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Abstract

Dynamical downscaling with a 20 km horizontal resolution was undertaken over East Asia for the period May—August in
1991-2015 using the Weather Research and Forecasting (WRF) model with Grell-3D ensemble cumulus parameterization
as a product of the Impact of Initialized Land Temperature and Snowpack on Sub-Seasonal to Seasonal Prediction (LS4P)
program. Simulated climatological precipitation biases were investigated over land during June when heavy precipitation
occurred. Simulations underestimated precipitation along the Meiyu/Baiu rainband, while overestimating it farther north.
Dry and wet biases expanded to south and north of the Yangtze River in China, respectively, marking years with poor
precipitation simulations. Model biases in synoptic-scale circulation patterns indicate a weakened clockwise circulation
over the western North Pacific in the model due to active convection there, and suppressed northward moisture transport to
the Meiyu/Baiu rainband. Moisture convergence was slightly enhanced over central China due to an apparent anticyclonic
circulation bias over northern China. In years with large biases, positive feedback between reduced moisture inflow and
inactive convection occurred over southern China, while moisture transport to central China intensified on regional scales,
with amplification of dry and wet biases over China. The Kain—Fritch scheme was used to test the influence of cumulus
parameterization, improving the dry bias over southern China due to the modification of synoptic-scale circulation patterns in
the lower troposphere. However, precipitation was further overestimated over central China, with the accuracy of precipitation
distribution deteriorating.

Keywords East Asia - Precipitation bias - Cumulus parameterization scheme - WRF model

1 Introduction Japan from early to late June, then moves to northern China,
Korea, and eastern and northern Japan until mid-July. A
Most precipitation over East Asia occurs during the Asian  synoptic-scale moisture supply along the western fringe of
summer monsoon season in association with northward  the anticyclonic circulation over the western North Pacific
movement of a synoptic-scale rainband system known as  controls precipitation along the Meiyu/Baiu rainband (Ohba
the Meiyu in China, Baiu in Japan, and Changma in Korea et al. 2015; Nguyen-Le et al. 2017; Takahashi and Fujinami
(e.g., Yihui and Chan 2005). Climatologically, precipitation ~ 2021).
increases over the Yangtze River Basin and southwestern Annual variations in this synoptic-scale moisture supply
are affected by factors such as the global air—sea coupling
system (e.g., Sui et al. 2007), snow cover over the Himalayas

P< Shiori Sugimoto

shiorisug @jamstec.go.jp and Tibetan Plateau (Liu and Yanai 2002; Wu and Qian 2003;
1 4 . Zhao et al. 2007; Seol and Hong 2009; Xiao and Duan 2016),
Japan Agency for Marine-Earth Science and Technology, and the eastward propagation of disturbances generated

3173-25 Showa-machi, Kanazawa-Ku, Yokohama,
Kanagawa 236-0001, Japan

2 University of California, Los Angeles, CA 90095, USA

over the Tibetan Plateau (Yasunari and Miwa 2006; Li et al.
2008; Feng et al. 2014; Sugimoto 2020). A new mechanism
has been proposed for the regulation of precipitation over
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modulate precipitation with an approximately one-month lag
(Xue et al. 2018). LST and SUBT over the Tibetan Plateau
in May are significantly related to precipitation over the
Yangtze River Basin and surrounding regions in June when
monthly mean precipitation reaches a maximum due to
Meiyu/Baiu rainband activity.

To elucidate the role of such land processes in regulating
precipitation in the Yangtze River Basin and its uncertainty
for subseasonal-to-seasonal prediction, the Impact of
Initialized Land Temperature and Snowpack on Sub-
Seasonal to Seasonal Prediction (LS4P) program was
launched by the Global Atmospheric System Studies (GASS)
panel of the Global Energy and Water Exchanges (GEWEX)
project in 2018, with its first phase being undertaken jointly
with the Third Pole Experiment (TPE) Earth System Model
(ESM) inter-comparison project (TPEMIP). Twenty-one
ESM groups participate in the LS4P/TPEMIP program
and have already contributed to our understanding of the
influence of initializing LST/SUBT over the Tibetan Plateau
in ESMs in terms of seasonal to sub-seasonal predictions of
precipitation over East Asia (Xue et al. 2021). In addition,
several Regional Climate Model (RCM) groups participating
in the LS4P/TPEMIP program provide fundamental
understanding of water and energy cycles across East Asia.

The RCMs are powerful tools in the study of regional-
scale atmospheric conditions and physical processes and
their effects on regional climate, with the potential to
clarify scientific issues featured in the LS4P/TPEMIP
program. High-resolution experiments with convection-
permitting configurations have been widely undertaken, but
experiments concerning long-term climatological studies
and large domain settings are feasible only with resolutions
of tens of kilometers, as in the products of the Coordinated
Regional Climate Downscaling Experiment (CORDEX; e.g.
Yu et al. 2020 for the East Asian region; for other references,
see https://cordex.org/publications/) and the database for
Policy Decision making for Future climate change (d4PDF;
Mizuta et al. 2017; Fujita et al. 2020). Such climatological
products need careful evaluation because biases may be
included in the spatial resolution and physical schemes. In
particular, simulations with horizontal mesh sizes greater
than several kilometers require cumulus parameterization
schemes to evaluate the effects of sub-grid-scale convective
processes.

Previous studies comparing East Asian precipitation
simulations based on models using different cumulus
parameterization schemes have revealed differences in
the amount, frequency, intensity, and diurnal variation of
precipitation (Shing et al. 2006; Choi et al. 2015; Zhang
et al. 2015; Huang and Gao 2017; Cai et al. 2018; Niu
et al. 2020). The proportion of convective precipitation
relative to total precipitation over East Asia may be higher
during summer than in other seasons (Zhang et al. 2015),
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indicating a higher sensitivity of summer precipitation to
the cumulus parameterization scheme used in the model.
Furthermore, cumulus parametrization schemes affect the
simulation accuracy of synoptic-scale circulation patterns
associated with the subtropical high over the western
North Pacific, which controls moisture supply to the north
and the spatial pattern of precipitation over East Asia
(e.g., Bao 2013). Therefore, the influence of the cumulus
parameterization scheme should be examined, not only
concerning precipitation along the Meiyu/Baiu rainband but
also synoptic-scale moisture-transport processes.

In this study, numerical experiments were undertaken
for the East Asia region during the May—August period
for 25 years (1991-2015) as a product of LS4P/TPEMIP
program, and the simulated monthly precipitation evaluated
against reference observational datasets. Analyses were
undertaken mainly over land because reliable high-resolution
observational datasets are available only over land in East
Asia. We focused particularly on precipitation biases during
June because more precipitation is observed during this
month over the Yangtze River Basin and surrounding regions
in association with the Meiyu/Baiu rainband, sometimes
causing serious flooding as 1998 and 2020. Atmospheric
factors causing biases in climatological precipitation were
identified, and atmospheric circulation patterns in years
with large precipitation biases were also investigated to
elucidate the reasons that amplify the climatological biases.
An experiment using another cumulus parameterization
scheme was undertaken to investigate the possible influence
of convection process on June precipitation biases over land.

2 Numerical setup and data

Numerical experiments with 20 km horizontal resolution
were undertaken for 1991-2015 using the Weather Research
and Forecasting (WRF) model v. 3.9.1.1 (Skamarock et al.
2008) as a product for the LS4P/TPEMIP program. The
experiments were integrated from 00:00 UTC April 21 to
00:00 UTC September 1 for each year, with the simulation
domain covering most of South and East Asia (Fig. 1).
The analysis period was from 00:00 UTC May 1 to 23:00
August 31, with the precipitation in June being intensively
investigated over East Asia (20°—47°N, 100°-150°E). The
model has 50 vertical layers of non-uniform thickness with
an upper boundary of 50 hPa. The time step was 10 s, and the
output interval 1 h. Physical schemes used in the experiment
were the Dudhia scheme for shortwave radiation (Dudhia
1989), the rapid radiative transfer model for longwave
radiation (Mlawer et al. 1997), the Mellor—-Yamada
Nakanishi—Niino 2.5 level turbulence kinetic energy scheme
for planetary boundary layer condition (Nakanishi and Niino
2004, 2006), the unified Noah land-surface scheme (Chen
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Fig.1 Topography in the calculation domain (shaded and contour).
The contour interval is 1000 m. Light blue indicates water. Blue
rectangle indicates the analysis area (East Asia; 20°—47°N, 100°-
150°E); black rectangles indicate subregions; southern-southeastern
China (21°-30°N, 100°-125°E), central China (30°-39°N, 100°-
115°E), and Japan and Korea (30°-45°N, 125°-150°E). The Yangtze
River lies along ~30°N in China

and Dudhia 2001), the Thompson scheme for microphysics
(Thompson et al. 2008), and the Grell-3D ensemble
scheme (Grell 1993; Grell and Devenyi 2002) for cumulus
parameterization. We also undertook experiments using
the Kain—Fritch (KF) scheme (Kain 2004) rather than the
Grell-3D ensemble scheme, results of which are discussed
in Sect. 4. Herein, the original experiment is referred to as
the Grell-3D experiment, and another experiment as the KF
experiment.

Here, we briefly introduce the Grell-3D ensemble and
KF schemes. The Grell-3D ensemble scheme basically
adopts three dynamic control assumptions, which are two
types of closures assuming environmental stability, i.e.,
quasi-stability equilibrium and instantaneous stability,
and a type of closure relates to total moisture convergence.
Each dynamic control assumption has several sub-
ensembles considering perturbation of key parameters. For
all these sub-ensembles, processes to modify atmospheric
environment by convection are estimated, in which fractional
entrainment/detrainment rates and downdraft mass flux are
perturbed. Then, an ensemble mean of results from sub-
ensembles are calculated appropriately. Meanwhile, the
KF scheme considers only instantaneous stability, which
identifies layers with potential source for convection at first
as the trigger function to compare temperature between
the parcel at the lifting condensation level (LCL) and
its ambient. If the parcel is sufficiently warmer than its
ambient environment, it candidates for deep convection.
Vertical velocity of the parcel above the LCL is estimated
by the Lagrangian parcel method considering entrainment,
detrainment, and water loading. Mass in a column is adjusted
until at least 90% of convective available potential energy

(CAPE) is removed. Please refer to Grell (1993), Grell and
Devenyi (2002), Kain (2004) and related papers for the detail
of these schemes.

The ERA interim reanalysis of the European Centre
for Medium-Range Weather Forecasts (ECMWF) with
1.5°% 1.5° resolution (Dee et al. 2011) was used as initial
conditions and lateral atmospheric boundaries at 6 h
intervals. Sea surface temperatures obtained from the daily
Optimum Interpolation Sea Surface Temperature v2 (OISST
v2; 0.25°%0.25° resolution; Reynolds et al. 2007) were used
as lower boundary condition. The OISST v2 using only
Advanced Very-High-Resolution Radiometer (AVHRR)
was selected to retain uniform data quality throughout the
study period.

Precipitation biases between observation and model
experiment were examined mainly over land using the
dataset of gridded rain-gauge observations of 0.25°x0.25°
resolution produced by the Asian Precipitation—Highly
Resolved Observational Data Integration Towards Evaluation
of Water Resources/the Asian Precipitation—Highly Resolved
Observational Data Integration Towards Evaluation of
Extreme Events projects (APHRODITE/APHRDITE-2
V1101RI1; Yatagai et al. 2009, 2012). The Climate
Prediction Center (CPC) Merged Analysis of Precipitation
with 2.5° % 2.5° resolution (CMAP; Xie and Arkin 1997)
was used supplementally to elucidate precipitation biases
over the ocean. The National Oceanic and Atmospheric
Administration (NOAA) interpolated Outgoing Longwave
Radiation (OLR) of 2.5° % 2.5° resolution (Liebmann and
Smith, 1996) and the ERA-interim dataset were used for
analysis of atmospheric conditions attributable to simulated
precipitation biases in June over land. Model output was
re-gridded to the resolution of observational or reanalysis
datasets for calculation of pattern correlation coefficients,
root mean square error (RMSE), and standard deviations of
spatial patterns.

3 Results

3.1 Biases in climatological monthly precipitation
in the Grell-3D experiments

Spatial distributions of monthly mean climatological
precipitation for 1991-2015 were compared between
the APHRODITE dataset and Grell-3D experiments for
May—August (Fig. 2). An evaluation using the CMAP
dataset is also shown in Fig. S1 to complement information
for precipitation biases over the ocean. Although we focused
on June precipitation over land, precipitation biases in other
months are introduced briefly here to elucidate the overall
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May

Fig.2 Spatial distribution of monthly mean precipitation during
a May, b June, ¢ July, and d August in APHRODITE. e-h As for
(a—d), but for the Grell-3D experiment. i-1 As for (a-d), but for
the ratio of precipitation from cumulus parametrization to the total

simulation skill for precipitation over East Asia in the
Grell-3D experiment.

In the APHRODITE dataset, heavier precipitation was
observed over southern-southeastern China in May in
association with formation of the Meiyu/Baiu rainband
(Fig. 2a; an extension of the rainband is shown in Fig. S1).
Precipitation observed along the rainband intensified in June
and moved northward in July (Fig. 2b, c), which is a typical
seasonal movement of the rainband in East Asia. Although
the structure of the rainband disappeared in August, heavier
precipitation remained over Korea, southwestern Japan, and
coastal regions of China (Fig. 2d). Seasonal variation in
CMAP precipitation is consistent with that in APHRODITE
precipitation (Fig. Sla—d).

Simulated precipitation increased over central China
and part of southern China in May (Fig. 2e), intensifying
during June particularly northern edge of the Sichuan
Basin and southern coastal region in China as well as
southwestern Japan (Fig. 2f). This seasonal intensification is
consistent with that in APHRODITE, although the Grell-3D
experiment underestimated precipitation along the Meiyu/
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precipitation. m—p As for (a—d), but for precipitation biases (WRF—
APHRODITE). Black lines are the 1000 and 3000 m topographic
contours. Ocean is masked with white. Black rectangles in (m)
indicate the subregions, as shown in Fig. 1

Baiu rainband in May and June, and overestimating it,
particularly over central China, in June (Fig. 2m, n). As a
result, dry and wet biases appeared respectively south and
north of 30°N over China during June. A possible reason
causing the underestimation of the Meiyu/Baiu precipitation
would be a weakening of simulated anticyclonic circulation
over the western North Pacific, of which detail will be
discussed in Sect. 3.3. In July, the northward shift of the
Meiyu/Baiu rainband was not simulated well (Fig. 2g),
with the area with underestimated precipitation shifting
to central China, Korea, and part of Japan (Fig. 20). After
retreat of the rainband in August, the simulated precipitation
tended to decrease over southern-central China, Korea, and
Japan relative to that in the previous month (Fig. 2h), with
dry biases appearing (Fig. 2p). Comparison with CMAP
provided an additional information over the ocean, i.e.,
overestimated simulated precipitation south of the rainband,
with both wet and dry biases being larger over the western
North Pacific than in other regions (Fig. Sle-h, m—p).

The pattern correlation coefficient and RMSE were
calculated for monthly precipitation between APHRODITE
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and the Grell-3D experiment. Higher correlation coefficients
and lower RMSEs were found in May (0.71 and 1.50 mm
d=!) and June (0.68 and 2.41 mm d~') than July (0.46
and 3.43 mm d_l) and August (0.48 and 2.57 mm a1
Table 1), indicating the higher simulation skill for the
spatial distribution of precipitation in the former months.
When CMAP was used instead of APHRODITE, pattern
correlations are poorer in May, June, and July, with higher
RMSEs in May and June (Table 1), consistent with the
larger biases over the ocean (Fig. SIm—o0). Although both
correlation coefficient and RMSE gradually deteriorated
from May to July as an increase in leading time of
simulation, they are slightly improved in August. Higher
precipitation area shifts to north in sub-monthly scale in
July associated with the Meiyu/Baiu rainband propagation
(Figs. 2c and S1c), which was quite difficult to simulate in
the Grell-3D experiment (Figs. 2g and S1g). Meanwhile,
convective precipitation is dominant under the condition
with strong surface heating in August climatologically,
for which the simulation is easier than the Meiyu/Baiu
precipitation in the model experiment using a cumulus
parameterization scheme. Therefore, correlation coefficient
and RMSE for spatial pattern of July precipitation was worse
in comparison to that in August.

In the Grell-3D experiment, total precipitation was
calculated from the sum of precipitation from the
cumulus parameterization and microphysics schemes.
The precipitation from each scheme was quantified
using the proportion of precipitation from the cumulus
parameterization scheme relative to the total precipitation
(Fig. 2i-1 over land, and Fig. S1i-1 over both land and
ocean). In May, > 60% of precipitation was formed in the
cumulus parameterization scheme south of 27°N (Fig. 21i).
As the month proceeded, the area dominating precipitation
from the cumulus parameterization scheme expanded
northward, reaching about 36°N in August (Fig. 2j-1).

Table 1 The correlation coefficient (Corr) and the RMSE for the
spatial distribution of the climatological precipitation over East Asia
for each month between the model experiments and the observations

May June July August
Grell-3D
APHRODITE Corr 0.71 0.68 0.46 0.48
RMSE 1.50 241 3.43 2.57
CMAP Corr 0.51 0.48 0.36 0.68
RMSE 2.23 2.88 2.96 2.46
KF
APHRODITE Corr 0.74 0.72 0.48 0.65
RMSE 2.28 2.98 3.95 3.46
CMAP Corr 0.56 0.63 0.50 0.61

RMSE 2.14 2.85 3.49 2.62

This indicates that underestimation of precipitation along
the Meiyu/Baiu rainband was caused by the cumulus
parameterization scheme, while microphysics precipitation
was more dominant over land with a wet bias.

To summarize, for precipitation biases in the Grell-3D
experiment with a 20 km spatial resolution over East Asia,
the major factor is the combination of the dry bias along the
Meiyu/Baiu rainband and the wet bias north and south of
it, as recognized not only in June but also in May and July.
Focusing on June precipitation over land, these dry and wet
biases are clearly identified over China, particularly south
and north of the Yangtze River (30°N). The underestimation
of precipitation over southern-southeastern China was
influenced by the cumulus parameterization scheme,
while its overestimation over central China was associated
with the microphysics scheme. Annual variations in
June precipitation biases and the relationships between
atmospheric circulation patterns and June precipitation
biases are considered in the following sections.

3.2 Yearly biases in June precipitation over land

Area-averaged precipitation over land during June in East
Asia (20°-47°N, 100°-150°E) was compared between
APHRODITE and Grell-3D experiment. The 25-yr mean
was 4.29 mm d~' in APHRODITE and 4.13 mm d™' in
the Grell-3D experiment (Table S1), with area-averaged
climatological precipitation thus being comparable between
observations and the model, although with spatially
distributed dry—wet biases as explained in Sect. 3.1. Yearly
variations in area-averaged precipitation were also simulated
reasonably well in the Grell-3D experiment (Fig. 3a), with
standard deviations in interannual variations of 0.41 mm
d~! for observations and 0.64 mm d~! for the model and a
temporal correlation coefficient of 0.57 (Table S2).

East Asia was divided into three subregions based on
the spatial distribution of climatological precipitation
biases (Fig. 2n): southern-southeastern China (21°-30°N,
100°-125°E), central China (30°-39°N, 100°-115°E), and
Japan and Korea (30°—45°N and 125°-150°E; rectangles in
Figs. 1 and 2n). Yearly variations in precipitation averaged
over land in these subregions are shown in Fig. 3b—d.
Simulated precipitation over southern-southeastern China
was lower than observed in 16 of the 25 years (Fig. 3b),
and higher over central China for 24 years (Fig. 3c). This
indicates that the dry and wet biases south and north
of the Yangtze River, as shown in climatological mean
precipitation (Fig. 2n), were not attributable to specific
years but were uniform across all years. Analysis of pentad
precipitation (Fig. 4a) indicates that the dry bias over
southern-southeastern China was more obvious during
early June, while the wet bias over central China occurred
consistently between first and fourth pentads although each
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Monthly precipitation (mm d-")

APHRODITE

Grell-3D KF

Fig.3 Yearly variations in precipitation from APHRODITE (black)
and WRF model experiments (Grell-3D, red; KF, blue) averaged over
land in a East Asia, b southern-southeastern China, ¢ central China,
and d Korea and Japan. Subregions in b—d are as in Fig. 1

pentad included 3-5 years of dry bias. The increase in wet
bias over central China tended to follow the appearance of
dry biases over southern-southeastern China. Over Japan
and Korea, the precipitation bias varied by year, with
the area-averaged precipitation bias being smaller than
those of the other two subregions (Fig. 3d). The temporal
correlation coefficient in area-averaged precipitation
between APHRODITE and the Grell-3D experiments is
0.41 over southern-southeastern China, —0.01 over central
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China, and 0.22 over Japan and Korea (Table S2), indicating
that the Grell-3D experiment captured yearly variations in
area-averaged precipitation only south of the Yangtze River
(the 95% confidence level is 0.40) for subregional-scale. The
lower temporal correlations than for southern China may
be explained by sub-grid-scale precipitation not being well
simulated with 20 km resolution over central China, Korea,
and Japan, where precipitation through the microphysics
scheme was predominant (Fig. 2j).

Figure 5 shows interannual variations in pattern
correlation coefficients and RMSEs for June precipitation
over land in East Asia. RSMEs were within 2.5-5.0 mm d~!
for all 25 years, with correlation coefficients of 0.13-0.70.
There are seven years (1992, 1995, 1997, 1999, 2002, 2004,
and 2007) for which the correlation is insignificant (i.e.,
coefficient < 0.4), defined here Lower Correlation Coefficient
(LowCC) years. As shown in a Taylor diagram, the LowCC
years correspond to years of poor simulation skill (Fig. S2).

Characteristics of the spatial distribution of June
precipitation biases over land in LowCC years were
confirmed visually (Fig. S3). In 1992, 1995, 1997, 2002, and
2007, the simulated June precipitation was underestimated
south of 30°N in China and overestimated in regions farther
north. In fact, the positive precipitation bias north of the
Yangtze River was also existed in other LowCC years (i.e.,
1999 and 2004). Meanwhile, the dry bias was concentrated
over the Yangtze River (i.e., along ~30°N) as well as the
southern part of Korea and southwestern Japan. These results
suggest that dry and wet biases in regions south and north
of the Yangtze River, respectively, were more intensified in
LowCC years than apparent climatologically. Over Korea,
Japan, and north of 39°N, a common characteristic of
precipitation bias was not found in LowCC years.

3.3 Climatological biases in atmospheric circulation
patterns

Detailed analysis of June precipitation biases over land
in East Asia revealed two characteristics: systematic dry
and wet biases south and north of the Yangtze River,
respectively; and their intensification in particular years
when the precipitation distribution was poorly simulated
(i.e., LowCC years). Therefore, we examined climatological
biases in the atmospheric circulation pattern during June to
elucidate the systematic dry/wet biases over East Asia in this
section. Atmospheric features in LowCC years are analyzed
in the next section.

Figure 6a shows the June climatology of geopotential
height and moisture fluxes at 850 hPa from the ERA-interim
and OLR from the NOAA interpolated OLR datasets. The
subtropical high expanded over the western North Pacific
and transported moisture to East Asia. Monsoon westerlies
passing over South and Southeast Asia also supplied
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Fig.4 The bias in
climatological five-day
precipitation in June
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moisture from tropical regions to East Asia. Convection was
active along the Meiyu/Baiu rainband and over South and
Southeast Asia.

In the Grell-3D experiments, the subtropical high over
the western North Pacific was weaker than in the ERA-
interim data, corresponding to more active convection in
the model (Fig. 6b). Large-scale circulation patterns include
low—high—low biases in geopotential height at 850 hPa from
the western North Pacific to northern Japan, which seem
to be a northward propagation of quasi-stationary waves
similar to the Pacific-Japan (PJ) teleconnection pattern
(e.g. Nitta 1987). The weaker clockwise circulation over
the western North Pacific in the model suppressed moisture
inflow toward the Meiyu/Baiu rainband as well as southern-
southeastern China, suggesting that this is a factor to cause

Precipitation bias (mm d-')

the underestimation of June precipitation along the rainband
as described in Sect. 3.1.

Meanwhile, moisture convergence was slightly enhanced
at 850 hPa over central China (30°-35°N, 105°-120°E)
due to anticyclonic circulation biases over northern China,
which is consistent with active convection there relative to
that in observations (Fig. 6b). In the upper troposphere, the
Grell-3D experiment can simulate climatological features
of wind field at 200 hPa (Fig. S4); however, the jet stream
meandering between 30°N—40°N was emphasized in the
model relative to that in the reanalysis dataset, and westerly
wind was intensified along ~27.5°N where wind speed
was weak in the reanalysis. As a result, lower geopotential
height biases expanded widely at 200 hPa west of 100°E,
likely induced by quasi-stationary wave propagation along
the subtropical jet (Fig. 6c¢, d). This result corresponds to
Ding and Wang (2005, 2007), which indicated that the active
convection over the Indian subcontinent enhances upper-
level positive height anomaly over the Tibetan Plateau and
induces wave train propagating along the subtropical jet.
Geopotential height biases at 200 hPa around the Tibetan
Plateau are possibly associated with inactive convection over
South Asia, which also affects geopotential height biases
over northern China at 850 hPa leading to the enhanced
moisture convergence over central China.

Thus, biases in synoptic-scale circulation patterns
expanding across the whole domain seem to be associated
with convective activity particularly over the western
North Pacific and South Asia. Synoptic-scale circulation
patterns in the upper troposphere also may be important in
simulating the location of the Meiyu/Baiu rainband as well
as moisture transport from the south in the lower troposphere
as discussed in Sato and Xue (2013).

3.4 Anomalies in atmospheric circulation patterns
in LowCC years

Differences in atmospheric circulation patterns between
LowCC years and the climatology were investigated over
East Asia to determine why dry/wet biases south and north
of the Yangtze River are more pronounced in LowCC
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Fig.6 a Spatial distribution of the ERA-interim climatology
for moisture flux (vectors) and geopotential height (contours) at
850 hPa in June 1991-2015. Shading indicates the OLR in NOAA
interpolated OLR datasets. b Spatial distribution of biases in the
climatological moisture flux (vectors) and geopotential height

years. In the ERA-interim dataset, LowCC years show
positive anomalies in geopotential height over northern
China at 850 hPa (Fig. 7a), as also captured at 500 and
200 hPa (although not statistically significant; Fig. 7b, c).
Negative anomalies in geopotential height were located
over the western North Pacific at 850, 500, and 200 hPa.
These positive and negative anomalies in geopotential height
during LowCC years correspond respectively to inactive
and active convection at each location relative to that in
the climatology (not shown). As these anomalies have the
same sign as climatological biases in geopotential height
shown in Fig. 6b, d, we speculate that climatological biases
of geopotential height were intensified in LowCC years
causing further weakening of moisture transport at 850 and
500 hPa over the coastal region of southeastern China and
off its coast (Fig. 7a, b).

A higher geopotential height anomaly over northern
China and a lower anomaly over the western North Pacific
were also captured at each vertical level during LowCC
years in the Grell-3D experiments, suppressing moisture
supply to southern China (although the anomalies are
not statistically significant except for northern China at
850 hPa; Fig. 7d-f). Geopotential height and moisture flux
anomalies in the model experiments were basically driven
by the ERA-interim dataset as external forcing. In addition
to these anomalies, the WRF model yielded significantly
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(contours) at 850 hPa, and OLR (Grell-3D experiment minus ERA-
interim or NOAA interpolated OLR). ¢, d As for (a, b) but for
200 hPa and wind rather than moisture flux. Shading in (c, d) is as
for (a, b). Topography above 1200 m is masked in (a, b). Lateral
boundary conditions may affect results near the boundary

intensified positive geopotential height anomaly over
southern—eastern China at 850 hPa and negative anomaly
over southern China at 200 hPa relative to those in the
ERA-interim. These anomalies over southern—eastern China
can be explained by the weakening of moisture transport
over southeastern China and off its coast, forced by ERA-
interim, which suppresses convection and precipitation
over southern-southeastern China. As a result, positive and
negative geopotential height anomalies were intensified
in the lower and upper troposphere, respectively. Positive
feedback would also have occurred among the reduction
in moisture inflow, inactive convection, and intensification
of the positive geopotential height anomaly at 850 hPa.
In association with the development of the anticyclonic
circulation anomaly over southeastern China at 850 hPa,
northward moisture transport was activated over the eastern
Sichuan Basin (28°-33°N, 105°-115°E), with suppression
of moisture transport in southern China. Dry/wet biases were
thus emphasized south and north of the Yangtze River in
the LowCC years. Anomalies in pentad mean geopotential
height and meridional moisture flux at 850 hPa, averaged
over black and blue rectangles in Fig. 7d, indicated that
they rapidly increased in the third pentad of June and were
higher by the end of June (Fig. S5a), which corresponds
to the timing after detecting significant dry bias over
southern-southeastern China in early June (Fig. 4a). In this
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Fig.7 Spatial distributions of anomalies in geopotential height
(contours) and moisture flux or wind (vectors) in LowCC years at a
850 hPa, b 500 hPa, and ¢ 200 hPa in the ERA-interim (i.e., LowCC-
year composite minus the climatology for 25 years). Green hatching
indicates that anomalies in geopotential height are statistically

Fig.8 Vertical profile of

significant at the 95% level (Student’s r-test). Moisture flux and wind
are only shown in areas with statistical significance at the 95% level.
d—f As for (a—c) but for the Grell-3D experiment. Topography above
1200 m is masked in (a—d). Blue and black rectangles in (d) indicate
the analysis area for Fig. S5
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period, the moisture supply to central China was enhanced
in conjunction with the development of the anticyclonic
circulation anomaly over southern—eastern China after
the reduction of precipitation over south of the Yangtze
River. This may explain the slight time gap in dry/wet bias
formation between areas south and north of the Yangtze
River as shown in Fig. 4a.

A comparison of synoptic-scale atmospheric circulation
patterns between LowCC years and the climatology indicates
that convective activity over southern-southeastern China is a

[ m— ——
-2500 -1500 -500 500

I | — |
1500 2500 (J kg

key factor in enhancing dry/wet biases south and north of the
Yangtze River. To further confirm the relationship between
convective instability and moisture supply in LowCC years,
dry static energy (§Z+ C,T) and latent heat energy (Lg) were
calculated for each year, where g is gravitational acceleration
(9.81 ms™2), Zis geopotential helght (m), C, is heat capacity
at constant pressure (1004 J K= kg™, T is temperature
(K), L is latent heat (2.5 X 10%7 kg_l), and ¢ is mixing ratio
of water vapor (kg kg™!). Figure 8 shows vertical profiles
of anomalies from the climatology, area-averaged over
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southern-southeastern China. In the Grell-3D experiment,
the dry static energy in LowCC years was lower than
the climatology by 500-2000 J kg~! in the mid-upper
troposphere (Fig. 8a), and anomalies in latent heat energy
were strongly negative in the lower-mid troposphere during
LowCC years (Fig. 8b). This feature was also captured
in ERA-interim (except for 1999) although simulated
anomalies in latent heat energy were weaker (not shown). As
aresult, a weakening of moist static energy (§Z+ C,T+Lq)
was found overall of the troposphere in LowCC years
relative to that in the climatology, which was pronounced in
the lower and mid-troposphere due to a reduction of latent
heat energy. These results are consistent with atmospheric
circulation anomalies in LowCC years being similar
between reanalysis and model experiments, with moisture
supply to southeastern China being further weakened in the

(a) Southern-southeastern China

model due to the development of anomalous anticyclonic
circulation at 850 hPa in association with convection
suppression. Furthermore, area-averaged June precipitation
over southern-southeastern China is significantly correlated
with CAPE (Fig. 9a), with LowCC years being characterized
by lower precipitation and weak CAPE (red dots in Fig. 9a).
This result supports the significant relationships among
moisture supply, convective instability, and precipitation
in June over southern-southeastern China. We suggest that
the cumulus parameterization scheme influenced convective
instability over southern-southeastern China during the
LowCC years, as it dominated precipitation in this area
(Fig. 2j). Indeed, June precipitation was not related to CAPE
over central China or Japan and Korea (Fig. 9b, c), where
microphysics-induced precipitation was dominant.

(d) Southern-southeastern China

Grell-3D

CAPE (J kg™")
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Fig.9 Scatter-diagrams for June precipitation and CAPE averaged
over land in a southern-southeastern China, b central China, and ¢
Korea and Japan for the Grell-3D experiment. d—f As for (a—c) but
for the KF experiment. The locations of the subregion are shown in
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Fig. 1. ‘¥ indicates the correlation coefficient between precipitation
and CAPE (the 95% significance level is 0.4). Red dots in (a—c)
and white dots in (d—f) indicate the LowCC years from the original
experiments
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of the precipitation from the cumulus parametrization to the total
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As described in Sect. 2, in the Grell-3D ensemble
scheme, several closure assumptions based on environmental
stability or moisture convergence were used for dynamic
control, and closure associated with moisture convergence
assumes that the total precipitation rate determines the
integrated vertical advection of moisture (Grell 1993). We
speculate that this assumption enhances the dry bias when
the anomaly of moisture transport suppression is included in
the initial and lateral boundary conditions, particularly in the
lower-mid troposphere. To confirm the behavior of another
cumulus parameterization scheme, simulation results using
the KF scheme (Kain 2004), which is one of major cumulus
parameterization scheme in the WRF model and assumes
closure based on CAPE removal, are discussed in Sect. 4.

4 Influences of cumulus parametrization
scheme on precipitation biases in June

An experiment using the KF scheme rather than the
Grell-3D ensemble scheme was undertaken to assess the
effect of convective scheme on precipitation simulation. We
will discuss how precipitation bias is affected with various
cumulus parameterization scheme. A major difference
between KF and Grell-3D is that KF does not consider the
closure assumption associated with moisture convergence
but assumes the closure only based on CAPE removal, i.e.,
environmental stability. In the KF experiment, the numerical
setup was as for the Grell-3D experiment except for the
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(c) but for the Grell-3D experiment, which are same as Fig. 2f, n, and
j- Black contours indicate topography of 1000 and 3000 m. Ocean is
masked with white color

cumulus parameterization scheme (Sect. 2). Here, LowCC
years are the years defined for the Grell-3D experiment
(Sect. 3.1); i.e., 1992, 1995, 1997, 1999, 2002, 2004, and
2007.

Figure 10a, b shows the spatial distribution of
climatological June precipitation in East Asia simulated
in the KF experiment and its bias with respect to the
APHRODITE dataset. Simulated June precipitation was
higher in East Asia with the KF scheme than in the Grell-3D
experiment, particularly over the Meiyu/Baiu front (Fig. 10a,
d), which was also captured over the ocean (Fig. S6a, b). The
underestimation of precipitation in the Grell-3D experiment
was thus ameliorated over southern-southeastern China
and southwestern Japan although its overestimation was
worsened north of the Yangtze River (Fig. 10b, e and Séc,
d). In the KF experiment, the pattern correlation coefficient
for precipitation over land in East Asia was improved over
the Grell-3D experiment not only during June but also in
other months (Table 1). However, RMSE was higher in the
KF experiment for all four months because the wet bias was
larger in central China where climatological precipitation
was low in observation (Fig. 2b). This feature of the KF
experiment, with a higher pattern correlation coefficient
and higher RMSE than the Grell-3D experiment, was also
analyzed in June precipitation for each year (Fig. S7). The
pattern correlation coefficient in LowCC years increased
with the reduced underestimation of precipitation over
southern-southeastern China in the KF experiment, although
the dry/wet bias remained south and north of the Yangtze
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River, except for 2007 (Fig. S8). A Taylor diagram shows
that the simulation skill for spatial patterns of precipitation
was lower in the KF experiment than that in the Grell-3D
experiment (Fig. S2).

Regarding yearly variations in area-averaged precipitation
during June over land in East Asia, precipitation was higher
every year in the KF experiment than in APHRODITE
(Fig. 3a), which is consistent with a climatological feature
as discussed in the previous paragraph. The 25-yr mean and
standard deviation are 5.76 and 0.55 mm d~!, respectively
(Table S1). The temporal correlation coefficient between
APHRODITE and the KF experiment is 0.59, slightly higher
than for the Grell-3D experiment (Table S2). Regarding
the subregions, area-averaged precipitation over southern-
southeastern China was higher than observations except for
1995 and 2003 (Fig. 3b), with no dry bias. In central China
(Fig. 3c), the wet bias is stronger in the KF experiment. The
wet bias over central China tended to follow the dry bias over
southern China in the Grell-3D experiment (Fig. 4a), but this
relationship was not observed in the KF experiment (Figs. 4b
and S5b), where an increase in precipitation over central
China preceded that over southern China. Furthermore, the
difference in area-averaged precipitation between the KF
and Grell-3D experiments is relatively small over Japan
and Korea (Fig. 3d). Temporal correlation coefficients are
higher over southern-southeastern and central China in the

KF experiment (0.43 and 0.35, respectively) than in the
Grell-3D experiment, and worsened over Japan and Korea
(0.14, respectively; Table S2).

To summarize, the dry bias over southern-southeastern
China, which is obvious in the Grell-3D experiment, is
reduced in the KF experiment, and the wet bias is amplified
over central China. The pattern correlation coefficient
is higher than for the Grell-3D experiment because of an
increase in simulated precipitation over southern China.
The temporal correlation coefficient for area-averaged
precipitation in June over East Asia shows a slight
difference between the two experiments. Although several
improvements in simulated precipitation were found in the
KF experiment, the simulation skill for June precipitation
is higher in the Grell-3D experiment due to the excessive
precipitation over central China in the former.

Two main factors controlled the simulation skill in
the KF experiment: modification of the synoptic-scale
circulation pattern and its influence on reduction of the
dry bias over southern China; and the enhancement of the
wet bias over central China. Positive biases of geopotential
height at 850 hPa over central-northern China in the KF
experiment is smaller than in the Grell-3D experiment,
so the pressure gradient between the land of China and
the western North Pacific is lower in the KF experiment
(Fig. 11a). This modification in geopotential height removed
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Fig. 11 As for Fig. 6b but for biases between the KF experiment and reanalysis datasets at a 850 hPa and b 200 hPa between the KF experiment
and ERA-interim. ¢, d As for Fig. 7a but for ¢ 850 hPa and d 500 hPa in the KF experiment. Topography above 1200 m is masked in (a) and (c)
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the northeasterly biases in moisture flux not only over
southern-southeastern China but also along the Meiyu/
Baiu rainband, indicating that moisture transport process
was improved at northern and northwestern edge of the
anticyclonic circulation developed over the western North
Pacific. The Taylor diagram also indicates an improvement
in the spatial pattern of geopotential height at 850 hPa over
southern—central China in the KF experiment (Fig. S9). At
500 hPa, the center positions of positive geopotential height
bias over south of the Yangtze River and the negative bias
over Japan shifted south and north, respectively, in the KF
experiment relative to the Grell-3D experiment (not shown).
This also resulted in weakening of the northeasterly biases
in moisture flux.

The excessive convection over the western North Pacific
and the inactive convection over the Indian subcontinent
were identified in both the Grell-3D and KF experiments
(Figs. 6b, d, 11a, b). The influence of convection biases on
the large-scale circulation pattern in the troposphere, i.e.,
the weakening of the western North Pacific High at 850 hPa
and the cyclonic circulation bias over the Tibetan Plateau at
200 hPa, were also common features in both experiments.
However, the low—high-low biases in geopotential height
at 850 hPa over the Pacific, which were simulated in the
Grell-3D experiment, were not clear in the KF experiment
(Fig. 11a). In addition, another cyclonic circulation bias
also developed at 200 hPa over Japan and the western North
pacific (Fig. 11b). Comparing to the Grell-3D experiment,
simulated convection was more inactive in entire domain of
the KF experiment except along the Meiyu/Baiu rainband
and over eastern part of the Bay of Bengal (not shown).
This difference in convective activity over tropical and
subtropical regions may contribute to the difference in large-
scale circulation biases between two experiments; however,
a dynamical process to explain it is beyond the scope of this
study.

In addition to the modification of climatological biases
in the synoptic-scale circulation pattern, the positive
geopotential height anomaly at 850 hPa over southeastern
China, which strongly suppressed moisture transport in this
region in the Grell-3D experiment, was reduced in the KF
experiment (Fig. 11c). Stagnation of moisture fluxes did not
occur over southern—central China at 500 hPa because of the
difference in the spatial distribution of geopotential height
anomalies between the two experiments (Fig. 11d).

The climatological biases in circulation patterns and
their anomalies in LowCC years suggest that the excessive
weakening of moisture transport was improved in the lower-
mid troposphere over southern-southeastern China in the
KF experiment. As a result, CAPE was clearly higher there
in the KF experiment than in the Grell-3D experiment for
all 25 years (Fig. 9d). This indicates that positive feedback
between inactive convection and reduced moisture inflow

was not simulated in the KF scheme, which assumes
closure based on CAPE removal; consequently, the dry bias
disappeared over southern China. Monthly precipitation in
June was not linearly related to CAPE over southern China
in the KF experiment, as was the case in the Grell-3D
experiment. Since CAPE was sufficiently high (i.e., higher
than 600 J kg™!) in the KF experiment, the relationship
between monthly-mean precipitation and CAPE may have
reached climatological equilibrium.

In the Grell-3D experiment, anomalously strong
northward moisture transport was simulated over
northwestern area of the Sichuan Basin at 850 hPa in the
LowCC years (Fig. 7d), enhancing the wet bias there.
Although this moisture transport disappeared in the KF
experiment (Fig. 11c), the wet bias remained and sometimes
intensified over central-northern China relative to that in the
Grell-3D experiment, with precipitation over the entirety of
East Asia being heavier in the former than the latter (Fig. 3).
This result can be attributed to the heavier precipitation
derived from the KF scheme in most land areas. The
ratio of precipitation from the cumulus parameterization
scheme to total precipitation in the KF experiment was
higher particularly over central-northern China than in
the Grell-3D experiment (Fig. 10c, f), with precipitation
from the microphysics scheme also increasing mainly over
central-eastern China and southwestern Japan in the KF
experiment (not shown). The linear correlation between
June precipitation and CAPE increases over central China,
as well as over Japan and Korea in the KF experiment, even
though CAPE intensity is comparable to that of the Grell-3D
experiment for most years (Fig. 9e, f). This result supports
the inference that the precipitation amount is related to
CAPE intensity over central China with the KF scheme,
which assumes closure based on CAPE removal. The closure
assumption of the KF scheme effectively simulates sub-grid-
scale precipitation overall in East Asia and also promotes
further precipitation with the microphysics scheme over
central China relative to the Grell-3D ensemble scheme.
The wet bias is thus amplified over central China in the KF
experiment even though the moisture supply from southern
to central China was not simulated.

5 Summary

Experiments with a 20 km mesh were undertaken with
the WRF model and Grell-3D ensemble scheme over East
Asia during May—August for 1991-2015, with a focus on
monthly precipitation biases. Dry biases in climatological
precipitation were found along the Meiyu/Baiu rainband,
while wet biases appeared south and north of the rainband.
Precipitation along the rainband and to its south was
controlled mainly by the cumulus parameterization scheme,
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with microphysics-related precipitation being dominant
north of the rainband. Precipitation biases over land
during June indicate that dry and wet biases were located
mainly south and north of the Yangtze River, respectively,
and tended to be intensified during years of low spatial
correlation with observations (LowCC years).

To elucidate how the dry/wet biases were formed in the
Grell-3D experiment, climatological biases in atmospheric
circulation patterns during June were compared between
the reanalysis dataset and model experiments. In model
experiments, the moisture supply to the Meiyu/Baiu
rainband was weakened at 850 hPa due to more active
convection over the western North Pacific. Anticyclonic
circulation biases over northern China intensified moisture
convergence there, particularly in association with biases in
circulation patterns at 200 hPa expanding across the domain.

In LowCC years, moisture transport was suppressed
at 850 and 500 hPa in the reanalysis dataset because of
higher anomalies in geopotential height over northern
China and a lower anomaly over the western North Pacific.
This weakening of moisture transport was also captured in
the model through the constraint of the lateral boundary
conditions given by the reanalysis dataset. Anticyclonic
circulation anomalies at 850 hPa over southeastern China
appeared in the Grell-3D experiment along with cyclonic
anomalies at 200 hPa over southern China, maintained
by a positive feedback between suppressed of convection
and reduced moisture supply. This anticyclonic circulation
anomaly in the lower troposphere weakened moisture
transport to southern-southeastern China, while intensifying
moisture supply to central-northern China during LowCC
years. As a result, the respective dry and wet biases south
and north of the Yangtze River were emphasized in LowCC
years, further intensifying biases in the climatological fields.
In particular, reduced convective instability associated with
weakened moisture transport was a key factor in inducing
the dry bias over southern China.

Using the KF cumulus parameterization scheme, the
simulated atmospheric circulation pattern was improved
in the lower-mid troposphere over East Asia due to the
absence of feedback between reduced moisture supply and
suppressed convection over southern-southeastern China,
with the dry bias particularly being reduced in this region
during LowCC years. The wet bias remained and was
sometimes intensified over central-northern China because
the KF scheme, which assumes closure based on CAPE
removal, effectively simulated precipitation related to CAPE
intensity and there was an increase in precipitation from the
microphysics scheme. Due to the large wet bias over central
China, the simulation skill for June precipitation over land
in East Asia was greater in the Grell-3D experiment than in
the KF experiment.
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Both two experiments simulated the weakening of
the western North Pacific High relative to that in the
reanalysis dataset because of the excessive convection
there in the model, which was a factor to reduce moisture
supply to the Meiyu/Baiu rainband as well as southern-
southeastern China (Figs. 6b and 11a). Since the negative
correlation between SST and precipitation is found over
the western North Pacific during summer (e.g., Trenberth
and Shea 2005), excessive convection in the model may
be modified when we consider the coupling system
between the ocean and the atmosphere. In addition, the
cyclonic circulation bias over the western North Pacific
was amplified in LowCC years (Figs. 7d and 11c), which
is consistent with a large-scale circulation anomaly in the
El Nifio developing summer (Li et al. 2017). Three years
of Low CC years (1997, 2002 and 2004) are in the El Nifio
developing summer according to the Oceanic Nifio Index
released on the website of NOAA; however, other four
years are in different phase of ENSO (1992: the end of
El Nifio, 1995: transition phase from El Nifio to La Niifia,
2007: the beginning of La Nifia, 1999: the middle of La
Nifia). Therefore, we conclude the influence of ENSO on
precipitation bias over East Asia was not so clear in our
study.

Although we focused on precipitation biases over East
Asia during June, biases in other months should also
be investigated. In particular, atmospheric factors that
contribute to precipitation biases in July should be analyzed
because the main rainy reason in East Asia extends into July,
with large biases occurring in this month (Fig. 2). As the
Meiyu/Baiu rainband shifts north in July (relative to June),
different circulation patterns may affect precipitation biases.
The simulation domain of our experiments included the
Tibetan Plateau, where differences in precipitation biases
between the Grell-3D and KF experiments were small
(not shown), with biases being controlled by horizontal
resolution and other physical factors such as microphysics,
the planetary boundary layer, and surface effects. RCM
experiments have been undertaken with different numerical
setups in nine participating groups of the LS4P/TPEMIP; the
results have been archived at the National Tibetan Plateau/
Third Pole Environment Data Center (TPDC). Such datasets
may contribute to further understanding the influence of
numerical setup on simulation skill for precipitation over
East Asia and the Tibetan Plateau during summer, as well
as contributing to further numerical experiments with finer
horizontal resolution.

Supplementary Information The online version contains
supplementary material available at https://doi.org/10.1007/
s00382-022-06587-5.
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