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Abstract
The precipitation over the Hengduan Mountains (HMs) during rainy seasons is investigated based on observations, reanaly-
sis datasets, and 28 atmospheric general circulation models (AGCMs) from Coupled Model Intercomparison Project phase 
5 (CMIP5). Most CMIP5 AGCMs generally capture two observed precipitation centers over the southwestern HMs and 
on the west side of Sichuan basin (WSSB), but their location, range, and magnitude vary with models. As the horizontal 
resolution increases, the details of simulated precipitation pattern are improved and closer to observation and reanalysis, 
as well as the increasing magnitude of precipitation over the southwestern HMs. However, the simulated precipitation on 
the WSSB is overestimated regardless of resolution. Mechanisms involved in resolution affecting precipitation pattern and 
biases of precipitation on the WSSB are explored. Representation of topography in AGCMs influences orographic effect, 
which contributes to simulations of both horizontal and vertical moisture flux convergence and further precipitation over 
the HMs. The biases of WSSB precipitation between reanalysis and AGCMs are attributed to the discrepancy in the verti-
cal distribution of upward motions. The simulated upward motions can reach a higher level than reanalysis, and a spurious 
center of upward motions develops at 400 hPa due to the overestimation of circulation-precipitation feedback in AGCMs.

Keywords The Hengduan Mountains · Rainy-season precipitation · CMIP5 · Model resolution · Topography · Orographic 
effect · Circulation-precipitation feedback

1 Introduction

The Hengduan Mountains (HMs) lie on the southeast side 
of the Tibetan Plateau (TP) and west side of Sichuan basin 
(WSSB), with the YunGui plateau and Bayan Har Mountains 
on south and north sides, respectively (Li et al. 2011; Zhang 

et al. 2014; Fang et al. 2017; Dai et al. 2018; Dong et al. 
2018, 2019). The HMs feature the world’s steepest elevation 
drop from about 4800 m to 600 m from the TP to Sichuan 
basin within a distance of 500 km and divide the first and 
second steps of China’s topography (Fig. 1). Mountains and 
rivers alternate there as the unique 3-dimensional landscape 
featured with high mountains and deep valleys, flourishing 
in a diverse ecosystem consisting of rivers, lakes, forests, 
grasslands, and glaciers. Several major rivers in China and Electronic supplementary material The online version of this 

article (https ://doi.org/10.1007/s0038 2-019-04993 -w) contains 
supplementary material, which is available to authorized users.
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Indochina Peninsula originate from or flow through this 
region. Moreover, precipitation over HMs is crucial to the 
formation of glaciers, the supply of fresh water from sur-
face runoffs, and river discharge (Dong et al. 2016), thus 
it has a great impact on the hydrological cycle, ecological 
environment, and social economy in both local and remote 
downstream areas.

The HMs possess a typical monsoon climate with distinct 
rainy and drought seasons. The rainy seasons start from May 
to September, when the total precipitation accounts for more 
than 80% of annual total precipitation (Dong et al. 2018, 
2019). During rainy seasons, the HMs are the transition zone 
between the South Asian and East Asian monsoons, and 
prevail southwest winds at lower-level, transporting moisture 
from the ocean (Fig. 1). The winds blow roughly parallel to 
the elevation gradient on the southwest side of HMs, and the 
orographic effects could be clearly observed in the spatial 
distribution of climatological rainy-season precipitation, as 
precipitation to increase with elevation along the windward 
slopes of HMs (Fig. 1). The topography modifies the precipi-
tation distribution through orographically forced mechani-
cal lifting. Incoming moisture transported by the monsoon 
southwesterlies is forced to rise parallel to the slope, result-
ing in condensation and precipitation on the windward side 
(Smith 1979; Barros and Lettenmaier 1993, 1994; Roe 2005; 
Lau and Kim 2006; Hughes et al. 2009; Hu et al. 2017). 
Besides, topography also can alter atmospheric circulation 

due to its barrier effect, and lower-level convergence associ-
ated with upward motions are generated, contributing to the 
precipitation on the windward slopes (Katzfey 1995; Jiang 
2003; Roe 2005; Cannon et al. 2017; Mishra et al. 2018).

Mountain areas are often remote and have a coarse moni-
toring network, and numerical models are useful tools for 
estimating orographic precipitation in these regions (e.g., 
Chen and Huang 1999; Ferretti et al. 2000; López-Moreno 
et al. 2008). Besides, climate models have been widely used 
to study monsoon-related circulation and precipitation (e.g., 
Goswami 1998; Kang et al. 2002; Zhou and Li 2002; Lau 
et al. 2006; Ueda et al. 2009; Song et al. 2012; Sperber et al. 
2013; Ashfaq et al. 2017; Tao et al. 2018), and HMs belong 
to the monsoon region accompanied by complex topography. 
Therefore, it is necessary to develop the higher horizontal 
resolution models, which are capable of simulating regional 
climate with a high degree of fidelity. The horizontal resolu-
tion significantly contributes to the biases of models simu-
lating spatial distribution, frequency, magnitude, and sea-
sonal cycle of precipitation over the mountain or monsoon 
areas in two key ways: inadequate performance of physical 
and dynamical processes (Kang et al. 2002; Zhou and Li 
2002; Kripalani et al. 2007; Duan et al. 2013; Huang et al. 
2013; Hunt and Turner 2017; Shang et al. 2019) and inac-
curate representation of complex topography (Sperber et al. 
1994; Sperber et al. 2013; Cannon et al. 2017; Ogata et al. 
2017; Mishra et al. 2018). The accuracy of topography in 

Fig. 1  Geographic location, topography (shaded; m) from ETOPO1, 
and climatology of rainy-season column-integrated moisture flux 
(vector; kg s−1  m−1) and precipitation (blue shading, mm) from rea-
nalysis of the HMs. HMs region (24°–35°N, 96°–105°E) is marked 

by a red box. Topography is shaded as the green and brown label bar 
at the bottom, and the blue shading denotes precipitation greater than 
6 mm
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models also influences the generation and propagation of 
orographically triggered atmospheric waves, which affect 
the remote regions outside the mountain domain (Chen and 
Bordoni 2014; Yao et al. 2017). Generally, even with no 
change in physical representation, high-resolution models 
(HRMs) improve to various degree, the simulations of multi-
scale interactions, involving regional climate, circulation, 
atmospheric teleconnections, air-sea coupling, and so on 
(e.g., Sperber et al. 1994; Maloney and Chelton 2006; Kitoh 
and Kusunoki 2008; Hertwig et al. 2015; Prodhomme et al. 
2016; Ogata et al. 2017).

The aim of present paper is to evaluate the ability of 28 
atmospheric general circulation models (AGCMs) from 
the World Climate Research Programme’s Coupled Model 
Intercomparison Project phase 5 (CMIP5) for Fifth Assess-
ment Report (Taylor et al. 2011) in simulating rainy-season 
precipitation over the HMs. We show clear evidence that the 
simulations of HMs precipitation patterns are significantly 
influenced by the resolution of AGCMs, and HRMs can bet-
ter reproduce the observed spatial features of HMs precipi-
tation than the rest lower-resolution models, as well as the 
stronger magnitude of precipitation over the southwestern 
HMs. In addition, consistent overestimation of precipita-
tion on the WSSB appears in most AGCMs regardless of 
model resolution, and this bias originates from the exces-
sively strong interaction between circulation and precipita-
tion according to the results of the dynamical analysis. The 
rest of the paper is organized as follows. Section 2 describes 
the data and CMIP5 AGCMs. The main results are presented 
in Sect. 3, followed by a concluding summary in Sect. 4.

2  Data and models

The observed precipitation data used in this study is from 
the National Meteorological Information Center of the China 
Meteorological Administration (NMIC/CMA). It is available 
since 1961 with a spatial resolution of 0.5° × 0.5° and gener-
ated from over 2400 rain gauges of China by using thin plate 
spline interpolation, with Global 30 Arc-Second Elevation 
(GTOPO30) model incorporated to eliminate the influence 
of elevation. This is a high-quality dataset widely used in 
previous studies (e.g., Xu et al. 2009; You et al. 2015; Wang 
et al. 2018). The observed topography dataset is from Earth 
topography one arc-minute grid (ETOPO1; Amante and 
Eakins 2009) that is a 1 arc-minute global relief model of 
Earth’s surface that integrates land topography and ocean 
bathymetry derived from several sources on a 1′ × 1′ grid and 
is available at https ://www.ngdc.noaa.gov/mgg/globa l/globa 
l.html. Monthly atmospheric variables used in this study are 
obtained from European Centre for Medium-Range Weather 
Forecasts (ECMWF) interim reanalysis (ERA-Interim; Dee 
et al. 2011) with approximately 0.7° × 0.7° spatial resolution 

at 37 pressure levels. The variables include horizontal winds, 
vertical velocity, specific humidity, air temperature, precipi-
tation, evaporation, surface pressure, and surface geopoten-
tial height. The Japanese 55-year Reanalysis (JRA-55) on 
a 1.25° × 1.25° horizontal resolution at 37 pressure levels, 
compiled by the Japan Meteorological Agency (Kobayashi 
et al. 2015; Harada et al. 2016) is also used, and both ERA-
Interim and JRA-55 exhibit the consistent results. Herein-
after “reanalysis” represents their ensemble mean results 
except otherwise specified.

The present study is based on the Atmospheric Model 
Intercomparison Project (AMIP) experiments of 28 CMIP5 
AGCMs, which were forced by observed sea surface temper-
ature and sea ice for the period from 1979 to 2008. Monthly 
mean outputs are used, and the including variables are the 
same as the reanalysis datasets. Only one member (r1i1p1) 
of each model simulations is analyzed. The detailed infor-
mation about names and resolutions of 28 CMIP5 AGCMs 
is listed in Table 1. All AMIP outputs, observations, and 
reanalysis datasets are remapped onto a uniform 1° × 1° grid 
by using bilinear interpolation except otherwise specified, 
and the period of above data is selected from 1979 to 2008 
to match the length of AMIP experiments. Note that, for the 
models with low resolution, remapping onto a high-resolu-
tion grid does not alter the major conclusions.

3  Result

3.1  Evaluation of HMs precipitation with model 
resolution and biases

Figure 2 shows the climatological precipitation over HMs 
during rainy seasons in observation, reanalysis, and 28 
CMIP5 AGCMs. The spatial distribution of precipitation in 
observation is not geographically homogeneous but varies 
from south to north, and precipitation is mainly concentrated 
along the windward slopes, indicating the precipitation-
topography relationship. The maximum precipitation center 
is observed on the WSSB, and default values appear over the 
southwestern HMs due to the limitation of observed data, 
which does not include rain gauges outside of China. The 
reanalysis results show maximum precipitation center locat-
ing over the southwestern HMs, and the precipitation center 
on the WSSB is reasonably reproduced. Another observed 
monthly precipitation with 0.25° × 0.25° spatial resolution 
from the Tropical Rainfall Measuring Mission (TRMM) 
3B43 dataset provided by National Aeronautics and Space 
Administration (Huffman et al. 2007) is used to confirm the 
results of gauge-based observation and reanalysis during 
their overlapping period from 1998 to 2008. The HMs pre-
cipitation patterns are highly resembling among these data-
sets (Fig. S1 in the supplemental material). Thus, CMIP5 
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AGCMs are compared with reanalysis, which is close to 
gauge-based observation gauge-based observation but exhib-
its a more complete HMs precipitation pattern.

Most CMIP5 AGCMs generally capture the two precipi-
tation centers in reanalysis, but their location, range, and 
magnitude vary with models. The spatial distribution of HMs 
precipitation simulated by HRMs is closer to reanalysis than 
the other models, although the precipitation center on the 
WSSB is much stronger in HRMs. Further analysis measures 
the degree of fidelity in simulating HMs precipitation pattern 
compared with reanalysis by using pattern correlation and area 
root-mean-square-difference (RMSE), and their connections 
to model resolution are shown in Fig. 3. HRMs exhibit higher 
pattern correlation and lower area RMSE than relative lower-
resolution models. The pattern correlation and area RMSE are 
correlated with model resolution at − 0.61 and 0.48, reaching 
99% and 95% significant level, respectively. The pattern cor-
relation-resolution and area RMSE-resolution relationship are 

confirmed by using 84 members from the 28 CMIP5 AGCMs 
(Fig. S2), further emphasizing the dominant role of model 
resolution in the inter-model diversity of HMs precipitation. 
The detailed member information of each model is given in 
Table S1. Note that some AGCMs (e.g., ACCESS1-0, GISS-
E2-R, and HadGEM2-A) appear to be outliners, indicating that 
other factors, like the biases in simulations of monsoon, cir-
culation response to the topography, circulation-precipitation 
feedback, and so on, which may originate from the biases of 
physical scheme and dynamical frame, cause the weaknesses 
in representation of precipitation processes in these models 
and obscure the HMs precipitation-resolution relationship.

Next, the 28 CMIP5 AGCMs are divided into 3 groups: 
low-resolution models (LRMs), medium-resolution models 
(MRMs), and HRMs, which are defined as horizontal resolu-
tion greater than 2 degrees, greater than 1 degree and less than 
2 degrees, and less than 1 degree, respectively. Figure 4c–e 
present the ensemble mean of HMs precipitation in 3 groups 
of CMIP5 AGCMs, respectively. Indeed, as the horizontal 
resolution increases, the simulated precipitation pattern is 
improved and closer to observation and reanalysis (Figs. 3, 
4), as well as the increasing magnitude of precipitation over 
the southwestern HMs (Fig. 4b–e). However, the simulated 
precipitation on the WSSB is overestimated regardless of reso-
lution (Fig. 4a–e), and consistent results are also obtained in 
each individual model (Fig. 2), probably due to the systematic 
biases in representation of moist convective processes in all 
AGCMs. The similar spatial features of HMs precipitation in 
the three groups divided by resolution are obtained by using a 
larger ensemble of 84 members from 28 CMIP5 AGCMs (Fig. 
S3). To examine the physical processes involved in resolution 
affecting precipitation pattern and biases of precipitation on 
the WSSB, the solution to moisture budget analysis is per-
formed in the next subsection.

3.2  Moisture budget analysis

Assuming steady state equilibrium in long-term mean, the 
climatological rainy-season precipitation over HMs can be 
diagnosed as

where overbars denote climatology state, P is precipitation, 
� = (u, v) is the horizontal wind velocity, q is specific 
humidity, � is vertical velocity, E is evaporation, and the 
angle brackets denotes a mass integration from the surface 
to 100 hPa. In present study, the vertical term 

�
−⟨�P�q⟩

�
 

can not be neglected due to the significant surface vertical 
velocity forced by complex topography of HMs.

The results of moisture budget analysis based on reanaly-
sis, LRMs, MRMs, and HRMs are presented in Fig. 5. The 
diagnosed results show the dominant contribution of vertical 

P̄ = −⟨∇ ⋅ (�q)⟩ − ⟨𝜕P𝜔q⟩ + Ē,

Table 1  The names and resolutions of 28 CMIP5 AGCMs used in 
this study

The high-resolution models are shown in bold font

Number Model Resolution (lon × lat)

1 ACCESS1-0 1.875 × 1.25
2 ACCESS1-3 1.875 × 1.25
3 bcc-csm1-1 2.8 × 2.8
4 bcc-csm1-1-m 1.1 × 1.1
5 BNU-ESM 2.8 × 2.8
6 CanAM4 2.8 × 2.8
7 CCSM4 1.25 × 1
8 CMCC-CM 0.75 × 0.75
9 CNRM-CM5 1.4 × 1.4
10 CSIRO-Mk3-6-0 1.875 × 1.875
11 FGOALS-g2 2.8 × 3
12 GFDL-CM3 2.5 × 2
13 GFDL-HIRAM-C180 0.6 × 0.5
14 GFDL-HIRAM-C360 0.3 × 0.25
15 GISS-E2-R 2.5 × 2
16 HadGEM2-A 1.875 × 1.25
17 inmcm4 2 × 1.5
18 IPSL-CM5A-LR 3.75 × 1.875
19 IPSL-CM5A-MR 2.5 × 1.25
20 IPSL-CM5B-LR 3.75 × 1.875
21 MIROC5 1.4 × 1.4
22 MIROC-ESM 2.8 × 2.8
23 MPI-ESM-LR 1.875 × 1.875
24 MPI-ESM-MR 1.875 × 1.875
25 MRI-AGCM3-2H 0.55 × 0.55
26 MRI-AGCM3-2S 0.18 × 0.18
27 MRI-CGCM3 1.125 × 1.125
28 NorESM1-M 2.8 × 1.875
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moisture flux convergence term 
�
−⟨�P�q⟩

�
 to climatological 

rainy-season precipitation over HMs in both reanalysis and 
AGCMs, compared with the other terms. Being similar to 
precipitation, the simulated vertical moisture flux conver-
gence is closer to reanalysis with the increase of model reso-
lution, and observed details of vertical moisture flux 

convergence pattern are precisely captured in HRMs, espe-
cially on the WSSB and over the southwestern HMs 
(Fig. 5a–d, i–l). Note that the magnitude of simulated verti-
cal moisture flux convergence on the WSSB is not greater 
than reanalysis, even though there is stronger precipitation 
in AGCMs. The cross-section of vertical moisture flux con-
vergence ( −�P�q ), vertical velocity ( � ), and specific 

Fig. 2  Climatological precipitation (mm) over HMs during rainy sea-
sons in observation, reanalysis, and 28 CMIP5 AGCMs. Blue boxes 
denote the HMs regions in the top 5 high-resolution models. Model 

names and numbers are given on the top left and right of panels, 
respectively, and “OBS” and “ERAI + JRA55” represent observation 
and reanalysis, respectively
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humidity ( q ) in these two areas are examined in Figs. 6 and 
7. The vertical distribution of vertical moisture flux conver-
gence in reanalysis and AGCMs are highly consistent with 
that of vertical velocity, emphasizing the crucial role of 
upward motions. The overestimation of precipitation on the 
WSSB is probably related to vertical distribution of upward 
motions, and the relevant mechanism will be explored in 
next two subsections.

On the other hand, the vertical moisture flux convergence 
term 

�
−⟨�P�q⟩

�
 is partially offset by horizontal moisture 

flux convergence term 
�
−⟨∇ ⋅ (�q)⟩

�
 , especially near the 

ridges of the Himalayas and HMs (Figs. 1, 5e–h). In reanaly-
sis, there is horizontal moisture flux convergence on wind-
ward slopes of the Himalayas, contributing to precipitation 
in the southwest corner of HMs (Fig. 5a, e). This positive 
contribution of horizontal moisture flux convergence term �
−⟨∇ ⋅ (�q)⟩

�
 to precipitation is generally captured in 

HRMs, less so in MRMs, and totally missing in LRMs 
(Fig. 5f–h). Therefore, as model resolution increases, the 
precipitation over the southwestern HMs becomes stronger, 
and its meridional range becomes wider (Fig. 5b–d), owing 
to the influence of horizontal moisture flux convergence 
term 

�
−⟨∇ ⋅ (�q)⟩

�
.

3.3  Orographic effect

Previous results point out that model resolution can influ-
ence simulations of both horizontal and vertical moisture 
flux convergence and further precipitation pattern over the 
HMs, where precipitation is mainly concentrated along the 
windward slopes of Himalayas and HMs, indicating the 
contribution of resolution-related topography. As shown in 
the cross-section of vertical velocity over the southwestern 
HMs in reanalysis (Fig. 6a–e), the center of upward motions 
is close to surface on the windward slopes, evidencing the 
effect of orographically forced mechanical lifting. Worth 
noting is that, the upward motions can reach more than 
200 hPa near the southern and western boundaries of HMs, 
where the effects of lower-level convergence are strongest, as 
the horizontal moisture flux convergence shown in Fig. 5e. 
The topography over the Himalayas and HMs weakens 
southwest winds through its barrier effect, and the lower-
level convergence is generated, contributing to the horizon-
tal moisture flux convergence and upward motions over the 
southwestern HMs.

The HRMs simulated upward motions more resemble 
the reanalysis results than the other two groups of AGCMs, 
especially near the southern and western boundaries of 
HMs (Fig. 6a–d, e–h). Moreover, the upward motions due 
to orographically forced mechanical lifting along the wind-
ward slopes in LRMs and MRMs extend farther than HRMs 

(a) (b)

Fig. 3  Scatter diagram of model resolution (abscissa) and a pattern 
correlation between CMIP5 AGCMs and reanalysis (ordinate), and b 
area root-mean-square-difference between CMIP5 AGCMs and rea-
nalysis (ordinate). Numbers represent the model numbers listed in 
Table 1. Model resolution is calculated by averaging zonal and merid-

ional resolutions. Blue, green, and red numbers denote the LRM, 
MRM, and HRM defined as model resolution greater than 2 degrees, 
greater than 1 degree and less than 2 degrees, and less than 1 degree, 
respectively. The lines are the best fit lines for the scatters. The cor-
relation coefficients are given on the top right corner of each panel
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(Fig. 6b–d, f–h). Higher-resolution models can better repre-
sent the complex topography, which weakens atmospheric 
circulation by increasing orographic roughness and further 
enhances the horizontal moisture flux convergence and 
upward motions (Figs. 5h, 6d–h). On the contrary, smoother 
topography in lower-resolution models is skewed to inten-
sification of atmospheric circulation with farther extension 
upwind and fails to simulate horizontal moisture flux con-
vergence and upward motions along the windward slopes 
of the Himalayas and HMs (Figs. 5f, 6b–f). The stronger 
cross-barrier moisture transports in LRMs even lead to the 
northward shift of horizontal moisture flux convergence on 
the north side of Sichuan basin (Fig. 5f). Note that the hori-
zontal moisture flux convergence on windward slopes of the 
Himalayas and HMs in HRMs is still weaker than reanalysis, 
indicating underestimation of orographic barrier effect in 
AGCMs (Fig. 5e–h; Mishra et al. 2018).

On the other hand, the effect of orographically forced 
mechanical lifting varies according to the different 

resolution-related topography. The orographically forced 
mechanical lifting can be written as

�s and Ps represent vertical velocity due to orographically 
forced mechanical lifting, surface pressure, respectively. 
Figure 8 shows the rainy-season vertical velocity due to 
orographically forced mechanical lifting over HMs in rea-
nalysis and AGCMs. The topography directly forced ascents 
develop along the windward slopes of the Himalayas and 
HMs, and their spatial distribution partially resemble verti-
cal moisture flux convergence and precipitation (Figs. 5a–d, 
i–l, 8). The results for HRMs are close to those for reanaly-
sis (Fig. 8a–d), and the magnitude and range of topography 
directly forced ascents become weaker and wider with the 
decrease of model resolution from MRMs to LRMs, respec-
tively (Fig. 8b, c). Note that Fig. 8 is calculated through 
interpolating relevant variables onto a 0.5° × 0.5° grid. Sur-
face pressure is closely related to topography height, thus 
horizontal gradients of surface pressure ( ∇Ps ) are sensitive 

�s = � ⋅ ∇Ps,

(a) (b)

(c) (d) (e)

Fig. 4  Climatological precipitation (mm) over HMs during rainy seasons in a observation, b reanalysis, c LRMs, d MRMs, and e HRMs

Author's personal copy



166 W. Tao et al.

1 3

to horizontal resolution. Interpolating surface pressure onto 
a coarse resolution results in a weak bias of gradient term 
( ∇Ps ) in ERAI and HRMs, whereas the original resolutions 
of which are relatively high.

The vertical moisture flux convergence shows the 
dominant contribution to the precipitation on the WSSB 
(Fig. 5a–d, i–l) and is related to the vertical distribution 
of upward motions (Fig. 7). The resolution-related oro-
graphic barrier effect and orographically forced mechani-
cal lifting play a similar role in upward motions on the 

WSSB, as their weaker magnitude and wider range with 
the more northeastward shift in LRMs and MRMs than 
HRMs (Figs. 7b–d, f–h, 8b–d). Besides, the cross-section 
of simulated upward motions has two centers: one closes 
to surface and the other is at 400 hPa (Fig. 7b–d, f–h), 
while only one center near the surface is observed in rea-
nalysis (Fig. 7a, e). The discrepancy in the vertical distri-
bution of upward motions between reanalysis and AGCMs 
influences WSSB precipitation through vertical moisture 
flux convergence ( −�P�q ), which can be decomposed into 

(a) (b) (c) (d)

(e) (f) (g) (h)

(i) (j) (k) (l)

(m) (n) (o) (p)

Fig. 5  Diagnosed climatological precipitation over HMs during rainy 
seasons in a, e, i, m reanalysis, b, f, j, n LRMs, c, g, k, o MRMs, and 
d, h, l, p HRMs. Shown from top to bottom panels are precipitation 
term ( ̄P ; mm), vertically integrated horizontal moisture flux conver-
gence term ( (−⟨∇ ⋅ (�q)⟩) ; mm), vertically integrated vertical mois-

ture flux convergence term ( −⟨�P�q⟩ ; mm), and evaporation term ( ̄E ; 
mm). Dots denote the locations of southwestern HMs (27°N, 98°E) 
and WSSB (30°N, 102.5°E), where the zonal and meridional cross-
section along the dashed lines are obtained
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(e) (f) (h)(g)

(a) (b) (d)(c)

Fig. 6  Zonal cross-section of vertical moisture flux convergence 
term ( −�P�q ; shaded; mm), vertical velocity ( � ; black contour; 
CI is 0.02  Pa  s−1), and specific humidity ( q ; white contour; CI is 
0.002  g  g−1) for the southwestern HMs in a reanalysis, b LRMs, c 

MRMs, and d HRMs. e–h are as in a–d, but for meridional cross-sec-
tion. Red lines denote the boundaries of HMs, and grey dashed lines 
denote the location of southwestern HMs

(a) (b) (c) (d)

(e) (f) (g) (h)

Fig. 7  As Fig. 6, but for the WSSB
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vertical moisture advection ( −��Pq ) and vertical velocity 
convergence ( −q�P� ). Reanalysis results show that the 
vertical velocity convergence ( −q�P� ) is dominant in ver-
tical moisture flux convergence ( −�P�q ), while a stronger 
contribution of vertical moisture advection ( −��Pq ) is 
obtained from AGCMs (Fig. S4). The topography exerts a 
stronger effect on upward motions in reanalysis and HRMs 
than MRMs and LRMs, as shown in the magnitude of near 
surface ascent center for vertical distribution and topog-
raphy directly forced ascents on the WSSB for spatial dis-
tribution (Figs. 7, 8). Thus, beside the orographic effect, 
there must be an additional mechanism involved in the 
400 hPa ascent center contributes to the overestimation of 
precipitation on the WSSB in AGCMs.

3.4  Omega equation analysis

The omega equation is used to diagnose rainy-season 
vertical velocity at 400 hPa, where shows the maximum 

values in the cross-section of upward motions on the WSSB 
(Fig. 7b–d, f–h):

where � = (R∕P)
(

RT

cPP
−

dT

dP

)
 is static stability, f  is Coriolis 

parameter, P is air pressure, � is relative vorticity, R is gas 
constant, T  is air temperature, cP is specific heat at constant 
pressure, Q is diabatic heating. The terms on the right side 
of equation denote the vertical velocity due to the vertical 
difference of horizontal vorticity advection ( �vor ), vertical 
velocity due to horizontal temperature advection ( �temp ), and 
vertical velocity due to diabatic heating ( �Q ), respectively. 
Note that daily data is needed for the calculation of diabatic 
heating ( Q ), and is incomplete in many CMIP5 AGCMs. 
Thus, �Q = � − �vor − �temp is calculated as a substitute.

� =

(
�∇2 + f 2

�2

�P2

)−1

f
�

�P

[
� ⋅ ∇(� + f )

]
+

(
�∇2 + f 2

�2

�P2

)−1

×
R

P
∇2(� ⋅ ∇T) −

(
�∇2 + f 2

�2

�P2

)−1
R

cPP
∇2 dQ

dt
,

(a)

(b) (c) (d)

Fig. 8  Climatological vertical velocity (Pa s−1) due to orographically forced mechanical lifting over HMs during rainy seasons in a reanalysis, b 
LRMs, c MRMs, and d HRMs
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Figure 9 shows diagnosed results for omega equation in 
reanalysis and AGCMs. There are downward motions caused 
by the combined effect of the vertical difference of horizontal 
vorticity advection and horizontal temperature advection on 
the WSSB (Fig. 9e–h), where appears diabatic heating forced 
upward motions (Fig. 9i–l). Diabatic heating in monsoon area 
is mainly contributed by precipitation released latent heat, and 
there is a close relationship between precipitation and circu-
lation (Jin et al. 2013; Li et al. 2017; Tao et al. 2017; Dong 
et al. 2019). Thus, the vertical velocity due to diabatic heating 
( �Q ) can be considered as a feedback between circulation and 
precipitation (Hu et al. 2017). The WSSB upward motions 
induced by diabatic heating in AGCMs are significantly 
stronger than reanalysis, indicating that the circulation-precip-
itation feedback is overestimated in AGCMs. As a result, the 
biases of WSSB precipitation between reanalysis and AGCMs 

are attributed to the discrepancy in the vertical distribution of 
upward motions. The simulated upward motions can reach a 
higher level than reanalysis, and a spurious center of upward 
motions develops at 400 hPa due to the overestimation of 
circulation-precipitation feedback in AGCMs.

4  Summary

The precipitation over the HMs during rainy seasons is 
investigated based on observations, reanalysis datasets, and 
28 CMIP5 AGCMs. The observation and reanalysis results 
show that precipitation is mainly concentrated along the 
windward slopes, and two significant precipitation centers 
are observed over the southwestern HMs and on the WSSB. 
Most CMIP5 AGCMs generally capture two precipitation 

(a) (b) (c) (d)

(e) (f) (g) (h)

(i) (j) (k) (l)

Fig. 9  Diagnosed climatological vertical velocity over HMs during 
rainy seasons in a, e, i reanalysis, b, f, j LRMs, c, g, k MRMs, and d, 
h, l HRMs. Shown from top to bottom panels are vertical velocity ( � ; 
Pa s−1), the sum of vertical velocity due to the vertical difference of 

vorticity horizontal advection and horizontal temperature advection 
( �vor + �temp ; Pa  s−1), and vertical velocity due to diabatic heating 
( �Q ; Pa s−1)
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centers in observation and reanalysis, but their location, 
range, and magnitude vary with models. As the horizontal 
resolution increases, the details of simulated precipitation 
pattern are improved and closer to observation and reanaly-
sis, as well as the increasing magnitude of precipitation over 
the southwestern HMs. However, the simulated precipitation 
on the WSSB is overestimated regardless of resolution, prob-
ably due to the systematic biases of all AGCMs. Thus, the 
mechanisms involved in resolution affecting precipitation 
pattern and biases of precipitation on the WSSB are further 
examined.

According to the diagnosed results of moisture budget 
analysis, climatological rainy-season precipitation over 
HMs is mainly contributed by vertical moisture flux con-
vergence. The simulated vertical moisture flux convergence 
is closer to reanalysis with the increase of model resolution, 
and observed details of vertical moisture flux convergence 
pattern are precisely captured in HRMs, especially over the 
southwestern HMs and on the WSSB. The vertical distribu-
tion of vertical moisture flux convergence in reanalysis and 
AGCMs highly resemble that of vertical velocity, emphasiz-
ing the crucial role of upward motions. The vertical moisture 
flux convergence is partially offset by horizontal moisture 
flux divergence, especially near the ridges of the Himalayas 
and HMs. In reanalysis, there is horizontal moisture flux 
convergence on windward slopes of the Himalayas, contrib-
uting to precipitation in the southwest corner of HMs. The 
details of horizontal moisture flux convergence are gradually 
captured with the increase of model resolution, resulting in 
that the precipitation over the southwestern HMs becomes 
stronger and its meridional range becomes wider.

Model resolution can influence simulations of both hori-
zontal and vertical moisture flux convergence and further 
precipitation pattern over the southwestern HMs through 
resolution-related orographic effect, which includes the oro-
graphic barrier effect and orographically forced mechanical 
lifting. Compared with lower-resolution models, higher-res-
olution models can better resolve the complex topography, 
which weakens atmospheric circulation by increasing oro-
graphic roughness and further enhances the horizontal mois-
ture flux convergence and upward motions. The observed 
magnitude, location, and range of horizontal moisture flux 
convergence and upward motions are also more effectively 
reproduced in higher-resolution models. Moreover, owing to 
orographically forced mechanical lifting, finer topography in 
higher-resolution models forces a more realistic magnitude 
and range of upward motions, as well as the vertical mois-
ture flux convergence.

The vertical moisture flux convergence shows the domi-
nant contribution to the precipitation on the WSSB and 
is related to the vertical distribution of upward motions. 
Thus, the biases of WSSB precipitation between reanaly-
sis and AGCMs are attributed to the discrepancy in the 

vertical distribution of upward motions. The resolution-
related orographic barrier effect and orographically forced 
mechanical lifting play a similar role in the location and 
range of upward motions on the WSSB as over the south-
western HMs, and upward motions forced by orographic 
effect is close to surface. However, the simulated upward 
motions can reach a higher level than reanalysis, and a 
spurious center of upward motions develops at 400 hPa. 
By using omega equation analysis, it is found that the 
circulation-precipitation feedback is overestimated in 
AGCMs, leading to the upward motions at the higher lev-
els and overestimation of WSSB precipitation.

This study reveals the importance of using HRMs to 
investigate the regional climate with complex topography, 
and also sheds light on the necessity of high-resolution 
reanalysis dataset that are assimilated by HRMs. An 
ongoing study evaluates the HMs precipitation in multi-
ple high-resolution observational and reanalysis datasets, 
which include another two high-resolution reanalysis data-
sets—the National Centers for Environmental Prediction 
Climate Forecast System Reanalysis (CFSR; Saha et al. 
2010; Saha et al. 2014) and the Modern-Era Retrospec-
tive Analysis for Research and Applications, Version 2 
(MERRA2; Gelaro et al. 2017) besides ERAI and JRA55. 
The maximum precipitation center on the WSSB is overes-
timated in CFSR and MERRA2 and closer to observation 
in ERAI and JRA55 (Fig. S5). Preliminary analysis reveals 
that the excessive precipitation is probably related to the 
overestimation of circulation-precipitation feedback, indi-
cating the consistent systematic biases in representation 
of moist convective processes in most models. In general, 
excessive circulation-precipitation feedback may origi-
nate from an internal bias of convective parameterization 
(Li and Xie 2012, 2014), which is always a key issue to 
improve models and deserves to further study.
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