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Abstract In this study, the regional climate model of
RegCM3 is applied to investigate the sensitivity of regional
climate over China using four cumulus parameterizations, the
modified Anthes-Kuo (AK), the Grell with Arakawa-Schubert
closure, the Grell with Fritsch—Chappell closure, and the MIT-
Emanuel (EM). The model was integrated over the period of
1982 to 2001 using the NCEP Reanalysis data NNRP2 as
boundary conditions. RegCM3 coupled with various cumulus
parameterizations is evaluated firstly as for its ability to rep-
resent regional climatology and climate extreme indices, and
the results show that simulated regional climate in China is
sensitive to the option of cumulus parameterizations. All the
cumulus schemes produce a northward expansion of heavy
rain area and an underestimation of surface air temperature.
For precipitation, the AK scheme simulates relatively better
magnitude, while the EM scheme has more reliable perfor-
mance on the spatial distribution. RegCM3 can represent the
spatial distributions of extreme indices for both precipitation
and temperature, as well as their decadal trends irrelevant to
the cumulus parameterizations. However, the model underes-
timates the consecutive dry days and overestimates the three
extreme wet indices, with the EM scheme giving the worst
result. Slight underestimations of extreme temperature indices
are detected in all cumulus parameterization scheme runs. The
shapes of probability distribution functions for extreme
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indices are correctly produced, though the probabilities of
extreme dry and warm events are underestimated.

1 Introduction

Compared with global climate models, the regional
climate models (RCMs) can better describe the meso-
scale processes as well as the inhomogeneous landscape
and complex topography, and therefore have been in-
creasingly applied in the climate research on a regional
scale (Fu et al. 1998; Lee and Suh 2000; Liu et al.
1994, 1996; Zhang et al. 2007). In previous studies,
RCMs have been proven as valuable tools to provide
reliable regional-scale information, especially in the
areas where the climate is strongly regulated by under-
lying topography and the surface heterogeneity
(Bonnardot and Cautenet 2009; Heikkila et al. 2011;
Zhang et al. 2009). Many efforts have been made to
apply RCMs to simulate the present climate and predict
the future conditions over Asia (Dimri et al. 2013; Fu
et al. 2005; Gao et al. 2002; Gu et al. 2012; Ho et al.
2011; Lee et al. 2013, 2014; Lee and Suh 2000; Liu
et al. 1994; Sato and Xue 2013; Zhang et al. 2007).
Some of these researches indicate that RCMs can sim-
ulate the spatial distributions and the linear trends of
precipitation extremes well. RCMs’ projections also
show that the precipitation will become more “extreme”
for the twenty-first century.

In regional climate models, precipitation is generated
by both the grid-resolvable and sub-grid processes. The
representation of sub-grid scale precipitation processes is
known as the cumulus parameterization schemes (CPSs).
Among all the physical parameterizations, CPS is con-
sidered as one of the most crucial to determine the RCMs’
reliability. In the regional climate modeling, application
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Fig. 1 Simulation domain and
eight sub-regions (circled by
rectangles). The regional
topography is demonstrated in
color shadings (unit: meters), and
the surface observation stations
are indicated with triangles.
Three areas of Xinjiang,
Heilongjiang, and the Yangtze
River, which are mentioned in the
paper, are highlighted by blue
lines
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of different CPS can lead to diverse simulation results.
However, no single CPS is better than the others in
simulation of regional climate, and a certain CPS’s
performance is region-dependent (Davis et al. 2009;
Gianotti et al. 2011; Im et al. 2008; Kang and Hong
2008; Liu and Wang 2011; Mukhopadhyay et al. 2010;

Table 1 Experimental design and features of each experiment

90E 100E 110E 120E 130E

500 1000 1500 4000 5000 (m)

Ratna et al. 2014; Singh et al. 2006; Sinha et al. 2012;
Tchotchou and Kamga 2009; Zanis et al. 2009). For
example, the MIT-Emanuel scheme simulates more reli-
able rainfall intensity for the Indian summer monsoon,
while the Grell scheme can produce better upper-air
atmospheric circulation (Sinha et al. 2012). For the

Experiment Length of simulation ~ Specific points
identifier
AK 20 years (1982— 1. Vertically integrated moisture convergence closure
2001) 2. Well designed for tropics and coarse-grid applications
3. Without convective downdrafts
4. Not suitable for mesh size applications
GAS 20 years (1982— 1. Relates the convective fluxes and rainfall to the tendencies in the state of the atmosphere
2001) 2. Arakawa and Schubert closure
3. Constant mass flux with height
4. Downdraft processes
5. Ignores entrainment—detrainment effects
6. A statistical equilibrium between convection and the large-scale processes
GFC 20 years (1982— 1. Relates the convective fluxes to the degree of instability in the atmosphere
2001) 2. Fritsch and Chappell closure
3. constant mass flux with height
4. downdraft processes
5. ignores entrainment-detrainment effects
6. a statistical equilibrium between convection and the large-scale processes
EM 20 years (1982— 1. Auto-conversion of cloud water into precipitation inside cumulus clouds
2001) 2. The precipitation is added to a single, hydrostatic, unsaturated downdraft that transports heat and water
3. Transport of passive tracers
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Fig. 2 The top panel
demonstrates the 20-year (1982—
2001) averaged spatial
distributions of annual, DJF and
JJA mean precipitation from
APHRODITE (millimeters per
day). From second to bottom
panel, the biases of annual, DJF
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regional climate over Maritime Continent, the Grell
scheme with Fritsch—Chappell closure can provide the
best estimation for both the rainfall histogram and
average diurnal cycle (Gianotti et al. 2011).

Compared with the climatology, the climate extremes are
more sensitive to global change and have direct impacts on
both natural environment and socio-economy. The changes in
climate extremes as for their average and trend are regarded as
one of the most crucial issues in global change research and
receive much attention in both social development and
climate-change communities (Alexander et al. 2007; Tank
and Konnen 2003; Williams et al. 2010). As a result, the

changes in both precipitation and temperature extremes are
observed globally (Alexander et al. 2006; Choi et al. 2009;
Goswami et al. 2010; Haylock and Nicholls 2000; Hegerl
et al. 2004; Manton et al. 2001; Moberg and Jones 2005;
Moberg et al. 2006; Tank et al. 2006; Yan et al. 2002). For
monsoon China, the climate extreme events and their vari-
ances are analyzed systematically (Dong et al. 2011; Du et al.
2013; Fanetal. 2012; Gong et al. 2004; Hu et al. 2012; Li and
Wang 2012; Qian et al. 2012; Su et al. 2006; Tian et al. 2012;
Wang etal. 2012; Xu et al. 2011; Zhai et al. 2005; Zhang et al.
2011). In East China, the significant inter-decadal change of
the precipitation extremes was detected over past 50 years
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(1960-2009), and more precipitation extremes occurred
during past 20 years (1990-2009) (Li and Wang 2012).
The decreasing trend of light rain and increasing trend
of extreme strong rain were detected for China during
19602000 (Qian et al. 2007). For the northwest China,
temperature extremes showed a warming tendency and
most precipitation indices exhibited increasing trend
(Wang et al. 2013). Such changes in climate extremes
have significant impacts on both ecosystem management
and socio-economic development.

In this study, the numerical integrations are carried out
for the time period of 1982-2001, and the impacts of
cumulus schemes on regional climate as well as its inter-
annual variability in different sub-regions of China are
analyzed and presented. This study is featured with the
regional variation of climatic response to CPSs, which
received relatively little attention before. The perfor-
mances of CPSs in RegCM3 in reproducing the regional
climatology are evaluated first and then the model’s
sensitivity as for simulated climate extremes to various
CPSs in China is investigated as well.

Fig.3 Spatial distributions of 20-

The paper is arranged as the following. In Section 2, the
descriptions of RegCM3 model and the experimental design
are provided. In Section 3, the analysis and evaluation of
simulated mean climate and extremes by four CPSs are pre-
sented. Concluding remarks and discussion are given in
Section 4.

2 Model description and experiment design
2.1 Model description

The regional climate model used in this study is the version 3
of Regional Climate Model RegCM3, which is developed and
maintained by the International Centre for Theoretical Physics
(Pal et al. 2007a). RegCM3 is used worldwide to simulate the
regional-scale climatology and extremes, and provides in-
sights into the regional climate processes. As compared with
the previous versions (Giorgi et al. 1993a, b), RegCM3 in-
cludes a number of new features including improvements to
the physics packages that enhance model performance in

year (1982-2001) averaged
annual, DJF and JJA large-scale
precipitation (millimeters per
day). From top to bottom panel,
the simulation results with four
cumulus schemes of GAS, GFC,
EM, and AK are illustrated
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Fig. 4 The same as in Fig. 3, but

for the convective rain fractions
(%). The fraction is represented
by the ratio of the convective to
total rainfall amount in percentage
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tropical and subtropical regions. The model can be
interfaced with a wide range of large-scale boundary
driving fields (Pal et al. 2007b). RegCM3 contains four
options of cumulus and closure parameterization
schemes, namely the modified Anthes-Kuo (Anthes
1977), the Grell scheme (Grell 1993) implemented with
the Arakawa and Schubert closure (Grell et al. 1994),
the Fritsch and Chappell closure (Fritsch and Chappell
1980), and the MIT-Emanuel scheme (Emanuel 1991;
Emanuel and Zivkovic-Rothman 1999), which is newly
integrated within RegCM3.

2.2 Experiment setup

In this study, RegCM3 was run centered at (35°N, 105°E)
(Fig. 1). The domain has a mesh size of 91x110 with a
horizontal resolution of 50 km. In the vertical direction, 18
levels were defined unequally from surface to the model top
at 50 hPa. Major physics parameterization schemes used in
this study include the CCM3 radiation scheme (Kiehl et al.
1996), the BATS land surface model (Dickson et al. 1993),

LN
70 60 50 40 30 25 20 15 10

30 2015 10 5 3

1 05 0.1 80 60 50 45 40 35 30 25 20

and the PBL scheme developed by (Holtslag et al. 1990).
According to various climate characteristics, eight sub-
regions (i.e., northeast, north, eastern northwest, northwest,
southeast, south, southwest, and Tibetan Plateau) are adopted
for analyzing the effects of CPSs on regional climatology and
extremes.

Four groups of 20-year integration applying different
choices of the cumulus schemes are carried out and
referred to as the modified Anthes-Kuo (AK), Grell with
Arakawa-Schubert closure (GAS), the Grell with Fritsch-
Chappell closure (GFC), and the MIT-Emanuel (EM) in
the paper (Table 1). The features of each experiment are
described in Table 1 as well. For large-scale cloud and
precipitation scheme, SUBEX scheme (Pal et al. 2000) is
applied for all four experiments.

2.3 Data for validation
The simulation results obtained from four integrations are

evaluated against the station observations of daily precipita-
tion, daily mean, and maximum and minimum surface air
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Fig. 5 Taylor diagram of statistical analysis for different CPSs in simu-
lating seasonal mean precipitation in different sub-regions of China. The
cumulus schemes of AK, EM, GFC, and GAS are represented by differ-
ent symbols. For each point, the radial distance from the origin to the

temperatures. The surface observations are provided by the
China Meteorological Administration, which are obtained
from the observational network consisting of 756 meteorologi-
cal stations covering the whole country.

3 Results

The RegCM3 results with four options of CPSs are firstly
interpolated onto the station locations with bilinear

@ Springer
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point is the ratio between simulated and observed standard deviation of
the spatial pattern for seasonal precipitation averaged during 1982-2001.
The azimuthal position gives the spatial correlation coefficient between
the two fields

interpolation method and then evaluated against the
daily observation to assess the capacity of different
CPSs to reproduce the China’s surface climatology as
well as extremes.

Fig. 6 Simulated and observed probability distribution function (PDFs) P>
of daily precipitation calculated for different sub-regions over China, a
winter and b summer. The results of observation and simulations from
four CPS runs are represented by color bars (orange, GAS; green, GFC;
blue, EM; purple, AK; and black, observation)
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3.1 Surface climatology
3.1.1 Precipitation

As shown in Fig. 2, both the observed annual and seasonal
mean precipitations demonstrate the geographic gradient of
increasing wetting southeastwards, and all four CPSs can
reproduce these main characteristics (figures not given). Com-
paring the simulated annual mean precipitation with the ob-
servation, it can be seen that all CPSs present overestimation
over the arid and semi-arid parts of China, when they produce
less rainfall along the southeast coast. Among all the schemes,
AK shows the smallest overestimation while the EM scheme
performs the worst especially over the northeast and south-
west China. In winter, all the CPSs display a significant
overestimation of precipitation over southwest China and
underestimation over southeast China. The simulated summer
rainfall intensities and spatial patterns from four CPSs runs are
different from each other. The EM scheme overestimates the
rainfall intensity most greatly over almost the whole country,
and AK displays underestimation over the southeast China.

The large-scale precipitation and ratio of convective to total
precipitation amounts is shown in Figs. 3 and 4, respectively,
with the purpose of understanding the effect of CPSs on the
regional precipitation. Although applying the same grid-
resolvable scheme, the large-scale precipitations produced in
four CPS runs demonstrate the discrepancy with respect to
both rainfall intensity and spatial distribution (Fig. 3). This is
because CPS affects the latent and sensible energy balance,
changes the thermal and dynamic condition in the atmosphere,
and therefore modulates the large-scale circulation and the
large-scale precipitation. The convective precipitation ratios
from four CPSs runs decrease from southeast to northwest part
of China (Fig. 4). Comparably, AK gives the largest percent-
age of subgrid-scale rainfall while it produces the smallest
non-convective precipitation. GAS and GFC, on the other
hand, produce a smaller percentage of convective precipita-
tion than the other two schemes. Similar conclusions have
been drawn in the previous studies with disregard to the single
MCS rainstorm simulations (Kuo et al. 1996; Wang and
Seaman 1997; Yang et al. 2000) and regional climate simula-
tions (Lee et al. 2005). For the annual precipitation simulated
by the EM scheme, the convective precipitation dominates
over the south part of China while it balances with the
large-scale precipitation in other regions. Regarding the
seasonal mean results, strong convection and accompa-
nying large convective precipitation in summer are well
captured by all CPSs. AK’s less non-convective precip-
itation and larger percentage of subgrid-scale rainfall
reveals that its underestimation of total precipitation is
due to the dry bias of large-scale precipitation. In win-
ter, the convective effect is relatively weak, especially
for the GAS and GFC simulations.

Using Taylor’s diagram, the statistic, including the spatial
correlation and spatial variability, of seasonal mean precipita-
tion by four CPSs in different sub-regions of China is provid-
ed (Fig. 5). In Taylor’s diagram, the spatial variability is
represented by the ratio of the simulated and observed stan-
dard deviations of the spatial distributions for seasonal pre-
cipitation. Over the northern sub-regions, the spatial correla-
tion coefficients (>0.28) between simulated and observed
precipitation are statistically significant at 95 % confidence
level for all CPSs, revealing that all four CPSs are capable of
simulating the spatial distributions of precipitation over higher
latitude which is demonstrated in Fig. 3. Over most sub-
regions, EM has better performance than the other schemes
in spring, summer, and autumn. But in winter, AK shows
some superiority in generating the spatial patterns.

To gain more insight into the difference among CPSs’
performances, the observed and simulated probability distri-
bution functions (PDFs) of daily precipitation for both sum-
mer and winter seasons are calculated (Fig. 6). For summer
precipitation, in the sub-regions of northeast, eastern north-
west, and northwest China, CPSs can reasonably reproduce
the probability distribution with little inter-scheme diversity.
Meanwhile, relatively large inter-scheme discrepancy is sim-
ulated in the other sub-regions. In north, southeast, south, and
southwest China, all schemes overestimate the light rain and
underestimate the high-intensity precipitation. The skill of
GFC is relatively better for south China, as EM for the other
three sub-regions with its PDF spectrums are closest to the
observation. AK performs poorly with the largest underesti-
mation for high-intensity rainfall, missing the extreme precip-
itation larger than 120 mm/day all together. In the Tibetan
Plateau, GAS and GFC perform better than the other two
schemes. However, AK produces more light rain and less
heavy rain than the observation, and EM gives the adverse
results. The probability distributions of winter precipitation
for northeast, north, eastern northwest, northwest, and south-
west China are all well produced. The spectrums of winter
precipitation for southeast and south China are similar to those
of summer. In Tibetan Plateau, the higher end of rainfall
spectrum is overestimated by all CPSs.

3.1.2 Surface air temperature

Similar to the simulated precipitation from four CPSs, the
surface air temperature also show discrepancy due to the
model’s integration with CPS (Fig. 7). All schemes represent
reasonably the spatial patterns of seasonal mean surface air
temperature, underestimation and little discrepancy is found
among the four CPSs. The cold bias of RegCM3 is likely to be
systematic, which has been detected in many researches
(Davis et al. 2009; Im et al. 2008; Pal et al. 2007b) and may
be caused by the model’s excessive precipitation.
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Fig.7 The same as in Fig. 2, but for the spatial distributions of seasonal
surface air temperature averaged over 1982-2001 (degrees Celsius)

The spatial correlation and standard deviation analyses
(Fig. 8) show that, for cooler seasons, namely winter,
spring, and autumn, CPSs can produce more reliable
surface air temperature which have statistically signifi-
cant correlation coefficients (at 95 % confidence level)
with the observation. It indicates that CPSs have little
effect on model’s performance of the cooler season’s
averaged surface temperature as the weaker convection
during cooler seasons triggers little change in the vertical
heating profile. As for the sub-regional variation, the
seasonal temperature induced by CPSs has smallest cor-
relation with the observation over southeast and south
China, especially for the summer season when convec-
tive activities are stronger. The results suggest that the
convection-induced sub-grid circulation can affect the

@ Springer

regional heating budget, and the accurate description of
convective activities is necessary to reproduce the
temperature.

The standard deviation of seasonal averaged temperature is
underestimated for most CPSs experiments over most sub-
regions, except for northwest and southwest China. Generally,
CPSs’ effect on the spatial variability of seasonal temperature
may depend on the climate-regime, as CPSs tend to have
better agreement with each other over drier region. Compara-
bly, CPSs’ simulations of the spatial variability of seasonal
temperature are relatively more reliable over regions with the
homogenous land surface, such as north and northwest China.
The largest underestimation of the spatial variability of sea-
sonal temperature appears over the Tibetan Plateau, and in the
southeast, south, and northeast China, indicating that the
interactions and feedbacks between complex terrain and re-
gional convective process may induce great impact on the
climate variabilities.

In order to further understand performance of the four
cumulus schemes in simulating surface air temperature, the
simulated and observed PDFs for all sub-regions are shown in
Fig. 9. For winter season, the bell-shaped patterns in most sub-
regions are well captured, though all CPSs induce the shift
towards low temperature over the low-latitude sub-regions
(southeast region, south and southwest China, and the Tibetan
Plateau). For summer season, relatively large discrepancy
among four schemes appears over low-latitude sub-regions,
and similar to that of winter season, a shift towards lower
temperature is simulated by all CPSs. Comparably, the EM
scheme manifests significant advantage in reproducing the
PDF of seasonal temperature. The shift of simulated PDFs
of temperature to colder end is in accordance with the cold
bias discussed in the beginning of this section, and it is more
conspicuous over four low-latitude sub-regions. This is likely
due to the excessive regional precipitation which may cause
cloud feedbacks in east, south, and southwest China. Mean-
while, though the precipitation being overestimated in north-
ern sub-regions, less regional total precipitation leads to weak-
er impact on probability distribution of temperature.

In summary, CPS is important to the temperature simula-
tion over southeast and south China, and Tibet, especially for
wetter and warmer seasons. Such result indicates that the
further improvement should be made to better describe the
complicated interactions and feedbacks between large-scale
monsoon circulation and meso-scale circulation induced by
convective activities and complex terrain. Comparably, the
seasonal temperature over high-latitude regions is less sensi-
tive to CPSs.

3.2 Extreme indices

To assess the model’s ability to simulate the intensity,
frequency, and duration of precipitation and temperature
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events on regional scale, totally eight extreme indices for
both precipitation and surface air temperature are gener-
ated and presented. The decadal trend and probability
distribution function for extreme indices are analyzed as
well. Four indices are used to demonstrate the regional
characteristics of precipitation extremes (Wang et al.
2013), that is, consecutive dry days (CDD), number of
heavy precipitation days (R10), maximum 5-day precip-
itation amount (Rx5), and very wet days (R95). Their
definitions are given in Table 2. For temperature ex-
tremes, the indices of summer day (SU), consecutive
frost days (CFD), growing season length (GSL), and
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extreme temperature range (Moberg et al. 2006) are used,
definitions of which are listed in Table 3.

3.2.1 Extreme rainfall

As shown in Fig. 10, CPSs produce the similar spatial distri-
butions for all extreme indices. Comparing to the observation,
all CPSs underestimate CDD by more than 20 days for dry
and semidry China and by 0-20 days over Sichuan Basin, and
overestimate CDD over southeast China by around 10 days.
For observed precipitation extreme indices of R10, Rx5,
and R95, their spatial distributions follow that of annual mean
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Fig. 9 Simulated and observed probability distribution function (PDFs)
of daily surface air temperature for different sub-regions over China. The
first two columns are results for winter and the last two columns for

precipitation and show clearly influence of monsoon system,
as more precipitation extremes occur in southeast China and
less in northwest China. All four CPSs can represent the
spatial distributions of precipitation extreme indices, but they
overestimate the heavy rainfall over arid and semi-arid regions
of north, northwest, and northeast China. Over monsoon
region of southwest, south, and southeast China, EM overes-
timates the precipitation extreme indices, which is in agree-
ment with its overestimation of annual mean precipitation.
GAS excessively overproduces R95 over almost the whole
China, when it gives only moderate overestimation for mean

EM

AK OBS

summer. The results of observation and simulation from four CPS runs
are represented by color lines (orange, GAS; green, GFC; blue, EM,;
purple, AK; and black, observation)

precipitation over northwest part of China. Figure 6 shows
that, over the sub-regions of northeast, east part of northwest,
southeast, south, and southwest China, GAS produces higher
frequencies of both drizzle to light rain and heavy rainfall than
the other schemes, while its moderate rain has much lower
frequency. The precipitation from GAS scheme therefore is
more polarized, and as the result, excessive R95 is produced
when the total precipitation is moderate.

The decadal trends of extreme precipitation indices show
relatively large spatial inhomogeneity (Fig. 11). The observed
CDD increases in most part of simulation domain above

Table 2 Definition of the ex-

treme precipitation indices Variable name

Definition

Consecutive dry days (CDD)

Number of heavy precipitation days (R10)
Maximum 5-day precipitation amount

(Rx5)
Very wet days (R95)

Maximum number of consecutive days with precipitation
<l mm

Annual number of days when Precipitation >10 mm

Annual maximum consecutive 5-day precipitation

Annual total precipitation when precipitation >95th percentile
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Table 3 Definition of the extreme temperature indices

Variable name Definition

Summer day (SU) Daily maximum temperature over 25 °C

Consecutive frost days (CFD) Maximum consecutive days with daily minimum temperature below 0 °C
Growing season length (GSL) The number of days between the first occurrence of at least six consecutive

days with daily mean temperature above 5 °C and the first occurrence after
Ist July of at least six consecutive days with daily mean temperature below 5 °C

Extreme temperature range (Moberg et al. 2006) The difference between the annual maximum daily maximum temperature and
minimum daily minimum temperature

OBS
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Fig. 10 The fop panel is the observed spatial distributions of extreme produced by four CPS runs of GAS, GFC, EM, and AK are illustrated.
precipitation indices averaged over 1982-2001 (millimeters per day). From left to right column, CDD, R10, Rx5, and R95 are shown,
From second to bottom panel, the biases of extreme precipitation indices respectively
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Fig. 11 The spatial distributions of decadal trends of extreme precipita-
tion indices during 1982-2001. From fop to bottom panel, the observation
and results from four CPS runs of GAS, GFC, EM, and AK are illustrated.

35°N, indicating the intensifying dry tendency during 1982—
2001 over most part of north China. Such drying tendency is
verified by the trends of R10 and R95, which show clear
reduction over most part of Center China, northeast China,
and some part of north China. On the other hand, the observed
light rain represented by Rx5 decreases along the transition
zone between semi-arid region and Sichuan Basin. For the
southern part of China, it can be concluded that the region has
the wetting tendency during past decades (1982-2001), which
is indicated by the decreased CDD and increased R10, Rx5,
and R95 in the surface observation. In addition, the observed
trends of extreme precipitation indices are significant at 95 %
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From lefi to right column, indices of CDD, R10, Rx5, and R95 are shown,
respectively

confidence level in most parts of China except over western
Tibet and the very northeast China (figure not given).
Comparing the four extreme precipitation indices, the trends
of CDD and RxS5 are better presented spatially than R10 and R95
in CPSs runs, and geographically, CPSs’ abilities to simulate
the extreme precipitation indices are more reliable over high-
latitude region. Analyzing the simulated CDD, it can be seen
that all CPSs reduce the duration of dry bell over northern part
of China by underestimating the increasing trends or even
giving the opposite tendency. For southern part of China,
CPSs overestimate the decreasing trends of CDD, that is,
CPSs weaken the wetting tendency of the observation. For
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Fig. 12 Probability distribution functions for a CDD, b R10, ¢ Rx5, and d R95. For CDD and R10, bin size of 1.0 day is used; and for Rx5 and R95, bin

widths of 2.0 and 4.0 mm are used, respectively

R10 and R95, all CPSs overestimate the decreasing trends
over northern part of China, and AK reduces the heavy rainfall
and rainy days over southern part of China. In summary, CPSs
runs can reproduce the drying tendency over northern part of
China and wetting tendency over southern part of China,
though, in all CPS simulations, the strength of both tendencies
are weakened.

From PDF distributions of extreme precipitation indices
(Fig. 12), it can be seen that the shape of PDFs is correctly
produced, except for R95. However, the spectrums are shifted,
and the magnitudes of peak values are misestimated. For the
CPSs’ CDD, the simulated histograms are shifted towards low
values, suggesting that all CPSs underestimate the dry events.
The histograms of the R10, Rx5, and R95 show the overesti-
mation for extreme precipitation events by all CPSs. For Rx5
and R95, AK and GFC'’s results are close to each other, and
EM overestimates the frequency of high value for both Rx5
and R95. GAS is differentiated from GFC only by the closure
scheme, but it gives relatively worse performances as for PDF
of Rx5 and R95.

3.2.2 Extreme temperature

From Fig. 13, it can be seen that the observed extreme tem-
perature indices show similar spatial distributions as that of

annual mean surface temperature. In general, four CPSs show
abilities to reproduce the observed spatial patterns of extreme
temperature indices. The CFD is overestimated, and GSL is
underestimated by all CPSs, implying that RegCM3 has a
systematic cold bias irrelative to model’s treatment of convec-
tion. In all CPSs, EM gives a better production for GSL by
producing smaller underestimation. For ETR, CPSs have
slightly underestimation especially in Xinjiang and northeast
China. Examining the biases of annual maximum and mini-
mum temperature, it is found that both maximum and mini-
mum temperatures are overestimated. But the larger warm
bias in minimum temperature causes the discrepancy of ERT
in all CPSs runs.

Due to the impact of global warming, the significant trends
of longer summer days (SU), extended growing season
(GSL), and shorter frost days (CFD) can be detected in the
observation during past 20 years over most of simulation
domain (Fig. 14). These trends of temperature extreme indices
are significant at 95 % confidence level. The cumulus
schemes generally produce similar spatial patterns of SU’s
trend to that of observation, except that they reduce the inten-
sity of increasing trend over the region east of 105°E and
generate a decreasing trend over northwest and southwest
China. The overall decreasing trend of CFD is relatively well
captured by all CPSs, though GAS, GFC, and EM have an
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Fig. 13 The same as Fig. 10 but for the extreme temperature indices of SU, CFD, GSL, and ETR

opposite trend over the southwest China. The observed in-
creasing trend of GSL is missed in all CPS runs over the most
of simulation domain, except for the Yangtze River Basin, and
northeast and south China.

From observation, the increasing trend of temperature
range is the most significant over north China except
over Heilongjiang, southern Xinjiang, and Tibet. All the
four schemes show considerable skill in simulating the
observed spatial pattern of ETR, though they overesti-
mate the positive trends over high-latitude region. Both
observed and simulated ETR demonstrate the opposite
trends between over north China and over south part of

@ Springer

Xinjiang and south China. The phenomenon is related to
the different responses of average and extreme tempera-
tures to the regional warming. As the average tempera-
ture increases during the simulation period, over the
north part of the domain, the maximum temperature
increases and minimum temperature decreases, leading
to a larger ETR, while for the south part of the domain,
the combined effect of decreasing maximum temperature
and increasing minimum temperature results in the re-
duction of ETR.

Figure 15 shows the PDFs for extreme temperature indices.
Regionally, the PDFs of extreme temperature indices are not
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Fig. 14 The same as in Fig. 11, but for decadal trends of SU, CFD, GSL, and ETR

sensitive to CPSs. The shifting of SU and GSL’s spectrums
toward lower values in CPSs runs indicates underestimations
for the extreme warm events. The higher ends of CFD and
ETR spectrums are overestimated in all experiments, implying
more extreme cold days and larger range of temperature.
Comparably, AK and EM perform slightly better for CFD
and ETR.

4 Conclusions and discussion

In this study, the sensitivity of the regional climate to the
cumulus convection options over China is simulated
using RegCM3. Four different cumulus and closure

parameterization schemes, i.e., AK, GAS, GFC, and EM,
are applied in four sets of 20-year (1982-2001) integration,
respectively, while the rest of model’s physical packages
remain unchanged. The focus is laid on the extreme features
of precipitation and surface air temperature before which an
evaluation on mean climatology is also given. The priority of
this study is to investigate the sensitivity of both regional
climatology and extremes to the model’s treatment of cumulus
convection over China, which is influenced by monsoon
climate variabilities at different scales and characteristic of
complex landscape and terrain.

The results show that the simulations of the regional cli-
mate over China are sensitive to the choice of cumulus pa-
rameterization and closure schemes. Four CPS schemes are
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firstly evaluated against the surface observation to examine
their ability to simulate the regional precipitation climatology.
Result shows that four CPSs can reproduce the spatial distri-
bution of precipitation climatology. Analyzing the spatial
variance of seasonal precipitation, the result shows that the
precipitation distribution is better reproduced over the sub-
regions in northern part of China. Among four CPSs, EM
performs better in spring, summer, and autumn, and AK
shows superiority in generating the precipitation distribution
in winter. The ratios of convective to total precipitation by
different CPSs are calculated, and GAS and GFC present
much lower percentages of convective precipitation when
AK produces the largest ratio. In simulating the PDF's of daily
precipitation, all the CPSs perform well in the sub-regions of
northeast and northwest China, but discrepancy among the
four experiments and observation is evident over other sub-
regions.

The simulated seasonal surface air temperatures by four
CPSs are in good agreement with the observation but with the
cold biases up to 8 °C. In the different sub-regions, in all CPS
runs, the spatial distributions of seasonal temperature are
reasonably reproduced. However, the convection-induced
sub-grid circulation can affect the regional heating budget
and lead to relatively large bias in summer temperature sim-
ulation over southeast and south China where the regional
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convective activities are strong. For PDFs of temperature, the
bell-shaped or double peak patterns are well captured by all
the CPSs. The shift towards the lower end of the temperature
spectrum is in consensus with the cold bias in simulated
temperature climatology.

In addition to regional climatology, the effect of CPSs on
climatic extremes, which are represented by extreme temper-
ature and precipitation indices, is analyzed as well. Results
show that four CPSs can reasonably reproduce the overall
patterns of extreme precipitation indices, but they display
underestimation for CDD and overestimation for the three
extreme precipitation indices. By comparing the simulated
and observed trends of extreme precipitation indices, it can
be concluded that CPSs can reasonably simulate the wetting
tendency over Yangtze River and northwest China and the
drying tendency over northeast and north China. The overall
shapes of PDFs of extreme precipitation indices are correctly
produced, but underestimation for dry events and overestima-
tion for extreme precipitation events are evident in all CPS
experiments. Comparably, AK scheme produces less error for
probabilities of R10 and R95, and GAS exhibits a closer
match to the observation in simulating probability distribution
for RxS5.

Both simulated and observed spatial distributions of ex-
treme temperature indices are in accordance with those of
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annual mean temperature, and extreme warm events are cor-
rectly reproduced over the southeast China. In surface obser-
vation, the significant positive trends in the SU and GSL are
detected, which are reasonably reproduced in CPS runs. AK
scheme gives relatively better performance in portraying the
trends of both CFD and ETR. The cumulus schemes have
little impact on the spectrum distributions of extreme temper-
ature indices, but the appearance of extreme warm events is
underestimated.

In summary, our study emphasizes the influence of CPSs
on both the temporal and spatial characters of regional cli-
mate. As the simulation focuses on China, whose climate is
affected by (1) monsoon variabilities on different time scales
and (2) strong topographical forcing. The paper analyzes the
reactions of both summer and winter monsoon with the CPSs.
Our study finds out that the summer monsoon system tends to
have more complicated interactions with CPSs, which leads to
large inter-CPS differences in summer precipitation simula-
tion. In addition, by categorizing the simulation domain into
eight sub-regions, we can study the CPSs’ capabilities to
simulate regional climate over regions with different land-
surface characters and topography. The analysis shows that,
over sub-regions with complex topography and inhomoge-
neous land-surface, such as southeast and southwest China,
the option of CPS has great impact on model’s accurate
simulation of surface climate. The region has been experienc-
ing surface warming during the past a few decades, which is
clearly shown in both observation and simulation. Our simu-
lation shows that all CPSs can more or less describe the effects
of surface warming on sub-regional climatic extreme, the
spatial variability, and trends of extreme indices, such as SU,
R10, and R95, are sensitive to CPS.
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