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Abstract

A regional Climate-Weather Research and Forecasting (CWRF) model with a
30-km horizontal resolution was applied to simulate the East Asian summer
monsoon (EASM) and climate in China from 1980 to 2016. As compared with
observations and reanalysis data, the model can reasonably reproduce the spa-
tial distributions of the climatological mean atmospheric circulation and water
vapour transport in East Asia, as well as the seasonal advance and retreat of
EASM and rain bands. The correlation coefficient between the EASM circula-
tion index in the simulation and reanalysis is .97. The model can well repre-
sent the geographic distributions of summer mean temperature and
precipitation over most of China. However, model biases still exist, in particu-
lar the skill in the Yangtze-Huaihe River basin is relatively low. The simulated
climatological mean temperature and precipitation deviations from observa-
tions may be related to the model's systematic circulation biases, with a thicker
lower troposphere (i.e., higher temperature between 500 and 1,000 hPa) over
most of China (except for the south and southwest) and a thinner one over the
coastal oceans in summertime. Compared with the reanalysis, the model over-
estimates the land-ocean thermal contrast, which causes the South Asian High
shifted to the north and east, as well as the subtropical high and tropical con-
vective activity located further north and persisted longer. Consequently, more
water vapour transports northward, leading to more precipitation over North
China-Northeast China and less precipitation over the Yangtze and Huaihe
River basin. Therefore, the enhanced land-ocean thermal contrast may be a
major factor for the stronger EASM in the model, and corresponding precipita-
tion and temperature biases in China. This analysis provides important infor-
mation for further improving model performance in EASM simulation.
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1 | INTRODUCTION

Numerical climate models have been well recognized as
essential tools and widely applied to address scientific
issues concerning climate simulation and prediction.
Global general circulation models (GCMs), commonly
used in climate research, have remarkable biases in
regional climate simulation due to their low resolution
(Ding et al., 2006a, 2006b; Gao et al, 2012; Ou
et al., 2013; Zhang et al., 2015, 2016; Xu et al., 2019; Liang
et al., 2019; Li et al., 2020). In order to reduce the uncer-
tainty of research results, regional climate models
(RCMs) with higher resolution have been rapidly devel-
oped. RCMs are usually used in understanding physical
processes, short-term climate prediction, climate change
projection, and climate impact assessment (Giorgi, 2006;
Xue et al., 2014; Giorgi and Gutowski, 2015; Tapiador
et al., 2020). One of the most popularly used RCMs is
Regional Climate Modelling system (RegCM), which is
based on the Fifth-Generation Pennsylvania State Uni-
versity and University Corporation for Atmospheric
Research  Mesoscale Model (MMS5) (Dickinson
et al., 1989; Giorgi and Bates, 1989) and currently reached
version 4.6 (Giorgi et al., 2011) through improving major
physical parameterization schemes (Betts, 1986; Betts
and Miller, 1986; Emanuel, 1991). On the other hand, the
Weather Research and Forecasting (WRF) model, based
on advanced supercomputing technology (Skamarock
et al., 2005), adopts a modular design with mutual pro-
gram modules, which is convenient for users to carry out
further development and research. On this basis, the
CWRF (Climate-Weather Research and Forecasting)
model was established and has been employed in climate
simulation research (Liang et al., 2005a, 2005b, 2005c,
2006b, 2012).

To study the summer rainfall over China, Liu
et al. (2008) reproduced the extreme rainfall in the Yang-
tze River basin in summer 1998 with CWRF and found
that the east-west boundary and the main controlling
factor of the circulation had an important impact on cli-
mate simulation. Zeng et al. (2008) analysed the outputs
of 120-hour ensemble predictions with eight parameter-
ized combination schemes, including radiation processes,
cloud physics and the boundary layer. The results showed
that CWRF has high forecasting capability for regional
rainfall over China, in which the cumulus parameteriza-
tion scheme is the most important factor in short-term
forecasts. Moreover, Zeng et al. (2009) used the CWRF
model to successfully simulate the vertical distribution of
persistent precipitation and temperature in southern
China in winter 2008, and revealed that the terrain can
not only affect the formation and maintenance of freez-
ing rain over the Hengduan and Nanling Mountains, as

well as their adjacent mountainous areas, by changing
the frontal area, but also change the circulation fields to
affect the large-scale rainfall intensity and heavy rainfall
areas.

Liu et al. (2008) compared the simulations of regional
precipitation over China between the early version of
CWREF and RegCM3, and found CWRF to be significantly
better than RegCM3, in which the geographic distribu-
tion of precipitation in China and the precipitation area
of the pre-flood season in South China simulated by
CWRF were consistent with observations in May 1998,
while the simulation of RegCM3 had significant errors.
Besides the illusive rainfall over the south and east of the
Qinghai-Tibet Plateau, two centre's of heavy rainfall over
the region south of the Yangtze River in June 1998 were
successfully captured by CWRF, but only one centre was
captured by RegCM, with large bias in locations.

Liang et al. (2018) demonstrated that CWRF performs
better overall than RegCM4.6, as measured by various
quantitative metrics. For all seasons, CWRF shows higher
skill than RegCM4.6 in simulating interannual variations
of precipitation, temperature, and humidity. In particu-
lar, CWREF captures the two major summer monsoon rain
bands along the Yangtze River and across South China
more realistically than RegCM4.6. Furthermore, CWRF
exhibits outstanding performance in reproducing the
95th percentile of daily precipitation and the diurnal tem-
perature range.

The application of CWRF in the East Asian domain
just started, and to date has focused mainly on the gen-
eral characteristics of temperature and precipitation
seasonal-interannual variations, lacking systematic evalu-
ation of the model ability to simulate the most critical
regional climate feature: the East Asian monsoon system.
In particular, it is vital to understand how well the model
simulates the EASM processes associated with the sea-
sonal advance and interannual variation of precipitation
and temperature, the relationships between atmosphere
circulation and moisture transport and between the
Western Pacific Subtropical High and precipitation, as
well as the underlying physical mechanisms that may
cause the model biases in these aspects.

In this paper, CWREF is used to simulate summer tem-
perature, precipitation and atmospheric circulation, as
well as their couplings with water vapour, in East Asia
during 1980-2016.The simulation performance in the
East Asian monsoon region is comprehensively analysed,
and the model bias and its possible causes are revealed,
which is conducive to further improvement in CWRF's
application in East Asia.

The rest of the paper is organized as follows. Section 2
describes the model, experiment, and methods. Section 3
analyses the model performances in simulating rainfall,
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surface air temperature, and major members of the East
Asian summer monsoon systems, including the Western
Pacific Subtropical High (WPSH), South Asian High
(SAH), and wind fields, as well as water vapour and ther-
mal conditions. Section 4 summarizes the major
conclusions.

2 | MODEL, EXPERIMENT AND
METHODS

2.1 | Description of model and
numerical experiments

CWREF, as an extension of WRF in climate research, has
been mainly improved in four aspects (Liang
et al., 2005a, 2005b, 2005c, 2006b, 2012; Choi et al., 2007,
2013; Choi and Liang, 2010; Ling et al., 2011, 2015; Yuan
and Liang, 20112015; Liang and Zhang, 2013; Zhang et al.,
2013; Xu et al., 2014; Qiao and Liang, 2015, 2016a,b):
(a) Consistent treatments for surface and lateral bound-
ary conditions to improve surface-atmosphere interac-
tions and optimize energy and mass fluxes from GCM to
RCM; (b) Enhancing physical parameterization schemes,
such as the land, terrestrial hydrology, lake, ocean, and
planetary boundary layer processes, to improve surface-
atmosphere interactions; (c) Full coupling among new
parameterization schemes, including cloud microphysical
processes, convective clouds, cloud formation, and radia-
tive transport, to improve convective-cloud-radiation
interactions; (d) Using the same physical constants, tun-
able parameters, solar height, and saturated water vapour
equations to ensure system consistency among all the
modules. Finally, a large amount of sensitivity tests and
rigorous verification processes have been undertaken
with CWREF.

The configuration and main parameterization
schemes of CWRF used in this study follow Liang
et al. (2018) and are shown in Table 1. The CWRF com-
putational domain covers approximately (8°-59°N,58°-
162°E) based on the Lambert conformal map projection
centred at (35.18°N, 110°E) with a total of 232 x 172 grid
points at 30-km spacing. By default, CWRF uses 36 ter-
rain-following vertical levels with the top boundary at
50 hPa (Liang et al., 2012). Liu et al. (2008) demonstrated
that this domain is optimal for modelling China's
regional climate, which is determined by interactions
between the planetary circulation (as forced by lateral
boundary conditions) and East Asian surface processes,
including orography, soil, vegetation and coastal oceans.
In the buffer zones, located across 14 grids along the four
edges of the domain, varying lateral boundary conditions
were specified using a dynamic relaxation technique with

TABLE 1 Configuration and main parameterization schemes
of CWRF

Dynamic

core Non-hydrostatic WRF

Dynamics Vertical

configuration levels 36

Lateral Buffer zones 14 grids
boun'd'ary Dynamic Linear-exponential nudging
conditions relaxation coefficients (Liang

et al., 2001)

Surface Land USGS 24 dominant categories
boundary (Liang et al., 2005a; Xu
conditions et al., 2014)

Physics Cumulus ECP penetrative convection
configuration (Qiao and Liang, 2017)

UW shallow convection
(Bretherton and
Park, 2009)
Microphysics GSFCGCE (Tao et al., 2003)
Cloud XRL (Xu and Randall, 1996;
Lianget al., )
Aerosol MISR (Kahn et al., 2005,
2007; Zhao et al., 2009)
Radiation GSFCLXZ (Chou and
Suarez, 1999; Chou
et al., 2001)
PBL CAM (improved Holtslag and
Boville, 1993)
ORO (Rontu, 2006; Liang
et al., 2006b)

Surface Land CoLM-CSSP conjunctive
surface-subsurface physical
and hydrological processes
(Choi, 2007, 2013; Liang
et al., 2005a, 2005b)

Ocean UOM upper ocean with

transient air-sea
interactions (Ling
et al., 2011, 2015)

linear-exponential nudging coefficients that decrease
toward the surface and the inner boundaries (Liang
et al., 2001). Both the horizontal and vertical resolutions
for CWRF are relatively finer than most RCMs applied
for long-term simulations in the region, which typically
use ~50-km grids and ~20 levels (Liang et al., 2018).

In this study, the CWRF model was driven by the
European Centre for Medium-Range Weather Forecasts
interim reanalysis (ERA-Interim; Dee et al., 2011), which
is considered as one of the best available proxies for
observations, including many physical variables, such as
surface pressure, temperature, geopotential height,
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moisture, wind, etc. The horizontal resolution of ERA-
Interim data is 0.75° longitude by 0.75° latitude. The data
of four times per day were used. The simulations were
initiated on October 1, 1979 and integrated continuously
through to December 31, 2016. The initial 3 months were
considered as a spin-up, and the results from January
1, 1980 to December 31, 2016 were used in the subse-
quent analysis.

2.2 | Data and methods

In addition to the CWRF simulation results mentioned
above, as the reference for model evaluation, observa-
tional data composed of a gridded (0.25°longitude by
0.25° latitude) daily analysis of precipitation and surface
air (2 m) temperature, based on in situ measurements at
2416 stations in China from 1961 onward (Wu and
Gao, 2013), were employed. Moreover, the ERA-Interim
data with horizontal resolution of 0.25° longitude by 0.25°
latitude and 17 vertical levels were adopted to validate the
simulation results. Many physical variables were used,
such as geopotential height, wind, relative humidity, and
temperature, etc. For the convenience of comparing simu-
lations with observations, the simulated precipitation and
air temperature at 2 m were interpolated onto the grids of
observational data, and the simulation results of other cir-
culation variables were interpolated onto the grids of
ERA-Interim data by using a bilinear method.

The model simulations were assessed using the tem-
poral correlation coefficient (TCC) from the World Mete-
orological Organization (WMO, 2006). The effects of
different latitudes are taken into account when calculat-
ing the regional average. In order to assess the perfor-
mance of CWRF in simulating the seasonal and
interannual variations of EASM, it is necessary to define
a circulation index that characterizes the intensity of the
summer monsoon. This study adopted Zhang et al. (2003)
to define the EASM index as the differences in 850-hPa
zonal mean wind anomalies between the monsoon
trough (10°-20°N, 100°-150°E) and the subtropical
region (25°-35°N, 100°-150°E) over East Asia in summer.
Below, summer refers to June, July and August, and cli-
matological average is calculated from 1980 to 2016.

3 | RESULTS

3.1 | Surface air temperature and
rainfall over China

Figure 1 shows that the CWRF simulation is close to the
observed mean surface air temperature spatial

distribution over China in summer (June-July-August).
The intensity and location of high-temperature centres
are reproduced well by CWRF. Except for the northwest-
ern China, the model temperature biases are small
between the southern and northern parts of China. The
mean temperatures in most areas of China in summer
are above 16°C (Figures 1a,b). The simulated temperature
biases mostly range between —2°C and 2°C, except with
notable warm biases located in the Tarim basin of
Xinjiang and cold biases in the vicinity of the Hengduan
and Himalayan Mountains (Figure 1c). The TCCs of sum-
mer temperatures are high in most regions of China, with
skills exceeding 0.6 over Northeast and Northwest China,
but they are relatively low in the Yangtze-Yellow River
basin.

As influenced by the East Asian monsoon, air temper-
ature in East China is characterized by simultaneous
rainfall and heat (Li et al., 2005). The time-latitude cross-
section of surface air temperature averaged over East
Asia (Figure 2) shows that, from March, air temperatures
rise mainly in the middle and high latitudes over the area
north of 35°N. At the end of March, temperatures in the
middle and high latitudes approach 0°C, while those in
the low latitudes rise slowly. From April onwards, tem-
peratures rise rapidly from south to north. In July, tem-
peratures reach the maximum in a year, and the 20°C
isotherm approaches 50°N. In mid-August, temperatures
begin to decrease rapidly. CWREF realistically reproduces
the observed temperature seasonal variation. However,
the simulated temperatures are higher than observations,
with the model warm centre located more northward and
lasting longer in summer. The northernmost isotherm of
28°C approaches 35°N from the beginning of July to the
end of August. Besides, the isotherm of 20°C exceeds
50°N and its duration is consistent with that of the 28°C

isotherm (Figure 2b).
Precipitation is one of the most important variables of
societal relevance, such as drought and floods

(Hu et al., 2019). Figure 3 shows the distributions of sum-
mer mean precipitation and deviation in China. Observa-
tions show that the summer rainy area in China is
located in the East Asian monsoon area, including South
China, North China and Northeast China. CWRF under-
estimates the overall rainfall amount, with negative
biases over South China and positive biases over North
China (Figures 3a,b). Notably, the model captures the
observed rainfall well over large-scale terrain, such as the
Sichuan basin, Nanling Mountains, Dabie Mountains,
Yanshan Mountains, and Changbai Mountains
(Figure 3b).The absolute biases of precipitation in most
areas of North China and Tibet is less than 1 mm/day,
while the positive biases are 1-2 mm/day in some areas
of Northeast China, North China, and the provinces of



International Journal
of Climatology

LI ET AL.

15°N T T T T 15°N T T T T

70°E 85°E 100°E 115°E 130°E 145°E 70°E 85°E 100°E 115°E 130°E 145°E

0 4 8 12 16 20 24 28

55°N 55°N
45°N A 45°N
35°N A 35°N A
25°N 25°N
15°N . . — . 15°N . . — .

70°E 85°E 100°E 115°E 130°E 145°E 70°E 85°E 100°E 115°E 130°E 145°E

o ee—
-1 1 2 3 4 5 0.1 0.2 0.3 04 05 0.6 0.7 0.8 0.9

FIGURE 1 Climatologically averaged surface air temperature over China in summer (June-July-August; units: °C): (a) observation;

(b) simulation; (c) simulation minus observation; (d) TCC (>0.3 denotes statistical significance at the 95% confidence level) [Colour figure
can be viewed at wileyonlinelibrary.com]
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FIGURE 2 Latitude-time cross-sections of averaged surface air temperature along 110°~120°E from January to December (units: °C):
(a) observation; (b) simulation [Colour figure can be viewed at wileyonlinelibrary.com]

Gansu and Qinghai. The negative biases in South China
are generally around 1-2 mm/day, except in Zhejiang,
Fujian and Yunnan provinces exceeding 2 mm/day
(Figure 3c). Figure 3 shows that the simulation skills are
generally high in Northeast China, Southeast (coastal)
China, Tibet, and parts of Xinjiang, where TCCs are all

above 0.3 and statistically significant at the 95% confi-
dence level. The skills are lower over other regions.
Besides, high skills are mostly located in the areas with
large-scale terrains, which may be related to the CWRF's
better performance in simulating the topography-forced
rainfall distribution. Because CWRF is designed with
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FIGURE 3 Climatologically averaged precipitation over China in summer (June-July-august; units: Mm/day): (a) observation;
(b) simulation; (c) simulation minus observation; (d) TCC (>0.3 denotes statistical significance at the 95% confidence level) [Colour figure
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advanced physical parameterizations to better represent
surface-atmosphere interaction processes (see Sec-
tion 2.1), it can well simulate the topography related rain-
fall distribution (Liang et al., 2012, 2018).

As compared in Figures 1 and 2, CWRF overestimates
temperatures over the Yangtze-Huaihe River basin, and
hence the land-ocean thermal contrast that leads to a
stronger EASM. As a result, the model underestimates
rainfall over the basin but overestimates it over the north
(Figure 3c). Figure 3d further shows that TCC values are
relatively low in the basin and higher in the north. This
indicates that the model simulates rainfall interannual
variations in the basin overall worse than in the north.
Note that precipitation interannual variability is larger in
the basin than in the north, and that precipitation can be
more easily modelled under stable than convective condi-
tions. This may be one of the reasons why relatively low
skills appear over the basin, where convective precipita-
tion prevails with large variability in summer, while the
skill is much better over the north, where stable precipi-
tation is more frequent.

Figure 4 shows that the rain band in East China
clearly possesses seasonal characteristics of a northward
advance and southward retreat under the influence of

the East Asian monsoon. The rain band is located around
27°N over South China before May, with a maximum
rainfall amount of 8 mm/day. The locations of simulated
precipitation are roughly consistent with observations,
but the starting time is about five pentads earlier due to a
general, slight overestimation of rainfall amount. The
first northward jump of the rain band results in a rapid
increase of rainfall in early May. In June, the rainfall
amount reaches a maximum (exceeding 12 mm/day),
with two rainfall centres respectively appearing in the
north and south. The south centre is located around
23°N, which is called the pre-flood season in South
China, and the north centre is located around 27°N,
which is called the Meiyu season in the Yangtze River
basin.

The rain band continues to advance northward in
early July, reaching the north most location at 42°N in
early August, with the rainfall mainly occurring in North
China and Northeast China. Less rainfall appears around
30°N and lasts for nearly 20 days, which is related to the
long-term maintenance of the subtropical high over this
region and is called the summer drought over the Yang-
tze River basin. The simulation results are similar to
observations, but the rainfall amount is overestimated by
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2 mm/day in North China. Compared with observations,
the simulated rain band shifts northwards by 2-3° and
lasts about 1 month longer till September 10. The dry
summer period is obviously longer than that observed,
lasting from early July to early August with rainfall
underestimated by 1-2 mm/day. This may be because the
model simulates a stronger summer monsoon, causing
larger rainfall over North China and lower amount over
the Yangtze-Huaihe River basin. The observed main rain
band gradually retreats from North China to South China
starting in mid-August, but the simulation occurs nearly
a month later and more abruptly (Figure 4b).

3.2 | Atmospheric circulation and its

connections with temperature and rainfall
3.21 | Potential height and thickness

Compared with the observed 500-hPa geopotential height
in summer, CWRF can capture well the characteristics of
the large-scale circulation pattern (Figures 5a,b). High
TCC skills can be seen over most of East Asia

(Figure 5d). There are westerly flows in the middle and
high latitudes and subtropical high over the east of the

East China Sea. The simulated subtropical high ridge is
consistent in latitude with the reanalysis. The simulated
ridge line locates around 25°N, although WPSH shifts
slightly eastward (Figure 5b). The model departures from
the reanalysis (Figure 5c) are positive in Mongolia and
East China, with a maximum of 20 gpm near the
Changbai Mountains. This positive height bias is condu-
cive for the model to simulate warmer temperature and
smaller precipitation in the eastern region (Figures 1
and 3).

The WPSH is a key component of the East Asian
monsoon system and closely associated with the rainfall
distribution over China (Si et al., 2019). Figure 6 shows
the time-latitude cross-section of 500-hPa mean height
along 126°E, with the 5,840-gpm contour denoting the
location of the main body of WPSH. The model captures
well WPSH's seasonal variation. In winter, WPSH stably
locates over the South China Sea and the ocean to the
east of the Philippines. In the second pentad of March,
WPSH begins to shift gradually northwards, which corre-
sponds to the pre-flood period of South China. It jumps
northwards for the first time in the first pentad of May,
then stays north of South China for a short period. It
shifts rapidly northwards, crosses over 27°N, and arrives
over the Yangtze River basin in middle June, which is its
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FIGURE 5 Climatologically averaged geopotential height at 500 hPa over East Asia in summer (June-July—August; units: Gpm):
(a) observation; (b) simulation; (c) simulation minus observation; (d) TCC (>0.3 denotes statistical significance at the 95% confidence level)
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FIGURE 6 Latitude-time cross-section of averaged geopotential height at 500 hPa along 126°E from January to December (units:

gpm): (2) reanalysis; (b) simulation [Colour figure can be viewed at wileyonlinelibrary.com]

second jump and corresponds to the so-called Meiyu
period. From middle-late July, WPSH jumps rapidly
northwards for the third time and reaches the Yellow
River basin and North China before then arriving at its
northernmost position (42°N) in the first pentad of
August.

Thereafter, WPSH retreats rapidly southwards in the
third pentad of August. It stays over the Yangtze and
Huaihe river basins for a short period in the first to third
pentads of September, and then retreats continuously
southwards. Compared with the reanalysis, CWRF simu-
lates WPSH well in its seasonal variation, although the
dates of the first and second jumps are slightly delayed

and the location shifted southwards by 1° (Figure 6b).
The model shifts WPSH northwards by 3°-5° in the third
jump and its northernmost margin by 2°, with its dura-
tion lasting longer until the sixth pentad of August. As a
result, the rain band stays over North China and North-
east China during this period and the rainfall amounts
are larger than observed. The long-term maintenance
after the third jump leads to a delayed retreat. The north-
ernmost margin is shifted northwards by 3°, reaching
37°N. Overall, the seasonal variations of WPSH are simu-
lated well by CWRF, except for lying more northwards,
thus leading to the overestimated rainfall and tempera-
ture in North China.
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Figure 7 shows the model biases of the thickness
between 500 and 1,000 hPa in the middle and low tropo-
sphere. Given the heat source over land, the maximum
thickness exceeds 5,200 gpm, located over the Qinghai-
Tibet Plateau in summer. In contrast, the minimum
thickness (less than 4,720 gpm) occurs over the oceans.
CWRF simulates these characteristics in a close agree-
ment with the reanalysis. On the other hand, the model
shows positive thickness biases mainly located over the
northeast of East Asia, centred over the Changbai Moun-
tains, and negative bias over the ocean (Figure 7c). Thus,
the model produces a stronger thermal response of the
atmosphere overland than the ocean, and so overesti-
mates the land-ocean temperature difference. As a result,
the model simulates a stronger EASM system, causing
the rain band shifted northwards along with more rain-
fall over North China and less rainfall over South China
(Figures 3 and 1).

3.2.2 | Wind fields

The model simulates the summer mean wind circulation
well at 850 hPa (Figure 8). The cross-equatorial airflows
converge around (120-125°E, 25°N), and then form
strong monsoonal flows northwards along the western
edge of WPSH. The strong airflows across North China
come from the south of the Yangtze River and the East
China Sea (Figure 8). Compared with the reanalysis, the
simulated southwesterly winds are stronger, especially in
the area north of 30°N. The model produces anticyclonic
circulation biases over the Sea of Japan (Figure 8c),

of Climatology

which may contribute to stronger southwesterly winds
over North China and Northeast China, thus leading to
more rainfall over North China. Correspondingly, there
exist anticyclonic circulation biases at 200 hPa
(Figure 9c) along with positive biases in mean thickness
between 500 and 1,000 hPa (Figure 7c) as well as in mean
geopotential height at 500 hPa (Figure 5c). Other weaker
anticyclonic circulation biases occur over the Bay of Ben-
gal (Figure 8c). The easterly winds of the front weaken
the southwest monsoon, leading to less rain over South
China (Figure 3c).

The simulated summer mean winds at 200 hPa are
consistent with those of the reanalysis (Figures 9a,b). The
main body of the South Asian high is located over
the Qinghai-Tibet Plateau, and the boundary between
the easterly and westerly flows is shifted northwards to
around 27°N. The westerly jets are consistently located at
around 40°N, but the simulated maximum speed of
24 m/s is less than that of the reanalysis. The easterly
flows are similarly located over the south of East Asia.
The model produces prominent anticyclonic wind biases
over North China (Figure 9c), thus leading to stronger
(weaker) westerly winds in the north (south) of the west-
erly jet. Associated with these, a meridional dipole may
cause the South Asian high to shift from the Qinghai-
Tibet Plateau to North China, contributing to the north-
ward location of WPSH and thus leading to a northward
rain band (Liang and Wang, 1998).

Figure 10 shows a latitude-height section of zonal
wind speed. CWRF simulates the distribution well as in
the analysis. The boundary between the easterly and
westerly flows consistently locates around 27°N in the
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FIGURE 7
(a) observation; (b) simulation; (c) simulation minus observation

Climatologically averaged 500-1,000 hPa thickness in summer over East Asia in summer (June-July-August; units: gpm):
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upper troposphere. Located to the north is the westerly
jet, with the centre at around 40°N at 200 hPa, although
the model underestimates its maximum speed by 5 m/s.
Located to the south is the easterly jet, with a maximum
speed of over 15 m/s, which contributes to the mainte-
nance of the South Asian high. The easterly and westerly

flows of the boundary layer occur in the south and north
flanks of WPSH, respectively (Figures 10a,b). The model
biases are small (Figure 10c). The maximum bias of
—4 m/s mainly occurs at 25°-40°N in the upper tropo-
sphere, leading to a weak westerly jet. A positive bias
occurs in the areas south of 25°N and north of 45°N.


http://wileyonlinelibrary.com
http://wileyonlinelibrary.com

LI ET AL.

International Journal RMetS

100

of Climatology

100

55°N

2

1000 += P
25°N

35°N

45°N 55°N

FIGURE 10 Height-latitude cross-sections of averaged zonal wind along 110°~120°E in summer (June-July-August; units: m/s):
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Furthermore, the interannual correlation coefficient
during 1980-2016 between the EASM indexes simulated
by CWRF and in the reanalysis is .97. This reflects that
the simulated interannual variability of the monsoon cir-
culation system is highly consistent with the reanalysis
(Figure 11). The long-term average value of the EASM
index is 0.03 in the model versus —0.02. This implies that
CWRF simulates a stronger EASM system than the
reanalysis.

3.2.3 | Water vapour transport and
pseudo-equivalent potential temperature

The distribution of the vertically integrated vapour flux
simulated by CWRF is consistent with that of the
reanalysis. There are mainly three moisture channels in
the East Asian summer monsoon (Figures 12a,b). One
channel is the cross-equatorial moisture from the sub-
tropical Mascarene high over the South Indian Ocean, in
which the moisture flows across the Bay of Bengal and
the Indochina Peninsula, and reaches the South China

—2 \l ‘V
i — ERI-- CWRF
-4 T T T T
1980 1990 2000 2010
FIGURE 11 East Asian summer monsoon index (EASMI)

from 1980 to 2016 (black line denotes the climatological mean;
orange curve denotes the simulation; blue curve denotes the
reanalysis) [Colour figure can be viewed at wileyonlinelibrary.com]

Sea before then forming a strong airstream flowing
northwards along the western ridge of WPSH. The other
two channels originate from the Australian high and the
western Pacific Ocean. The simulation shows an anoma-
lous anticyclonic circulation departures from the
reanalysis over the Sea of Japan (Figure 12c), where the
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southerly in the northwest contributes to northward
water vapour transport and thus leads to stronger mois-
ture convergence over North China and the Sea of Japan
and more rainfall over North China (Figure 3). The
northerly in the south weakens water vapour transport to
South China and thus leads to weaker moisture flux over
South China, the East China Sea and Japan, as well as
less rainfall over South China (Figure 3c). The other
strong easterly occurs over the South China Sea, Indo-
china Peninsula, and the northern subcontinent. It
weakens the advance of the southwest monsoon to East
Asia and thus leads to weaker water vapour transport
and less rainfall over Southwest China.

The EASM flows across the tropical ocean with abun-
dant moisture (Li et al., 2005). When it enters the main-
land, temperature rises due to radiative heating.
Therefore, the air mass is rich in heat and moisture.
Pseudo-equivalent temperature (6.), as a physical vari-
able combining temperature and water vapour, can well
reflect frontal zones and unstable conditions. The 340-K
isoline at 850 hPa is usually used to represent the ther-
modynamic property of warm and moist air masses
(Ding et al., 2018). As shown in Figure 13a, the lower tro-
posphere in East Asia is obviously drier before than after
mid-April. With the pre-flood season of South China
starting in mid-April, the warm and moist air masses are
gradually pushed northwards from the tropical ocean
south of 20°N. In mid-May, with the onset of the South
China Sea summer monsoon, the warm and moist air
masses gradually advance to regions south of the Yangtze

River, which is consistent with the northward advance-
ment of the rain band. In mid-June, the centre of maxi-
mum 6, appears around 30°N and lasts for a long period
until mid-August, when the northernmost location of the
340-K isoline reaches to around 43°N and then shifts
southwards rapidly. In early September, the centre of
maximum 6, abruptly disappears. After October, the
340-K isoline completely retreats from the mainland
(Figure 13a). The simulations are generally in good agree-
ment with the reanalysis. However, the model simulates
the pre-flood season of South China delayed by about
15 days, the location of maximum 6, shifted northwards
by 2°, the intensity slightly weaker, and the northern
ridge of the 340-K isoline located further north (exceed-
ing 45°N). All these biases may lead to more rainfall over
North China and less over the Yangtze River basin
(Figure 13b).

The height-latitude cross-section of 6, and specific
humidity (Figure 14) shows that the isolines are both
arched to the upper level over the Meiyu region, which
exceeds 500 hPa. It resembles a tropical cyclone structure
with a warm core. The 0;, decreases with height, and
convection instability is prone to occur. In the middle
and high latitudes (north of 40°N), the convective insta-
bility layer mainly locates between 900 and 600 hPa and
becomes thinner as it is in farther north. The dense iso-
line area of 6, is around 40°N, where the frontal zone
exists. The simulation is close to the reanalysis except
that it underestimates the warm core over the Meiyu
region, with colder central temperature by over 4 K,
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of Climatology

cross-section of averaged 6, at

850 hPa along 110°-120°E from
January to December (units: K;
colour shading denotes 6;, > 340 K):
(a) reanalysis; (b) simulation [Colour 35°N
figure can be viewed at
wileyonlinelibrary.com]
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weaker convective intensity and drier specific humidity.
The other warm core with an opposite bias occurs at 35°-
45°N mainly in the lower troposphere (below 700 hPa),
with warmer central temperature by over 4 K, stronger
convective intensity and wetter specific humidity. This
bias distribution is conducive to rainfall underestimate
over South China and overestimate over North China
(Figures 3c and Figure 4b).

4 | SUMMARY AND
CONCLUSIONS

This study presented a comprehensive analysis of the
CWRF simulation of the East Asian summer monsoon
characteristics during 1980-2016 and investigated the
possible causes for the model biases. The main findings
are summarized below:

CWREF reasonably simulates the intensity and posi-
tion of high temperatures in summer. High interannual
TCCs of summer temperatures occur over most parts of
China, exceeding 0.6 over Northeast-Northwest China.
Positive (negative) temperature biases mainly locate
north (south) of 30°N, and low TCCs appear over the Yel-
low River-Yangtze River basin. The model also exhibits
good performance in simulating rainfall over Northeast

China, Southeast (coastal) China, Tibet, and parts of
Xinjiang. It reproduces the sub-seasonal precipitation
variation and the rain band south-north movement over
East China. CWRF overestimates rainfall mainly over
North China and underestimates it over South China.
These biases are associated with more intense summer
monsoon, causing rainfall overestimate over the north
and underestimate over the Yangtze-HuaiheRiver basin.
CWREF successfully reproduces the large-scale circula-
tion patterns as in the reanalysis, including the location
and intensity of key pressure and wind systems and their
variations. In particular, the model well simulates the
northward advance and southward retreat of WPSH as
associated with the EASM developing and decaying
phases, respectively. However, the simulated WPSH cen-
tre is slightly weaker and its position is more eastward
than the reanalysis. Positive geopotential height biases
occur over Mongolia and East China, which leads to
higher temperatures and more rainfall over North China.
These biases may result from multiple factors. Updating
vegetation leaf area index distribution in CWRF can
reduce precipitation (negative) and temperature (posi-
tive) biases in the Yangtze River basin, and so can
adjusting the rain conversion rate in the cumulus param-
eterization as well as improving the land surface-
subsurface flow coupling and cloud-aerosol-radiation
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interaction (manuscripts in preparation). In addition,
CWREF currently does not consider human interventions,
such as agricultural production and irrigation, which
may have significant impacts on surface temperature and
precipitation (e.g., Yang et al., 2016).

The simulated geopotential height at 500 hPa is gen-
erally consistent with the reanalysis. Positive biases
appear over northeastern East Asia and negative biases
over the Qinghai-Tibet Plateau (Figure 5), which results
in systematic overestimate of the land-ocean thermal
contrast. These biases cause thermodynamic responses in
EASM that strengthen China summer monsoon and
advance it more northwards, and consequently shift the
rain band more northwards. Note, however, that large-
scale circulations and regional precipitation are fully
coupled, where the former provides energy and water
supplies for convection to occur and the latter produces
feedback to the system through condensational heat
release (Lu and Lin, 2009; Yang et al., 2015). It is critical
to conduct more comprehensive diagnosis of sensitivities
to model physics/dynamics configurations to disentangle

the complex processes underlying these model biases
(Sun and Liang, 2020b).

CWREF well simulates the EASM index variations dur-
ing 1980-2016, producing a correlation coefficient with
the reanalysis as high as .97. The model exhibits good
performance in simulating the summer mean circula-
tions, including the upper and lower level jets, South
Asian high and water vapour transport. However,
regional biases still exist. In particular, weak biases of an
anticyclonic (cyclonic) circulation at 200 hPa occur over
Southeast China (Tibetan Plateau), and correspondingly
WSPH is shifted northwards and the South Asian high
northeastwards. Meanwhile, biases of an anticyclonic cir-
culation occur at 850 hPa over the southern Sea of Japan,
accompanied with the summer monsoon expanded
northwards and more rainfall over North China. In addi-
tion, the simulated water vapour fluxes are more intense
in middle and high latitudes but weaker in lower lati-
tudes, which also favours the rain band shifted more
northwards and thus causes rainfall overestimate over
North China and underestimate over South China.
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In conclusion, CWRF well captures the summer
mean circulation and regional climate over East Asia,
as well as the seasonal evolution of the monsoon circu-
lation systems and the seasonal south-north movement
of rain bands over East China. However, notable biases
still exist, requiring further model improvements. Sum-
mer mean geopotential height shows positive biases
over Northeast Asia and negative biases over the
ocean, and so the land-ocean thermal contrast is over-
estimated in the model. As a result, the simulated
WPSH is more intense and shifted more northwards,
accompanied with a stronger EASM and regional
biases in surface temperature and rainfall over China.
CWRF has incorporated tremendously more alternate
physics schemes than the control configuration pres-
ented here (Liang et al, 2012, 2018; Liang and
Zhang, 2013; Sun and Liang, 2020a). The control
version used in this study does not represent the best
performance of CWRF, since it is only a single configu-
ration combining one specific scheme among many
alternates each of the seven major physics processes.
There is large room to improve the CWRF performance
particularly on EASM by optimizing the physics config-
uration or likely multi-physics ensemble through sys-
tematic sensitivity studies and comprehensive process
understanding (Sun and Liang, 2020b). Nevertheless,
our bias analysis and diagnostic understanding pres-
ented above offer important guidelines for future
model refinements targeting at EASM prediction.
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