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Abstract
The Tibetan Plateau (TP), also called the Third Pole, is considered to be “the world water tower”. The northwestern TP 
(NWTP), which has an average elevation higher than 4800 m, is an arid region where the summer precipitation is largely 
overestimated by the ERA5 global reanalysis product. We hypothesize that this wet bias is mainly caused by unrealistic 
lower-level winds that trigger strong convection over the region; it can be reduced by using a high-resolution regional cli-
mate model with a large domain that allows realistically representing interactions between the Westerlies and Asian summer 
monsoons. Here, downscaling using the Weather Research and Forecasting (WRF) model driven by ERA5 was conducted 
with a large domain (8°‒50° N, 65°‒125° E) at 9 km for the period 1979‒2019 (WRF9km). Precipitation values from 
WRF9km and ERA5 were evaluated against satellite observations; compared with ERA5, WRF9km captured the climato-
logical summer precipitation over the NWTP with a much-reduced wet bias. The ERA5 overestimation is mainly caused 
by excessive convective precipitation, likely linked to strong vertical motions over the NWTP induced by an overestimated 
lower-level southerly wind.
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1 Introduction

The Tibetan Plateau (TP), also called the Third Pole, is 
the most extensive area of high land in the world. Many of 
the major rivers of Asia (e.g., Yangtze, Yellow, Mekong, 
Brahmaputra, Indus, Ganges, Amu Darya, and Syr Darya) 
originate from the TP, providing water for billions of people 
downstream. The TP is also considered to be “the world 
water tower” (Xu et al. 2008) and is often referred to as “the 

roof of the world”. The TP, as a typical alpine zone with 
apparent ecosystem vulnerability and sensitivity, holds fun-
damental ecological and environmental significance to China 
and Asia (Latif et al. 2019). Under the background of global 
warming, temporal and spatial characteristics of precipita-
tion have undergone dramatic changes across the TP (Xiong 
et al. 2019), with ecosystems under increasing pressure (Li 
and Song 2021). Increasing temperature and redistributed 
precipitation extensively affect ecosystem productivity on 
the plateau by affecting the biological, hydrological, and 
ecological processes (Guo et al. 2016; Shen et al. 2022; 
Wan et al. 2017). Typically, the ecosystem vulnerability in 
the northwest was greater than that in the southeast. Thus, 
an investigation into precipitation variability, patterns, and 
related physical processes in this region is meaningful for 
ecosystem function and land management (Weltzin et al. 
2003). The northwestern TP (NWTP, 33°–36° N, 80°‒90° 
E), which has an average elevation higher than 4800 m, is 
an arid region, a large part of which has an annual precipita-
tion of less than 250 mm (Wang et al. 2018). A large part of 
the largest National Nature Reserve in China, the Qiangtang 
National Nature Reserve, is also located on the NWTP (Li 
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and Pimm 2020). The NWTP possesses a largely intact eco-
system including permafrost, alpine vegetation, lakes, and 
wild animals, with little disturbance from human activities. 
The ecosystem is markedly affected by climate because the 
available precipitation is limited. In addition, the NWTP has 
recently experienced an increase in summer precipitation 
and expansion of lakes (Sun et al. 2020), while the glacier 
contraction rate is smaller than in other regions in China (Su 
et al. 2022; Yao et al. 2012). Permafrost has been indicated 
to degrade in the area because of increasing temperatures 
(Yang et al. 2019), and alpine vegetation is ecologically 
vulnerable to climate change due to its spatial distribution 
and rapid warming in high elevation (Wang et al. 2017; You 
et al. 2020). Hence, this region can act as a test bed to study 
land‒atmosphere interactions and has vital implications for 
the study of climate change.

The northern TP is climatically controlled by westerlies 
and the southern TP is mainly influenced by Indian monsoon 
circulation (Chen et al. 2009), which is critical for advection 
and moisture transport. According to Yao et al. (2013), due 
to the effect of the elevated topography of TP, the westerly 
winds bifurcate into two branches over the Caspian Sea: one 
passes by the northern side of the plateau and the other flows 
around the southern side of the plateau. These two branches 
then meet to the east of the plateau (Liu and Yin 2001), with 
an anticyclone to the north of the TP and a cyclone to the 
south. Although the westerlies reaching the TP are charac-
terized by low moisture, the Indian summer monsoon brings 
substantial precipitation to this generally semi-arid region 
(Zhu et al. 2015). The westerlies anomaly associated with 
the North Atlantic Oscillation may be primarily responsi-
ble for shaping the pattern of the north–south precipitation 
gradient (Liu and Yin 2001). In addition to the precipitation 
climatology, precipitation trends also show a clear regional 
heterogeneity, increasing in the north and decreasing in the 
south, with more detailed studies finding positive anomalies 
over most of the central and eastern Himalaya and negative 
anomalies over the Karakoram, western Himalaya, and far 
eastern Himalaya (Krishnan et al. 2019). This heterogene-
ity is attributed to the dominance of the weakened Indian 
monsoon over the south and the significantly strengthened 
westerlies (e.g., An et al. 2012; Forsythe et al. 2017). In turn, 
the elevated topography of the TP not only acts as a barrier 
to the midlatitude westerlies but also affects the Indian mon-
soon through its dynamic and thermal impacts, with domi-
nant thermal forcing in spring and summer, and mechanical 
forcing in winter (Wu et al. 2015), thus contributing to large-
scale atmospheric circulation (Bothe et al. 2011).

Summer precipitation over the NWTP is markedly influ-
enced by both the Westerlies and Asian summer monsoons 
(e.g., Feng and Zhou 2012; Schiemann et al. 2009; Ye 1981; 
Zhang et al. 2019a, b). In the summer season, the core of 
the East Asia Westerly Jet (EAWJ) moves northwards to 

the northern edge of the TP at approximately 40° N (Schie-
mann et al. 2009; Yu et al. 2021); this is associated with 
northward water vapor transport to the NWTP (Feng and 
Zhou 2012). At the same time, the upper-tropospheric sub-
tropical Westerlies are located around 40° N over the TP, 
where the EAWJ is also present (Schiemann et al. 2009). 
As a result, a large proportion of the precipitation falls over 
a region that is jointly affected by the Westerlies and Indian 
summer monsoon (Lai et al. 2021). Most of the TP vortices 
(mesoscale weather systems active in the near-surface of the 
TP) are generated over the NWTP (Curio et al. 2019; Lin 
et al. 2020), which has a large impact on precipitation over 
the whole TP and even downstream East Asia. On the other 
hand, the high mountains may act as an obstacle to the flow 
of the Westerlies, and the induced orographic forcing may 
thereby have a great impact on the northerly wind branches 
of the summer Westerlies across the TP (Kong and Chiang 
2020; Molnar et al. 2010).

An accurate representation of the interaction between 
the Westerlies and the high mountains is critical to enable 
the realistic simulation of local circulation and precipitation 
over the NWTP. Precipitation over the NWTP, especially 
in the summer season, is generally overestimated by global 
reanalysis products, global climate models, and regional cli-
mate models (RCMs) with a horizontal resolution coarser 
than 20 km (e.g., Gao et al. 2020b; Li et al. 2015; Liang 
et al. 2021; Sun et al. 2021; Tong et al. 2014; Wang et al. 
2021). The overestimated summer precipitation over the 
NWTP may be reduced by RCMs by increasing the horizon-
tal resolution, especially by convection-permitting models 
(CPMs; with grid spacings no coarser than 5 km) (Gu et al. 
2020; Li et al. 2021; Lin et al. 2018). However, this was 
not shown to be the case in the work of Ma et al. (2021a), 
in which an overestimated summer precipitation over the 
NWTP persisted in their CPM simulations with a horizontal 
resolution of 3 km. The overestimated precipitation is not 
simply a scale-dependent problem related to the impacts of 
small-scale features, and therefore the overestimation may 
not be reduced by simply increasing the horizontal resolu-
tion. Important dynamics, such as the interaction between 
the Westerlies and the high plateau, should also be addressed 
to better understand the mechanisms behind the overesti-
mated precipitation.

Following approximately thirty years of development, 
RCMs are now widely used to study small-scale processes 
and climate change simulations (Giorgi 2019). However, 
RCMs are sensitive to different model configurations, such 
as domain size and horizontal resolution (Giorgi 2019). The 
wet bias over the NWTP is reduced in the High Asia Refined 
analysis version 2 (HARv2) at 10 km horizontal resolution, 
compared with its previous version (HAR), even if there 
is a general increase in the precipitation over a large part 
of the TP (Wang et al. 2020). One of the main changes in 
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HARv2 compared with HAR is that the domain of the 10 km 
simulation has been extended northwards to the north of 45° 
N, and now covers the location of the core of the summer 
upper-tropospheric subtropical Westerlies. We observed that 
the northern boundaries of the RCMs used in the work of 
Ou et al. (2020) and Ma et al. (2021a) were at approximately 
40° N, which may affect the ability of their models to cap-
ture the interactions between the Westerlies, Asian summer 
monsoons, and high plateau. A recent study by Prein et al. 
(2022), based on a set of cross-model CPM case study simu-
lations, also indicated that the domain boundaries of RCMs 
are very important in enabling the realistic simulation of pre-
cipitation over the TP; their simulations with larger domains 
performed better than those with relatively smaller domains, 
with the northern boundary located at approximately 40° N. 
Therefore, we here propose a large domain RCM simula-
tion, with the northern boundary covering the location of 
the core of the summer upper-tropospheric subtropical West-
erlies over the TP; we use this to examine the ability of a 
RCM to simulate summer precipitation over the NWTP. We 
hypothesize that a RCM with such a large domain, which 
may develop its own climatology and potentially modify 
some large‐scale climate structures more realistically, can 
successfully capture the interactions between the Wester-
lies, Asian summer monsoons, and high plateau, and in turn, 
realistically simulate the precipitation climatology over the 
NWTP.

To test and confirm this hypothesis, the fifth-generation 
global reanalysis product from the European Centre for 
Medium-Range Weather Forecasts (ECMWF), ERA5 (Hers-
bach et al. 2020), was utilized to drive Weather Research 
and Forecasting (WRF) simulations. The remainder of this 
manuscript is organized as follows: Sect. 2 introduces the 
data, model configuration, and methods; the results of pre-
cipitation evaluation and analysis of related circulations are 
presented in Sect. 3; and in Sect. 4, we give the discussion 
and conclusions.

2  Data, model configuration, and methods

2.1  Data sets

To compare the representation of summer precipitation 
over the NWTP, hourly precipitation products from ERA5 
and HARv2, a 10 km dynamic downscaling driven by the 
ERA5, were used. Re-initialization scheme (daily initializa-
tion which will run for 36 h with the first 12 h as spin-up 
time) was adopted in HARv2 similar to its previous version, 
HAR. Initial snow depth was corrected based on Japanese 
55-year Reanalysis (JRA-55) in HARv2, which has shown 
to have a better representation of air temperature at 2 m but 
with slightly higher precipitation amounts than HAR (Wang 

et al. 2020). The ERA5 data is available at hourly intervals 
from 1979 to the present with a horizontal resolution of 
0.25° × 0.25°, while HARV2 is currently available at hourly 
intervals during the period 1991‒2019.

The study region is mainly located in the permafrost 
region of the TP (Zou et al. 2017). Owing to the harsh 
environment across the NWTP, only a few in situ observa-
tions are available (Wang et al. 2018); these are insufficient 
to study the climatic characteristics of precipitation. The 
Integrated Multi-satellitE Retrievals for GPM (IMERG) 
precipitation product version 06, available at half-hourly 
intervals from June 2000 to the present, was used as a ref-
erence data set for precipitation (Huffman et al. 2019a, b). 
It fuses precipitation estimates from the TRMM satellite 
(2000–2015) with more recent precipitation estimates from 
the GPM satellite (2014–present). The IMERG precipitation 
product has a horizontal resolution of 0.1° × 0.1° and shows 
good performance in the capturing of diurnal cycles and 
seasonal and inter-annual variations of in situ observed pre-
cipitation across China (Ma et al. 2021b; Tang et al. 2020). 
The half-hourly IMERG values were summed to get hourly 
precipitation. To have a better view of the reliability of satel-
lite products, both the calibrated (IMERG) and uncalibrated 
(IMERG_Uncal) precipitation products by gauge observa-
tions from IMERG were utilized.

Daily gauge observations from 83 stations during 
1980–2016, following the study of Gao et al. (2015), were 
also used to evaluate the reliability of IMERG precipitation 
in capturing the observed mean and seasonal cycles over the 
whole TP, providing indirect support for the robustness of 
using IMERG precipitation as a reference over the NWTP 
(Fig. 1).

Pressure-level zonal (u), meridional (v), and vertical 
wind (w) from ERA5 were adopted to examine changes in 
pressure-level circulation, especially lower-level wind (i.e., 
500 hPa). The monthly mean of observed v-wind at 00:00 
and 12:00 UTC at 14 radiosonde stations from the Integrated 
Global Radiosonde Archive (IGRA) was used to evaluate the 
lower-level wind (Durre et al. 2006, 2018) (Fig. 1). These 
stations all have records lasting more than 10 years over the 
period 1980‒2019.

Cloud cover fraction (CCF) was the portion of grids that 
were covered by clouds ranging from 0% to 100%. A 100% 
of CCF meant a totally cloudy day, while a 0% of CCF 
indicated a clear day with no visible clouds at all. Three-
dimensional CCF can be used to illustrate the horizontal 
and vertical distribution of the cloud cover. In the present 
work, pressure-level CCF from ERA5 and the observational 
CloudSat product 2B-GEOPROF-LIDAR were used to 
evaluate the simulated cloud cover over the TP. 2B-GEO-
PROF-LIDAR is a combined product of the spaceborne lidar 
sensor Cloud-Aerosol Lidar with Orthogonal Polarization 
(CALIOP) and the radar sensor Cloud Profiling Radar (CPR) 
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(Mace and Zhang 2014; Marchand et al. 2008). Following 
Kukulies et al. (2019), we used radar‒lidar combined cloud 
fractions to ensure that both clouds with thicker optical 
depths and clouds with large contents of ice particles were 
accounted for. The 2B-GEOPROF-LIDAR CCF is available 
from 2006 to 2010. Elevation over the TP was illustrated 
using the 90 m topographic data from the Shuttle Radar 
Topography Mission (SRTM) (Reuter et al. 2007).

2.2  WRF model configuration

Herein, the WRF model version 3.7.1 in the non-hydrostatic 
configuration (Skamarock et al. 2008) was used to dynami-
cally downscale global reanalysis data with the domain cen-
tered over the TP. The model domain was configured at 9 km 
grid spacing and centered at 29.0° N, 95.0° E, with 730 grid 
points in the east‒west direction and 550 grid points in the 
north‒south direction (Fig. 1). There were 60 eta levels, 
with the model top at 10 hPa. The northernmost boundary 
of the domain was extended to approximately 50° N, which 
covers the core of the summer upper-tropospheric subtropi-
cal Westerlies. Specifically, the New Goddard short-wave 
radiation (Chou and Suarez 1999), RRTMG long-wave radi-
ation (Iacono et al. 2008), WRF Double Moment 6-class 
(Lim and Hong 2010), Unified Noah Land Surface Model 
(Tewari et al. 2004), Revised MM5 surface layer (Jiménez 
et al. 2012), and Yonsei University (YSU) Planetary Bound-
ary Layer (PBL) (Hong et al. 2006) schemes were used in 
the WRF experiments. Similar to previous work by Ou et al. 
(2020), cumulus parameterization was turned off because, by 
doing this, the model can successfully capture the precipita-
tion climatology over the plateau at gray-zone grid spacing.

Spectral nudging (Kida et  al. 1991), which can be 
regarded as an indirect data assimilation method (von 
Storch et al. 2000), was used in this work. Previous studies 

have shown that dynamic downscaling of global reanaly-
sis products with spectral nudging can successfully cap-
ture the precipitation climatology over the TP (Ma et al. 
2021a; Ou et al. 2020). Following the approach of spec-
tral nudging adopted by Ou et al. (2020) and Liu et al. 
(2017), nudging was applied to atmospheric levels above 
the approximate PBL top, increasing the magnitude lin-
early to the full amount at the fifth level above the PBL. A 
common nudging coefficient (0.0003  s−1) was used for all 
variables (geopotential, horizontal wind, and temperature) 
to adjust the strength of the nudging force in the governing 
equations. The wavenumber truncations were set to 6 and 
4, corresponding to cut-off wavelengths of approximately 
1095 and 1238 km in the zonal and meridional directions, 
respectively; this is close to the value of 1000 km sug-
gested by Gómez and Miguez-Macho (2017) and Mai et al. 
(2020).

The initial and boundary conditions, including sea sur-
face temperature (SST), were provided by ERA5, in which 
the boundary information (including SST) is updated 
every 3 h. To save the time spent on long-term simula-
tions, two parallel continuous simulations (1979‒1998 
and 1998‒2019) were conducted simultaneously. The 
differences in regional average precipitation, relative 
humidity (RH), near-surface air temperature (T2m), sur-
face skin temperature (Tsfc), and surface net radiation 
were relatively small between the two parallel continu-
ous simulations at the end of the overlapping year (1998) 
(Fig. S1). Therefore, the one-year overlap strategy intro-
duced little disturbance into the simulations, and we were 
able to combine the two simulations (1979‒1998 and 
1999‒2019) into one continuous simulation covering the 
period 1979‒2019. Hereafter, this simulation is referred to 
as WRF9km, with the first year (1979) treated as a spin-up 
period and discarded from analysis.

Fig. 1  WRF model domain with 
topography (black line encloses 
the main body of the Tibetan 
Plateau with an elevation above 
2000 m; red rectangle shows 
the location of the northwestern 
Tibetan Plateau [33°‒36°N, 
80°‒90°E]; black crosses show 
the location of radiosonde sta-
tions; blue triangles show the 
location of the 83 gauges)
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2.3  Methods

In the current work, in-situ observations, regular grid data 
products from ERA5 and IMERG, and simulations with 
equal distance grids from WRF9km and HARv2 were 
used. To compare precipitation from different products 
with in-situ observations, precipitation of the grid in 
which a gauge was located was selected. Hourly precipi-
tation from ERA5, HARv2, IMERG, and WRF9km from 
08 to 08 AM of the next day were further summed to get 
daily precipitation with the same time interval of in-situ 
observation. Total precipitation (including both liquid 
and solid precipitation) were used in the current work for 
ERA5, WRF9km, HARv2, and IMERG. For WRF9km, 
only accumulated total grid-scale precipitation (non-
convection) was involved since cumulus schemes were 
turned off. All the products (ERA5, HARv2, IMERG, and 
WRF9km) were interpolated to 0.1° × 0.1° regular grid 
using the Kriging method for spatial comparison.

There were no direct snowfall products in IMERG. 
However, IMERG products contained the probability of 
liquid precipitation, which can be used to detect snowfall 
(Li et al. 2022). Following the study of Li et al. (2022), 
the hourly precipitation (calibrated IMERG precipitation) 
can be classified as snowfall if the probability of liquid 
precipitation is <20% over the TP during the observa-
tion hour. The hourly precipitation that was classified as 
snowfall was summed to get the daily and monthly snow-
fall amounts.

3  Results

3.1  Evaluation of simulated precipitation 
in different data sets over the whole TP

Gauge observations from 83 stations were used to evaluate 
the seasonal cycle and interannual variation in both simu-
lated and IMERG precipitation over the TP. The observed 
seasonal cycle of precipitation averaged over the TP was 
accurately captured by WRF9km, while ERA5 and HARv2 
showed overestimated mean precipitation throughout the 
year (Fig. 2a). Compared with the work of Gao et al. (2015), 
who used WRF with a horizontal resolution of 30 km, 
WRF9km demonstrated the advantage of high-resolution 
simulations, producing a reduced wet bias. On average, there 
was a slight dry bias in the summer season and a slight wet 
bias in the winter season in WRF9km; the dry bias in the 
summer season was mainly located over the center of the 
southern TP (north of the Himalayas; Fig. 3), while the wet 
bias in the winter season was found over the whole south-
ern TP (figure not shown). Further investigation is required 
to discover the causal factors of these biases. The wet bias 
in the winter season was stronger when averaged over the 
whole TP (higher than 2000 m) which could be related to 
strong snowfall as can be inferred from the summer snow-
fall contribution (Fig. 4). ERA5 and the two downscaling 
products of ERA5 (WRF9km and HARv2) had a large 
contribution of snowfall to the total summer precipitation, 
especially over the northwest TP (Fig. S2). While snowfall 
calculated from the IMERG product had a lower amount and 

Fig. 2  Seasonal variation in precipitation (mm) averaged over the TP 
obtained from 83 gauges, a compared with the gauge-adjacent grids 
of IMERG (IMERG: precipitation—calibrated; IMERG_Uncal: pre-

cipitation—uncalibrated), ERA5, HARv2, and WRF9km, and b com-
pared with the mean over the region [66.5–105.5°E, 24.5–41.0°N] 
with an elevation higher than 2000 m during the period 2001‒2016



2144 T. Ou et al.

1 3

contribution to summer total precipitation compared with 
ERA5, WRF9km, and HARv2. Casella et al. (2017) also 
reported that the GPM carried spaceborne Dual-frequency 
Precipitation Radar (DPR) only detected around 5–7% of 
the snowfall events and 27–34% of the snowfall mass over 
the United States. Microphysics schemes that may affect the 
snowfall simulations (e.g. Gao et al. 2020a) need further 
evaluation.

The IMERG precipitation captured the seasonal cycle of 
the gauge observations quite well, but with a slight overes-
timation of precipitation in the summer season and a slight 
underestimation in the winter season (Fig. 2). Compared 
to IMERG, IMERG_Uncal underestimated the precipita-
tion over the TP throughout the year. This can be seen from 
both the average of the 83 stations and the mean of the high 
mountain region with an elevation higher than 2000 m. This 
indicated that the station calibration procedure has signifi-
cantly increased the climate mean of total precipitation in 
IMERG. The influence of the calibration on the climate 
mean of total precipitation was not only over the station 
grids but also the whole TP. Generally, IMERG precipita-
tion overestimated summer total precipitation compared to 

that of the in-situ observations (Fig. 3a). The overestimation 
tended to be larger than 25% over western TP. However, 
several factors, such as wind-induced error, wetting loss, 
evaporation loss, and trace amount, may cause undercatch 
of precipitation over the TP (e.g. Ma et al. 2015; Zhang 
et al. 2019a, b). Ma et al. (2015) reported the total effects of 
these factors on the annual total precipitation can lead to an 
undercatch of an average of 27% over the TP. Zhang et al. 
(2019a, b) also reported that the percentage of undercatch is 
largest during the winter season and least during the summer 
season. The total undercatch during the summer season is 
less than 20% over the eastern TP (Zhang et al. 2019a, b). 
Besides, undercatch of snow by the gauges may also increase 
uncertainties of station observation (e.g. Fassnacht 2004; 
Yang et al. 2000). Overall, IMERG precipitation products 
can be regarded as a good alternative to gauge observations 
over the TP where there were limited observations available.

Spatially, both ERA5 and HARv2 overestimated summer 
precipitation by 25% over most parts of the TP compared 
with gauge observations, with an overestimation of more 
than 50% over southern TP in ERA5 and the center of east-
ern TP in HARv2 (Fig. 3b, d). WRF9km underestimated 

Fig. 3  Summer mean total precipitation (mm) during the period 
2000–2019 from IMERG (a) and the differences of summer mean 
total precipitation (mm) between three products (ERA5, WRF9km, 

and HARv2) and IMERG (shading) (b–d) and the percentage dif-
ferences (%) between four products (IMERG, ERA5, WRF9km, and 
HARv2) and gauge observations (crosses; a–d)
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summer precipitation by 25–50% over western TP while 
overestimated by about 25% over eastern TP (Fig. 3b). By 
considering the undercatch of gauge observations, the ERA5 
and HARv2 had a general overestimation of precipitation 
over the TP, while WRF9km had a reasonably captured 
precipitation over the eastern TP and a dry bias over the 
south-of-center TP. Compared with IMERG, a dry belt can 
also be found over the south-of-center TP in both EAR5 
and HARv2. Interesting to mention that there were clear 
effects of meridional canyons on summer precipitation over 
the Himalaya mountain range in the downscaled products 
(WRF9km and HARv2), with even stronger precipitation in 
WRF9km than HARv2.

We further evaluated the interannual variation of sum-
mer precipitation averaged over the whole TP (Fig. 4). 
Both ERA5 and HARv2 consistently overestimated (by 

54% and 40%, respectively, when averaged over the period 
2000‒2016) summer precipitation compared with the mean 
of 83 gauge observations. In contrast, WRF9km successfully 
captured the observed interannual variation of summer mean 
precipitation over the TP, but with a slight dry bias (− 7%). 
The same conclusion can be drawn when comparing the 
summer mean precipitation averaged over all the grids with 
an elevation higher than 2000 m (Fig. 4b). The annual vari-
ation of IMERG precipitation agreed quite well with gauge 
observations, but with a slight overestimation for summer 
(12%). IMERG_Uncal, again, showed an underestimated 
summer precipitation compared with both gauge observa-
tions and IMERG.

To further evaluate the simulated precipitation, the prob-
ability density function (PDF) of both daily and hourly pre-
cipitation was assessed (Fig. 5). On the daily scale, IMERG 
agreed with gauge observation quite well, albeit with a high 
probability of heavy precipitation. Given the undercatch of 
precipitation by gauge observations, IMERG product can 
well illustrate the PDF of summer precipitation over the TP. 
ERA5 overestimated light to moderate precipitation com-
pared to both gauge and satellite precipitation, with the low-
est frequency of days with daily precipitation of < 1 mm 
(especially for daily precipitation < 0.1 mm) than the other 
data sets assessed. This may be due to the “drizzle problem” 
in climate models induced by cumulus schemes (e.g. Chen 
and Dai 2019). Interesting to mention that the probability of 
heavy precipitation (daily precipitation between 20–50 mm) 
in ERA5 was close to gauges. HARv2 presented a generally 
overestimated frequency of days with daily precipitation 
higher than 0.1 mm compared to both gauge and satellite 
precipitation. WRF9km had the highest frequency of days 
with daily precipitation < 0.1 mm compared to the other 
data sets. On average, the frequency of daily precipitation < 
15 mm is underestimated by WRF9km, while its frequency 
of days with daily precipitation larger than 15 mm is similar 
to that of IMERG (higher than gauge observations).

On the hourly scale, 85% of hours had precipitation 
< 0.1 mm in IMERG, while it was 64%, 92%, and 80% 
for ERA5, WRF9km, and HARv2 separately. WRF9km 
had a low frequency of hours with hourly precipitation 
between 0.1 and 3.0 mm than IMERG, while WRF9km 
had a higher frequency of hours with hourly precipitation 
larger than 3 mm compared with IMERG. This may be due 
to the cumulus scheme being turned off in WRF9km. Ou 
et al. (2020) reported that there was a low frequency of 
hours with hourly precipitation smaller than 2.0 mm in the 
simulations with cumulus schemes being turned off than 
the ones with a cumulus scheme at the grid space of 9 km. 
Compared with IMERG, HARv2 had a higher frequency 
of hours with hourly precipitation less than 4.0 mm, while 
a lower frequency of hours with hourly precipitation larger 
than 4.0 mm. ERA5 was similar to HARv2 but with a 
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Fig. 4  a Time series of the interannual variation in summer (June–
July–August) total precipitation (mm) over the TP obtained from 
83 gauges, as well as the precipitation from gauge-adjacent grids of 
IMERG, IMERG_Uncal, ERA5, HARv2, and WRF9km during the 
period 1980‒2021. (b) Same as (a) but the time series from IMERG, 
IMERG_Uncal, ERA5, HARv2, and WRF9km are the mean over the 
region [66.5–105.5°E, 24.5–41.0°N] with an elevation higher than 
2000 m
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lower frequency of hours with hourly precipitation larger 
than 4.0 mm than all the other data sets.

Overall, the observed summer mean precipitation over 
the whole TP was reproduced well by WRF9km. The 
IMERG precipitation agreed quite well with gauge obser-
vations, and this was further used as observed truth for 
evaluating simulated precipitation over the NWTP, where 
there are no available gauge stations (Fig. 1). The HARv2 
precipitation was close to that of ERA5. This could be 
because of the daily re-initialization strategy utilized in 
HARv2 that cannot accurately address the possible mecha-
nism behind the overestimation in ERA5 (e.g., Ma et al. 

2021a). Hence, in what follows, we focus on the further 
evaluation of ERA5 and WRF9km.

3.2  Summer precipitation over the NWTP

Summer mean precipitation obtained from WRF9km was 
compared with that of ERA5 and IMERG to assess the abil-
ity of WRF9km to capture the climatological mean condition 
over the NWTP. As can be seen in Fig. 6, the latitudinal 
variation in the summer mean precipitation of IMERG was 
generally captured well by WRF9km, especially over the 
NWTP. A clear dry bias was found in WRF9km over the 
southern TP (south of 33° N), which will be discussed below. 

Fig. 5  Probability density function (PDF) of a daily precipitation (mm/day) averaged over 83 gauges, ERA5, IMERG, HARv2, and WRF9km, b 
same as (a) but for hourly precipitation (mm/h; in situ observation is not shown)

Fig. 6  a Latitude evolution (averaged between 80° and 90° E) and 
b longitude evolution (averaged between 33° and 36° N) of summer 
(June–July–August) mean precipitation (mm/day) during 2000‒2019 

from ERA5, downscaling driven by ERA5 (WRF9km), and IMERG. 
The gray shaded area shows the mean elevation
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Compared with WRF9km and IMERG, ERA5 overestimated 
summer precipitation, especially over the NWTP. Further-
more, the overestimated precipitation in ERA5 extended to 
the east of 95° E, while the longitudinal variation in IMERG 
precipitation was captured well by WRF9km (Fig. 6b). Over 
the western TP, between 75° and 80° E, precipitation from 
both WRF9km and ERA5 was higher than that of IMERG. 

This appears to be reasonable because the underestimation 
of IMERG precipitation has previously been reported over 
this region (Li et al. 2020).

The annual variation in summer precipitation from 
WRF9km and ERA5 over the NWTP (33°‒36° N, 80°‒90° 
E) was further evaluated on based on the IMERG precipi-
tation (Fig. 7). Compared with the IMERG precipitation, 
the summer precipitation over the region was vastly over-
estimated in ERA5, by 177% between 2000 and 2019. The 
overestimated precipitation in ERA5 was consistent over the 
study period. In contrast, WRF9km accurately reproduced 
the summer mean precipitation over the NWTP, with only a 
slight dry bias (− 4%).

The overestimated precipitation in the study region in 
ERA5 could also be related to strong convection, which 
leads to a large contribution of convective precipitation to 
the total precipitation, and strong northward water vapor 
transportation. Over the NWTP, the mean contribution 
from convective precipitation to total summer precipitation 
was between 47% and 71% for ERA5 (figure not shown), 
which is far more than that of satellite-based products, with 
ratios of around 10% (Kukulies et al. 2020). The vertical 
distribution of the CCF from ERA5, WRF9km, and satellite 

Fig. 7  Time series of the interannual variation in summer total pre-
cipitation (mm) averaged over the region [33°‒36° N, 80°‒90° E] 
from ERA5, WRF9km, IMERG, and IMERG_Uncal during the 
period 1980‒2019

Fig. 8  Vertical profile of cloud fraction (%) averaged during summer 
2006‒2010 between a‒c 80°‒90° E and d‒f 33°‒36° N from a, d 
ERA5, b, e WRF9km, and c, f satellite products (horizontal dashed 
lines enclose the center of cloud fraction over the plateau according 

to satellite observations; vertical dashed lines in (a‒c) enclose the 
region 33°‒36° N, and those in (d‒f) enclose the region 80°‒90° E. 
The gray shaded area shows the mean elevation
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observation was further compared (Fig. 8). In general, both 
ERA5 and WRF9km underestimated the CCF over the pla-
teau compared with the satellite observation. Relatively 
speaking, the observed vertical location of the center of the 
CCF over the TP was reproduced better by WRF9km than by 
ERA5. This was especially true over the NWTP, where the 
observed center of the CCF was approximately 7 km above 
sea level. However, more clouds were found in ERA5 over 
the upper levels and to the north of the NWTP. This could 
be caused by the strong vertical motion and enhanced north-
ward water vapor transportation in ERA5, inducing more 
(convective) precipitation over the study region; this will be 
further investigated below.

3.3  Summer mean circulation

To explore the mechanism behind the overestimated pre-
cipitation over the NWTP, summer mean pressure level 
circulation patterns (meridional and vertical winds; v-w) 
from ERA5 and WRF9km were examined (Fig. 9). Similar 
to the results of Feng and Zhou (2012), we found that in 
ERA5 in summer, a lower-level northward transport from 
the Indian summer monsoon meets a southward lower-level 
wind from the north of the TP between 33°‒35° N, which 
induces a vertical motion over the region. In contrast, we 
found that in WRF9km, the two lower-level winds meet 
over the region south of 33° N, which is associated with a 
stronger northerly wind close to the surface over the study 
region. Compared with ERA5, WRF9km showed a weaker 
vertical motion over the NWTP, which supports the hypoth-
esis that a higher fraction of upper-level cloud in ERA5 is 
associated with a strong vertical motion (Fig. 10). The strong 
vertical motion is connected to a stronger southerly wind at 
low levels in ERA5 than that in WRF9km, which is caused 
by the northward movement of the lower-level convergence 
zone. More specifically, compared with ERA5, WRF9km 
showed a weakened vertical motion between 33°–35° N and 

lower amounts of precipitation. This indicates that the strong 
vertical motion in ERA5 very likely leads to more convec-
tive precipitation over the NWTP, which in turn leads to 
overestimated precipitation.

Lower-level wind at 500 hPa was also analyzed to exam-
ine the robustness of the above-mentioned results (Fig. 10). 
The climatological mean horizontal wind vector of WRF9km 
was fairly similar to ERA5 over the region outside the main 
body of the TP. However, large differences were found over 
the TP and downstream of the high mountains, indicating 
a large influence of topography on lower-level circula-
tion. Compared with WRF9km, ERA5 showed a stronger 
southerly wind over the southern TP and weaker Westerlies 
effects; this is similar to the CPM simulations of Zhou et al. 
(2021). Further analysis showed that ERA5 overestimated 
the southerly wind over the southern TP, compared with the 
sounding observations. This indicates that ERA5 generates 
too strong a water vapor transport onto the plateau through 
the southern boundary, contributing to the overestimated 
precipitation over the NWTP. According to Lin et al. (2018) 
who have conducted several similar simulations over the TP 
using WRF model with resolutions of 30, 10, and 2 km, finer 
resolutions can improve resolving orographic drag over the 
complex terrain and other processes associated with hetero-
geneous surface forcing, reflected mostly in the weakened 
low-level wind speed. Thus, we deduce that better resolved 
orographic drag in WRF9km could be the main reason for 
reduced low-level southerly wind, as well as related water 
vapor transport. Besides the direct orographic drag, other 
processes associated with heterogeneous surface forcing 
such as glacier wind and mountain-valley circulation (Lin 
et al. 2018), which cannot be represented in ERA5 due to 
coarser resolution, can also affect the simulation of low-level 
wind fields.

In summary, stronger lower-level southerly wind and 
vertical motion over the NWTP were found in ERA5 com-
pared with those of WRF9km. This leads to a northward 

Fig. 9  Latitude‒pressure profile (averaged between 80° and 90° E) of 
the summer mean wind vector of meridional (v; m/s) and vertical (w; 
 10–2 m/s) wind for a ERA5 and b WRF9km during the period 1980–

2019. The differences between WRF9km and ERA5 are shown in (c). 
The gray shaded area shows the mean elevation
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movement of the location where the southerly and northerly 
winds meet, where a vertical motion is triggered. The verti-
cal motion is then enhanced, leading to more convective 
precipitation and further overestimation of summer precipi-
tation over the NWTP.

4  Conclusions and discussions

In this study, the summer precipitation over the NWTP 
in ERA5 and a WRF downscaling driven by ERA5 (i.e., 
WRF9km) have been evaluated against satellite-based pre-
cipitation (IMERG). The associated changes in the summer 
mean circulation patterns were also examined. Our results 
show that the summer precipitation over the NWTP is over-
estimated by ERA5, while such overestimations are sub-
stantially reduced by WRF9km. Further analysis shows that 
the overestimated precipitation in ERA5 is associated with 
a strong southerly wind over the southern TP and a weak 
northerly wind over the northern TP. This is connected to a 
northward movement of the location where the lower-level 

southerly wind of the Indian summer monsoon and north-
erly wind branches of the Westerlies meet, which results 
in a northward movement of the lower-level convergence 
zone. The vertical motion is enhanced over the NWTP, 
which leads to more convective precipitation and conse-
quently an overestimation of summer precipitation in ERA5 
over the study region. Compared with ERA5, the southerly 
(northerly) wind over the southern (northern) TP is reduced 
(enhanced) by WRF9km, resulting in a more realistic simu-
lation of the summer precipitation over the northern TP.

Overall, the WRF9km can accurately capture the sum-
mer mean precipitation over the TP, although a dry bias 
exists over the southern TP (south of 33° N). The dry bias 
could be caused by an unaccounted-for strong convective 
precipitation over the region (Kukulies et al. 2020), where 
there may be a high frequency of mesoscale convective sys-
tems in the summer season (Sugimoto and Ueno 2010) and 
convective systems over the region may occur in a more 
scattered manner and on small spatial scales (Kukulies 
et al. 2021). The dry bias over the southern TP may also be 
caused by an unaccounted-for channeling effect of valleys, 

Fig. 10  a Spatial distribution 
of summer mean wind vector at 
500 hPa averaged at 00:00 and 
12:00 UTC during 1980‒2019 
from ERA5 (blue arrow) and 
WRF9km (red arrow). b Dif-
ference in wind vector between 
ERA5 and WRF9km (ERA5–
WRF9km) at 500 hPa shown in 
(a) and the bias of meridional 
wind of ERA5 with reference to 
radiosonde observed meridional 
wind at 500 hPa (m/s) averaged 
at 00:00 and 12:00 during 
1980‒2019. The gray line rep-
resents the 2000 m contour
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which can transport water vapor onto the high mountains 
through meridional canyons (Bookhagen and Burbank 
2010). Convection-permitting model simulations with a 
horizontal resolution higher than 4 km may help to resolve 
this problem. For example, a CPM at 4 km has shown a 
better representation of mesoscale convective systems than 
one at 12 km (Prein et al. 2021), and CPM simulations at 
approximately 3.7 km by Zhou et al. (2021) and 2 km by 
Lin et al. (2018) have shown advantages in the simulation 
of water vapor transport onto the TP. The ability of RCMs 
to capture precipitation over the TP is expected to be further 
explored by the ongoing year-long and decadal simulations 
with a horizontal resolution of 4 km being conducted by 
the WCRP-CORDEX Flagship Pilot Study, Convection-
Permitting Third Pole (CPTP; http:// rcg. gvc. gu. se/ cordex_ 
fps_ cptp/).

Besides the impact of horizontal resolution on RCM simu-
lations of precipitation over the TP, the domain size, especially 
the locations of boundaries, is another important influencing 
factor (Prein et al. 2022). The boundaries of the domain for a 
RCM should cover the major dynamic systems that affect the 
local circulation and precipitation. Taking the simulation of 
summer precipitation over the NWTP as an example, both the 
Westerlies and Asian summer monsoons, especially the Indian 
summer monsoon, and their interactions, have a large impact 
on the summer precipitation. Hence, the main parts of the two 
systems (25°‒45° N) should be included in the domain setting. 
For example, as the domain was extended northwards to the 
north of 45° N, the precipitation over the NWTP was reduced 
in HARv2 compared with HAR (Wang et al. 2020). With the 
northern boundary located at approximately 45° N for the outer 
domain, the 500 hPa northerly wind over the northern TP was 
strengthened in WRF compared with ERA5 (Zhou et al. 2021), 
leading to an enhanced influence of the Westerlies on the local 
circulation and precipitation over the NWTP. A large domain 
may help reduce the influence of boundary forcing because 
RCMs can develop their own climatology with potentially 
modified large-scale climate structures (Giorgi 2019). This is 
especially important for high mountainous regions, such as 
the TP, where the enhanced topography exerts a considerable 
effect on atmospheric circulations, especially at lower levels. 
To validate this, we further explored the influence of domain 
size on the simulation of summer precipitation over the TP by 
comparing the WRF9km simulation with two case studies with 
different domains (Fig. S3). The model settings of the two case 
studies were similar to WRF9km except for the model domain, 
one with the northern boundary located at around 40 N and 
the other with a small domain covering the main body of the 
TP. The two experiments were conducted in the summer of 
2014, with one month (May 2014) spin-up. Results showed 
that both experiments had higher summer precipitation over 
the NWTP compared to that of WRF9km (Fig. S4). Compared 
to WRF9km, both new experiments had a strong southerly 

wind over the south of the central TP, while a weaker westerly 
wind over the north of the central TP, i.e., NWTP (Fig. S5). 
Therefore, these sensitivity experiments can be considered as 
a support to our speculation that a large domain may lead to 
better-captured low-level wind and summer precipitation over 
the NWTP.

Besides, to strengthen our knowledge of the driving 
mechanisms of summer precipitation over the TP, the influ-
ence of high mountains on the Westerlies and Asian summer 
monsoons and their interactions requires further investiga-
tion through high-resolution climate simulations and high-
precision observational datasets, since the sparse gauge 
observation network and underestimated precipitation in 
observations caused by several factors, such as wind-caused 
undercatch and wetting and evaporation losses, could lead to 
some uncertainties in validating model simulations.
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