolutions can resolve different scales of topo-
graphical complexity, they can also introduce differences in
physical  processes  such  as  convective  clouds.  Therefore,
this  study  examines  the  modeling  difference  between  the
V4km and V4km-smooth experiments to reflect the impacts
of topographical complexity as discussed below. The convec-
tion-permitting resolution at the refinement region covering
the entire TP can guarantee reasonably simulated meteorolo-
gical fields during the SASM season as discussed above and
resolve the topographical complexity to a large extent. 

4.1.     Impacts on moisture transport over the TP

Figure  10 shows  the  spatial  distributions  of  integrated
moisture  transport  of  the  V4km  over  the  TP  region  aver-
aged for JJA of 2015 and the difference between V4km and
V4km.smooth.  The  shaded  contour  represents  the  mag-
nitude  of  moisture  transport.  It  is  obvious  that  the  Him-
alayas diverts the WVT to the TP into two branches, one pas-
sage through the southwestern TP and the other through the
Yarlung  Tsangpo  Grand  Canyon  into  the  southeastern  TP.
To quantify the moisture transport through the different path-
ways  into  the  TP,  this  study  defines  the  TP  as  the  region
within the black box in Fig. 2. The five dashed lines denote
the TP’s five boundaries (B1–B5). The estimates of column
integrated  moisture  transport  through  the  five  boundaries
into the TP averaged for June-August  of  2015 are listed in
Table 1. It is evident that moisture is transported away from
the TP (negative values) through B1 and B2, while it is trans-
ported into the TP (positive values) through B3, B4, and B5.
The net effect is for moisture to be transported into the TP.
Moisture is mainly transported into the TP through B3, con-

 

Fig.  6. Spatial  distributions  of  the  2-m  temperature  from  the
ERA5,  CRA-40  reanalysis,  and  the  simulation  with  the
complex topography averaged from 1 June to 31 August 2015.
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tributing about  ~61% to  the  total  moisture  transported  into
the TP in JJA. The moisture transported from B4 and B5 is
comparable,  contributing  ~23%  and  ~16%,  respectively.
The pathway through B2 (~99.8%) dominates the moisture
transport away from the TP.

The impact of topographical complexity, i.e., the differ-
ence between V4km and V4km.smooth, weakens the mois-
ture  transport  through  the  higher  mountains  and  enhances
the  moisture  transport  through  the  deeper  valleys  such  as
the  Yarlung  Tsangpo  Grand  Canyon  (Figs.  10 and  S2  in
ESM).  The  overall  moisture  transport  toward  the  TP
through  B3,  B4,  and  B5 is  weakened  by  the  topographical
complexity (Fig.  10),  which reduces the moisture transport
from 117.9 Tg h–1 to 98.9 Tg h–1, from 44.2 Tg h–1 to 38.0
Tg h–1, and from 27.4 Tg h–1 to 26.1 Tg h–1 through B3, B4,
and  B5,  respectively  (Table  1).  This  reduction  of  moisture
transport  through the Himalayas is  mainly due to the com-
plex topography increasing the surface roughness and weaken-
ing  the  wind  fields,  consistent  with  previous  studies  (e.g.,

Lin et al., 2018; Wang et al., 2020). The analysis shows that
the  impact  of  topographical  complexity  on  moisture  trans-
port  is  mainly  below  500  hPa  (Fig.  S2  in  ESM).  With  a
global variable-resolution simulation, in addition to the mois-
ture  transport  across  the  Himalayas  (B3–B5),  the  transport
through  other  boundaries  (B1–B2)  can  also  be  examined.
Figure  10 shows  that  the  moisture  transport  away  the  TP
through B1 and B2 is also weakened by the complex topo-
graphy. The moisture transport away from the TP is reduced
from  10.9  Tg  h–1 to  0.2  Tg  h–1 and  from  124.6  Tg  h–1 to
103.3  Tg  h–1 through  B1  and  B2,  respectively.  Therefore,
the net effect of complex topography on moisture transport
into the TP is positive overall, increasing the transport from
54.0  Tg  h–1 to  59.5  Tg  h–1.  This  result  indicates  that
although the complex topography weakens the moisture trans-
port  through the  Himalayas,  its  overall  effect  increases  the
net moisture transport into the TP.

Besides the moisture transport, Table 2 shows the mois-
ture  budget  terms  over  the  TP  as  denoted  in Fig.  2.  The

 

 

Fig. 7. Spatial distributions of precipitable water from the ERA5, JRA55, and CRA-40 reanalysis and the simulation
with the complex topography averaged from 1 June to 31 August 2015.
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impact  on  the  moisture  transport  term  has  been  discussed
above,  i.e.,  the  topographical  complexity  increases  the  net
moisture  flow  into  the  TP  by  ~11%  (from  54.0  Tg  h–1 to
59.5  Tg  h–1).  The  evaporation  rate  over  the  TP  displays  a
small increase of ~2% (from 103.6 Tg h–1 to 105.8 Tg h–1).
The  precipitation  over  the  TP  is  enhanced  by  ~3%  from
186.2  Tg  h–1 to  192.2  Tg  h–1.  Therefore,  in  general,  the
impacts of topographical complexity on the moisture budget
terms over the entire TP are primarily reflected by the mois-
ture transport term, while the impacts on other terms are relat-
ively small. Although the analysis seems to indicate that the
impact  of  topographical  complexity  on  the  precipitation  of
entire TP is small, some previous modeling studies demon-
strated that the complex topography might modulate the pre-
cipitation around the Himalayas through various other mech-
anisms,  for  example,  orographic  drag  (e.g., Karki  et  al.,
2017; Wang  et  al.,  2020).  Therefore,  the  impacts  of  com-
plex topography on the precipitation are analyzed, focusing
on the Himalayas region below. 

4.2.    Impacts on precipitation over the TP

Figure  11 shows  the  spatial  distributions  of  difference
in precipitation between the V4km and V4km.smooth simula-
tions  averaged  for  JJA  of  2015.  It  shows  that  the  primary
impacts of topographical complexity on precipitation concen-
trate  on  the  Himalayas  region,  while  the  precipitation
changes within the TP are small. The Himalayan region is fur-
ther divided into three subregions, western (blue box), cent-
ral  (black  box),  and  eastern  (red  box)  (Fig.  11)  for  the
detailed analysis. The average precipitation over the three sub-
regions  is  shown in Table  3.  Over  the  western  Himalayas,
the  average  precipitation  from  the  V4km  simulation  is
9.56  mm  d–1,  slightly  less  than  that  from  V4km.smooth
(9.78 mm d–1). Over the central Himalayas, precipitation is

reduced  by  about  11%  from  11.82  mm  d–1 (in  V4km)  to
10.56  mm  d–1 (in  V4km.smooth).  Over  the  eastern  Him-
alayas,  the  difference  between  V4km  (14.67  mm  d–1)  and
V4km.smooth (14.69 mm d–1) is quite small. Although the dif-
ference of  average precipitation over  the  western  and east-
ern Himalayas is relatively small, it is evident that the spa-
tial distributions are significantly modulated by the topograph-
ical complexity, which is further investigated below.

Figure 12 shows the precipitation amounts and the ter-
rain  heights  along  the  direction  perpendicular  to  the  Him-
alayas for V4km and V4km.smooth averaged over the three
subregions. The difference in terrain height between V4km
and V4km.smooth is also shown. Over all subregions, precip-
itation from both simulations mainly concentrates along the
slope,  with  the  maxima  located  at  the  lower  levels  of  the
slope.  Precipitation  decreases  sharply  in  the  upslope  direc-
tion, consistent with the spatial pattern shown in Fig. 9. Gener-
ally,  over  the  western  Himalayas,  higher  terrain  leads  to
higher  precipitation  in  the  V4km  compared  to
V4km.smooth.  The  reduction  of  precipitation  in  V4km
(e.g., 30.3°N to 30.7°N and 31.2°N to 31.6°N) compared to
V4km.smooth  corresponds  well  with  its  higher  terrain
nearby,  while  the  increase  occurs  where  the  elevation  is
higher in the V4km (e.g., 30.7°N to 31.2°N).

Furthermore,  precipitation  changes  are  generally  loc-
ated south of the terrain difference between the two experi-
ments. Over the central Himalayas, the relationship between
the differences in precipitation and terrain from the two exper-
iments is similar.  The impacts of topographical complexity
on  precipitation  over  these  two  regions  are  mainly  due  to
the narrower and sharper slopes (in the direction perpendicu-
lar  to  the  Himalayas)  resolved  in  V4km,  which  have  the
effect of shifting the lifted airflow, and hence precipitation,
northward compared to V4km.smooth. Rahimi et al. (2019)

 

 

Fig. 8. Spatial distributions of cloud water path (including cloud liquid water, ice, and snow; CWP) from the ERA5
and the simulation with the complex topography averaged from 1 June to 31 August 2015.
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also  found  this  northward  precipitation  shift  upon  compar-
ing  two  experiments  at  different  horizontal  resolutions.
However,  over  the  eastern Himalayas,  the  abovementioned
mechanism seems less  evident  compared to the other  cent-

ral  and  western  regions.  This  is  mainly  due  to  the  flow
through the Yarlung Tsangpo Grand Canyon exerting a signi-
ficant  impact  on  moisture  transport  and  precipitation  over
this  region,  noting  that  the  canyon  is  better  resolved  in
V4km than in V4km.smooth. Therefore, the precipitation dif-
ferences between the two experiments, i.e., higher precipita-
tion in V4km, are mainly attributed to this resolved canyon.

Aside from the precipitation along the direction perpen-
dicular  to  the  Himalayas,  the  difference  in  precipitation
along  the  Himalayas  over  the  three  regions  (denoted  by
three  red  dashed  lines  in Fig.  12)  between  the  two  experi-
ments  is  also  analyzed  (Fig.  13).  Over  the  western  Him-
alayas,  there  is  a  strong  correlation  between  precipitation
and terrain  height  in  V4km.  The peak precipitation  corres-
ponds  with  mountains  and  less  precipitation  occurs  in  the
small-scale  valleys  (e.g.,  ~79.8°E,  ~81.7°E,  and  ~82.5°E).
However, in V4km.smooth, precipitation is generally higher
than in V4km because its terrain is smoothed, and thus the
small-scale  valleys  are  not  resolved  well.  Precipitation  in
V4km.smooth is also higher without fully resolving the val-
leys  over  the  central  (e.g.,  92.5°E  to  93.2°E)  and  the  east-
ern (e.g., 95.9°E to 97.1°E, and 97.3°E to 98°E) Himalayas.
Therefore, it is evident that the greater number of valleys par-
allel  to  the  moisture  transport  across  the  Himalayas,  better
resolved by V4km, serve as channels for moisture transport
and  favor  the  northward  shift  of  precipitation  compared  to
V4km.smooth. 

5.    Conclusion and discussion

In  this  study,  a  non-hydrostatic  global  variable-resolu-
tion atmospheric model (MPAS-Atmosphere) is used to simu-
late the characteristics of summer rainfall over the TP at con-
vective-permitting scales. The simulations of key meteorolo-
gical fields around the TP are evaluated with the reanalysis
and observation data. Afterward, the impacts of topograph-
ical  complexity  on  the  moisture  transport  and precipitation
over  the  TP are  investigated by comparing the two experi-
ments with different topography datasets.

Compared  with  the  observations  and  reanalysis  data-
sets,  the  simulation  at  the  convective-permitting  scale  can
well  capture the spatial  pattern of large-scale circulation in
the lower and middle troposphere. Geopotential height is over-
estimated throughout the region due to simulated warmer tem-
peratures  from  the  lower  to  middle  troposphere.  The  wind
flow into the southern TP in the middle troposphere is some-
what underestimated due to the southward shift of modeled
cyclone near  the Bay of  Bengal.  Near-surface temperature,
precipitable  water,  cloud  amount,  and  precipitation  around
the TP are generally reproduced in the simulation.

In summer, the moisture is mainly transported into the
TP through the western and southern boundaries, with the lat-
ter contributing the most. The moisture is transported away
from the TP mainly through its eastern boundary. The topo-
graphical  complexity  significantly  weakens  both  the  mois-
ture inflow and outflow of the TP due to the weakening of

 

Fig.  9. Spatial  distributions  of  precipitation  from  the  ERA5
reanalysis, APHRODITE observation, and the simulation with
the  complex  topography  averaged  from  1  June  to  31  August
2015.
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the winds below the middle troposphere. Due to topograph-
ical  complexity,  these  patterns  result  in  an  overall  net
increase  of  moisture  transport  by  11%  into  the  TP.  One
recent study, conducted in a regional convection-permitting
simulation  over  the  TP,  found  a  reduction  of  net  moisture
flux in a convection-permitting simulation compared to a sim-
ulation  using  a  convective  parameterization  (Zhao  et  al.,
2021),  which  was  mainly  attributed  to  the  up-scale  effects
of resolved moist convection rather than topographical com-
plexity. Furthermore, the impacts of complex topography on
the moisture  budget  terms over  the  entire  TP are  primarily
reflected by the moisture  transport  term,  while  the  impacts
on other terms are relatively small.

The primary impacts of topographical complexity on pre-
cipitation concentrate on the Himalayas region and are negli-
gible over the TP. Although the changes of precipitation aver-
aged over the entire western or eastern Himalayas by topo-
graphical  complexity  are  insignificant,  the  spatial  distribu-
tions  of  precipitation  are  significantly  modulated.  On  the

one  hand,  the  southern  slopes  of  the  Himalayas  are  gener-
ally sharper with the complex topography so that they shift
the  lifted  airflow,  and hence  precipitation,  northward  com-
pared  to  the  smooth  topography.  On  the  other  hand,  more
small-scale valleys are resolved in the experiment with com-
plex  topography,  which  serve  as  the  channels  for  moisture
transport  across  the  Himalayas,  also  favoring  a  northward

 

 

Fig.  10. Spatial  distributions  of  integrated  water  vapor  transport  for  the  simulation  with  the  complex  topography
averaged from 1 June to 31 August 2015, and the difference between the simulations with the complex and smooth
topography.

 

Fig. 11. Spatial  distributions of the difference in precipitation
between  the  simulations  with  the  complex  and  smooth
topography averaged from 1 June to 31 August 2015, with the
blue rectangular region being the western Himalayas, the black
rectangular  region  being  the  central  Himalayas  and  the  red
rectangular region being the eastern Himalayas. Table 3 shows
the average precipitation in these areas.

Table  1.   Integrated  moisture  transport  through  the  five
boundaries (denoted in Fig. 2) into the TP. 1 Tg = 1012 g.

Moisture transport (Tg h−1)

V4km V4km.smooth

B1 –0.2 –10.9
B2 –103.3 –124.6
B3 98.9 117.9
B4 38.0 44.2
B5 26.1 27.4

Sum 59.5 54.0

Table 2.   Moisture budget over the TP. 1 Tg = 1012 g.

Moisture budget (Tg h−1)

V4km V4km.smooth

WVT 59.5 54.0
Evaporation 105.8 103.6
Precipitation 192.2 186.2

Table 3.   The average precipitation over the three Himalayan sub-
regions: western, central, and eastern (denoted by blue, black, and
red boxes, respectively, in Fig. 11). 1 Tg = 1012 g.

Average precipitation (mm d−1)

V4km V4km.smooth

Western 9.56 9.78
Central 11.82 10.56
Eastern 14.67 14.69
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shift  of  precipitation.  Some  previous  studies  with  regional
modeling  at  convection-permitting  scales  found  that  using
high horizontal resolution or including sub-grid turbulent oro-
graphic form drag (TOFD) effect could reduce the precipita-
tion over the higher central Himalayas and increase the precip-
itation over the lower central Himalayas due to its complex
topography (e.g., Wang et al., 2020). They focused more on

the  TOFD  effect  of  complex  topography.  In  contrast,  this
study attributed the differences in precipitation between the
complex and smooth topography to the different degrees of
Himalayan  slopes  and  the  extent  to  which  valleys  are
resolved, partly pointed out by Rahimi et al. (2019).

MPAS-Atmosphere  is  characterized  by  a  global  vari-
able-resolution model which avoids the lateral boundary con-

 

 

Fig.  12. The  precipitation  amounts  and  elevation  along  the  direction  perpendicular  to  the  Himalayas  for  two
simulations with complex and smooth topography averaged over the three subregions (denoted by blue, black, and
red boxes, respectively, in Fig. 11), from 1 June to 31 August 2015. The X-axis of “western” is the latitude along the
northwestern  boundary  of  the  blue  box  in  Fig.  11.  Blue  solid  (dashed)  lines  denote  precipitation  in  V4km
(V4km.smooth). Black denotes the elevation difference between two simulations in top plots and denotes elevation
from V4km in bottom plots. Red dashed lines in three subregions denote the location of transects analyzed in Fig. 13.

 

 

Fig. 13. The precipitation amounts and elevation along the Himalayas (denoted by three red dashed lines in Fig. 12)
of  two  simulations  with  complex  and  smooth  topography  averaged  from  1  June  to  31  August  2015.  Blue  solid
(dashed) lines denote precipitation in V4km (V4km.smooth), and the black lines denote elevation.
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straint in limited-area simulations. This provides an advant-
age in researching the influence of complex topography on
the large-scale circulation. However, this study conducts the
experiments with re-initialization every five days, represent-
ing the “instant” impacts of topographical complexity. As a
result,  the  regional  feedback from topography may be lim-
ited to,  at  most,  a  five-day timescale.  The abovementioned
limitations  could  possibly  be  clarified  with  carefully
designed future research plan. For example, a continuous con-
vection-permitting simulation of the whole summer will be
conducted  in  the  future  to  ascertain  the  climatic  effects  of
the complex topography over the TP region.
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