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Abstract
Results from eight regional climate models (RCMs) participating in the Impact of Initialized Land Temperature and Snow-
pack on Sub-seasonal to Seasonal Prediction (LS4P) initiative of the Global Energy and Water Exchanges (GEWEX) are 
examined and compared with observations over the Tibetan Plateau (TP). The RCM common domain covers most areas of 
East Asia with a horizontal resolution of 20–30 km. The model simulation covers a period from April to September in each 
year between 1991 and 2015. This study explores the RCMs’ ability for seasonal climate simulation over the TP, focusing on 
the summer monsoon climate as part of the LS4P initiative. An intercomparison is made among eight RCMs for precipitation, 
surface air temperature, mid-troposphere atmospheric circulation, moisture conditions, and surface energy fluxes. It shows 
that the downscaling characteristics differ significantly between two major RCM types. The RegCM4 models show positive 
precipitation biases over the entire TP, especially over the south and southeast TP, while the WRF models mostly show both 
positive and negative precipitation biases over the TP with relatively high spatial correlation between simulated and observed 
precipitation. The multi-model ensemble mean produces overall smaller precipitation biases than most individual RCMs, 
with the largest biases over the southeastern TP, and smaller surface air temperature biases over most areas of the TP, espe-
cially over the central and southwestern TP. Moreover, the ensemble mean can better reproduce the inter-annual variation of 
precipitation and surface air temperature than most RCMs with proper magnitude. Sensitivity analyses using RegCM4 with 
different physics parameterizations show that varying land and cumulus schemes may induce large precipitation differences 
over the TP by affecting moisture and atmospheric circulation conditions in the lower and upper troposphere, respectively. 
Moreover, turbulent heat and radiation fluxes differences are associated with the temperature differences between different 
RegCM4 models.
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1 Introduction

The Tibetan Plateau (TP), often referred to as “the roof of 
the world” (Zhou and Zhang 2021; You et al. 2015; Guo 
2015) due to its wide geographic area with steep terrain 
with an average elevation (exceeding 4000 m averagely), 
has profound impacts on regional and even global climates 
through its thermal forcing mechanisms (Wu et al. 2007a, 
b, 2015; Kang et al. 2010; Yao et al. 2019; Sun and Liu 
2021; Xu et al. 2021a, b) and mechanical effect. As a bar-
rier, TP influences on the position of subtropical jet, and 
hence, affect weathers in East Asia (Abe et al 2003). As 
the source of major rivers in Asia, including the Yangtze 
River, the Yellow River, and the Ganges River, the TP is 
also crucial to the water supply of approximately 1.4 bil-
lion people, and thus defined as “the water tower of Asia” 
(Immerzeel et al. 2010; Immerzeel and Bierkens 2012). 
Due to the scarcity of observations (Wu et  al. 2007a, 
b; Ye and Wu 1998; You et al. 2013) and the complex 
topography (Singh and Nakamura 2009; Fu et al. 2020; 
Li et al. 2020), modeling TP weather/climate is scientifi-
cally challenging. Among the climate models especially in 
the general circulation Models (GCMs), large simulation 
biases have been identified over this area (Su et al. 2013; 
Jia et al. 2019; Lun et al. 2021; Cui et al. 2021; Gao et al. 
2022). Gao et al. (2022) evaluated the abilities of fifteen 
high-resolution Coupled Model Intercomparison Project 
phase 6 (CMIP6) models in simulating the historical tem-
perature and precipitation over the TP, and reported that 
the equal-weighted ensemble averages are representative 
of the observed spatial distribution of temperature and pre-
cipitation over the TP, with an underestimation of ~ 2 °C 
and 2 mm/day respectively. It is well known that GCMs 
tend to exhibit relatively low performances in simulating 
the present-day climate in a regional scale due to their 
coarse resolutions (Wu and Gao 2020). The performance 
of regional climate models (RCMs) over the TP, however, 
has not been systematically intercompared, although cli-
mate simulations and physics sensitivities from a few indi-
vidual models have been evaluated (Liang et al. 2019; Xu 
et al. 2021a, b).

The “Impact of Initialized Land Temperature and Snow-
pack on Sub-seasonal to Seasonal Prediction” (LS4P) is 
an international initiative under the Global Energy and 
Water Exchanges (GEWEX) program that focuses on 
understanding the source of subseasonal-to-seasonal (S2S) 
predictability due to the land temperature anomaly over 
high mountain regions, especially the TP (Xue et al. 2021, 
2022). Under the joint collaboration of worldwide global 
and regional climate modeling groups, the project will be 
carried out in several phases, each focusing on a particular 
high mountain region in one continent. Since the inception 

in 2018, the initiative has completed its first phase experi-
ment (LS4P-I) in which more than 40 institutions world-
wide have participated. One objective of the LS4P-I is 
to assess the current state of RCMs over the TP in order 
to better understand the land–atmosphere interaction over 
the TP and to explore the remote effect of initialized land 
surface and snowpack on S2S. The TP region provides 
an ideal geographic location for the LS4P-I test owing to 
its relatively high elevation and large areal extent; also, 
understanding and modelling the TP climate variability 
and its impact have become a focus for many researchers 
due to its high climate sensitivity.

RCMs are commonly used to downscale the coarse res-
olution simulation from the GCMs and reanalysis (Liang 
et al. 2012; Xue et al. 2014; Xu and Yang 2015; Giorgi and 
Gutowski 2015; Wang et al. 2016; Xu et al. 2019). However, 
it is found that RCMs have systematic biases over the TP 
(Ji and Kang 2013; Gao et al. 2017, 2018; Guo et al. 2018; 
Fu et al. 2021; Wang et al. 2021; R. Xu et al. 2021a, b; 
Sato and Xue 2013). Guo et al. (2018) assessed the perfor-
mance of multiple RCMs from the Coordinated Regional 
Climate Downscaling Experiment (CORDEX) in simulating 
surface air temperature and precipitation over the TP, and, 
found that cold biases ranging from − 0.95 to − 6.94 °C and 
15–104% more precipitation than observed are simulated 
with the different RCMs, which indicated a large model 
dependency. Xu et al. (2021a, b) compared long-term cli-
mate and inter-annual variation simulated by the CWRF-
UMD among 27 configurations of alternative parameteri-
zation schemes in five major physical processes (cumulus, 
microphysics, cloud, radiation, planetary boundary layer, 
land surface) and showed large spreads in both temperature 
and precipitation results. They found that radiation schemes 
have the greatest impact on temperature simulation while 
the cumulus schemes have the greatest impact on precipita-
tion simulation over the TP. Therefore, it is imperative to 
evaluate RCMs against the best-quality observational data, 
intercompare their performance differences, and understand 
the result sensitivities to model physics representations in 
simulating the regional climate over the TP. The LS4P-I 
RCM intercomparison is a joint effort with the Third Pole 
Environment (TPE) Earth System Model Inter-comparison 
Project (TPEMIP) and focuses on the high-elevation Tibetan 
Plateau region. With the joint cooperation of international 
RCM groups participating in the LS4P-I project, this study 
assesses the current state of fine-resolution regional climate 
modeling over the TP, for the purpose of providing solid 
forecasting tools for LS4P. The remainder of the article is 
organized as follows. Section 2 describes the model and 
experimental design, observation datasets, and analysis 
methods. Section 3 presents the main results of RCMs inter-
comparisons over the TP. A brief summary and conclusions 
are presented in Sect. 4.
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2  Models, data, and experiments

2.1  The regional model configuration

In this study, eight RCMs are employed as part of the 
LS4P-I experiment, including multiple versions of the 
Weather Research and Forecasting models (WRF; Powers 
et al. 2017) and the Regional Climate Model Version 4 
models (RegCM4; Giorgi et al. 2012). The configurations 
of each RCM vary in combinations of physical param-
eterizations, dynamic framework, and the lateral bound-
ary forcing, which are listed in Table  1. Six research 
groups participate in this activity, including University 
of Maryland (CWRF-UMD; Liang et al. 2012, 2019), the 
Japan Agency for Marine-Earth Science and Technology 
(WRF-JAMSTEC), Yonsei University (WRF-YSU), CAS 
Institute of Tibetan Plateau Research-Tsinghua University 
(WRF-ITP&THU), Sun Yat-sen University (WRF-SYSU), 
and Nanjing University (RegCM4-NJU). The topographic 
height of the Tibetan Plateau is shown in Fig. 1a.

The RCM simulation domain generally covers most 
areas in East Asia with minor differences for each model 
(Fig.  1b) and at a horizontal resolution of 20–30  km 
(CWRF-UMD is 30 km). The RCM experiments, initial-
ized each year on 1 April (April 21 for the WRF-JAM-
STEC) and integrated 153 days to 1 September, are con-
ducted for 25 years from 1991 to 2015. The first 30 days 
(10 days for the WRF-JAMSTEC) are discarded as the 
spin-up time, and the results from May to August (May, 
June, July, and August, MJJA) are used for the subsequent 
analyses, focusing mainly on the TP. Two exceptions are 
that the CWRF-UMD and WRF-ITP&THU take the con-
tinuous integration approach, where the CWRF-UMD 
is initialized once only on October 1, 1979 (Liang et al. 
2019) and WRF-ITP&THU is initialized on January 1, 
1991, and then run continuously throughout the entire 
period. As such, these two simulations may be less subject 
to a potential spin-up problem than other RCMs.

2.2  Observations and reanalysis data

To evaluate the performance of RCM simulations, the 
model precipitation, surface air temperature, upper atmos-
pheric circulation, and moisture variables are compared 
with observations or reanalysis products over the TP. The 
observed data for monthly precipitation and surface air 
temperature at 2-m height data from 1979 onward is from 
the China Meteorological Forcing Dataset (CMFD), a fine 
spatial–temporal resolution gridded near-surface meteoro-
logical dataset developed specifically for studies of land 
surface processes in China (Chen et al. 2011; He et al. 

2019, 2020). The CMFD, with a spatial resolution of 0.1° 
and a temporal resolution of three hours, was produced 
through the fusion of ground-based observations with sev-
eral gridded datasets from remote sensing and reanalysis. 
Due to its continuous temporal coverage and consistent 
quality, the CMFD is one of the most widely-used climate 
datasets for China. For the upper atmospheric circulation 
and moisture, we use the monthly zonal and meridional 
winds, geopotential height, precipitation water and specific 
humidity data from ERA-Interim reanalysis (Dee et al. 
2011) provided by the European Centre for Medium-Range 
Weather Forecasts.

3  Results

3.1  MJJA mean precipitation

Figure 2 shows the spatial distribution of 25-year averaged 
(1991–2015) MJJA mean precipitation over the TP from 
CMFD and the biases of RCM simulations. The observed 
precipitation decreases from southeast to northwest with the 
maximum precipitation of more than 5.0 mm/day over the 
southeastern TP and the minimum precipitation of less than 
1.0 mm/day over the western TP and the Qaidam (Tsaidam) 
Basin. The RCMs generally capture the spatial patterns of 
MJJA mean precipitation over the TP, with a spatial corre-
lation coefficient (SCC) exceeding 0.88 between the multi-
model ensemble mean and observations. The RegCM4 
models from NJU (RegCM4-NJU-B, RegCM4-NJU-C and 
RegCM4-NJU-E) consistently overestimate precipitation 
with RMSEs exceeding 3.4 mm/day over the TP, especially 
along the southern boundary of the TP, while the WRF 
models mostly show both dry and wet biases with smaller 
RMSEs. The WRF-JAMSTEC produces less precipita-
tion over areas near north Mount Everest with the lowest 
RMSE of about 1.47 mm/day, but substantially underesti-
mates precipitation over areas near north Mount Everest. 
The WRF-SYSU, WRF-YSU and CWRF-UMD overestimate 
precipitation, especially over the eastern and southern TP; 
this dry bias is reduced in the WRF-ITP&THU. In general, 
the spatial pattern of the MJJA mean precipitation is bet-
ter captured by the multi-model ensemble mean, but the 
WRF-JAMSTEC shows the smallest RMSE. Moreover, we 
also analyze the spatial patterns of standard deviation of 
MJJA mean precipitation in different models and observa-
tion (Fig. 3). The RegCM4 models and WRF-YSU signifi-
cantly overestimate the standard deviation of precipitation 
over the southern TP, especially the RegCM4-NJU-E. The 
standard deviation of precipitation over most TP is small in 
other RCMs, especially the WRF-JAMSTEC. The CWRF-
UMD and WRF-ITP&THU can better capture the standard 
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deviation of MJJA mean precipitation over most TP than 
other RCMs.

Figure 4 shows the spatial distribution of correlation coef-
ficients (Fig. 4a1–i1) and RMSEs (Fig. 4a2–i2) of MJJA 
precipitation between RCM simulations and the CMFD 
during 1991–2015. The correlation coefficient measures 
whether the model can realistically simulate the inter-
annual variation of MJJA precipitation at each grid point. 
All RCMs have low correlation over the northern TP, as 
well as around the Yarlung Zangbo Grand Canyon area. The 
RegCM4 and WRF-JAMSTEC simulate the inter-annual 
variation of MJJA precipitation poorly over most TP, and the 
RegCM4 models have relatively larger RMSEs, especially 
along the southeastern TP. The WRF simulations from the 
SYSU, YSU, and UMD reproduce the inter-annual varia-
tion of MJJA precipitation with higher correlations but also 
larger RMSEs over the southeastern TP, where precipitation 
maxima are located. WRF-JAMSTEC and WRF-ITP&THU 
both show smaller RMSEs, while higher correlations exist 
in WRF-ITP&THU and lower correlations exist in WRF-
JAMSTEC. Compared to individual RCM performance, 
the multi-model ensemble mean can better reproduce the 
observed inter-annual variation of observed MJJA precipi-
tation; its magnitude is also closer to the observations with 
smaller RMSEs than most models.

3.2  MJJA mean surface air temperature

Figure 5 shows the spatial distribution of MJJA mean sur-
face air temperature from observation (CMFD), and the 
biases between RCM simulations and observation during 
1991–2015. Height adjustments are applied to surface air 
temperature using the difference of topographic height 
between RCMs and observation. The MJJA mean tempera-
ture over the Qaidam Basin and around the Yarlung Zangbo 
Grand Canyon area is higher, generally exceeding 16.0 °C 

(Fig. 5a). All RCMs can reproduce the spatial patterns with 
correlations exceeding 0.95 and RMSEs below 3.66 °C. The 
RegCM4 simulations tend to produce predominantly warm 
biases over most areas of the TP, while warm and cold biases 
co-exist in the WRF models except for the WRF-JAMSTEC. 
The RegCM4-NJU-B has the largest warm biases exceeding 
2.0 °C over most areas of the TP, while the WRF-JAMSTEC 
has the largest cold biases exceeding -3.0 °C and shows the 
largest RMSE of 3.66 °C. Warm biases predominate in the 
CWRF-UMD and WRF-ITP&THU, with RMSEs below 1.6 
°C, while cold biases predominate in the WRF-SYSU and 
WRF-YSU, with RMSEs below 1.9 °C. The multi-model 
ensemble mean is closer to the observation, as the biases 
are the smallest, especially over the central and southwest-
ern TP, with obviously reduced spatial RMSE at about 1.18 
°C. The WRF-ITP&THU overestimates the standard devia-
tion of temperature over the central and eastern TP while it 
underestimates the standard deviation of temperature over 
the western and southern TP. Other RCMs show smaller 
standard deviation of temperature over most TP, and their 
spatial patterns of biases are similar to each other (Figure 
not shown).

Figure 6 shows the inter-annual correlations (Fig. 6a1–i1) 
and RMSEs (Fig. 6a2–i2) between simulations and obser-
vations of MJJA mean temperature at each grid during 
1991–2015. All RCMs reproduce the inter-annual variations 
with high correlations over most regions of the TP, with the 
highest correlations produced by WRF-YSU and CWRF-
UMD. The WRF-JAMSTEC shows large RMSEs over the 
western TP, exceeding 5 °C. The multi-model ensemble 
mean can better reproduce the inter-annual variation of 
MJJA mean temperature over the TP with the highest cor-
relations and the smallest RMSEs over most regions. Gener-
ally, the ability of RCMs in simulating MJJA temperature is 
better than that for precipitation, in terms of both the mean 
climatology and inter-annual variation. The multi-model 

Fig. 1  The topographic height of the Tibetan Plateau (a) and simulation domains of LS4P Phase I for different RCMs (b)
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ensemble mean can improve the simulation capability, and 
more realistically characterizes the MJJA precipitation and 
temperature.

Furthermore, in order to analyze whether the biases in 
RCM simulation are partly due to biases in the forcing data, 
we also compare the rainfall and surface air temperature in 
ERA-Interim with the observation, since most RCMs are 
forced by ERA-interim (Fig. 7). The ERA-Interim can gen-
erally capture the spatial patterns of MJJA mean precipita-
tion and surface air temperature over the TP, with an SCC of 
0.8 and 0.98, respectively. The ERA-Interim overestimates 

MJJA precipitation over most of the TP, especially over 
southern TP. Therefore, the significant overestimation of 
MJJA precipitation in most RCMs over southern TP (Fig. 2) 
may be partly due to wet biases in the ERA-Interim forc-
ing data. As for the air temperature, ERA-Interim shows 
warm biases over eastern TP and cold biases over west-
ern TP. The spatial patterns of temperature biases in most 
RCMs are quite different and are not consistent with that 
in ERA-Interim. The underestimation of temperature over 
western TP in most RCMs except for the RegCM4-NJU-B 
(Fig. 5) may be partly due to cold biases in the ERA-Interim, 

Fig. 2  The 25-year (1991–2015) average of MJJA mean precipitation (mm/day) (a–j) over the TP based on the CMFD observation (a), and 
biases of the RCMs (b–i) and multi-model ensemble mean (j)
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while the overestimation of air temperature over eastern TP 
in WRF-SYSU, WRF-ITP&THU and the RegCM4 mod-
els (Fig. 5) may be partly due to warm biases in the ERA-
Interim. In summary, biases in the ERA-Interim forcing data 
have likely contributed to the RCM biases in both precipita-
tion and temperature.

3.3  Mid‑troposphere atmospheric circulation 
and moisture conditions

To understand the performance of RCMs in simulating pre-
cipitation, we examine the mid-troposphere atmospheric 

circulation and moisture conditions, which are important 
for regulating precipitation rates. Figure 8 shows the spa-
tial distribution of 25-year averaged MJJA mean precipita-
ble water from the ERA-Interim, and differences of RCM 
simulations from the reanalysis. There is a good match 
between the spatial distribution of precipitable water and 
precipitation, and areas with larger precipitable water also 
have larger precipitation. Compared to the reanalysis, the 
WRF models, except for the WRF-ITP&THU, tend to sim-
ulate less column water vapor over most regions of the TP, 
while the RegCM4 models show more column water vapor 

Fig. 3  The spatial distribution of standard deviation (mm/day) of MJJA precipitation (a–j) over the TP based on the CMFD observation (a), and 
biases of the RCMs (b-i) and multi-model ensemble mean (j)
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over northern TP. Relatively smaller biases of precipitable 
water were found in CWRF-UMD and WRF-YSU.

A close connection between the simulated water 
vapor and precipitation biases is found. For example, the 

predominant underestimation of precipitable water over the 
west TP in the WRF-JAMSTEC is consistent with the dry 
biases of precipitation (Fig. 2c), while the strong overesti-
mation of precipitable water in the WRF-ITP&THU over 

Fig. 4  The spatial distribution of correlation coefficients (a1–i1, with 
black dots indicating significance at p = 0.01) and root mean square 
errors (RMSEs, a2–i2) (mm/day) of MJJA precipitation between sim-

ulations (from RCMs and multi-model ensemble mean) and CMFD 
observation during 1991–2015
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most of the TP is accompanied with the corresponding 
wet biases of precipitation (Fig. 2e). In contrast, the WRF-
SYSU, underestimates precipitable water but overestimates 
precipitation over southwest TP. This discrepancy may be 
due to the use of a different reanalysis product as the driver, 
which is the MERRA2 for WRF-SYSU and the ERA-Interim 
for other RCMs (Table 1). The RegCM4 models underesti-
mate precipitable water over the southwest TP and overes-
timate over the northern TP, which contradicts the wet bias 
over southwest TP. Moreover, the differences of precipita-
ble water between different models can also partly explain 
the differences of precipitation between them, for example, 

CWRF-UMD, WRF-JAMSTEC and WRF-ITP&THU 
simulate less precipitable water over southeast TP than the 
WRF-SYSU and the RegCM4 models, consistent with the 
significantly less precipitation amount over southeast TP. 
WRF-JAMSTEC and WRF-SYSU produce less precipitable 
water over northwest TP than most RCMs, which may be 
related to the relatively low precipitation over northwest TP. 
Since precipitation generation is affected by multiple factors 
in addition to water vapor availability, detailed intercom-
parison between RegCM4 simulations will be conducted in 
Sect. 3.5 from the perspective of different land schemes and 
cumulus convection schemes.

Fig. 5  The MJJA mean temperature at 2-m height (°C) (a–j) over the TP based on the CMFD observation during 1991–2015 (a), and biases of 
the RCMs (b-i) and multi-model ensemble mean (j)
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Figure  9 compares the MJJA mean moisture flux at 
500 hPa from the ERA-Interim and different RCMs, depict-
ing the combined effect of water vapor content and hori-
zontal wind field. From the ERA-Interim, there is stronger 

water vapor transport over the southeastern TP. The weaker 
water vapor transport in the CWRF-UMD and WRF-SYSU 
over the central-western TP is associated with the under-
estimated water vapor and dry bias, while stronger water 

Fig. 6  The spatial distribution of correlation coefficients (a1–i1, with 
black dots indicating significance at p = 0.01) and root mean square 
errors (RMSEs, a2–i2) (°C) of MJJA mean temperature at 2-m height 

between simulations (from RCMs and multi-model ensemble mean) 
and CMFD observation during 1991–2015
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vapor transport in the WRF-JAMSTEC (WRF-ITP&THU) 
over the northeastern (western) TP are related to more pre-
cipitation. The RegCM4 and WRF-YSU simulations show 
stronger water vapor transport over the southern TP, espe-
cially in RegCM4-NJU-B and WRF-YSU, resulting in more 
precipitation.

Figure 10 shows the spatial distribution of MJJA mean 
horizontal wind vector and geopotential height biases at 
500 hPa in 1991–2015 from RCMs relative to ERA-Interim 
reanalysis. The ERA-Interim results show that the TP is 
dominated by westerlies. In addition, there also exists south-
westerly wind over the southern TP and northwesterly wind 
over the northern TP. Compared to ERA-Interim, the WRF-
JAMSTEC shows northwesterly biases over the TP, which 
does not favor the precipitation either and may partly con-
tribute to the strong dry biases. The RegCM4 simulations 
exhibit cyclonic biases over the southern TP, which may be 
beneficial for the formation of precipitation from the aspect 
of dynamical factors.

3.4  Surface radiation flux and turbulence flux

The surface energy budget, including radiation flux and tur-
bulent heat flux, is important for regulating surface air tem-
perature. Figure 11 shows the spatial distribution of MJJA 
mean surface net shortwave radiation and net longwave 
radiation in 1991–2015. The RegCM4 models generally 
simulate more downward surface net shortwave radiation 
flux than other models (except for the WRF-YSU), leading 

to higher temperatures. According to the validation results 
above, colder biases are found especially in WRF-JAM-
STEC, WRF-SYSU, and WRF-YSU. The WRF-JAMSTEC 
and the WRF-SYSU produce less downward surface net 
shortwave radiation than the other RCMs, and lower tem-
peratures (Fig. 5c, d), especially in the WRF-JAMSTEC at 
west of 82° E. The less downward surface net shortwave 
radiation in the WRF-JAMSTEC is related to the higher sur-
face albedo above 0.4 (Figure not shown) used in its Noah 
LSM. Over the northern and northwestern TP, where colder 
biases are found (Fig. 5c), the land use type is "Barren or 
Sparsely Vegetated" from the MODIS-30 s, which is the 
region with higher surface albedo. In addition, the overes-
timation of snow cover in the WRF-JAMSTEC may also 
play an auxiliary role in leading to higher albedo, but not as 
pronounced as in the cold season.

Figure 12 shows the sensible heat flux (a1–h1) and latent 
heat flux (a2–h2) from the RCMs. The MJJA mean sensible 
and latent heat fluxes over the TP are upward in all eight 
RCMs. Moreover, the upward sensible (latent) heat flux over 
the western TP is stronger (weaker) than that over the east-
ern TP. Overestimation of sensible heat and latent heat loss 
co-exist in the WRF-YSU, which may lead to less energy 
storage and strong cold bias over the TP (Fig. 5f). For the 
RegCM4 simulations, excessive precipitation may bring 
more soil moisture, leading to more upward latent heat flux 
and reduced surface albedo; as a result, more downward sur-
face net shortwave radiation and less upward sensible heat 
flux compensate for the more latent heat loss, contribute a lot 

Fig. 7  The MJJA mean precipitation (mm/day, a–c) and temperature at 2-m height (°C, d–f) over the TP based on the CMFD observation (a, d) 
and ERA-Interim reanalysis (b, e) during 1991–2015, and biases of the ERA-Interim reanalysis (c, f)
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to the more energy reserved in the surface and lead to higher 
temperature over most areas of the TP.

3.5  Comparison of three RegCM4 experiments

Convective precipitation process and land surface processes 
have been listed as two major factors affecting the RCM 
downscaling ability (Xue et al. 2014; Sun and Liang 2020). 
In this section, we examine these two factors’ effects in 
the RegCM4 downscaling. For the three RegCM4 simula-
tions, all physical schemes are identical except for the land 
schemes in the RegCM4-NJU-B (hereinafter NJU-B) and the 
RegCM4-NJU-C (hereinafter NJU-C). The BATS is used in 
the NJU-B and the CLM4.5 in the NJU-C. As for the NJU-C 
and the RegCM4-NJU-E (hereinafter NJU-E), they have 
different cumulus convection schemes (the Tiedtke in the 
NJU-C and the Emanuel in the NJU-E), while other schemes 
are the same. Therefore, by comparing the simulation results 
of the NJU-B and NJU-C as well as the NJU-C and NJU-E, 

we can attribute the simulation differences to the different 
land schemes or the cumulus convection schemes. Figure 13 
shows the spatial distribution of MJJA mean precipitation 
differences in the NJU-B and the NJU-E compared to the 
NJU-C (Fig. 13a1). Compared with the NJU-C, the NJU-B 
simulates more rainfall over most areas of the TP, except for 
the Qaidam Basin and some areas along the southeastern 
boundary of the TP. The NJU-E also produces more rain-
fall over most areas of the TP, especially along the south-
ern boundary of the TP. Regarding surface air temperature, 
compared with the NJU-C (Fig. 13a2), the NJU-B simulates 
higher temperature over most regions of the TP but much 
lower temperature over the southwest regions adjacent to the 
TP. On the contrary, the NJU-E is mainly characterized by 
lower temperature over the TP and higher temperature over 
the southwest regions adjacent to the TP.

In Fig. 14, the simulated moisture and atmospheric cir-
culation conditions over the TP at 500 hPa in the NJU-B 
and the NJU-E are compared with those in the NJU-C. 

Fig. 8  The spatial distribution of the 25-year averaged MJJA mean precipitable water (kg/m2) from the ERA-Interim reanalysis (a), and the dif-
ferences between RCMs and ERA-Interim (b–j)
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Compared with NJU-C, NJU-B simulates higher relative 
humidity and specific humidity at 500 hPa over the northern 
TP, where great differences in precipitation between them 
are also detected (Fig. 13b1), indicating the consistency and 
relevance between simulated water vapor and precipitation 
in these two RegCM4 simulations. In addition, the NJU-B 
produces stronger moisture transport over the southern TP 
(Fig. 14b3), which is consistent with more precipitation in 
the NJU-B. Moreover, the NJU-B shows cyclonic biases 
over the TP at 500 hPa, which favors larger precipitation.

In the NJU-E and NJU-C, the differences in moisture 
and atmospheric circulation conditions at 500 hPa do not 
match well with the differences in precipitation. Therefore, 
an additional comparison is conducted at 300 hPa (Fig. 15). 
It is found that the relative humidity and specific humidity 
along the southern boundary of the TP in NJU-E at 300 hPa 
is higher than those in NJU-C, which is consistent with more 
precipitation there in the NJU-E (Fig. 13c1). In addition, 
the cyclonic biases over the northeastern TP are condu-
cive to producing more precipitation in NJU-E. Therefore, 

it suggests that different cumulus convection schemes in 
NJU-E and NJU-C may induce the precipitation differences 
found over the TP by affecting moisture and atmospheric 
circulation conditions in the upper troposphere.

Moreover, by comparing the differences in simulated sur-
face air temperature and surface energy flux over the TP and 
its surrounding regions in models, it shows that differences 
in simulated temperature are mainly related to the surface 
energy balance. The simulated surface radiation flux and 
heat fluxes over the TP in NJU-B and NJU-E are compared 
with those in NJU-C. Figure 16 shows that the higher tem-
perature over most areas of the TP in the NJU-B may be 
attributed to the less upward longwave radiation. However, 
in the southwest regions adjacent to the TP, the large simu-
lated temperature differences between NJU-B and NJU-C 
are mainly caused by the large differences in simulated latent 
heat flux, the upward latent heat flux simulated by NJU-B 
is much larger than that simulated by NJU-C, which may 
partly contribute to the lower temperature in NJU-B. On the 
other hand, the surface air temperature differences between 

Fig. 9  The same as Fig. 8, but for moisture transport at 500 hPa (vectors, unit: g/cm/hPa/s). Shadings denote the magnitude of moisture transport 
(unit: g/cm/hPa/s)
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the NJU-C and the NJU-E are caused by the differences 
in surface net shortwave radiation. Over the northern and 
southeastern TP, less downward shortwave radiation contrib-
utes to the lower temperature. Meanwhile, in the southwest 
regions adjacent to the TP, more downward shortwave radia-
tion is responsible for the higher temperature. Therefore, 
the surface air temperature differences between the NJU-B 
and NJU-C are mainly related to their turbulent heat flux 
differences, which may be attributed to their different land 
schemes. However, the surface air temperature differences 
between NJU-C and NJU-E are closely related to the radia-
tion fluxes.

In summary, sensitivity analyses using three RegCM4 mod-
els with different physics parameterizations show that varying 

land schemes may induce large precipitation differences over 
the TP by affecting the moisture and atmospheric circulation 
conditions in the lower troposphere, and may also induce sur-
face air temperature differences mainly by affecting the surface 
turbulent heat fluxes. However, varying cumulus schemes may 
induce precipitation differences by affecting the moisture and 
atmospheric circulation conditions in the upper troposphere 
and temperature differences by affecting the surface radiation 
fluxes.

Fig. 10  The same as Fig. 8, but for 500-hPa horizontal wind vectors (arrows, unit: m/s) and geopotential height (shadings, unit: m)
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4  Conclusions

This study explores the potential for downscaling seasonal 
climate over the TP, focusing on the RCM-simulated sum-
mer monsoon climate as part of the Impact of Initialized 
Land Temperature and Snowpack on Sub-seasonal to Sea-
sonal Prediction (LS4P) initiative of the Global Energy and 
Water Exchanges (GEWEX). An intercomparison is made 
based on results from eight RCMs, focusing on the precipita-
tion, surface air temperature, mid-troposphere atmospheric 
circulation conditions, moisture conditions and surface 
energy fluxes. Moreover, the study analyzes results from 
three RegCM4 experiments, which test the sensitivity of 
simulation results to different land schemes and different 
cumulus convection schemes.

Specifically, the RCMs can generally reproduce the spa-
tial patterns of MJJA mean precipitation and surface air 
temperature over the TP. Overall, the multi-model ensemble 
mean simulates the MJJA mean precipitation and tempera-
ture better than individual RCM, especially over the south-
eastern TP, where large biases and RMSEs exist for most 

models. Moreover, the ensemble mean can better reproduce 
the observed inter-annual variation of MJJA precipitation 
and temperature than most RCMs, and its magnitude is also 
closer to the observation. In terms of individual RCMs, 
most RCMs tend to overestimate the precipitation, such as 
the WRF-SYSU, WRF-YSU, and the CWRF-UMD over 
the eastern and southern TP, while dry biases exist in the 
WRF-JAMSTEC. Among the eight RCMs, the RegCM4 
overestimates precipitation, especially along the southern 
boundary of the TP. As for the surface air temperature, the 
RegCM4-NJU-B has the largest warm biases exceeding 2.0 
°C, while the WRF-JAMSTEC has the largest cold biases 
exceeding − 3.0 °C. The CWRF-UMD can better simulate 
the inter-annual variation of MJJA precipitation than other 
RCMs with larger correlation coefficients and smaller biases 
of the standard deviation, while CWRF-UMD and WRF-
YSU can better simulate the inter-annual variation of MJJA 
air temperature. Furthermore, we also find that the signifi-
cant overestimation of MJJA precipitation in most RCMs 
over southern TP may be partly due to wet biases in the 
ERA-Interim forcing data.

Fig. 11  The spatial distribution of 25-year averaged MJJA mean surface net shortwave radiation flux (a1–h1, downward is positive, unit: W/m2) 
and net longwave radiation flux (a2–h2, upward is positive, unit: W/m2) of 8 RCMs during 1991–2015
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Fig. 12  The same as Fig. 11, but for sensible heat flux (a1–h1, upward is positive, unit: W/m2) and latent heat flux (a2–h2, upward is positive, 
unit: W/m2)

Fig. 13  The spatial distribution of MJJA mean precipitation (mm/day) (a1) and temperature at 2-m height (°C) (a2) in the NJU-C, and the differ-
ences between NJU-B and NJU-C (b1, b2), and NJU-E and NJU-C (c1, c2)
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Examining the mid-troposphere atmospheric circulation 
and moisture conditions reveal that, the dry biases in the 
WRF-JAMSTEC are related to the predominant underesti-
mation of precipitable water and northwesterly biases over 
the TP, while the overestimation of precipitable water are 
accompanied by corresponding wet biases in the WRF-
ITP&THU over most areas of the TP. For the WRF-SYSU, 
the disagreement between the underestimation of precipi-
table water and the overestimation of precipitation may be 
attributed to its distinct forcing. In addition, investigation 
on the surface energy balance shows that, the WRF-JAM-
STEC and the WRF-SYSU simulate less downward sur-
face net shortwave radiation than the other RCMs, which is 
consistent with the relatively lower simulated temperature, 

but the cold biases in the WRF-YSU are linked to the more 
sensible heat and latent heat loss. For the RegCM4 simula-
tions, excessive precipitation may bring more soil moisture, 
leading to more upward latent heat flux and reduced surface 
albedo; as a result, more surface net shortwave radiation and 
less upward sensible heat flux, which compensates for the 
more latent heat loss, contribute to the more energy reserved 
in the surface and lead to higher temperature over most areas 
of the TP.

Further, the study analyzes results from three RegCM4 
experiments, which use different land schemes and different 
cumulus convection schemes. NJU-B and NJU-E both simu-
late larger rainfall over most regions of the TP than NJU-
C. However, the precipitation differences between NJU-B 

Fig. 14  The spatial distribution of relative humidity (a1, unit: %), 
specific humidity (a2, unit:  10−3 kg/kg), moisture transport (a3, unit: 
g/cm/hPa/s), horizontal wind field, and geopotential height (a4, unit: 

m) at 500 hPa in the NJU-C (the first column), as well as the differ-
ences between NJU-B and NJU-C (the second column), and NJU-E 
and NJU-C (the third column)
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(NJU-E) and NJU-C with different land schemes (cumulus 
convection schemes) are induced by moisture and atmos-
pheric circulation conditions in the middle (upper) tropo-
sphere. Compared with NJU-C, NJU-B produces higher sur-
face air temperature over most regions of the TP, which may 
be attributed to the less upward longwave radiation. How-
ever, lower temperature over the southwest regions adjacent 
to the TP in NJU-B may be partly attributed to its larger 
upward latent heat flux; the NJU-E is mainly characterized 
by lower temperature over the northern and southeastern TP 
and higher temperature over the southwest regions adjacent 
to the TP, which is consistent with the less and more down-
ward shortwave radiation there, respectively. In summary, 
varying land schemes may induce large precipitation differ-
ences over the TP by affecting the moisture and atmospheric 
circulation conditions in the middle troposphere, and induce 
the surface air temperature differences mainly by affecting 

the surface turbulent heat flux. However, varying cumulus 
schemes may induce precipitation differences by affecting 
the moisture and atmospheric circulation conditions in the 
upper troposphere and surface air temperature differences 
by affecting the surface radiation fluxes.

Generally, eight RCMs show different downscaling 
characteristics, and the biases in each individual RCM 
can be explained from the thermal and dynamical aspects. 
CWRF-UMD and WRF-ITP&THU are among those pos-
sessing higher capability in reproducing both the spatial 
patterns and inter-annual variations of MJJA precipita-
tion and temperature; meanwhile, RegCM4 simulations 
configured with CLM4.5 land surface scheme outperform 
that configured with BATS in realistically reproducing the 
spatiotemporal characteristics of temperature, and those 
configured with Tiedtke cumulus parameterization dem-
onstrate better performance in precipitation simulation. 

Fig. 15  The same as Fig. 14, but for 300 hPa
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The multi-model ensemble mean performs relatively better 
than any individual RCM in depicting the features of MJJA 
climate over the TP.
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