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1.  INTRODUCTION

The Qinghai-Xizang (Tibetan) Plateau (QTP) has
an extremely important influence on regional and
even global climate because of its unique and com-
plicated topography, and underlying surfaces. As it is
vulnerable to climate change, the QTP has become a
focal point of scientific research. In China, the cryo -
sphere (snow, lake ice, glaciers, frozen ground, etc.)
is mainly distributed over the QTP. During the 20th
century, and especially since the 1950s, the QTP

experienced pronounced warming, which resulted in
glacier retreat, permafrost degradation and a series
of environmental and ecological issues (Yang et al.
2004, 2010, Tian et al. 2006, Yao et al. 2007, Xiao
et al. 2007, Wu & Zhang 2008). Extensive concerns
about these issues have been raised in both academic
and social domains.

However, due to the sparse and unevenly distrib-
uted observational network over the QTP and the
limited observational database, station data cannot
always meet the requirements of climate research
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(Yang et al. 2010). Moreover, it is unlikely that this
situation will improve within a short time. Thus,
high resolution regional climate models, which can
de scribe climate variations due to mesoscale and
smaller topography, underlying surface characters
and other factors, have become a powerful tool to
investigate climate mechanisms and to predict re -
gional climate. Some researchers have used RegCM2
to analyze the climate effect of abnormal snow cover
over the QTP. Results from these studies suggest that
snow depth anomaly, especially in winter, was one of
the factors influencing precipitation in China. Heav-
ier snow cover over the western part of QTP had a
more obvious effect on the regional atmospheric
 circulation in the later period (Qian et al. 2003, Liu
et al. 2005). Li & Xue (2010) used NCEP GCM/SSiB
and satellite derived vegetation data to evaluate
major QTP climate features in summer. It showed
that land cover change from vegetated land to bare
ground results in lower net radiation and weaker sur-
face thermal effects, which leads to lower atmo -
spheric temperature, as well as weaker vertical
ascending motion, low-layer cyclonic, upper level
anticyclonic, and summer monsoon circulation. These
changes in circulation cause a decrease in the precip-
itation in the southeastern TP. A remarkable warm-
ing over the Yarlung Zangbo River Basin, East and
South Asia, and an increase of annual precipitation
over most of China north of 30° N and a decrease or
little change in the rest of China, India and Indochina
in the 21st century are predicted by a high resolution
regional climate model under the IPCC SRES A1B
future scenario (Shi et al. 2011, Gu et al. 2012).

The regional climate model RegCM3 is based on
previous versions (National Center for Atmospheric
Research, NCAR RegCMs) and was updated and
improved by the International Centre for Theoretical
Physics (ICTP). It has been widely used, including for
climate simulation over the QTP (e.g. Gao et al. 2003,
Qian et al. 2003, Liu et al. 2005, Zhang et al 2005, Pal
et al. 2007, Qu et al. 2009, Shi et al. 2011). Gao et al.
(2003) simulated the distribution of temperature and
precipitation over the QTP for 5 yr using both
RegCM2 and a general circulation model (GCM).
Their results indicated that RegCM2 could represent
the temperature and precipitation features of the
QTP in detail. Its capability to simulate precipitation
intensity and location was considerably improved
over the GCM. Zhang et al. (2005) conducted a
numerical simulation experiment over the QTP for
15 yr employing RegCM3. The basic character of the
spatial distribution of precipitation and temperature
over the QTP was reproduced by the model. A recent

RegCM3 numerical simulation study for 10 yr of sum-
mer (JJA) air temperature and precipitation showed
that simulated results could rectify some disadvan-
tages of the sparse observational network (Qu et al.
2009). However, until now little long-term regional
climate model validation work has been done over
the QTP, due to the limitation of computing resources.
In general, model simulation time scales for the QTP
have been just from months to a few years.

In this study we used the regional climate model
RegCM3 to conduct a numerical experiment at 45 km
resolution for 20 yr (1982 to 2001), to investigate the
model’s ability to simulate interannual climate vari-
ability of the QTP. A brief introduction of RegCM3
and the data used for this experiment is given in
 Section 2. The simulated 20 yr averaged large-scale
features, including temperature and precipitation
over the QTP, are presented in Section 3. In Sec-
tion 4, we interpolate the simula tion results onto
 stations along the Qinghai-Xizang (Tibetan) Rail-
way (QTR), and compare these with both individual
 meteorological data and Climate Re search Unit
(CRU) data. The performance of RegCM3 for simu-
lating annual and interannual variability of the QTR
stations, and a comparison be tween RegCM3 and
RegCM4, is presented in Section 5. Section 6 is the
Discussion.

2.  MODEL AND VALIDATION DATA

RegCM3 is a version of the NCAR RegCM2 model
(Giorgi et al. 1993a,b, Pal et al. 2007), which includes
an updated land surface scheme, the Biosphere-
Atmosphere Transfer Scheme (BATS 1e) (Dickinson
et al. 1993), the radiative transfer scheme of the Com-
munity Climate Model version 3 (CCM3) (Kiehl et al.
1996), a large-scale cloud and precipitation scheme
which accounts for the subgrid-scale variability of
clouds (Pal et al. 2000), new parameterizations for
ocean surface fluxes (Zeng et al. 1998), and a cumu-
lus convection scheme (Emanuel 1991, Emanuel &
Živkovic-Rothman 1999). Also, im provements to
the user-friendliness of the model were made. A new
version, RegCM4 (Giorgi et al. 2012) is coupled
with a more advanced land surface process model,
CLM 3.5, described in  Oleson et al. (2004, 2008) and
Dickinson et al. (2006).

In our simulation, the RegCM3 center point is
33° N, 89° E. The horizontal grid consists of 56 and 94
points in the latitudinal and longitudinal directions,
respectively, with 45 km resolution, and 23 vertical
layers with the model top at 10 hPa. The simulation
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domain, and the QTP and its peripheral
regions, are shown in Fig. 1. Buffer zones
are located across 12 grid points along all
4 domain edges. In order to maintain model
computational stability, which can be a
problem due to high wind speeds in some
winter months and complicated topo graphy
over the QTP, we set 75 s as the time step.

The initial and lateral atmospheric
boundary data used in this simulation are
the ECMWF/ERA40 re analysis data. Lat-
eral boundary conditions are provided
every 6 h. Sea surface temperature (SST)
data with a 1 × 1° spatial resolution and
7 d temporal period generated by the Inte-
grated Global Ocean Service System are
spatially and temporally interpolated as
the  initial and boundary conditions of SST.
We chose 10 × 10’ terrain data and United
States Geological Survey (USGS) Global
Land Cover Char acterization (GLCC) data
based on satellite obser vations as the
topography and vegetation inputs, respec-
tively. Table 2 shows the major parameter-
ization schemes used in this experiment.
The cumulus clouds convective parame-
terization scheme is Grell, because it is
better than Anther-Kuo when simulating
the spatial pattern of climate over the QTP
(Yang & Yang 2008). In this study, the
integral time of the simulation is from 1
November 1981 to 31 August 2002, a total
of 20 yr and 10 mo. 1 November to 31
December 1981 is the spin-up period
for initializing the atmosphere and other
longer memory variables such as soil
moisture, and we selected the interval of 1
January 1982 to 31 December 2001 (20 yr)
to analyze the simulated results. We also
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Fig. 1. (a) Elevation (m) of experimental domain. The Qinghai-Xizang
 (Tibetan) Plateau (QTP) is the broad area over ~3000 m elevation, and the
Qinghai-Xizang (Tibetan) Railway (QTR) follows the line of stations shown 

in Table 1. (b) Place names discussed in text

Name Latitude Longitude Elevation 
(°N) (°E) (m)

Geermu/Golmud 36.42 94.90 2807.6
Wudaoliang 35.22 93.08 4612.2
Tuotuohe 34.22 92.43 4533.1
Anduo/Amdo 32.27 91.68 4800   
Naqu/Nagchu 31.48 92.07 4507   
Dangxiong/Damxung 30.48 91.10 4200   
Lasa/Lhasa 29.07 91.13 3648.9

Table 1. Details of the 7 meteorological stations along the
Qinghai-Xizang (Tibetan) Railway (QTR): Chinese and local 

name (where applicable) Physics Scheme

Physical frame MM5 Hydrostatic
Map projection Lambert 
Cumulus clouds Grell with Frisch-Chappell
Radiation CCM3
Large-scale precipitation SUBEX
Land-surface BATS
Planetary boundary layer Non Local 
Ocean surface fluxes Zeng Scheme
Lateral boundary Relaxation (exponential)
Pressure gradient Hydrostatic deduction

Table 2. Parameterizations used in this experiment



Clim Res 57: 173–186, 2013

included a 27 mo (1 October 1998 to 31 December
2000) RegCM4.1 simulation experiment for the same
domain and initial and lateral atmospheric boundary
data, and compared this with RegCM3 to see
whether some aspects of the simulation might
improve. In the RegCM4.1 simulation, in order to
eliminate the effect of initial land surface conditions,
the first 15 mo (i.e. 1 October 1998 to 31 December
1999) were used for model spin-up and were not
included in the analysis.

The monthly CRU TS3.1 dataset was used for the
evaluation of regional scale features and interannual
variation of the simulated results. The CRU TS3.1
dataset, which was developed by the CRU of East
Anglia University (New et al. 1999), is a long time
series (1901 to 2009) monthly averaged climate para -
meter dataset with a high spatial resolution (0.5 ×
0.5°). We interpolate the simulated results onto the
QTR stations by bilinear interpolation. The annual
and interannual variations of temperature and pre-
cipitation along the QTR stations are derived from
the CRU TS3.1 data set and from meteorological
observation data provided by Data and Information
Center, China Meteorological Administration.

The bilinear interpolation method is an extension of
linear interpolation for interpolating functions of 2
variables (e.g. x and y) on a regular 2D grid. The key
idea is to perform linear interpolation first in one di-
rection, and then again in the other direction. Al-
though each step is linear in the sampled values and
in position, the interpolation as a whole is not  linear
but rather quadratic at the sample location (http://
en.wikipedia.org/wiki/Bilinear_interpolation). All sta-
tion data of the QTR were processed using the same
method.

Since there are only scarce observations in the
western and northern parts of the QTP, the tempera-
ture and precipitation of CRU TS3.1 were selected as
validation data to test the simulated results on a large
regional scale. The CRU data contain 160 climate
base stations in the China area, which are released
internationally by National Climate Center, as well
as some non-base observation stations derived from
personal contacts (New et al. 1999). Previous studies
(Wen et al. 2006) suggest that CRU data reflect the
interannual temperature variations of a recon-
structed proxy series from tree rings, ice cores, and
lake sediments for China. The correlation coefficient
is 0.84 between CRU data and the reconstructed
proxy series. The CRU annual total precipitation
was also consistent with the 160 Chinese stations for
1951–2000 with a correlation coefficient of 0.93. Xu
et al. (2007) used the CRU TS2.0 as validation data

for IPCC AR4 models over East Asia, and Chen et al.
(2011) analyzed spatiotemporal precipitation varia-
tions, and spatial differences in the context of global
warming, in arid Central Asia based on CRU TS3.1.

To test whether the CRU TS3.1 data are applicable
over the QTP, we selected the monthly mean CRU
data averaged over QTP (25–42° N, 70–105° E) and
compared that with monthly mean data from 111
Chinese standard meteorological stations with eleva-
tion ≥ 2000 m over the QTP for the period 1982–2001.
Regional average values for various variables over
the QTP were derived from the simple arithmetic
mean of all the 111 meteorological stations. High
 correlation (0.997) was found between the CRU and
meteorological station tem perature data (Fig. 2a).
However, the CRU temperature was 0.98°C higher,
mostly due to high temperatures in summer. The
 pattern of variation of precipitation of the CRU and
meteorological observations are mostly consistent
(Fig. 2b). However, the CRU value was lower in sum-
mer, and ~4.12 mm lower for the annual average
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Fig. 2. Scatter diagrams comparing Climate Research Unit
(CRU) data with meteorological observations of (a) tempera-
ture and (b) precipitation for 1982-2001. Dashed line = 1:1, 

full line = regression
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than the observational data. In summary,
the relatively high consistency between the
CRU data and the meteorological stations
demonstrates that the CRU TS3.1 data
reflect the climate variability over the QTP.
Although the CRU data set is interpolated
from observations, it provides good refer-
ence values to validate the model simula-
tion.

3. TEMPERATURE AND PRECIPITATION
OVER THE TIBETAN PLATEAU

3.1.  Temperature

RegCM3 reproduces the basic character-
istics of the spatial distribution of tempera-
ture over the QTP. Isotherms are nearly co-
incident with topographic contours (Fig. 3a,b),
and the temperature in the middle of QTP
is lower than in the surrounding regions.
Temperature in the eastern QTP is higher
than in the western QTP, in the southern
section it is higher than in the northern, and
there is a low temperature center in the Qil-
ian Mountains of the northeastern QTP.
Overall, the spatial correlation coefficient
between the simulated results and CRU is
0.78 (p > 95%) over most parts of the QTP
except for the areas within the dotted lines
in Fig. 3c. This indicates that the model can
also well reflect interannual variability of
temperature over the QTP during the 20 yr.
This result is similar to that in the study of
Zhang et al. (2005). However, regional dif-
ferences are apparent. For the Plateau hin-
terland, the average simulation results are
2.5°C higher than CRU data, and in the
 Qilian Mountains they are 6°C higher. In
southeastern and western areas of the QTP,
the simulation results are lower, while in the
northwestern QTP there is a maximum cold
bias of ~9°C (Fig. 3d). The simulated results
are notably worst in areas with high topo-
graphic relief. Observation sites are sparsely
distributed in these areas. It should also be
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noted that this would also produce errors
when interpolating the ECMWF/ ERA40 forc-
ing field and CRU data to the model grid.

3.2.  Summer precipitation

Most parts of the QTP are arid or semi-arid.
Summer precipitation ac counts for ~60 to
70% of the annual total (Lu et al. 2007). In ad-
dition, interannual variations of precipitation
are large (Duan et al. 2008). The spatio-tem-
poral distribution of pre cipitation over the
QTP is more complex than temperature. Rain-
fall in the peripheral QTP is low and there is a
heavier rain belt adjacent to the periphery
along the edge of the QTP. This belt lies along
the southern slopes of the Himalayan Moun-
tains from west Pamir to Mount Tianshan,
turns southeast to the Qilian Mountains, then
ex tends southward be tween 100 and 103° E.
This belt is along the steepest slope where as-
cending motion is the highest. The  terrain in-
side the Plateau is relatively flat, and the rain-
fall variation is also slight, decreasing from
 Western Sichuan Pla teau to west Qiangtang
Plateau. The south east region, where
southerly winds with abundant water vapor
prevail in summer, is moist, whereas the
northwest, where northerly winds with dry air
prevail, is arid (Ye & Gao 1979).

The dominant spatial pattern of interannual
variability of summer precipitation is a see-
saw be tween the southern and northern parts
of the QTP. Generally, precipitation varies
greatly north and south of Tanggula Range,
which is the natural boundary of Qing hai
province and Xizang (Tibet). These variations
almost show opposite trends (Liu & Yin
2001, Yang et al. 2007, Duan et al. 2008). The
QTP precipitation based on meteorological
data de creases from southeast to northwest
during the summer half year (Wang et al.
2011), and the CRU data show a decrease in
the main distribu tion of summer precipitation
from south to north (Fig. 4b). These  features
of the spatial distribution are captured ap -
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proximately by RegCM3 (Fig. 4a). The areas with less
rain are the Qaidam Basin, and the north ern and
north western QTP. The areas with more rain are
Yarlung Zangbo Grand Canyon, western Sichuan
Plateau, and Mount Everest, with rainy centers lo -
cated in Cherrapunji, Ya-an, and Kashmir. The
spatial distribution of precipitation is de picted better
by RegCM3 than by CRU. For ex ample, Fu et al.
(2008), using the Tropical Rainfall Measuring Mission
(TRMM) satellite data, found that there was more rain
in the northern Nyainqentanglha Range in sum mer.
The model shows this, but not CRU.

The correlation coefficients be tween simulation
and observations are high in most regions of the QTP
(dotted line in Fig. 4c represents the 95% confidence
level), but some small areas show negative correla-
tion. Simulated interannual variations of summer pre-
cipitation over the 20 yr are not as good as for temper-
ature. Fig. 4d shows that the differences are small in
the Qaidam Basin and on the margin of the QTP. Sim-
ulated values are larger north of the zero isoline, but
smaller south of it. Larger positive de viations exist in
the Karakoram Mountains, Kunlun Mountains, Hi-
malayan Mountains, Tanggula Mountains and the
southern QTP. Negative de viations exist in the Shi-
gatse area and on the north and south slopes of the
east Himalayan Mountains. Generally, the simulated
pre cipitation is not correct on high, large, and com-
plex mountains. Simulated precipitation there depends

on imperfect description of the σ coordinate system
and inadequate cumulus cloud para meterization for
this kind of terrain. Scarce observational data may be
a reason for the difference.

4.  TEMPERATURE AND PRECIPITATION ALONG
THE TIBETAN RAILWAY

The QTR extends for 1118 km, from Golmud to
Lasa (Lhasa). More than half (632 km) of the railway
is in permafrost terrain, including 275 km of warm
permafrost (mean annual ground temperature be -
tween 0 and –1°C) and 221 km of ice-rich permafrost
(ice content >20% by volume). The section under-
lain by permafrost that is both warm and ice-rich is
134 km in length (Cheng et al. 2008). About 550 km
of the Railway’s roadbed is in terrain underlain con-
tinuously by permafrost, with ~82 km underlain by
 discontinuous permafrost. The effect of permafrost
degradation on the railway maintenance is an issue
requiring further examination (Yang et al. 2010). If
the model can well simulate the climate of the QTR it
will provide an important foundation for railway con-
struction and maintenance in the future. Therefore,
we interpolated the simulated results to the QTR
observation stations, including Golmud, Wudaoliang,
Tuotuohe, Anduo, Naqu, Dangxiong, and Lasa, by bi -
linear interpolation (Fig. 1 & Table 1). To further as -
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Fig. 5. Simulated and observed (Climate Research Unit [CRU] and
mete orological data) monthly mean temperatures at stations along 

the QTR. See Table 1 and Fig. 1 for locations
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sess the model’s capability, we compare
the simulated results after interpolation
with both CRU gridded data and meteor-
ological observations along the QTR.

4.1.  Temperature

Fig. 5 shows that the simulated annual
temperature cycle is consistent with
observations (meteorological and CRU
data) for each station. The maximum
monthly average temperature is in July,
and the minimum occurs in January.
The correlation coefficients between
ob served and simulated monthly means
are all >0.99 (significant at >99% level).
In winter, the simulated values at all 7
stations are higher than both the mete-
orological and CRU data by 0.47 to
5.51°C, and 0.69 to 5.39°C, respectively.
In summer, the simulated results are
higher than the meteorological data (by
2.04 to 4.78°C) at all stations except
 Golmud and Dangxiong. However the
agreement with meteorological data is
better than with CRU as the simulated
results at all stations are 1.19 to 5.67°C
higher. This is likely due to relatively dry
soils in the land surface scheme (BATS)
of RegCM3. In winter the warmer tem-
peratures would lead to reduced snow
cover, enhancing solar radiation absorp -
tion at the surface. In summer they
could lead to drier soils, which lead to
lower surface evaporation rates and
latent heat fluxes, causing higher tem-
peratures in the model (Steiner et al.
2009, Mearns et al. 2012).

Fig. 6 shows the simulated and ob -
served curves of inter annual tempera-
ture anomaly at the stations along the
QTR. Clearly, the simulation trends in
most years coincide with observations.
RegCM3 is capable of simulating major
temperature fluctuations such as the
relative peaks in 1988, 1991, 1998 and
1999 as well as the lows in 1983, 1992,
1997 and 2000. The simulated peaks and lows are,
however, smaller than observations. In Table 3,
the correlation coefficients with the meteorological
data (RSM) have p >95% in Tuotuohe and Dang -
xiong, and p >99% at other stations. The standard

deviation between the simulated results and meteor-
ological data (ESM) of all stations  except Tuotuohe
are small. In the case of the correlation coefficient
between the  simulated results and CRU (RSC), all
stations ex cept Dangxiong (which does not pass the
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Fig. 6. Simulated and observed interannual anomaly curves of annual
mean temperature at stations along the Qinghai-Xizang (Tibetan) Rail-

way (QTR). CRU: Climate Research Unit
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confidence level) are good and the standard devia-
tions between simulated results and CRU data at all 7
stations are low. In general the simulated results are
better correlated with meteorological data than with
CRU. Overall the model simulates interannual tem-
perature variations reasonably well.

4.2.  Precipitation

The annual variation of precipitation simulated by
RegCM3 shows a single summer peak at each station
(Fig. 7). However, this peak sometimes occurs one
month earlier or later than in the observations. The
simulations for Anduo, Naqu and Dangxiong are
best. But the simulated results for Golmud, Wudao-

liang and Tuotuohe show a larger sum-
mer peak than observations and the
model underestimates the monthly
mean precipitation of Lasa by ~50 to
100 mm. This may relate to the fact that
as much as 65% of the rainfall in Lasa
occurs at night, from 20:00 to 08:00 h
Local Sidereal Time (LST) (Liu 1992).
The meteorological station data record
this pheno menon, but the model fails to
do so. Winter precipitation is controlled
more by the large-scale flow, such as

the planetary westerlies (Ye & Gao 1979). Simulated
 values are close to observations in winter. The corre-
lation coefficients between simulated results and ob -
servation are all >0.83 (p > 99%). Golmud and Anduo
have small average deviations, but the average devi-
ations between the simulated results and the meteor-
ological data are smaller than with CRU at all other
stations. The average deviations between meteoro-
logical data and simulated results of the 7  stations are
different. This may relate to the local  terrain, which
affects precipitation at meteorological stations. Many
meteorological stations on the QTP, for example
Lasa, are situated in valleys. During the day, the sun
heats the  valley air and then at night the hillside air
cools rapidly and rolls downslope, causing the warm,
wet air of the valley to lift. Clouds formed by the con-

181

Golmud Wudaoliang Tuotuohe Anduo Naqu Dangxiong Lasa

RSM 0.61** 0.67** 0.55*  0.58** 0.67** 0.50* 0.64**
RSC 0.60** 0.59** 0.70** 0.54** 0.48* 0.42 0.61**
ESM 0.48 0.43 0.80 0.60 0.49 0.52 0.39
ESC 0.53 0.48 0.40 0.44 0.50 0.51 0.38

Table 3. Correlation coefficient between simulated and observed tempera-
ture and multi-year SD (°C) along the Qinghai-Xizang (Tibetan) Railway
(QTR). Correlation coefficients and SDs between simulated results and (1)
meteorological data (RSM and ESM, respectively), and (2) Climate Research
Unit data (RSC and ESC, respectively). **99% and *95% confidence levels

Fig. 7. Simulated and observed (Climate Research Unit [CRU]
and mete orological data) monthly precipitation at stations 

along the QTR. See Table 1 and Fig. 1 for locations
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densation of this warm, wet air produce
the night rain. Model resolution is insuf-
ficient to  capture this process. As men-
tioned in Section 3, the Plateau precipi-
tation is dominated by the prevailing
southerly and northerly winds in sum-
mer. Thus, the overestimation of precipi-
tation by RegCM3 may arise from their
failure in reproducing the progression
and intensity of the southerly and
northerly air flows.  Further investigation
of large-scale atmo spheric circulation and
local convective processes is needed.

RegCM3 has limited ability to simulate
the interannual precipitation anomalies
at each station (Fig. 8). The simulated
annual precipitation anomalies are
opposite to observations in some years
(e.g. at Golmud). Comparison with obser-
vations exceed the 98% significance
level only at Naqu and Dangxiong, the
95% level at Tuotuohe, while other sta-
tions do not pass the confidence level at
all (Table 4). The multi-year standard
de viations of precipitation are large at all
stations except Tuotuohe and Naqu.

5.  COMPARISONS BETWEEN
RegCM3 AND RegCM4

RegCM3 and RegCM4 employ dif -
ferent land surface models. The new
land surface scheme, Community Land
Model (CLM3.5), provides a more
detailed representation than BATS, al -
though CLM3 does incorporate some of
the advantages of BATS (Dickinson et al.
2006). This improves the RegCM4
 simulation of surface energy and water
budgets as well as the surface hydro -
logical cycle (Steiner et al. 2009). Fig. 9
compares the annual mean temperature
over the QTP for RegCM3 and RegCM4.
The RegCM4 simulated spatial distri -
bution of annual mean temperature
is largely consistent with RegCM3, albeit
with slightly lower values. Com pared
with CRU data (Fig. 9b), there is a warm
bias in RegCM3 (Fig. 9c) and a cold bias
in RegCM4 (Fig. 9e). The western QTP
exhibits the biggest cold bias in both
models.
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Fig. 8. As for Fig. 6, but for precipitation

Golmud Wudaoliang Tuotuohe Anduo Naqu Dangxiong Lasa

RSM –0.14 0.20 0.47* 0.33 0.56** 0.56** 0.19
RSC 0.37 0.22 0.36 0.55** 0.47* 0.57** 0.20
ESM 4.98 5.40 6.08 5.79 5.73 9.04 8.87
ESC 4.43 3.84 5.60 4.52 6.17 11.36 12.96

Table 4. Correlation coefficient between simulated and observed precipita-
tion and multi-year SD (mm) along the QTR. Correlation coefficients and
SDs between simulated results and (1) meteorological data (RSM and
ESM) and (2) Climate Research Unit data (RSC and ESC). **98% and *95% 

confidence levels. See Table 3 for definitions
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Fig. 10 shows the difference in an nual mean
 precipitation over the QTP between RegCM3 and
RegCM4 for the year 2000. The spatial pattern of the
simulated precipitation in RegCM4 (Fig. 10d) is
similar to that in RegCM3 (Fig. 10a). Overall, this
shows that the model is sensitive to the land surface
scheme and that further testing is needed to assess
the performance of RegCM4.

6.  DISCUSSION

RegCM3 has the ability to reproduce the basic spa-
tial distribution of temperature over the QTP when
compared with the CRU dataset. Regional differ-
ences are very apparent. In the QTP hinterland, the
average simulation re sults are 2.5°C higher than
CRU, and 6°C higher in the Qilian Mountains. How-
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Temperature (°C) Temperature (°C)

Temperature (°C)

ΔTemperature (°C)

ΔTemperature (°C)

Fig. 9. Distributions of mean temperature (°C) for 2000: (a)
RegCM3, (b) CRU dataset, (c) RegCM3 minus CRU, (d)
RegCM4, (e) RegCM4 minus CRU. CRU: Climate Research 

Unit
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ever, the simulation results are lower in southeastern
and western areas of the QTP. The northwestern
QTP has a maximum cold bias of ~9°C. These conclu-
sions are similar to those of Qu et al. (2009). These
cold biases are partly attributable to the simulation of
excess precipitation in these regions (Lee & Suh
2000). The lack of high-elevation observation sta-
tions in the CRU data may also be partly responsible
for the apparent cold bias of the model (Gu et al.

2012). The high correlation coefficient (r = 0.78, p <
0.01) between the simulation and CRU suggests that
the model well reflects the interannual variability of
temperature over the QTP. The simulated results are
however not good in those areas with high topo-
graphic relief. This is partly be cause the σ co ordinate
system is inadequate in abrupt topography. In steep
terrain, the gradient of σ is large, which amplifies
changes to physical para meters linked to vertical
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Δ Precipitataion (mm)

Precipitataion (mm)Precipitataion (mm)

Precipitataion (mm)

Δ Precipitataion (mm)

Fig. 10. Distributions of monthly mean precipitation (mm)
for 2000: (a) RegCM3, (b) CRU dataset, (c) RegCM3 minus
CRU, (d) RegCM4, (e) RegCM4 minus CRU. CRU: Climate 

Research Unit
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change, and increases calculation errors. Limited
observational data may also be an important reason
for discrepancies in this kind of terrain.

RegCM3 can also reproduce the major spatial dis-
tribution of summer precipitation over the QTP, and
it depicts it better than the CRU dataset. More pre-
cipitation is simulated in the southern QTP and less
in the northern QTP. However, precipitation simula-
tions are much less accurate than temperature sim -
ulations because of the complexity of precipitation
over the QTP and limitation of the model, especially
in complex terrain. Poor description of the σ coordi-
nate system, inadequate cumulus clouds parameteri-
zation in this kind of terrain, and scarce observa-
tional data all contribute to the differences. Be sides,
precipitation is sensitive to model resolution (hori-
zontal and vertical) (Giorgi & Marinucci 1996, Zhao &
Luo 1998, Gao et al. 2006, Liu et al. 2011).

Annual variations of temperature at QTR stations
simulated by RegCM3 are close to, but higher than
observed data in winter. The annual variation of sim-
ulated precipitation has some flaws. The interannual
variability of temperature and precipitation are also
captured by RegCM3, although worse for precipita-
tion than for temperature. Meteorological station
data may be better for validation of a regional climate
model than the CRU data set.

Although some biases exist between the model and
observational data, the model is still an invaluable
tool for understanding regional climate and for inves-
tigating climate change on the QTP. Daily average
temperature data with a spatial resolution of 0.5 ×
0.5° (CN05) (variables including maximum and mini-
mum temperature) and precipitation data (GPCP)
have already been used to examine climate models
(Xie et al. 2007, Xu et al. 2009). These high quality
data may be better for future regional climate model
validation. A comparison between RegCM3 and
RegCM4 shows that the land-surface process model
in RegCM3, which was developed for non-cryos-
pheric areas, is inadequate for the QTP. There fore,
improving the land-surface parameterization scheme
and developing appropriate physical parameteriza-
tion schemes are essential steps to en hance climate
simulation over the QTP.

Acknowledgements. This research was sponsored jointly by
the One Hundred Talent Program of the Chinese Academy
of Sciences (CAS) (29O827B11), the National Natural Sci-
ence Foundation of China (41075007), the State Key Labora-
tory of Cryospheric Sciences (SKLCS-ZZ-2012-02-03),
CAREERI, CAS, the Na tional Key Basic Research Program
of China (2010CB951404), and the ‘Strategic  Priority
Research Program (B)’ of CAS (XDB03030204). We thank

the Supercomputing Center, CAREERI, CAS, for help with
model simulations. We are also indebted to the reviewers
and the editor F. Giorgi for comments on the initial draft of
the manuscript.

LITERATURE CITED

Chen FH, Huang W, Jin LY, Chen JH, and others (2011) Spa-
tiotemporal precipitation variations in the arid Central
Asia in the context of global warming. Sci China Earth
Sci 54: 1812−1821

Cheng GD, Wu QB, Ma W (2009) Innovative designs of per-
mafrost roadbed for the Qinghai−Tibet Railway. Sci
China Earth Sci 52: 530-538

Dickinson RE, Henderson-Sellers A, Kennedy PJ (1993) Bio-
sphere-Atmosphere Transfer Scheme (BATS) version 1e
as coupled to the NCAR Community Climate Model.
Tech Rep NCAR, Boulder, CO

Dickinson RE, Oleson KW, Bonan G, and others (2006) The
Community Land Model and its climate statistics as a
component of the Community Climate System Model.
J Clim 19: 2302−2324

Duan KQ, Yao TD, Wang NL, Tian LD, and others (2008)
The difference in precipitation variability between the
North and South Tibetan Plateaus. J Glaciol Geocryol 30: 
726−732 (in Chinese with English abstract)

Emanuel KA (1991) A scheme for representing cumulus con-
vection in large-scale models. J Atmos Sci 48: 2313−2335

Emanuel KA, Živkovic-Rothman M (1999) Development and
evaluation of a convection scheme for use in climate
models. J Atmos Sci 56: 1766−1782

Fu YF, Liu Q, Zi Y, Feng S, and others (2008) Analysis on
summer precipitation and latent heat on Qinghai-Xizang
Plateau based on TRMM satellite observing. Plateau Mt
Meteorol Res 28: 8−18 (in Chinese with English abstract)

Gao XJ, Li DL, Zhao ZC, Giorgi F (2003) Numerical sim -
ulation for influence of greenhouse effects on climatic
change of Qinghai-Xizang Plateau along Qinghai-
Xizang Railway. Plateau Meteorol 22: 458−463 (in Chi-
nese with English abstract)

Gao XJ, Xu Y, Zhao ZC, Pal SJ, and others (2006) Impacts of
horizontal resolution and topography on the numerical
simulation of East Asian precipitation. Chin J Atmos Sci
30: 185−192 (in Chinese with English abstract)

Giorgi F, Marinucci MR (1996) An investigation of the sen -
sitivity of simulated precipitation to model resolution
and its implications for climate studies. Mon Weather
Rev 124: 148−166

Giorgi F, Marinucci MR, Bates GT (1993a) Development of a
second-generation regional climate model (RegCM2).
Part I:  boundary-layer and radiative transfer processes.
Mon Weather Rev 121: 2794−2813

Giorgi F, Marinucci MR, Bates GT (1993b) Development of a
second-generation regional climate model (RegCM2).
Part II:  convective processes and assimilation of lateral
boundary conditions. Mon Weather Rev 121: 2814−2832

Giorgi F, Coppola E, Solmon F, and others (2012) RegCM4: 
model description and preliminary tests over multiple
CORDEX domains. Clim Res 52: 7−29

Gu HH, Wang GL, Yu ZB, Mei R (2012) Assessing future cli-
mate changes and extreme indicators in east and south
Asia using the RegCM4 regional climate model. Clim
Change 114: 301−317

Kiehl JT, Hack JJ, Bona GB, Boville BA and others (1996)

185

http://dx.doi.org/10.1007/s10584-012-0411-y
http://dx.doi.org/10.3354/cr01018
http://dx.doi.org/10.1175/1520-0493(1993)121%3C2814%3ADOASGR%3E2.0.CO%3B2
http://dx.doi.org/10.1175/1520-0493(1993)121%3C2794%3ADOASGR%3E2.0.CO%3B2
http://dx.doi.org/10.1175/1520-0493(1996)124%3C0148%3AAIOTSO%3E2.0.CO%3B2
http://dx.doi.org/10.1175/1520-0469(1999)056%3C1766%3ADAEOAC%3E2.0.CO%3B2
http://dx.doi.org/10.1175/1520-0469(1991)048%3C2313%3AASFRCC%3E2.0.CO%3B2
http://dx.doi.org/10.1175/JCLI3742.1
http://dx.doi.org/10.1007/s11430-011-4333-8


Clim Res 57: 173–186, 2013

Description of the NCAR Community Climate Model
(CCM3). Tech Rep NCAR/TN-420+STR, NCAR, Boul-
der, CO

Lee DK, Suh MS (2000) Ten-year east Asian summer mon-
soon simulation using a regional climate model
(RegCM2). J Geophys Res 105: 565−577

Li Q, Xue Y (2010) Simulated impacts of land cover change
on summer climate in the Tibetan Plateau. Environ Res
Lett 5: 015102, doi:10.1088/1748-9326/5/1/015102

Liu GW (1992) Hydrometeorological characteristics of the
Tibet Plateau. J Hydrol Eng 5: 267−280

Liu X, Yin ZY (2001) Spatial and temporal variation of sum-
mer precipitation over the eastern Tibetan Plateau and
the North Atlantic oscillation. J Clim 14: 2896−2909

Liu HQ, Sun ZB, Wang J, Min JZ (2005) Modeling study on
anomalous snow cover effects over western and eastern
parts of Qinghai-Xizang Plateau. Plateau Meteorol 24: 
357−365 (in Chinese with English abstract)

Liu XP, Wang HJ, Liu JB (2011) Influence of spatial resolu-
tion in a regional climate model on summer precipitation
simulation. Adv Water Sci 22: 615−623 (in Chinese with
English abstract)

Lu HL, Shao QQ, Liu JY, Wang BQ, and others (2007) Tem-
poral-spatial distribution of summer precipitation over
Qinghai-Tibet Plateau during the last 44 years. Acta
Geogr Sin 62: 946−958 (in Chinese with English abstract)

Mearns LO, Arritt R, Biner S, and others (2012) The North
American regional climate change assessment program: 
overview of phase I results. Bull Am Meteorol Soc 93: 
1337−1362

New M, Hulme M, Jones P (1999) Representing twentieth-
century space-time climate variability. Part I:  develop-
ment of a 1961-90 mean monthly terrestrial climatology.
J Clim 12: 829−856

Oleson KW, Niu GY, Yang ZL, Lawrence DM and others
(2008) Improvements to the Community Land Model and
their impact on the hydrologic cycle. J Geophys Res 113: 
G01021. doi: 10.1029/2007JD000563

Oleson KW, Dai Y, Bonan G, Bosilovich M, and others (2004)
Technical description of the Community Land Model.
Tech Note NCAR/TN-461+STR, NCAR, Boulder, CO

Pal JS, Small EE, Eltahir EAB (2000) Simulation of regional-
scale water and energy budgets:  representation of sub-
grid cloud and precipitation processes within RegCM.
J Geophys Res 105: 29579−29594

Pal JS, Giorgi F, Bi X, Elguindi N, and others (2007) Regional
climate modeling for the developing world:  the ICTP
RegCM3 and RegCNET. Bull Am Meteorol Soc 88: 
1395−1409

Qian YF, Zhang Y, Zheng YQ (2003) Impacts of the Tibetan
Plateau snow anomaly in winter and spring on precipita-
tion in China in spring and summer. Arid Meteorol 21: 
1−7 (in Chinese with English abstract)

Qu P, Yang MX, Guo DL, Chen CX (2009) Simulation of
summer air temperature and precipitation over Tibetan
Plateau with Regional Climate Model (RegCM3). Plateau
Meteorol 28: 738−744 (in Chinese with English abstract)

Shi Y, Gao X, Zhang D, Giorgi F (2011) Climate change over
the Yarlung Zangbo-Brahmaputra River Basin in the 21st
century as simulated by a high resolution regional cli-
mate model. Quat Int 244: 159−168

Steiner AL, Pal JS, Rauscher SA, Bell JL, and others (2009)
Land surface coupling in regional climate simulations

of the West Africa monsoon. Clim Dyn 33: 869−892
Tian LD, Yao TD, Li Z, MacClune K, and others (2006)

Recent rapid warming trend revealed from the isotopic
record in Muztagata ice core, eastern Pamirs. J Geophys
Res 111: D13103, doi: 10.1029/2005JD006249

Wang CH, Zhou SW, Tang XP, Wu P (2011) Temporal and
spatial distribution of heavy precipitation over Tibetan
Plateau in recent 48 years. Sci Geogr Sin 31: 470−477 (in
Chinese with English abstract)

Wen XY, Wang SW, Zhu JH, David V (2006) An overview of
China climate change over the 20th century using UK
UEA/CRU high resolution grid data. Chin J Atmos Sci 30: 
894−904 (in Chinese with English abstract)

Wu QB, Zhang TJ (2008) Recent permafrost warming on
the Qinghai-Tibetan Plateau. J Geophys Res 113: 
D13108, doi: 10.1029/2007JD009539

Xiao CD, Liu SY, Zhao L, Wu Q, and others (2007) Observed
changes of cryosphere in China over the second half of
the 20th century:  an overview. Ann Glaciol 46: 382−390

Xie PP, Chen MY, Yang S, Yatagai A, Hayasaka T, Fuku -
shima Y, Liu C (2007) A gauge-based analysis of daily
precipitation over East Asia. J Hydrometeorol 8: 607−626

Xu CH, Shen XY, Xu Y (2007) An analysis of climate change
in East Asia by using the IPCC AR4 simulations. Adv
Clim Change Res 3: 287−292 (in Chinese with English
abstract)

Xu Y, Gao XJ, Shen Y, Xu CH, and others (2009) A daily
temperature dataset over China and its application in
validating a RCM simulation. Adv Atmos Sci 26: 763−772

Yang YW, Yang MX (2008) Application of Regional Climate
Model (RegCM3) to the Tibetan Plateau:  sensitivity
experiments for cumulus convection parameterization
scheme. J Glaciol Geocryol 30: 250−258 (in Chinese with
English abstract)

Yang MX, Wang SL, Yao TD, Gou XH and others (2004)
Desertification and its relationship with permafrost
degradation in Qinghai-Xizang (Tibet) plateau. Cold Reg
Sci Technol 39: 47−53

Yang MX, Yao TD, Gou XH, Wang HJ and others (2007)
Comparison analysis of the summer monsoon precipita-
tion between northern and southern slopes of Tanggula
Mountains, Qinghai−Xizang (Tibetan) Plateau:  a case
study in summer 1998. Hydrol Processes 21: 1841−1847

Yang MX, Nelson FE, Shiklomanov NI, Guo DL and others
(2010) Permafrost degradation and its environmental
effects on the Tibetan Plateau:  a review of recent
research. Earth Sci Rev 103: 31−44

Yao TD, Pu JC, Lu AX, Wang YQ and others (2007) Recent
glacial retreat and its impact on hydrological processes
on the Tibetan Plateau, China, and surrounding regions.
Arct Antarct Alp Res 39: 642−650

Ye DZ, Gao YX (1979) Meteorology of the Tibetan Plateau.
Science Press, Beijing, p 56-62 (in Chinese)

Zeng X, Zhao M, Dickinson RE (1998) Intercomparison of
bulk aerodynamic algorithms for the computation of
sea surface fluxes using TOGA COARE and TAO data.
J Clim 11: 2628−2644

Zhang DF, Gao XJ, Bai HZ (2005) Simulation of climate over
Qinghai-Xizang Plateau utilizing RegCM3. Plateau
Meteorol 24: 714−720 (in Chinese with English abstract)

Zhao ZC, Luo Y (1998) Progress in research of regional cli-
mate simulation in 1990s. Acta Meteorol Sin 56: 225−240
(in Chinese)

186

Editorial responsibility: Filippo Giorgi, 
Trieste, Italy

Submitted: June 21, 2012; Accepted: May 9, 2013
Proofs received from author(s): September 13, 2013

http://dx.doi.org/10.1175/1520-0442(1998)011%3C2628%3AIOBAAF%3E2.0.CO%3B2
http://dx.doi.org/10.1657/1523-0430(07-510)[YAO]2.0.CO%3B2
http://dx.doi.org/10.1016/j.earscirev.2010.07.002
http://dx.doi.org/10.1002/hyp.6319
http://dx.doi.org/10.1016/j.coldregions.2004.01.002
http://dx.doi.org/10.1007/s00376-009-9029-z
http://dx.doi.org/10.1175/JHM583.1
http://dx.doi.org/10.3189/172756407782871396
http://dx.doi.org/10.1029/2007JD009539
http://dx.doi.org/10.1029/2005JD006249
http://dx.doi.org/10.1007/s00382-009-0543-6
http://dx.doi.org/10.1016/j.quaint.2011.01.041
http://dx.doi.org/10.1175/BAMS-88-9-1395
http://dx.doi.org/10.1029/2000JD900415
http://dx.doi.org/10.1029/2007JG000563
http://dx.doi.org/10.1175/1520-0442(1999)012%3C0829%3ARTCSTC%3E2.0.CO%3B2
http://dx.doi.org/10.1175/BAMS-D-11-00223.1
http://dx.doi.org/10.1175/1520-0442(2001)014%3C2896%3ASATVOS%3E2.0.CO%3B2
http://dx.doi.org/10.1088/1748-9326/5/1/015102

	cite4: 
	cite10: 
	cite21: 
	cite26: 
	cite17: 
	cite3: 
	cite8: 
	cite12: 
	cite28: 
	cite19: 
	cite2: 
	cite7: 
	cite14: 
	cite25: 
	cite20: 
	cite16: 
	cite6: 
	cite27: 
	cite11: 
	cite22: 
	cite18: 
	cite29: 
	cite5: 
	cite13: 
	cite24: 
	cite15: 
	cite9: 


