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ABSTRACT: This study evaluates the performance of the regional climate model RegCM4, which incorporates the
Biosphere— Atmosphere Transfer Scheme (BATS) and Community Land Model (CLM3) land-surface schemes, in simulating
the summer precipitation over East Asia. The characteristics of summer precipitation are analysed in terms of mean amount,
frequency and intensity of daily precipitation. The results show that the simulation of the summer precipitation is signifi-
cantly sensitive to the choices of the land-surface schemes. Despite several deficiencies, the simulation of daily precipitation
with CLM3 exhibits superior performance to that with BATS. The BATS simulation tends to systematically overestimate both
precipitation frequency and intensity, and hence total precipitation across the whole domain. On the other hand, the CLM3
simulation substantially reduces the wet biases produced in the BATS simulation. The difference in performance between the
two simulations mainly results from convective precipitation rather than large-scale precipitation. Since excessive convective
precipitation tends to suppress large-scale precipitation, the BATS simulation also exhibits a limitation in properly simulating
the ratio of convective and large-scale precipitation. Such behaviour can be explained by the influence of soil moisture on
convective precipitation. Persistently wetter soil moisture in the BATS land-surface scheme can modulate the partitioning of
surface heat fluxes inadequately, leading to overestimation of latent heat flux and underestimation of sensible heat flux over
South China, in particular. Consequently, it affects the thermodynamic structure (as described by the stability indices), which
in turn affects the atmospheric stability to determine the convective activity. The CLM3 simulation generates a more realistic
representation of equivalent potential temperature, convective available potential energy and convective inhibition, and thus

improves the characteristics of daily precipitation.
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1. Introduction

Over the past decades, significant progress has been made
in improving the performance in simulating summer pre-
cipitation over East Asia. In particular, various attempts
have been conducted within the framework of regional cli-
mate models (RCMs) with relatively higher resolution than
that of global climate models (e.g. Fu et al., 2005; Kang
et al., 2005; Yhang and Hong, 2008; Park et al., 2013).
Since summer precipitation over East Asia is a product of a
number of processes such as complicated multi-scale inter-
actions among atmosphere, land and ocean, as well as local
processes related to the complex and unique geographical
setting of the Asian continent, a higher resolution model is
useful for improving results in capturing the detailed char-
acteristics of regional-scale climate (Gao et al., 2008; Min
and Jhun, 2010; Chen et al., 2012).

* Correspondence to: Dr. Eun-Soon Im, Singapore-MIT Alliance for
Research and Technology (SMART) Center for Environmental Sensing
and Modeling (CENSAM), 1 CREATE Way, #09-03 CREATE Tower,
Singapore 138602, Singapore. E-mail: eunsoon @smart.mit.edu

Although RCMs are the ultimate tool for producing
physically based fine-scale climate information, they suf-
fer from the large sensitivity and uncertainty of physical
parameterizations that directly affect the reliability of
model performance (Cha efal., 2008). The difficulty
of incorporating or modifying physical schemes is the
absence of any universally superior physical scheme
because its performance varies according to the region,
season and combination with other schemes. Therefore, it
is important to use appropriate physical parameterizations
for the selected target region in order to optimize the
model performance. Over East Asia, many studies have
attempted to improve the precipitation skill during the
summer season based on the cumulus convection schemes
(Hong and Choi, 2006; Singh et al., 2006; Im et al., 2008;
Kang and Hong, 2008; Oh efal., 2011; Huang et al.,
2012; Bao, 2013). Although the precipitation pattern is
directly affected by the cumulus convection scheme and its
interaction with other physical processes, the land-surface
scheme can also be important in determining the perfor-
mance of precipitation over East Asia. For example, Chen
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Figure 1. Spatial distribution of JJA mean precipitation derived from ERA-interim, APHRODITE, BATS and CLM3 simulations (a—d) and

their differences between ERA—interim and APHRODITE (e), the two simulations CLM3—BATS (f), and the two simulations APHRODITE,

BATS—APHRODITE (g) and CLM3—APHRODITE (h) (mmday~"). Here, superimposed dots in (f) indicate the areas where the differences are
statistically significant at the 99% confidence level.

etal. (2012) demonstrated that the Community Land
Model (CLM3.5) can greatly improve precipitation and
temperature in eastern China compared to the Community
NOAH land-surface scheme when coupled to the Weather
Research and Forecasting (WRF). Steiner ef al. (2005)
also showed the role of the land-surface scheme in modu-
lating the surface energy and water budget by replacing the
Biosphere—Atmosphere Transfer Scheme (BATS) with
CLMO in the RegCM. However, as both studies were based
on a single-year simulation, it is difficult to derive a general
and robust conclusion. In this regard, further investigation
is necessary to determine the impact of the land-surface
scheme in simulating the climate over East Asia.

The most significant difference in the latest version of
the International Centre for Theoretical Physics (ICTP)
RCM (e.g. RegCM4) relative to the previous versions
of the model (e.g. RegCM3) is coupling with CLM3
(Giorgi et al., 2012). In this study, we build on previ-
ous findings of the sensitivity of the East Asia summer
monsoon to the land-surface scheme by comparing the
high-resolution (30 km) multi-decadal (19 years) simula-
tions that implement two different land-surface schemes
(BATS vs CLM3) available in RegCM4, which is consid-
ered the state-of-the-art simulation in terms of resolution
and period. Our focus is to investigate the impact of the
land-surface scheme on the characteristics of summer pre-
cipitation from the perspective of the convective instability.
Sensitivity studies have mostly been limited to evaluating
and comparing the mean state of several climate variables
(e.g. Chen et al., 2012), and little focus has been paid to
how the land-surface scheme affects triggering or strength-
ening of the convection in simulating the summer precipi-
tation over East Asia. Such an investigation might improve
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our understanding of the control factor that determines
the different characteristics of precipitation by different
land-surface schemes. This study will contribute to a more
accurate estimation of the relative strength and weakness
of the RegCM4 modelling system incorporating the BATS
and CLM3 land-surface schemes over East Asia.

2. Model and experimental design

2.1. RegCM4 description

The RCM used in this study is the latest version of the
ICTP RCM RegCM4. RegCM4 is built on RegCM3 but
with several improvements as described by Giorgi et al.
(2012). The dynamical core is equivalent to the hydro-
static version of the NCAR/Pennsylvania State University
Mesoscale Model Version 5 (MMS, Grell et al., 1994). The
physical parameterizations used in the default RegCM4
configuration include the comprehensive radiative transfer
package of the NCAR Community Climate Model Version
3 (CCM3, Kiehl et al., 1996), the non-local boundary layer
scheme of Holtslag et al. (1990), and the Sub-grid Explicit
Moisture Scheme (SUBEX) of Pal et al. (2000) for resolv-
able grid-scale precipitation. Among several options for
convective parameterization, the MIT Emanuel scheme
(Emanuel and Zivkovic-Rothman, 1999) is selected based
on several previous studies that demonstrated its superior-
ity over East Asia (Singh et al., 2006; Im et al., 2008; Oh
etal.,2011).

RegCM4 incorporates the multiple options of the
land-surface schemes through the newly coupled CLM3,
in addition to the original existing BATS scheme. CLM3,
which was developed and supported by NCAR, is a
‘third-generation’ land-surface parameterization that
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Figure 2. Interannual variability of JJA mean precipitation averaged over entire domain and South China and its anomaly with respect to mean
climatology derived from APHRODITE, BATS and CLM3 simulations. (a,c) Entire domain, (b,d) South China.

includes the land—atmosphere exchanges of energy,
momentum, water and carbon. CLM3 is considered a
more complex and advanced model than BATS because
of its finer vertical soil and snow layer resolution, tiling
structure, subsurface lateral runoff and direct calcula-
tion of carbon. Further details of both BATS and CLM3
schemes are presented in Steiner et al. (2005, 2009).

2.2.  Experimental design

The simulation domain covers the eastern regions of
the huge Asia continent and the Japanese Archipelago
with the centre on the Korean peninsula (see Figure 1;
each panel shows the simulation domain excluding the
buffer zone). The horizontal resolution is 30 km with 129
(North-South direction) X 129 (East-West direction) grid
points, while 23 vertical levels are used within the sigma
coordinator.

The initial and lateral boundary conditions are obtained
from the ERA—interim reanalysis with a resolution of
1.5° x 1.5° at 6-hour intervals (Dee et al., 2011). The simu-
lations start from 25 May and span 7 days and three months
(June—July—August: JJA) in every year of the 19-year
period (1989-2007), and the results during the first 7 days
are excluded in the analysis as a spin-up period. To jus-
tify this spin-up period, we examined the sensitivity of the
length of spin-up by comparing the experiments with dif-
ferent spin-up period (7 days vs 1 month) for the first 1
year (1989) during our simulation period. We found that
the difference of JJA mean precipitation between the two
simulations seems to be random and trivial (Figures S1
and S2). In fact, Anthes et al. (1989) demonstrated that
regional models attain the dynamical equilibrium between
the lateral forcing and the internal physical dynamics of the
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model in about 2—3 days. The two simulation sets are inte-
grated by implementing the BATS and CLM3 land-surface
schemes, with all other conditions being identical.

Both observation and reanalysis datasets are used to
validate the performance of the simulations. To assess
the performance of daily precipitation, we use daily pre-
cipitation with 0.25° x0.25° grid provided by the Asian
Precipitation Highly Resolved Observational Data Integra-
tion Towards the Evaluation of Water Resources project
(APHRODITE, Yatagai et al., 2009), as well as 1.5° x 1.5°
grid from ERA —interim reanalysis (Dee ef al., 2011). The
daily vertical dataset (e.g. temperature, dew point tempera-
ture and geopotential height) for the calculation of the con-
vective available potential energy (CAPE) and convective
inhibition (CIN) is also extracted from the ERA—interim
reanalysis. The simulated latent and sensible heat fluxes
are evaluated against the ERA—interim reanalysis on a
monthly basis.

3. Results

We begin our analysis with the 19-year climatologi-
cal aspects of precipitation during the summer season
(JJA). The upper panels in Figure 1 present the spa-
tial distribution of JJA mean precipitation derived from
ERA-interim reanalysis, APHRODITE observation and
BATS and CLM3 simulations. First, in spite of the general
agreement, ERA —interim with a resolution of 1.5° x 1.5°
shows rather different features with a finer resolution of
APHRODITE (0.25° x0.25°), in particular the southern
part of the Korean peninsula and the Japanese Archipelago.
This difference might be caused by poor geographical
prescription (e.g. topography, land-use distribution)
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Figure 3. Frequency distribution of daily precipitation averaged over

entire domain and South China during the summer season (JJA) derived

from APHRODITE, BATS and CLM3 simulations. Here, x-axis denotes

the intensity of daily precipitation (mmday~'). (a) Entire domain, (b)
South China.

in the global reanalysis system with relatively coarse
resolution.

Overall, both simulations are in qualitatively good
agreement with the observed distribution, capturing some
gradient patterns such as more precipitation in the southern
China and less precipitation in the northwest China. How-
ever, the discrepancy in the quantitative aspect seems to
cause the differentiated performance between the two sim-
ulations. The biases of the BATS and CLM3 simulations
over land areas are 2.5 and 0.8 mmday~!, respectively
(Figurel(g) and (h)). The BATS simulation tends to sys-
tematically overestimate the precipitation, leading to a
strong wet bias across the whole domain. Replacing BATS
with the CLM3 land-surface scheme substantially reduces
the wet biases that are seen in the BATS simulation. In
particular, a dramatic improvement of CLM3 simulation
is found in South China. The large difference between the
BATS and CLM3 simulations demonstrates the significant
sensitivity in the simulation of precipitation to the choice
of land-surface scheme. To address the statistical signifi-
cance of the difference derived from the two simulations,
we carry out a two-tailed 7-test and overlay dots in the areas
where the differences between CLM3 and BATS are statis-
tically significant at the 99% confidence level (Figure 1(f)).
The dot coverage over the majority of regions reveals that
the BATS and CLM3 land-surface schemes lead to a
statistically significant difference in mean precipitation.

The 19-year summer simulation makes it possible
to assess the performance in capturing the interannual
variability. Figure 2 shows the time series of JJA mean
precipitation averaged over the entire domain (Lat:
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20°N — 50°N and Lon: 108°E — 140°E) and South China
(Lat: 20°N — 30°N and Lon: 108°E — 122°E). We present
the sub-regional pattern over South China because this
area exhibits the largest difference of mean precipitation
between the two simulations (Figure 1(f)) and corresponds
to localized maximum precipitation (Figure 1(a)—(d)).
Figure 2 also includes the anomalies computed by sub-
tracting JJA mean climatology throughout 1989-2007.
The presentations of JJA mean time series give insight into
the consistency of simulated precipitation pattern across
the different years. On the other hand, anomalies with
respect to their respective mean climatology demonstrate
more clearly the ability to capture observed interannual
variability because of the elimination of systematic bias
in the underlying mean climate of each simulation.

First, the overestimated error of the BATS simulation
is probably not a random feature of specific year, but
a rather consistent pattern in different years throughout
whole period. The CLM3 simulation also shows some
positive bias, but its magnitude is fairly reduced. The
BATS simulation produces more precipitation than CLM3,
regardless of year and region. In general, the CLM3 simu-
lation is in quantitatively good agreement with observation
as compared to the BATS simulation.

Even though both simulations systematically overesti-
mate JJA mean precipitation, the anomalies obtained by
subtracting the climatological mean that contains their sys-
tematic errors show that both simulations, but particu-
larly the CLM3 simulation, are capable of capturing the
observed interannual variability in terms of direction and
magnitude. The range of interannual variability in the
BATS simulation is more exaggerated over South China
compared to the observed one. The correlation coefficients
in the temporal evolution of CLM3 and BATS with obser-
vation are 0.92 and 0.77 over the entire domain, and 0.92
and 0.88 over South China, respectively. Therefore, the
CLM3 simulation shows more skillful performance not
only in quantitative aspect but also in its evolutionary fea-
ture compared to BATS.

Analysis of the mean precipitation is not sufficiently
appropriate to estimate accurate performance of precipita-
tion due to the possibility of hidden errors originating from
the frequency and intensity of each precipitation event,
irrespective of the reasonable performance of the mean
precipitation. Therefore, we examine in more detail the fre-
quency and intensity of daily precipitation. Here, we define
a precipitation event as a daily precipitation value greater
than or equal to 1.0 mm. The JJA mean intensity of daily
precipitation is computed by mean of wet days with pre-
cipitation event.

The frequency distribution of daily precipitation again
clearly reveals the different behaviour of the BATS and
CLM3 simulations. Figure 3 shows the frequency distribu-
tion as a function of intensity of daily precipitation aver-
aged over the entire domain and South China, i.e. the same
regions as those used for the analysis of Figure 2. Con-
sistent with mean spatial pattern, the distribution of BATS
simulation tends to be skewed to right side in both regions,

Int. J. Climatol. 34: 3986—3997 (2014)
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Figure 4. Spatial distribution of frequency of daily precipitation derived from APHRODITE observation, BATS and CLM3 simulations (a—c)
and the difference between the two simulations, CLM3—BATS, (d) and the two simulations and APHRODITE, BATS—APHRODITE and
CLM3—-APHRODITE (e,f) during the summer season (JJA) (%).

being spread out toward longer tails. This behaviour indi-
cates the more frequent occurrence of higher intensity pre-
cipitation compared to APHRODITE observation. Daily
precipitation from CLM3 simulation is also distributed
slightly shifted to the right side against APHRODITE, but
its general shape and its relative ratio of the frequency cor-
responding to each column are much closer to those of
APHRODITE.

Moving to the spatial distribution, the CLM3 simulation
offers better agreement with observation in both frequency
(Figure 4) and intensity (Figure 5), compared to the BATS
simulation, which is in line with the mean precipitation.
Interestingly, the frequency and intensity exhibit different
behaviours. On the basis of the difference between the two
simulations (Figures 4(d) and 5(d)), the frequency shows
a larger difference in the relatively cold and dry regions
(e.g. Mongolia) while the difference of intensity becomes
more pronounced in the relatively warm and humid regions
(e.g. South China). The northwest area around Mongolia is
characterized by less precipitation. However, BATS tends
to often produce unrealistic precipitation over that dry
region. In fact, Im et al. (2014b) reported a similar error
in very dry desert regions from the BATS simulation,
exposing the deficiency of BATS within the framework of
the RegCM modelling system.

To wuncover the main factor responsible for the
performance difference between the two simulations,
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we investigate the spatial distribution of convective
(Figure 6) and large-scale (Figure 7) precipitation, as well
as its ratio (Figure 8). By comparing the convective and
large-scale precipitation over land, the portion of con-
vective precipitation in total precipitation (ERA—interim:
59%, BATS: 74%, CLM3: 66%) is larger than that of
large-scale precipitation (ERA-—interim: 41%, BATS:
26%, CLM3: 34%) in particular for the BATS and CLM3
simulations, indicating that summer precipitation is
largely controlled by the convective process of the model
over East Asia. An important feature is that the difference
between the two simulations is mostly due to convective
precipitation rather than large-scale precipitation. The
difference of convective precipitation derived from the
two simulations shows a pattern that is similar to that of
mean precipitation, and is particularly large over South
China. Therefore, it is reasonable to assume that the
different land-surface schemes significantly influence
on the convective activity in the model. Furthermore,
the bias of convective precipitation causes the problem
embedded in large-scale precipitation due to the very
strong connection between the convective and large-scale
precipitation schemes in RegCM (Gianotti, 2012). The
BATS simulation probably characterizes the suppression
of large-scale precipitation from the excessively strong
convection over South China. Despite the large overesti-
mation of total precipitation over that region (Figure 1(c)

Int. J. Climatol. 34: 3986-3997 (2014)
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Figure 5. Spatial distribution of intensity of daily precipitation derived from APHRODITE observation, BATS and CLM3 simulations (a—c) and the
difference between the two simulations (d) and the two simulations and APHRODITE (e—f) during the summer season (JJA) (mmday~")

and (g)), BATS even underestimates the large-scale
precipitation compared to the ERA—interim reanalysis
(Figure 7(e)). This implies an improper ratio of convective
and large-scale precipitation. In fact, an excessively high
ratio over ERA—interim appears across a broad area
(Figure 8(b) and (e)). CLM also shows improper ratio in
some areas, but the difference between both simulations
and ERA —interim reanalysis clearly shows that the cover-
age and magnitude of errors are reduced in CLM3 than in
BATS (Figure 8(e) and (f)). Thus, the ratio of convective
and large-scale precipitation further demonstrates the
superiority of the CLM3 simulation, which exhibits better
agreement with the ERA —interim reanalysis pattern.
Given that both simulations show a significant differ-
ence of convective precipitation, we attempt to interpret
the physical mechanism that controls the convective activ-
ity. As an indicator to represent the process of triggering
or the strength of the convection, we compare the CAPE
and CIN. Both indices may serve as an important proxy
for the convective mass flux (Brockhaus et al., 2008), but
with opposite directions. While CIN indicates the nega-
tive buoyant energy needed to overcome the free ascent
of an air parcel, CAPE is effectively the positive buoy-
ancy of a rising air parcel. Therefore, they can explain
the atmospheric instability in an opposite way, accordingly
convective initiation. A larger CAPE (CIN) value corre-
sponds to more promotion (suppression) of the triggering
of convection. We also present the equivalent potential

© 2014 The Authors. International Journal of Climatology published by John Wiley & Sons Ltd
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temperature (6,) because a higher 8, could be an indica-
tion of potential instability responsible for a convectively
favourable environment, which would increase CAPE (Im
etal., 2014a).

Using the vertical dataset with daily time-scale, we cal-
culate 6,, CAPE and CIN at the most unstable layer over
South China. Figure 9 presents the frequency distribu-
tion of 6,, CAPE and CIN derived from the ERA—interim
reanalysis and BATS and CLM3 simulations.

In general, the behaviours differ in both simulations for
all three indices. Hence, the comparison of these three
indices demonstrates that different land-surface schemes
can significantly modulate the atmospheric thermody-
namic structure, and hence enhance or suppress the trigger-
ing of convection. The CLM3 simulation shows consider-
able improvement in both the general shape of distribution
and the relative ratio of each column for all the indices. For
example, the BATS simulation produces the second max-
imum frequency of 6, between 360 and 365 K, whereas
the CLM3 simulation and ERA —interim reanalysis show
a sharp drop in that range, so that the BATS distribution
is more skewed to the right side than is the ERA—interim
reanalysis. The same problem appears in the distribution
of CAPE. More specifically, the CAPE derived from the
BATS simulation is significantly larger than the corre-
sponding values in the CLM3 simulation. The complete
shift of the distribution suggests that it is not a random

Int. J. Climatol. 34: 3986-3997 (2014)
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feature due to several precipitation events, but rather a con-
sistent pattern characterizing the BATS simulation.

The basic characteristics of the CIN distribution, such
as the peak position and relative ratio of each column, are
quite different from those of the CAPE distribution. This
is natural because CAPE and CIN are opposite measure-
ments of the atmospheric condition to describe the growth
and suppression of the triggering of convection. Contrary
to 8, and CAPE, the deficiency of the BATS simulation
is exposed in the CIN distribution due to the left-side shift
of the maximum frequency. Therefore, the relatively larger
CAPE and smaller CIN imply a BATS deficiency in both
the intensity and the frequency of convective precipitation,
which supports the assumption that deep convection inten-
sity is modulated by CAPE while the occurrence frequency
is more controlled by CIN (Mapes, 2000; Myoung and
Nielsen-Gammon, 2010).

The processes regulating this divergence of behaviour
between CLM3 and BATS simulations are complex and
it is very difficult to separately measure the impacts of
the land-surface scheme because multiple processes are
complicatedly interrelated. Nevertheless, a possible mech-
anism can be postulated by the soil moisture influence
on convective precipitation. The relevant difference of
both land-surface schemes is the soil moisture. Figure 10
presents the daily time-series of 19-year climatological soil
moisture averaged over South China, which is the same
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region as that used in calculating the stability indices. In
line with previous studies addressing the wet bias of soil
moisture (Steiner et al., 2009; Diro et al., 2012), our BATS
simulation also produces an excessively wet soil condition
compared to that of CLM3. The wetter soil moisture is
expected to lead to the higher moist static energy due to the
increase of the total flux of heat from the land surface (Im
et al., 2014a). Therefore, the BATS simulation produces a
more dominant distribution with larger CAPE and smaller
CIN. The different behaviour of soil moisture is more a
reflection of prescribed input data for surface properties
such as soil colour and soil texture, rather than an intrinsic
feature of the model itself. Different land surface models
use different methods to quantify the impact of vegeta-
tion and soil moisture. In this regard, the strongly over-
estimated soil moisture of BATS over the selected region
is largely caused by the uncertainty of soil properties pre-
scribed by the BATS land-surface scheme.

The different features of soil moisture can modu-
late the relative partitioning of latent and sensible heat
fluxes. Figures 11 and 12 present the spatial distribution
of the latent and sensible heat fluxes derived from the
EAR-interim reanalysis, BATS and CLM3 simulations,
and the differences between the two simulations as well as
between the two simulations and ERA —interim reanalysis
during the summer season. In general, these heat fluxes
show opposing spatial patterns, due to differences in the
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way that heat is transferred over wet and dry regions.
Relatively wet (dry) regions are dominated by surface
heat release through latent (sensible) heat flux. Figure 11
reveals that errors in simulated latent heat flux tend to
correspond with the bias in simulated precipitation. The
BATS simulation overestimates the latent heat flux due to
the stronger evapotranspiration induced by excessive wet
soil moisture. Wetter soil induces not only overestimation
of latent heat flux but also underestimation of sensible
heat flux because strong cooling simultaneously occurs
with moistening of the lower atmosphere. Such errors
in both latent and sensible heat fluxes are well revealed
in the BATS simulation of the southern China region.
This means that soil moisture affects the surface energy
budget by modulating the relative partitioning of latent
and sensible heat fluxes. Overall, CLM3 demonstrates
better performance in terms of adequate spatial distribu-
tion and proper magnitude of the latent and sensible heat
fluxes. As in our study, Steiner et al. (2005, 2009) and Im
et al. (2014b) demonstrated that the land-surface scheme
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4. Summary and discussion

In this study, we examine the performance of the RegCM4
in simulating the summer precipitation over East Asia.
To investigate the impact of the land-surface scheme on
the characteristics of daily precipitation, two reproduction
experiments incorporating BATS and CLM3 land-surface
schemes are performed using the ERA-interim reanal-
ysis as the initial and boundary condition. All model
configurations are the same except for the land-surface
scheme.

Although many sensitivity studies of physical parame-
terizations have been conducted to improve the regional
climate simulation over East Asia, most of them have
focussed on the superiority of one parameterization over
another based on the validation of mean climatology (e.g.
Steiner et al., 2005; Chen et al., 2012; Bao, 2013). In this
study, in addition to analysis of seasonal mean climatology
and interannual variability, we emphasize the impact of
land-surface schemes on convective process for determin-
ing the characteristics of daily precipitation and the phys-
ical mechanism that explains the different performance
caused by the BATS and CLM3 land-surface schemes.
Despite applying the same Emanuel convection scheme,
the different land-surface schemes produce different per-
formances in daily precipitation, primary due to the dif-
ferent skill in capturing the characteristics of convective
precipitation. A large sensitivity of precipitation to dif-
ferent land-surface schemes is comparable to the results
induced by cumulus parameterization (Singh et al., 2006;
Im et al., 2008), which highlights the important role played
by land—atmosphere interactions in determining the per-
formance of precipitation within the RegCM4 modelling
system. Since the land-surface process strongly depends
on the convection schemes, we also carried out 1-year
(1989) sensitivity experiments implementing BATS and
CLM3 land-surface schemes in combination with the Grell
scheme with Fritch-Chappell closure (Figure S3). Even
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though such a single-year simulation is insufficient to rep-
resent the typical pattern of summer climatology, the BATS
and CLM3 simulations with the Grell scheme are similar
to the simulations attained from 19-year mean climatology
as seen in this study. Therefore, the BATS simulation tends
to consistently overestimate the mean precipitation over
East Asia, irrespective of the convection scheme within the
RegCM modelling system.

Overall, the CLM3 simulation offers better agreement of
mean, frequency and intensity of daily precipitation with
the observed estimates, and presents a substantial reduc-
tion in the wet bias seen in the BATS simulation. In fact,
the wet bias of the BATS simulation is a well-documented
deficiency across various study regions (e.g. East Asia for
Steiner et al., 2005; West Africa for Steiner et al., 2009
and Im et al., 2014b; Central America and Mexico for
Diro et al., 2012). The improvement in the characteris-
tics of daily precipitation of the CLM3 simulation can
be attributed to the improved thermodynamic structure
(as described by the stability indices) and the resultant
convective precipitation. The CLM3 simulation exhibits
a more reasonable performance with respect to the fre-
quency distribution of the 8,, CAPE and CIN indices.
The better results of the CLM3 simulation can be fur-
ther ascribed to the simultaneous interpretation with soil
moisture. In fact, earlier studies have demonstrated that
soil moisture strongly affects convective instability and
the resultant convective precipitation (Alfieri et al., 2008;
Myoung and Nielsen-Gammon, 2010; Hauck ez al., 2011).
Higher values of soil moisture lead to enhanced latent
heat flux, which is supposed to be responsible for more
intense convective rainfall. The BATS simulation tends to
inadequately partition surface heat fluxes due to wet soil
moisture, and the strongly enhanced evaporation releases
excessive energy to the atmosphere, leading to an unreal-
istically unstable condition.

The results presented in this study support the asser-
tion that parameterizations of the land surface are critical
for improving model performance. Based on our analy-
sis, we suggest that the RegCM4 simulation with CLM3
land-surface scheme is capable of reproducing the major
characteristics of summer climate over East Asia, such as
daily precipitation, surface heat flux and atmospheric ther-
modynamic structure. This study will enhance the relia-
bility of the RegCM4 modelling system with the CLM3
land-surface scheme for future climate projection over this
region.
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Supporting Information

The following supporting information is available as part
of the online article:

Figure S1: Spatial distribution of JJA mean precipitation
derived from APHRODITE, the simulations of CLM?3 land
surface and Emanuel convection scheme with 7-day (star-
ing date: 25 May, indicated as 0525 in figure) and 1-month
(staring date: 1 May, indicated as 0501 in figure) spin-up
period, and the difference between the two simulations and
the two simulations and APRODIETE.

Figure S2: Spatial distribution of JJA mean precipitation
derived from APHRODITE, the simulations of BATS land
surface and Emanuel convection scheme with 7-day (star-
ing date: 25 May, indicated as 0525 in figure) and 1-month
(staring date: 1 May, indicated as 0501 in figure) spin-up
period, and the difference between the two simulations and
the two simulations and APRODIETE.

Figure S3: Spatial distribution of JJA mean precipitation
(1989) derived from APHRODITE observation, and BATS
and CLM3 simulations in combination with Emanuel and
Grell convection schemes.
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