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Abstract
The Hengduan Mountains and Tibetan Plateau possess unique topographical characteristics that serve as an effective 
blocking of the movement of the westerly wind in the middle and lower troposphere towards East China. This study 
examines results from a regional climate model (REMO) at the resolutions of 25 and 50 km for the period 1980–2012. 
The model is run using lateral boundary conditions from ERA-Interim (European Centre for Medium-Range Weather 
Forecasts interim reanalysis). There are only a few differences between 25 and 50 km in land surface/vegetation 
characteristics, but the major differences in this region are due to the orography. Results show that the high-resolution 
simulation performance is poor in winter, when southwesterly wind prevails, whereas it performs well in summer, when 
the westerly wind is substantially weakened in southern China. In comparison to the ERA-Interim wind field, the high-
resolution simulation overestimates the air flow over the Hengduan Mountains near the ground surface, which 
influences the transport of atmospheric water vapor in the downstream region, i.e., over southern China. Specifically, with 
the help of the overestimated southwesterly wind, the amount of atmospheric water vapor transported increases considerably 
perennially by up to 20% in southern China, while it decreases remarkably by more than 5%throughout the year in a large 
area of Central and North China. These features lead to excessive precipitation and underestimated cloud cover in southern 
China, which probably causes the overestimated 2-m temperature in southern China. Our study empha-sizes that, in such 
high-resolution-model studies for East Asia, special attention should be paid to the near-surface winds over the Hengduan 
Mountains.

1 Introduction

The Hengduan Mountains, on the southeastern edge of 
the Tibetan Plateau (TP), is a large, north–south-oriented 
range of mountains with complex topography that acts as 
an effec-tive separation between the lowlands of northern 
Myanmar

and the lowlands of the Sichuan Basin. They serve as 
an effectual blocking of the movement of westerly wind 
in the lower troposphere towards East China (17.5°–45.5° 
N, 100°–125° E). This westerly wind transports 
atmospheric water from the Bay of Bengal to East China 
(Zhou and Yu 2005). The topography is fairly 
complex over the Hengduan
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Mountains. Rivers in this region are narrow and steep. They
feature typical BV -̂shaped and deep canyons, among which
the Tiger Leaping Gorge is a famous example. Owing to the
friction generated by the complex topography and north–
south-oriented range, these mountains are a source region
for low-level vortices, such as the Southwest Vortex (Wang
and Tan 2014). Therefore, the Hengduan Mountains are an
important aspect of studying the circulation of water and
heavy rain in East Asia.

Regional climate models (RCMs) are important research
tools for studying the climate over areas with complex topog-
raphy. Typically, the horizontal resolution of atmospheric gen-
eral circulation models is about 150 km; however, the infor-
mation required locally to achieve effective mitigation and
adaptation measures needs be available at much finer scales,
down to a resolution of 1 km or more (Koldunov et al. 2016).
Regional downscaling using an RCM can provide a better
spatial representation of atmospheric variables locally, but ex-
periments over sufficiently long time periods and high enough
horizontal resolutions (10 km or more) remain scarce, having
only recently become operationally possible with the devel-
opment of faster algorithms and more powerful supercom-
puters. Only under high horizontal resolution simulations
can RCMs resolve narrow and steep valleys and thus help us
to uncover the physical mechanisms at play in these regions of
complex topography.

The REMO RCM (Jacob et al. 2007; Jacob et al. 2012;
Jacob and Podzun 1997; Sein et al. 2015) has been shown to
be relatively accurate in simulating the transport of atmospher-
ic water vapor. One of the reasons is that REMO uses im-
proved physical parameterizations from versions 4 and 5 of
the ECHAM global climate model (Roeckner et al. 1996;
Roeckner et al. 2003). Based on previous studies, we can state
with relative certainty that REMO is able to capture well the
cycles of precipitation and temperature over East Asia. For
example, Zhang et al. (2005) found that REMO can capture
the features of atmospheric circulation over East Asia in the
years 1980 and 1990 and successfully reproduce the spatial
distribution and seasonal variances of precipitation in East
Asia. Jacob et al. (2012) used REMO with a horizontal reso-
lution of 0.44° × 0.44° to preform simulations over the South
Asia domain, partly covering China, and concluded that the
model is able to capture the mean annual cycles of precipita-
tion and temperature in this region. Furthermore, at a horizon-
tal resolution of 50 km, REMO can reproduce the main char-
acteristics of South Asian summer monsoon circulation in the
lower, middle, and upper troposphere (Saeed et al. 2012). And
lastly, Kumar et al. (2014) found that a warm bias in the
monsoon climate region of North India can be reduced by
1–3 °C by modifying the soil thermal characteristics.

Recently, Xu et al. (2018) identified the main mechanisms
responsible for the colder and dryer climates over the TP in
high-resolution REMO simulations relative to lower-

resolution simulations. They found that 2-m temperature dif-
ferences are connected to the amount of water vapor
transported to the TP. In this study, we trace this water vapor
transport around the TP and evaluate the downstream effects
of the Hengduan Mountains in East China.

As a contribution to the activities of CORDEX (www.
cordex.org), we validate REMO in terms of 2-m temperature
over the East China region and analyze the main mechanisms
behind the simulation differences at different horizontal reso-
lutions. Specifically, we compare simulations using the cur-
rent standard CORDEX resolution (about 25 km) and a lower
horizontal resolution of about 50 km.

To investigate the performance of a higher model resolu-
tion and its effects on 2-m temperature, we concentrate on the
following topics:

& Validating the 2-m temperature over East China simulated
by REMO and revealing the differences between seasons;

& Evaluating the differences in REMO’s performance be-
tween the high- and low-resolution simulations during
different seasons over East China;

& Demonstrating the possible mechanisms leading to the
unexpectedly poor performance in the high-resolution
simulation.

The remainder of the paper is structured as follows: Sect. 2
describes the validation data, model, experimental setup, and
interpolation method. In Sect. 3, we report on the validation of
the 2-m temperature and wind field simulated by REMO over
East China, with particular emphasis on elucidating the mech-
anisms behind the 2-m temperature simulation performance
differences. The main conclusions and a discussion are pre-
sented in Sect. 4.

2 Model, data, and experimental setup

2.1 Model and simulation design

REMO (Jacob et al. 2012; Jacob et al. 2013; Sein et al. 2015)
has been shown to be useful in simulating regional circulation
and has beenwidely used in regional climate studies. Here, we
use it to produce historical simulations under different hori-
zontal resolutions over East Asia. The model is run using
lateral boundary conditions from the European Centre for
Medium-Range Weather Forecasts interim reanalysis (ERA-
Interim; Dee et al. 2011), whose data have been documented
to offer advanced performance over the TP with respect to
temperature (Wang and Zeng 2012), the climatological water
cycle, and climate trends (Gao et al. 2014; Xu et al. 2018),
compared with other reanalysis data.

Our setup of REMO follows that of previous work (e.g.,
Déqué et al. 2007; Jacob 2001; Jacob et al. 2012; Jacob et al.









conditions—for example, the land–sea mask and soil
texture—the grid is constructed in such a way that four grid
boxes from the 25-km configuration exactly overlay one from
the 50-km configuration, meaning there is no position shift
between the four 25-km boxes and the one 50-km box. The
same sources are used for preparing the land surface parame-
ters. The land surface albedo is based on 50-km resolution
data (Rechid et al. 2009), as are the soil texture data; therefore,
for these two datasets, there is no difference between the 50-
and 25-km configurations. The land surface data are based on
Hagemann et al. (1999) and Hagemann (2002), and the reso-
lution is 1 km. The orographic data are from the Global 30
Arc-Second Elevation Data Set (GTOPO30). The land surface
characteristics are then aggregated to the target resolution.
Compared with the magnitude of the orography differences,
there are only a few differences between the 25- and 50-km

configurations in terms of the land surface/vegetation. In sum-
mary, while there are differences between the 25- and 50-km
configurations in terms of the land surface/vegetation charac-
teristics, the major differences in this region are due to differ-
ences in orography.

Considering more sub-grid-scale properties can be repre-
sented on a high-resolution grid, the added value of a high-
resolution simulation is more obvious on such a grid (Prein
2016). However, comparison on a coarse grid can be reason-
able, because both resolutions are able to distinguish the ana-
lyzed features (Casanueva et al. 2015). Thus, no artificial
values need to be added when interpolating high-resolution
data to coarser resolutions. After careful consideration, the
analyses and comparisons in this study are carried out at the
coarser resolution (50 km × 50 km). In this paper, we refer to
the 25 km × 25 km resolution simulation as R 25km and the

(a) (b)

(c) (d)

Fig. 6 Spatial distribution of the extremely low 2 m temperature bias (1st percentile) in a R_25km and b R_50km. c, d As in a, b, but for the 99th
percentile based on daily mean 2 m temperature during 1980 2012



50 km × 50 km resolution simulation as R 50km. The two
experiments, R 25km and R 50km, are run simultaneously
without further nesting.

2.2 Observations

The reference gridded 2-m temperature observations are from
the Beijing Climate Center of the China Meteorological
Administration. The dataset is called China Daily Gridded
Surface Air Temperature, version 5.1 (CN05.1; Wu and Gao
2013; Xu et al. 2009) and has a spatial resolution of 0.25° ×
0.25°. To produce the data, the climatology was first interpo-
lated by thin plate smoothing splines, and then a gridded daily
anomaly derived from the angular distance weighting method
was added to the climatology to obtain the final product (Xu
et al. 2009). CN05.1 was generated based on temperature

observations from 2400 observation stations in China from
1961 to 2012.

2.3 Methods

The first-order conservative interpolation method (Redler
2015) is used to interpolate the simulation results and observa-
tions to the R 50km grid. Because of the different representa-
tions of orography in the R 25km, R 50km, and CN05.1, a
lapse rate of 0.0064 °C/m is used to transfer the 2-m tempera-
ture to the same height for intercomparison. The region of
analysis covers East China, which is the area over (17.5°–
45.5°N, 100°–125°E), and only characteristics during boreal
winter, defined as December–January–February (DJF), and
summer, defined as June–July–August (JJA), are analyzed.
To present the differences between the simulations and obser-
vations, the Taylor diagram (Taylor 2001) is used; and to detect
the statistical significance of the differences, at the 95% confi-
dence level, the Mann–WhitneyU test is used. The mean, bias,
root-mean-square-error (RMSE), and Pearson’s spatial correla-
tion coefficient are used as quantitative measures.

3 Results

3.1 Seasonal mean 2-m temperature bias over East
China

The 2-m temperature distributions over East China show two
distinct seasons: winter and summer (Figs. 2 and 3,
respectively). The coldest area in DJF is the Inner
Mongolian Plateau in Northeast China (Fig. 2c), and the
warmest areas in JJA are the middle reaches of the Yangtze
River and Hainan in southern China (Fig. 3c). Both simula-
tions generally capture the spatial pattern of 2-m temperature

(a) (b)

Fig. 8 Differences in orography from the R_25km and R_50km simulations over a the whole domain and b East China. The solid black line is the
3000 m a.s.l. contour line over the TP. The main river valleys are shown as blue lines

Fig. 7 Taylor diagram of the 2 m temperature over East China during
1980 2012. All points are statistically significant in their correlation at
the 95% confidence level, based on the two tailed t test, with CN05.1
observations as the reference



















4 Conclusions and discussion

The Hengduan Mountains are one of the most important at-
mospheric water transport passages to East China (Gao et al.
2015a; Gao et al. 2015b; Jacob et al. 2014; Xu et al. 2018) and
one of the sources of low-level vortices, such as the Southwest
Vortex (Wang and Tan 2014). However, there have been rel-
atively few analyses of the downstream effects of this region
with highly complex orography. Here, we identify the main
mechanism behind overestimated air flow leading to differ-
ences in REMO simulations at resolutions of 25 and 50 km
over East China. Results show that the high-resolution simu-
lation tends to overestimate the near-surface wind over areas
with complex topography. With the help of the overestimated
southwesterly wind, the amplified atmospheric water vapor is
transported to East China in the high-resolution simulation.
Additionally, our study reveals the benefits gained by using
a high resolution for 2-m temperature in JJA. Although we
identify the main mechanism acting at the seasonal time scale,
detailed analyses are still needed to study these effects on
specific weather events. The major findings of our study can
be summarized as follows:

(i) The 2-m temperature results from REMO simulations
with horizontal resolutions of 25 and 50 km are validated
against CN05.1 observations over East China. Results
show that REMO can capture the spatial patterns of 2-m
temperature reasonably well. For the mean 2-m tempera-
ture field comparison, the 2-m temperature at the coarse
resolution is closer to the observations in DJF, whereas in
JJA, the high resolution simulation shows a sizeable ad-
vantage over the coarse resolution. Similar results are
obtained for extreme events (hot and cold), wherein the
high resolution does not show its advantages in DJF, es-
pecially over southern China.

(ii) In our experiments, almost all the land parameters in
REMO are the same; there are only a few differences
between the 25- and 50-km configurations in terms of
land surface/vegetation characteristics, but the major dif-
ferences in this region are due to differences in orogra-
phy. The greatest differences in topography occur in the
complex topographical regions along the edges of the TP
and the HengduanMountains. Due to the high sensitivity
of R 25km to the weakened blocking effect over the
Hengduan Mountains, R 25km tends to overestimate
the near-surface southwesterly wind locally. Moreover,
this overestimated wind influences the downstream area,
e.g., southern China. Compared with the ERA-Interim
wind field, the magnitude of the overestimated wind de-
creases with increasing height. With the help of the
overestimated southwesterly wind, the amount of atmo-
spheric water vapor carried by the wind is increased in
R 25km. This leads to a statistically significant

precipitation increase (statistically significant at the
95% confidence level, based on the Mann–Whitney U
test) in southern China.

(iii) The main mechanisms behind the overestimated wind
and 2-m temperature are as follows: In southern China,
the moisture largely comes from the Indian Ocean and is
abundant compared with the region between 30° N and
40° N. The process of precipitation takes place quickly
in this area, where the cloud only exists over a relatively
short time, which means more precipitation and less
cloud cover. These features cause total cloud cover ad-
justment, leading to a variation in the net radiation dis-
tribution, largely over southern China. The net radiation
differences have a robust connection with the 2-m tem-
perature (statistically significant at the greater than 99%
confidence level in JJA over most parts of East China).

To maintain a clear focus in this study, we mainly discuss
the overestimated wind near the ground surface caused by the
increased resolution of topography. Nonetheless, other physi-
cal processes, such as land–atmosphere interactions and
convection-scheme choice, may influence the results.
Although the downstream effect is a nonlinear process, it in-
fluences nearly all dynamic and thermodynamic processes.
Moreover, the primary focus here is the connection between
overestimated wind and 2-m temperature. This study empha-
sizes that, in such high-resolution studies in this region, spe-
cial attention should be paid to the near-surface winds over the
Hengduan Mountains. Furthermore, other mechanisms that
are impacted by the relationship between atmospheric mois-
ture and cloud cover are worthy of investigation in the future.
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