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1.  INTRODUCTION

Regional climate models (RCMs) are typically used
to downscale meteorological or climatic information at
a coarse resolution (e.g. reanalysis data and outputs

generated from a global climate model or GCM) to a
finer spatial resolution. A GCM simulates features at
the global scale with a resolution of a few hundred km.
Although GCMs produce key synoptic-scale atmo -
spheric circulations, some small-scale or subgrid pro-
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simulated results were compared with the Thai Meteorological Department (TMD) data for (near-sur-
face) temperature and precipitation, and ERA40 reanalysis data for upper-level synoptic winds. In
both the D1 and D2 experiments, considerable systematic underestimation of temperature was found
for the upper sub-regions (Central-East, Northeast, and North) of Thailand with the maximum cold
bias of 6.0°C. Seasonal discrepancies (between dry and wet seasons) in precipitation, as observed in
these sub-regions, were well captured. Over the lower sub-region (South), cold biases were smaller
than in the upper sub-regions, and the relatively high rates of precipitation normally observed in the
dry season were reproduced by the model. The main features of seasonal synoptic winds were fairly
simulated with better performance seen in the dry season. For the convective parameterization
schemes, MIT-Emanuel performed best on temperature, followed by Anthes-Kuo. However, in the
wet season, the former scheme produced large wet biases, particularly for the upper sub-regions.
Grell-Arakawa-Schubert yielded smaller cold biases than Grell-Fritsch-Chappell, but their relative
performances on precipitation were not conclusive. For ocean flux parameterization, the BATS
scheme, in comparison with the Zeng scheme, provided better predictions for temperature and
yielded more precipitation. The nested modeling enhanced the spatial details of model outputs but
did not necessarily improve the overall performance in a particular sub-region. A gridded observa-
tion dataset from the University of Delaware (UDEL) was used to qualitatively examine the model
performance on temperature and precipitation, and reasonable agreement was found for both TMD
and UDEL datasets. An additional simulation test was conducted to examine the effect of a land cover
modification (here, from ‘irrigated crop’ to ‘crop/mixed farming’) as a potential technique to alleviate
the problem of temperature underestimation. It was found that using the modified land cover helped
reduce the degree of bias by 2.2 to 3.3°C in the upper sub-regions during the dry season.
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cesses (especially those associated with land surface),
are omitted or not sufficiently accounted for, which
could be remedied by use of a RCM. Several RCMs
have been developed, advanced, made available to,
and are used by scientific communities. They have
become an essential tool for the assessment of climate
and its variability at a regional scale, with a typical
 resolution of tens of km (Giorgi et al. 2001, Christensen
et al. 2007).

Thailand is a tropical country located in the middle
of continental Southeast Asia (i.e. the Indochinese
Peninsula), and has diverse topography. It is greatly
influenced by the 2 prevailing monsoons, southwest
and northeast (TMD 2008). The southwest monsoon
starts in mid-May and ends in mid-October, carrying
warm moist air from the Indian Ocean and causing the
rainy or wet season for most of the country. The
north–south movement of the inter-tropical conver-
gence zone (ITCZ) also increases the intensity of rain-
fall over the sub-region. The northeast monsoon usu-
ally starts in mid-October and ends in mid-February,
carrying cold, dry, continental air masses from the mid-
latitudes (i.e. China and the South China sea) and
causing the winter and dry season. However, as the air
masses travel further south through the Gulf of Thai-
land, they gain moisture and bring abundant rains to
the southern part of Thailand. During a transitional
period between the 2 monsoons, tropical cyclones
sometimes develop in the Bay of Bengal, South China
Sea, and Pacific Ocean, producing heavy rains in many
coastal areas. Moreover, the climate of the sub-region
is modulated by different topography in different  sub-
sub-regions —valleys and mountains in the North, a
broad plateau in the Northeast, a large alluvial plain
with sporadic hills in the Central and Eastern areas,
and a mix of coastal plains and mountains in the South.
Accordingly, re gional climate modeling, specifically
adapted for Thailand, is needed.

The RCM chosen for the present study is RegCM3,
which is a community-based open-source freely-dis-
tributed model. RegCM3 is the latest generation of the
National Center for Atmospheric Research (NCAR)
RCM developed in the late 1980s (Elguindi et al. 2006,
Pal et al. 2007). The model has undergone several
improvements from the previous version RegCM2
(Giorgi et al. 1993a,b), which are mainly (1) the repre-
sentation of radiative transfer and large-scale precipi-
tation processes, (2) new parameterizations for ocean
flux and cumulus convection schemes, and (3) the
inclusion of 1-way double nesting and subgrid-scale
topography. The model continues to be developed and
maintained under support from the Abdus Salam Inter-
national  Center for Theoretical Physics (ICTP), Italy.
The model offers numerous physics and  modeling
options and provides interfaces for various input

datasets. It has been used for regional climate studies
in many areas (Pal et al. 2007 and  references therein).
For Southeast Asia, the use of RegCM3 has been lim-
ited but the model is gaining interest from regional sci-
entific communities (Francisco et al. 2006, Phan et al.
2009). For Thailand, to the authors’ knowledge, only a
few regional climate modeling studies have been con-
ducted, e.g. Southeast Asia START Regional Center
(2009), and no RegCM3 applications have been found.
In applying a RCM for a particular purpose, it is critical
to first investigate the RCM’s prediction capability in
order to better understand its strengths and weak-
nesses and potential biases arising from modeling; this
formed the motivational basis of this study. Such infor-
mation is also useful to guide users on customization of
the model in the future and model developers on exist-
ing model limitations and directions for future
improvement.

It is commonly known that an adequate represen-
tation of physical parameterization schemes in a
RCM is essential and greatly influences the charac-
teristics or quality of simulated results. Many studies
have examined the sensitivity of a RegCM-family
model (e.g. RegCM2 and RegCM3) to different mod-
eling options or configurations, e.g. Seth & Giorgi
(1998) on domain size and initial soil moisture, Gao
et al. (2006) on modeling resolutions and topography,
Francisco et al. (2006) on driving lateral boundary
conditions and ocean flux schemes, Martinez-Castro
et al. (2006) on convective schemes at different do -
main resolutions and ocean flux schemes, and Im
et al. (2008) on convective schemes in 2 nested
domains. In the present study, we assessed the over-
all performance of RegCM3 over Thailand, and de -
termined how sensitive simulated results could be to
different choices of the 4 available convective para-
meterization schemes (CPSs), and the 2 available
ocean flux parameterization schemes (OFSs), in order
to understand the applicability of the model for Thai-
land. The convective and ocean flux parameteriza-
tions are considered here because each represents a
physical process essential in atmospheric modeling
and has multiple options offered in the model. It is
also of interest to examine the capability of the
1-way double nesting to enhance the quality of simu-
lated results. The meteorological variables consid-
ered are near-surface temperature (to be referred to
as temperature) and precipitation, which are the 2
most essential climate variables. The evaluation was
extended to examine the featured characteristics of
upper-level synoptic winds prevailing during the 2
monsoonal periods in the sub-region. Doing so may
help to understand the model’s existing capabilities
and suggest the strengths and weaknesses of the
model for its future use for Thailand.
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2.  METHODOLOGY

2.1.  Model description

RegCM3 is a hydrostatic and compressible model,
and its dynamical core is based on that of the NCAR-
Penn State University (PSU) Mesoscale Model version
5 (MM5) (Grell et al. 1994). The model uses the terrain-
following sigma-pressure coordinate. In the version
used for the present study, the model includes the
 radiation parameterization of the NCAR Community
Climate Model version 3 (CCM3) (Kiehl et al. 1996),
and the land-surface model of Biosphere-Atmosphere
Transfer Scheme (BATS) version 1e (Dickinson et al.
1993). The planetary boundary layer (PBL) is parame-
terized in accordance with Holtslag et al. (1990). The
resolvable-scale precipitation is computed by the Sub-
grid Explicit Moisture scheme (SUBEX) (Pal et al.
2000). Two schemes representing ocean–atmosphere
exchanges of surface fluxes of heat, moisture, and
momentum are the BATS scheme (Dickinson et al.
1993) and the scheme proposed by Zeng et al. (1998)
(an ocean flux parameterization scheme, henceforth
the ‘Zeng scheme’), both of which use a bulk aerody-
namic approach for the computation of surface fluxes.
The former scheme assumes a constant roughness
length of 0.0024 m. The latter scheme allows rough-
ness length to vary with friction velocity and stability
condition so that it tends to correct the tendency of
other schemes to overestimate latent heat flux under
either very weak or very strong wind conditions (Zeng
et al. 1998).

There are 4 CPSs available in the model. The first is
the Anthes-Kuo (AK) scheme (Anthes 1977). The AK
scheme is based on a column-integrated moisture con-
vergence closure and environmental instability, with-
out any parameterization on updraft and downdraft.
Whenever the column is conditionally unstable and the
moisture convergence exceeds a critical value, a por-
tion of this moisture convergence will form cloud and
rainfall, and the rest will increase the moisture of the
column. The second is the Grell scheme (Grell 1993).
This scheme simulates clouds as an updraft and a
downdraft that mix with the environment only at the
cloud top and bottom. Convection is activated when a
parcel lifted from the updraft originating levels (given
by the level of maximum moist static energy) reaches
saturation. Precipitation is calculated as the updraft
condensation minus the downdraft evaporation. The
Grell scheme can be further implemented using one of
the following 2 closures: (1) the Arakawa and Schubert
closure (Arakawa & Schubert 1974), and (2) the Fritsch
and Chappell closure (Fritsch & Chappell 1980), to be
referred to as Grell Arakawa Schubert (GAS) and
Grell Fritsch Chappell (GFC), respectively. The GAS

closure relates the amount of convection to the rate of
destabilization of the environment, which means that
convection tends to stabilize the environment as fast as
large-scale processes tend to increase the total avail-
able buoyant energy (ABE). The GFC closure assumes
that convection removes the ABE over a specified time
scale and, thus, no dependencies on the large-scale
processes. Both closures reach a statistical equilibrium
between convection and the large-scale processes
(Elguindi et al. 2006). The last scheme is the MIT-
Emanuel (EMU) scheme (Emanuel 1991, Emanuel &
Zivkovic-Rothman 1999), which is the most recent CPS
included in RegCM3. The main difference from the
other CPSs is that subcloud-scale updrafts and down-
drafts are the primary elements used to represent
moist convective transports, rather than the clouds
themselves. Convection is activated when the level of
neutral buoyancy is above the cloud base. Air is lifted
between these 2 levels and part of the condensed
moisture falls as rain, whereas the remaining moisture
forms the cloud. Air from the environment is mixed
into the cloud and forms a a spectrum of mixtures of
differing mixing fractions which then ascend or de -
scend according to their buoyancy. The scheme cre-
ates many mixing episodes and assumes that the
mixed air detrains at levels where liquid water poten-
tial temperature equals that of its environment
(Emanuel 1991).

2.2.  Model configuration and experiment design

The RegCM3 model was run on 2 modeling domains
chosen for simulations, Domain 1 (D1) and Domain 2
(D2), with 1-way double nesting. The former has a hor-
izontal grid resolution of 60 km (considered coarse res-
olution) and covers the Indochinese Peninsula, part of
Southern China, and part of South Asia (Fig. 1a). The
latter is a nested domain and has a finer resolution of
20 km, covering Thailand, Laos, Cambodia, and most
of Vietnam and Myanmar (Fig. 1b). Each domain has
100 × 100 grid cells and 18 sigma layers (full sigma
 values: 1.0, 0.99, 0.98, 0.96, 0.93, 0.89, 0.84, 0.78, 0.71,
0.63, 0.55, 0.47, 0.39, 0.31, 0.23, 0.16, 0.10, 0.05, and
0.0) with the top pressure at 100 hPa. Both domains use
a Lambert conformal conic (LCC) projection and are
centered at 13.5° N, 100.5° E. The initial and lateral
boundary conditions for D1 were the European Centre
for Medium-Range Weather Forecasts (ECMWF) 40 yr
reanalysis data (ERA40) (Uppala et al. 2005). The data
have a 2.5° resolution with 6 h intervals and 23 pres-
sure levels with the top pressure at 1 hPa. The expo-
nential re laxation method was employed, with a buffer
zone of 12 grid points from lateral boundaries (Giorgi
et al. 1993b). The boundary conditions were updated

173



Clim Res 47: 171–186, 2011

every 6 h for both domains. Sea surface temperature
(SST) data were taken from the weekly-average 1° res-
olution Optimum Interpolation SST (OISST) data of the
National Ocean and Atmosphere Administration
(NOAA) (Reynolds et al. 2002). Terrain elevation data
were taken from the Global Topographic  30-arc-
second data (GTOPO30) of the US Geological Survey

(USGS 1996). The land use/land cover data were
from the USGS Global Land Cover Characterization
(GLCC) data, with BATS classification (Loveland et al.
2000).

A total of 16 sensitivity experiments were formed by
combining the 4 CPSs (AK, GAS, GFC, and EMU) and
the 2 OFSs (BATS and Zeng) (Table 1). The first 8
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Fig. 1. (a) Domain 1 (D1, domain with
coarse resolution of 60 km), (b) Domain
2 (D2 [= box in Panel a], domain with
nested finer resolution of 20 km) and
(c) locations of Thai Meteorological
 Department (TMD) stations and the 4 

sub-regions 
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experiments (E1–E8) were conducted on the coarse
domain (D1), while the rest (E1N–E8N), were con-
ducted on the finer domain (D2) with nesting from
the corresponding D1 experiments. The 2 simulation
episodes are May 1997–February 1998, and May
1998–February 1999, with May used as spin-up time.
These periods were selected for simulation because
they fall within the temporal coverage (1997–1999) of
the surface meteorological data provided by the Thai
Meteorological Department (TMD), Ministry of Infor-
mation and Communication Technology. Apart from
the above experiments, an addition simulation test was
carried out to examine the effects of land-cover modifi-
cation on model results (as described in Section 3.4).

The observation data primarily used for the model
evaluation was surface data from 58 stations selected
from the TMD (Fig. 1c), and consisted of daily average
air temperature (taken at 2 m above the ground), and
daily accumulated precipitation. The total dataset was
found to have missing values on average of ∼13%
per station. Synoptic winds at the pressure levels of
850 hPa and 200 hPa were investigated using the
ERA40 reanalysis data. Only the D1 domain was used
for synoptic wind evaluation due to its adequate spatial
coverage for a synoptic scale. In addition, a gridded
 climatic dataset was used to qualitatively re-examine
the overall model performance inferred from the TMD
data. The gridded data were the publicly available

monthly 0.5° resolution (over land only) temperature
and precipitation taken from the global precipitation
monthly grids for 1900–2008, University of Delaware v.
2.01 (Matsuura & Willmott 2009a,b) (hereafter, UDEL
data). The UDEL data were developed from a sophisti-
cated interpolation process on observations from
global surface stations (over Thailand, 33 stations
for temperature and 47 stations for precipitation).
The UDEL data’s temporal coverage fully  covered the
specified simulation periods. Besides the UDEL data,
several other gridded climatic datasets are publicly
available for use, e.g. Climate Research Unit (CRU)
data, Tropical Rainfall Measuring Mission (TRMM)
data, and Climate Prediction Center (CPC) GHCN-
CAMS data. The choice of the UDEL data does not
imply superiority over the others in terms of accuracy
but is simply a supplementary dataset station-wise to
the TMD data.

For the analysis, Thailand is divided into 4 sub-
regions: Central-East (CE) which combines the Central
and East sub-regions, Northeast (NE), North (N), and
South (S) (see Fig. 1c) and 2 prevailing seasons (dry
season: No vember–February, and wet season:
June–September) (see Section 1). The typical climate
of sub-regions CE, N and NE is generally continental,
exhibiting the dry and wet seasons distinctly, whereas
that of S is fairly maritime and not showing strong sea-
sonality in precipitation. 

The 2 main statistics used to evaluate the accuracy of
the model predictions were the mean bias (MB) and
the RMSE, which are calculated by

(1)

and

(2)

where Oij is the observed daily (‘daily average’ for tem-
perature and ‘daily accumulated’ for precipitation)
value on day i at station j for a particular sub-region, Pij

is the corresponding predicted daily value, M is the
total number of days in a particular season, and N is
the total number of stations used in a particular sub-
region. Bilinear interpolation was used to interpolate
the model output from neighboring grid cells to the
location of a TMD station for point-wise (as opposed to
gridded) comparison between an individual station
and the model output. Box-and-whisker plots were
used to examine the daily variability in both observed
and simulated data, which is represented by the height
of each box as an inter-quartile range (IQR = 3rd quar-
tile − 1st quartile). In comparison with the UDEL data,
simulated results were re-gridded to 0.5° resolution
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No. Experiment CPS OFS

Resolution: 60 km
1 E1 AK Zeng 
2 E2 AK BATS
3 E3 GAS Zeng 
4 E4 GAS BATS
5 E5 GFC Zeng 
6 E6 GFC BATS
7 E7 EMU Zeng 
8 E8 EMU BATS

Resolution: 20 km
9 E1N AK Zeng 
10 E2N AK BATS
11 E3N GAS Zeng 
12 E4N GAS BATS
13 E5N GFC Zeng 
14 E6N GFC BATS
15 E7N EMU Zeng 
16 E8N EMU BATS

Table 1. Experiment design. CPS: convective parameteriza-
tion schemes; OFS: ocean flux parameterization schemes;
E1–E8: 8 experiments conducted on a coarse resolution do-
main (D1); E1N–E8N: 8 experiments conducted on a 
finer-resolution domain (D2); CPSs: Anthes-Kuo (AK), Grell-
Arakawa-Schubert (GAS), Grell-Fritsch-Chappell (GFC), 
MIT-Emanuel (EMU); OFSs: Biosphere-Atmosphere Transfer 

Scheme  (BATS), Zeng scheme (Zeng et al. 1998)   
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according to the native grid structure of the data. For
synoptic winds, the averaged wind vectors in each sea-
son are used in the analysis.

3.  RESULTS AND DISCUSSION

3.1.  Temperature

The model performance on temperature is summa-
rized in Fig. 2 (with more details given in Tables S1 &
S2 in the supplement at www. int-res. com/ articles/
suppl/ c047 p171_ supp. pdf). For all D1 experiments, the
model yielded underestimates (i.e. cold biases) for all 4
sub-regions, with MB and RMSE ranging from −6.0 to
−0.1°C and 1.3 to 6.5°C, respectively, in the dry season.
Improved results were seen in the wet season, with

−4.8 to 0.2°C for MB and 1.2 to 5.2°C for RMSE. The
upper sub-regions of Thailand (i.e. CE, NE, and N) had
substantially large cold biases, particularly for N (>4°C
in the dry season and >1°C in the wet season). In con-
trast, the lower sub-region of Thailand (i.e. S) had
smaller cold biases (≤2°C in the dry season and <1°C
in the wet season).

For the CPSs, the D1 experiments with GFC (i.e. E5
and E6) generally produced larger cold biases than
those with GAS (E3 and E4), with E5 having the largest
negative MB (largest RMSE), i.e. −6.0°C (6.5°C) in the
dry season and −4.8°C (5.2°C) in the wet season. Using
schemes AK (experiments E1 and E2) and EMU (E7
and E8) yielded smaller MB and RMSE magnitudes in
most sub-regions. AK does not include a parameteriza-
tion for the cooling effect of moist downdrafts and this
may produce large errors in simulated precipitation
(see Section 3.2). Using EMU gave the best results for
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Fig. 2. Performance on temperature (°C) for (a,b) the dry season and (c,d) the wet season; (a,c) mean bias (MB), (b,d) RMSE. 
See Fig. 1 for definitions of sub-regions (CE, NE, N, S) and Table 1 for definitions of experiments (E1–E8 and E1N–E8N)
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both seasons over most of Thailand, with the exception
of the sub-regions N in the dry season and S in the wet
season, and the degree of improvement (as compared
to the other CPSs) was found to range from small (or
negligible) to large, i.e. by 0.0 to 1.7°C for MB and 0.0
to 1.1°C for RMSE in the dry season, and by 0.0 to
2.0°C for MB and 0.0 to 1.9°C for RMSE in the wet sea-
son. Im et al. (2008) and Zanis et al. (2009) also used
RegCM3, and obtained similar findings of temperature
underestimation and bias reduction with EMU. Zanis
et al. (2009) described the latter finding as a result of
warmer near-surface temperature induced by EMU,
which is attributed to stronger convection. This leads
to more effective drying (i.e. condensation > evapora-
tion) of the atmosphere, and then less moisture content
and larger absorbed short-wave radiation at the sur-
face. Considering the degree of contribution to model
performance between CPS and OFS, the results from
all experiments suggested that the former has a
greater influence. The D1 experiments with the BATS
scheme (E2, E4, E6, and E8) for OFS slightly improved
or gave comparable results in terms of MB and RMSE
for all sub-regions in both seasons, with the largest
reductions of cold bias being 0.4°C in the dry season
and 0.6°C in the wet season, in comparison to the Zeng
scheme (E1, E3, E5, and E7). ERA40 near-surface air
temperatures were generally higher than the simulated
results (not shown), suggesting the systematic underes-
timation found in the present study to be potentially
model-intrinsic (as opposed to effects from the reanaly-
sis data used).

The nested finer-resolution (D2) simulations, similar to
the D1 experiments, mostly produced poor results in
both seasons and for all sub-regions, with the exception
of sub-region S where MB ranged from −2.2°C to 0.1°C.
Compared to the D1 results, the magnitudes of MB and
RMSE in the dry season increased for S (by ≤0.7°C), but
decreased for other sub-regions (by ≤1.1°C). A smaller
degree of change was generally seen in the wet season
for all sub-regions (≤0.6°C for MB magnitude and ≤0.4°C
for RMSE). In the wet season, some nested simulations
(E1N–E4N in which schemes AK and GAS were used)
produced comparable or slightly worse results to those in
D1 experiments for all sub-regions whereas the other
simulations (E5N–E8N where schemes GFC and EMU
were used), showed comparable or slightly better results.
Nesting to D2 provided greater spatial detail (Fig. 3b,d).
However, in terms of MB and RMSE, it did not necessar-
ily improve performance for temperature, and its impact
was not as large as the choice of CPS. Like the D1 exper-
iments, the model showed a cold bias in both the dry
and wet seasons, with the exception of sub-region S
in simulation E8N.

In terms of daily variability (see Figs. S1 & S2 in the
supplement at www. int-res. com/ articles/ suppl/ c047

p171 _    supp. pdf), it depended on sub-region and season,
and did not conclusively determine the optimal experi-
ment(s). The dry season tended to have larger variability
in both observed data and simulated results than the wet
season, except for sub-region S. IQR ranged from 1.8 to
3.3°C (TMD) and from 1.3 to 4.5°C (simulated) in the up-
per sub-regions in the dry season and from 1.4 to 1.8°C
(TMD) and from 0.8 to 2.7°C (simulated) in the wet sea-
son. The degree of variability was relatively small in sub-
region S for both seasons in observed data (IQR = 1.2°C),
which was also revealed by all experiments in the dry
season, and by most experiments (6 out of 8 D1 or D2 ex-
periments) in the wet season (IQR = 0.6 to 1.0°C). In the
dry season, simulations using scheme EMU (E7 and E8,
or E7N and E8N) gave larger variability (IQR = 2.8 to
4.5°C) than the other experiments for sub-regions CE
and N while, in the wet season, larger variability was
given by simulations using scheme GFC (E5 and E6, or
E5N and E6N) for sub-regions CE and S (IQR =
1.6–2.7°C).

The spatial distributions of mean temperature biases
relative to the gridded UDEL data are given in Figs. S3
& S4 in the supplement. All experiments show system-
atic underestimation in both seasons, with large cold
biases (>2°C) for the upper sub-regions in the dry sea-
son and biases reduced by 1 to 2°C from the dry season
to the wet season over Thailand. Schemes AK (experi-
ments E1–E2 and E1N–E2N) and EMU (E7–E8 and
E7N–E8N) gave higher temperatures than the other
CPSs in the wet season over sub-regions NE and CE
(thus closer predictions to observations). The D2 exper-
iments with scheme EMU (E7–E8N) produced better
results than those in the D1 experiments (E7–E8) for
sub-regions NE and N in the wet season. These above
findings are in accordance with those based on the
TMD data. BATS tended to improve performance only
in GAS (E4) and GFC (E6) experiments during the wet
season over NE and S, in comparison with those using
the Zeng scheme (E3 and E5), whereas with the data
from the TMD, improvement by BATS could be also
seen in AK (E2) and EMU (E8) for all sub-regions in
both seasons.

3.2.  Precipitation

Precipitation results are summarized in Fig. 4 (with
more details given in Tables S3 & S4 in the supple-
ment). In the observation data and all D1 experiments,
discrepancies in precipitation amount between the 2
seasons over sub-regions CE, NE, and N were notice-
able; e.g. (1) dry season, 0.4 to 0.9 mm d–1 (mean val-
ues; TMD), and 0.1 to 2.6 mm d–1 (simulated), and (2)
wet season, 5.9 to 7.9 mm d–1 (TMD) and 1.5 to 18.9 mm
d–1 (simulated) (Figs. S5 & S6 in the supplement). Sub-
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region S had a larger rainfall than the other sub-
regions in the dry season, due to the geographical
dependence of its climate (see Section 1), which was
clearly shown by both observation data and the simu-
lations. MB and RMSE magnitudes in the dry season
were relatively small for sub-regions CE, NE, and N
(MB = –0.5 to 1.8 mm d–1, RMSE = 2.8 to 11.1 mm d–1)
and large for sub-region S (MB = –4.0 to 3.6 mm d–1,
RMSE = 19.2 to 30.8 mm d–1). Nevertheless, normal-
ized absolute MB (with respect to the observed mean)
tended to be  relatively low (<60%), while that in the
other sub-regions ranged from 0 to 280%. In the wet

season, both MB and RMSE in crease (in terms of mag-
nitude) for all sub-regions, with MB = –7.8 to 12.0 mm
d–1 and RMSE = 12.8 to 35.8 mm d–1. In addition, the
ranges of normalized absolute MB (with respect to the
observed mean) were 3 to 200% for sub-regions CE, N,
and NE, and 9 to 85% for S.

In both seasons, scheme AK (experiments E1 and E2)
underestimated precipitation (i.e. dry biases) (largest
MB = −7.8 mm d–1). AK theoretically uses a closure
based on moisture convergence, and convection itself
is not directly caused by large-scale moisture supply,
which is a critical drawback of the scheme (Raymond
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Fig. 3. Spatial distributions of simulated temperature in (a,b) the dry season and (c,d) the wet season for 2 selected experiments: 
(a,c) E4 (coarse resolution D1) and (b,d) E4N (finer resolution D2)
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& Emanuel 1993). The results from schemes GAS (E3
and E4) and GFC (E5 and E6) were not conclusive, de -
pending on OFS choice, season, and sub-region.
Scheme EMU (E7 and E8) overestimated precipitation
(i.e. wet biases), which were somewhat large in sub-
regions CE, NE, and N during the wet season (MB =
7.6 to 12.0 mm d–1). Such overestimation by EMU in the
wet season over Thailand was also reported in Pal et al.
(2007) where a RegCM3 simulation for South Asia (also
including part of Southeast Asia) was performed. EMU
gave more precipitation compared to GAS and GFC.
Scheme EMU uses fewer requirements for convection
to be triggered than Grell, resulting in more frequent
triggering and a tendency to produce more precipita-
tion (Im et al. 2008, Zanis et al. 2009). For the OFSs,
BATS (experiments E2, E4, E6, and E8) yielded more
precipitation than the Zeng scheme (E1, E3, E5, and
E7) by 25 to 275% in the dry season and by 6 to 135%
in the wet season, except for sub-regions CE and NE in
experiments E4 (dry season) and E8 (wet season).
Increased precipitation by BATS was also reported in
the RegCM3 studies made by Francisco et al. (2006)

and Martinez-Castro et al. (2006). Such increases are
partially related to the overestimation of latent heat
flux over ocean by BATS (Zeng et al. 1998), bringing
more evaporation and moisture, and, when trans-
ported onshore, more precipitation over land. The
overall performance given by BATS and the Zeng
scheme was closely associated with the choice of CPS
used. When both were combined with scheme AK (E1
and E2), the degree of difference in MB and RMSE was
not large, but became pronounced with the other
CPSs, i.e. precipitation by AK became least sensitive to
the choice of OFS. With schemes GAS, GFC or EMU,
which OFS is better was inconclusive in terms of MB,
but in terms of RMSE, BATS gave a larger RMSE than
the Zeng scheme in most results, with the largest dif -
ference in RMSE being 7.3 mm d–1, as seen for region
CE in E4 during the wet season (see Table S3b in the
supplement).

Comparing the results from both domains (i.e. D2
experiments E1N–E8N and corresponding D1 ex -
periments E1–E8), the nested finer-resolution (D2)
modeling produced spatial patterns of precipitation
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Fig. 4. Performance on precipitation for (a,b) the dry season and the (c,d) wet season: (a,c) MB, (b,d) RMSE
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similar (but enhanced) to those from the D1 experi-
ments (Fig. 5). However, the overall performance
may improve or deteriorate, and the effects of the D2
 modeling were generally shown to be quite sensitive to
CPS choice. When scheme AK was employed, the
finer-resolution modeling tended to yield more precip-
itation in both seasons, which was mainly from a larger
contribution of convective precipitation (not shown),
and has MB differences (in terms of magnitude)
between both domains being comparable or smaller
(by <6 mm d–1) and RMSE differences not varying
much. This scheme tended to produce more precipita-

tion at a finer resolution because its moisture conver-
gence threshold can be reached more easily over a
smaller grid cell. All D2 experiments showed increased
precipitation for sub-region S during the dry season (by
0.5 to 5.9 mm d–1), markedly (with a directional change
from dry to wet biases) in those with scheme AK. In the
wet season, the effects of the  finer-resolution modeling
on the overall precipitation performance varied. For
instance, when scheme GAS was used, decreased pre-
cipitation was seen. Also, RMSE became smaller in
every sub-region (by 0.8 to 9.4 mm d–1). Schemes GFC
and EMU showed mixed results in terms of precipita-
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Fig. 5. Spatial distributions of simulated precipitation in (a,b) the dry season and (c,d) the wet season for 2 selected experiments: 
(a,c) E4, (b,d) E4N
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tion change direction and prediction performance
improvement. The strongest influence due to the finer-
resolution modeling with scheme GFC was in sub-
region S during the wet season (where MB and RMSE
changed by as much as 4.4 and 8.7 mm d–1, respec-
tively), and, with scheme EMU, was in sub-region CE
during the wet season (where MB and RMSE change
by as much as 2.7 and 10.2 mm d–1, respectively). Sim-
ilarly to the D1 experiments, BATS induced increased
precipitation more than the Zeng scheme in all D2
experiments (except for sub-regions NE and N in
experiment E8N). Note that EMU gave wet biases in
the wet season across Thailand, and, when compared
to GFC, gave more precipitation. Im et al. (2008), who
conducted RegCM3 simulations over East Asia,
reported similar findings for summer precipitation in
the continental Korean Peninsula, and attributed the
overestimation to increased convective precipitation
induced by EMU. We also examined convective pre-
cipitation simulated by the D1 and D2 experiments
associated with schemes GFC and EMU specifically
and found that, using EMU, convective precipitation
increased through out Thailand (not shown).

For daily variability in precipitation, both observa-
tions and simulated results from all D1 and D2 experi-
ments (Figs. S5 & S6 in the supplement) were in agree-
ment in that the variability was typically small for
sub-regions CE, NE and N in the dry season (IQR = 0 to
3.0 mm d–1) and grew large for sub-region S in the dry
season and for all sub-regions in the wet season, when
IQR could be as large as 16.0 mm d–1. It is seen that, for
the dry season, experiments E7 and E7N (in which
EMU and Zeng schemes were used) generally gave a
fair (i.e. not too deviating) representation of the mean
and variability of the observations for sub-region S. For
the wet season, it may not be so readily seen that an
experiment gave a good or adequate representation
for most (or all) sub-regions. For example, in the D1
experiments, E5 could be a candidate configuration in
sub-regions CE and NE but not in sub-regions N and S.

Comparison with the UDEL gridded data (Figs. S7 &
S8 in the supplement) showed that the minimal or low
precipitation observed over the upper sub-regions in
the dry season was simulated in all experiments,
except for experiment E8N which yielded wet bias (up
to 10 mm d–1 in the lowest part of sub-region CE). In
the wet season, precipitation was not well simulated by
most experiments, i.e. for most of Thailand, 6 (out of
16) (E1–E3 and E1N–E3N) showed dry bias while
another 6 (E6–E8 and E6N–E8N) gave wet bias (>10
mm d–1 over certain areas, as seen in E7–E8 and
E7N–E8N). In the wet season, experiments E5 and
E5N also tended to yield wet bias and gave the best
performance over the CE and NE sub-regions. The
above findings are fairly in line with those based on the

TMD data. The nested finer-resolution (D2) modeling
could help to improve the results (relative to the D1
results), especially over the upper sub-regions.

3.3.  Synoptic winds

The average winds at 850 hPa from ERA40 and 3
selected experiments (E1, E4, and E7) are shown in
Fig. 6. Those of the other experiments, together with
those at 200 hPa, are given in Figs. S9 to S12 in the
supplement. In the dry season, at 850 hPa, the ERA40
reanalysis data revealed easterlies over the Indian
Ocean, westerlies over the Tibetan Plateau and north-
easterlies over the South China Sea (Fig. 6, Fig. S9 in
the supplement). Most experiments simulated the east-
erlies of the Indian Ocean (except experiment E6) but
their spatial extents were extended to about 5 to 15°N
latitude and their wind speeds were overestimated by
∼5 m s–1 (Fig. S9). The mid-latitude westerlies of the
Tibetan Plateau were satisfactorily captured by every
experiment while the northeasterlies over the South
China Sea were shifted slightly westward, particularly
in experiments E5 and E6. The choice between the 2
OFSs did not appear to have a great influence on sim-
ulated winds, except for experiments E5 and E6
(where scheme GFC is used) over the Indian Ocean.
For the average 200 hPa winds in the dry season (Fig.
S10 in the supplement), the equatorial easterlies from
the reanalysis, moving southward to ~10° S  and north-
ward to ~10° N before turning eastward, were also sim-
ulated in every experiment. The  mid-latitude westerly
jet stream was also observed in both the reanalysis and
all experiments. 

In the wet season, the main features of the average
850 hPa winds in the ERA40 reanalysis data are (1)
westerlies and southwesterlies in India and the Bay of
Bengal, which then move across the Indochinese
Peninsula and turn northward over the South China
Sea and China (Fig. 6 & Fig. S11 in the supplement), (2)
easterlies that prevail over 5 to 10° S latitude and show
a northward shift in the lower-left portion of the
domain (D1), and (3) the presence of cross-equatorial
winds to the north. In general, these features were
fairly reproduced by all experiments and better cap-
tured by E4 and E5. Using scheme AK (E1 and E2)
yielded a large deviation from the reanalysis data over
the Bay of Bengal (until near the equator) where winds
moved toward the north and wind speed was underes-
timated, which could be a possible cause of the under-
estimation in precipitation over Thailand (by a range of
MB from −7.8 to −2.8 mm d–1) (see Table S3b in the
supplement). Moreover, winds around the equator
tended to show the opposite direction (compared to the
reanalysis). However, overestimation in wind speed

181



Clim Res 47: 171–186, 2011182

F
ig

. 
6.

 A
ve

ra
g

e 
w

in
d

s 
at

 8
50

 h
P

a 
on

 D
1 

in
 (

a
–

d
) 

th
e 

d
ry

 s
ea

so
n

 a
n

d
 (

e
–

h
) 

th
e 

w
et

 s
ea

so
n

: 
(a

,e
) 

E
R

A
40

, 
(b

–
d

),
 a

n
d

 (
f–

h
) 

3 
se

le
ct

ed
 e

xp
er

im
en

ts
 (

E
1,

 E
4,

 a
n

d
 E

7)



Octaviani & Manomaiphiboon: Regional Climate Model RegCM3 over Thailand 183

was found over the Bay of Bengal when using scheme
EMU (E7 and E8), possibly leading to the positively
biased results in precipitation for all of Thailand (MB =
1.9 to 12.0 mm d–1). For the OFSs, BATS tended to yield
slightly larger wind speed than Zeng et al. in many
parts of the domain, e.g. from the Bay of Bengal to the
South China Sea. For the average 200 hPa winds, an
extended anticyclonic pattern over the Tibetan Plateau
(Fig. S12 in the supplement) was consistently found in
both the reanalysis data and all experiments. The
northeasterlies in the South China Sea and the Indian
Ocean, which were seen from the reanalysis data,
were not as evident in experiments E1 to E3 as in the
other experiments, and their magnitudes were overes-
timated in E5 to E8. The differences in synoptic winds
among all D1 experiments were generally less notice-
able than those in temperature and precipitation and
also decreased with altitude (see 850 hPa and 200 hPa
results in Fig. 6 and Figs S9-S10 in the supplement)).
This can be attributed to the reduced influence of land-
surface-related processes with altitude and the subse-
quent increased dependence on the lateral boundary
conditions.

3.4.  Land cover modification

From the findings obtained so far, the
problem of temperature underestimation is
serious for most parts of Thailand in both
seasons (especially, the upper sub-regions
during the dry season). The problem sys-
tematically existed across all 16 experi-
ments, and they represented all possible
combinations of the available CPSs and
OFSs. Further investigation of this issue is
needed. We examined one specific aspect,
a land cover modification in the model. As
seen in Fig. 7, the most dominant land
cover type in Thailand (59% of the total
land area) is ‘irrigated crop’, which is real -
istic due to agriculture being the largest
 economic sector, followed by ‘evergreen
broad leaf forest’ (14%) and ‘forest/field
mo saic’ (12%). From Kueppers et al.
(2008), the BATS version 1e land-surface
model used in RegCM3 prescribes very
high soil moisture (i.e. at field capacity in all
time steps) for ‘irrigated crop’ land cover,
which tends to enhance latent heat flux and
to reduce sensible heat flux, and then re-
duces near-surface air temperature. We hy-
pothesized that this effect could play a sub-
stantial role in the large cold bias problem
and examined it with an additional simula-

tion test in which land cover was modified to another
type as surrogate (here, ‘crop/mixed farming’). We also
re checked the locations of the TMD stations used in the
evaluation and found that most of them fall in grid cells
of this land cover, especially those in the CE and NE
sub-regions. The simulation was performed with the
model setup in experiment E4 (using schemes GAS and
BATS, and limited to the D1 domain) over the same pe-
riods as before. The choice of E4 did not imply or reflect
a best model configuration, but rather a representative
for testing. The results are shown in Table 2 (and also
Fig. S13 in the supplement). Temperatures from the
simulation using the modified land cover were higher
than those using the default land cover during the dry
season for the upper sub-regions (CE, NE, and N).
When compared to the observed (TMD) data, the land
cover modification improved performance substantially
in the dry season (MB reduced by 2.2 to 3.3°C and
RMSE by 1.8 to 2.8°C). No strong effect was seen in
sub-region S, which is likely due to the minimal pres-
ence of ‘irrigated crop’ land cover in the sub-region and
to the maritime climate conditions existing almost year
round (resulting in relatively small seasonal soil mois-
ture variations). In the wet season, no considerable
change in temperature was found for all sub-regions

Fig. 7. Default areas (gray) designated as irrigated crop in D1. Note that only 
the central portion of D1 is shown above



(−0.1 to 0.1°C), which is attributable to soil moisture dif-
ference being small or minimal between ‘irrigated crop’
and ‘crop/mixed farming’. For precipitation, the perfor-
mance using the modified land cover differed slightly
(in terms of MB and RMSE) for all sub-regions in both
seasons, when compared to the de fault land cover, but
the differences may be relatively large in a few locali-
ties of each sub-region.

4.  CONCLUSIONS

In this study, the prediction performance of regional
climate model RegCM3 over Thailand and the effects
of selected physical parameterizations and 1-way dou-
ble nesting on (near-surface) temperature and precipi-
tation were assessed, using a total of 16 numerical
experiments formed by the available 4 convective and
2 ocean flux parameterization schemes, and conducted
on coarse and fine resolution domains D1 (60 km) and
D2 (20 km). The investigation also extended to the
characteristics of upper-level synoptic winds. The sim-
ulations cover 8 dry and 8 wet season months in
1997–1999, and the model evaluation uses surface
TMD data (primary) and the gridded UDEL data (sup-
plementary) for temperature and precipitation, and the
ERA40 reanalysis data for synoptic winds. An addi-
tional simulation was conducted to examine the
change in model performance (with emphasis on tem-
perature) due to a land cover modification (from ‘irri-
gated crop’ to ‘crop/ mixed farming’). A summary of
key findings from the present study is given below.

(1) In both the coarse-resolution (D1) and nested
finer-resolution (D2) experiments, systematic underes-
timation of temperature was found and was consider-
able for the upper sub-regions (i.e. CE, NE, and N)
during the dry season (with the largest MB and RMSE
being −6.0°C and 6.5°C, respectively). The substantial
differences in precipitation be tween the dry and wet
seasons, as observed for sub-regions CE, NE, and N,

were reproduced by all experiments. The relatively
high precipitation observed in the dry season over S
(compared to the other sub-regions) were also well
captured. The performance on temperature was gen-
erally better in the wet season compared to the dry
season). For precipitation, no conclusion can be
reached on the relative performances among the 16
main experiments, which were quite geographically
and seasonally dependent.

(2) For convective parameterization, scheme EMU
performed best, followed by AK, for temperature.
 However, in the wet season, EMU produced large over-
estimates for precipitation, particularly over sub-re-
gions CE, NE, and N, whereas AK showed underesti-
mates. Scheme GAS, when compared to GFC, yielded
smaller cold biases, but the relative performances of
these two schemes on precipitation were not clearly
seen. For ocean flux parameterization, the BATS
scheme, when compared to the Zeng scheme generally
yielded better temperature results and tended to in-
duce more precipitation.

(3) Although the nested finer-resolution (D2) model-
ing resulted in appreciably enhanced details spatially,
it did not necessarily improve, and in some cases
reduced, the quality of results over a particular sub-
region. In the dry season, the D2 experiments
increased MB and RMSE magnitudes for temperature
in sub-region S (by ≤0.7°C) and generally showed
more precipitation (compared to the corresponding D1
experiments using the same combination of physical
parameterizations), while for the other sub-regions, a
decrease in temperature (by ≤1.1°C) was seen. In the
wet season, the differences in temperature between
the D1 and D2 experiments were generally small
(≤0.6°C) in all sub-regions, and no obvious conclusions
could be reached on the effects of the finer-resolution
modeling on overall precipitation performance, which
varied with sub-regions and CPSs.

(4) The evaluation using the gridded UDEL data was
helpful to compare the spatial patterns of the observed
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Table 2. Performance on temperature (°C) and precipitation (mm d–1) by sub-region in an additional simulation test using the mod-
eling setup in E4 with default (Def.) and modified (Mod.; ‘irrigated crop’ to ‘crop/mixed farming’) land covers. MB: mean bias, 

RMSE: root mean square error

Sub-region Season Temperature (°C) Precipitation (mm d–1)
MB RMSE MB RMSE

Def. Mod. Def. Mod. Def. Mod. Def. Mod.

Central-East (CE) Dry –4.7 –1.7 5.3 2.5 −0.1 0.0 7.5 7.7
Wet –2.5 –2.6 3.1 3.1 5.5 4.3 35.8 33.7

Northeast (NE) Dry −5.2 −1.9 5.5 2.7 0.2 0.2 3.2 3.7
Wet −2.8 −2.7 3.2 3.1 −2.0 −2.3 17.4 17.7

North (N) Dry −5.4 −3.2 5.8 4.0 −0.2 −0.1 3.2 3.5
Wet −3.7 −3.7 4.1 4.1 1.6 1.1 21.0 18.7

South (S) Dry −0.8 −0.8 1.5 1.6 0.7 0.2 26.9 26.8
Wet −0.6 −0.5 1.4 1.4 −3.0 −3.7 23.8 23.6
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and simulated quantities. Here, reasonable agreement
was found with the evaluation using the TMD data on
the following key findings: the presence of substantial
cold bias over the upper sub-regions in the dry season
and less cold bias in the wet season in all experiments;
the relatively small bias in precipitation over these
sub-regions in the dry season; and the tendency
toward precipitation bias seen in the experiments dur-
ing the wet season (e.g. dry bias over most parts of
Thailand shown in experiments E1–E3 and E1N–E3N
was found when using both datasets).

(5) All experiments reproduced fairly well the main
seasonal features of synoptic winds, with better perfor-
mance seen in the dry season. Scheme EMU produced
overestimated wind speed at the 850 hPa level over the
Bay of Bengal during the wet season, while AK pro-
duced underestimated wind speed over the same area.
The BATS scheme induced slightly larger wind speed
(at 850 hPa) than the Zeng scheme over the Bay of
 Bengal and the South China Sea in the wet season.

(6) It is evident that none of the experiments (using
the default inputs and options in the model) yielded
results that were satisfactory over all of Thailand, and
that model performance was geographically and sea-
sonally dependent. The most serious problem found is
the systematic underestimation of temperature, sug-
gesting further investigation on the representations of
physical processes in the model or on potential model
customization, is needed. In our additional simulation
test with a land cover modification (converting ‘irri-
gated crop’, as the most dominant default land cover in
Thailand, to ‘crop/mixed farming’, as a surrogate), the
magnitude of the cold bias was lowered, markedly, in
the dry season for the upper sub-regions (MB reduced
by 2.2 to 3.3°C and RMSE by 1.8 to 2.8°C). This
 technique seems promising and potentially useful for
future applications over this sub-region, but the test is
still considered preliminary and limited.

Although this study aimed to understand the capa-
bility, strengths and weaknesses of RegCM3 for its
application to Thailand, the assessment conducted in
the present study is not comprehensive, and the find-
ings are limited to the current spatial coverage. The
model performance issue presented here should be
examined in depth in future studies, e.g. land cover
treatment of the current land surface model, use or
development of a new or alternative land surface
model and its coupling with RegCM3, and model cus-
tomization by tuning or optimizing some parameters in
a particular physical parameterization scheme. More-
over, the temporal coverage for the current study is
 relatively short-term (i.e. limited to 3 yr), and extend-
ing simulations for a longer period could be essential
for the support of studies on e.g. long-term climate
variability, climate change, and climate extremes.
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