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1.  INTRODUCTION

The Fourth Assessment Report of the Intergovern-
mental Panel on Climate Change (IPCC-AR4) (Tren-
berth et al. 2007) states that global average surface
temperature has increased by 0.74 ± 0.18°C from
1906 to 2005, and that changes in temperature ex -

tremes in many parts of the world were found to be
consistent with this warming trend, i.e. decreased
numbers of cold extremes (cool days, cold nights and
frost days) and increased numbers of warm extremes
(hot days and warm nights) and heat waves. More-
over, changes in intensity and frequency of precipita-
tion were observed in some regions. In Thailand,
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such warming trends from the 1950s were also re -
ported for both daily minimum and maximum tem-
peratures, with a faster rate (1.4°C per 50 yr) for the
former and a slower rate (0.6°C per 50 yr) for the lat-
ter (Limsakul & Goes 2008). Under the warming cli-
mate, several countries in Southeast Asia and the
South Pacific experienced increased hot days and
warm nights and decreased cool days and cold nights
(Manton et al. 2001). Endo et al. (2009) examined
trends of precipitation extremes over Southeast Asia
and reported decreased number of consecutive wet
days, in creased average intensity of wet days, and
increased frequency of consecutive dry days (CDDs).
These changes taking place over the past years have
increased public awareness of potential future cli-
mate and its impacts.

An essential tool for assessing potential future cli-
mate change is coupled Atmosphere−Ocean General
Circulation Models (AOGCMs), which generally
cover the globe with a typical horizontal resolution of
100s of km. AOGCMs simulate reasonably the ob -
served large-scale features of current climate and
past climate changes (Giorgi et al. 2001), and may
then be used with some confidence to provide esti-
mates of future climate change under various scenar-
ios of greenhouse gas (GHG) emissions. Based on the
IPCC-AR4 (Meehl et al. 2007), global climate projec-
tions by 23 AOGCMs suggest that global mean tem-
perature will continue to rise in the 21st century to
varying degrees in different future (emissions) sce-
narios, and that future trends in temperature ex -
tremes will follow those of temperature means (i.e.
in creasing trends in warm extremes and decreasing
trends in cold extremes). AOGCMs have provided
useful climate information, but are often limited to
global to (sub-) continental scales, due mainly to their
coarse spatial resolutions. To support climate change
related studies and planning at a regional level, finer
spatial details are required, and regional climate
models (RCMs) are typically a tool to generate them.
In general, RCMs resolve climatic fields with spatial
scales on the order of 10s of km. They are capable of
acceptably reproducing present-day climate features
(Giorgi et al. 2001). When assessing future climate
change for a region or a limited area, outputs from an
AOGCM run in a baseline (i.e. present-year) case
and under a future scenario serve as initial and
boundary conditions used to force dynamically or
drive an RCM, and the results from the 2 simulations
are compared. Due to this coupling nature, the fore-
cast skill of an RCM depends to a certain extent on
that of the forcing of its corresponding AOGCM.
Many RCM studies have been conducted and are

ongoing in many parts of the world to evaluate how
their climates would change in the future, e.g.
Europe (Giorgi et al. 2004, Christensen & Christen -
sen 2007a), South America (Marengo et al. 2010), the
Mediterranean region (Gao et al. 2006), Asia (Gao et
al. 2002, 2012, Im et al. 2008, Ho et al. 2011), North
America (Mearns et al. 2003), Australia (Alexander &
Arblaster 2009), and the CORDEX program (Giorgi
et al. 2009, 2012).

Thailand is a tropical country whose climate is syn-
optically regulated by the 2 monsoons, i.e. southwest
and northeast monsoons (TMD 2011). The southwest
monsoon (mid-May to mid-October) is responsible
for the wet season, whereas the northeast monsoon
(mid-October to mid-February) brings about the dry
cool season or winter. The transitional period be -
tween March and mid-May is the summer. Apart
from the seasonal variations, climate variability in
Thailand is also affected by other perturbations, one
of which is the El-Niño Southern Oscillation (ENSO)
on an interannual scale. As described in Octaviani &
Manomaiphiboon (2011) (hereafter OM11), Thailand
has diverse topography in its different sub-regions,
varying from valleys and mountains in the North,
alluvial and coastal plains in the Central and East
regions, a highland in the Northeast, to a mix of
mountains and coastal plains in the South. Climate in
each sub-region varies according to its geographical
background. The South sub-region has a maritime
climate due to its long coastlines on its eastern and
western sides, whereas the other sub-regions have a
continental climate. The climate change issue and its
regional impacts have received considerable atten-
tion of the Thai government and the public during
recent years, motivating a number of local re -
searchers to try to initiate RCM studies with the aim
to increase existing climate change knowledge and
information for Thailand, which is still limited. For
example, a first completed study was conducted by
the Southeast Asia START Regional Center (2009),
which projects selected climatic variables using PRE-
CIS model (Jones et al. 2004). For our modeling study
presented here, its objective was to quantify the
potential changes in temperature (specifically near-
surface air temperature) and precipitation across
Thailand from 40 yr in the past (1961−2000) to 40 yr
in the mid-21st century (2031−2070), with a spatial
resolution of 20 km under 3 future scenarios of the
IPCC (A2, A1B, and B1) (Nakicenovic et al. 2000),
which is to the authors’ knowledge one of the most
comprehensive RCM study locally conducted in
Thailand. It represents a continued effort from OM11
and Torsri et al. (2013) in applying the RCM RegCM3
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to Thailand. OM11 conducted a number of seasonal
simulations in 1997 to 1999, while Torsri et al. (2013)
ex tended to a long-term period (i.e. 1961 to 2000).
Both used reanalysis data as driving fields. For the
current study, we consider of interest the mean and
selected extreme conditions of temperature and pre-
cipitation, and their changes under different future
scenarios.

2.  METHODOLOGY

2.1.  Model description and setup

The RCM applied is RegCM3 model of the Abdus
Salam International Center for Theoretical Physics
(ICTP), Italy (Pal et al. 2007). The model is the third
version of the original National Center for Atmos-
pheric Research (NCAR) RegCM, which was devel-
oped in the late 1980s. The development of RegCM
models has been continuous, and the latest to be re -
leased is version 4 (i.e. RegCM4) (Giorgi et al. 2012).
This study was planned and started during 2007−
2008, and RegCM3 was the version available at the
time. The model’s dynamical core is based on the
hydrostatic version of the NCAR Penn State Univer-
sity Mesoscale Model version 5 (MM5) (Grell et al.
1994). The model physics in RegCM3 include the
radiation scheme of the NCAR Community Climate
Model version 3 (CCM3) (Kiehl et al. 1996), the land-
surface model of Biosphere−Atmosphere Transfer
Scheme (BATS) version 1e (Dickinson et al. 1993),
the planetary boundary layer scheme of Holtslag et
al. (1990), and the resolvable scale precipitation
scheme of the Subgrid Explicit Moisture Scheme
(SUBEX; Pal et al. 2000). In addition, 3 convective
parameterization schemes are available in RegCM3:
(1) the Anthes−Kuo scheme (Anthes 1977), (2) the
Grell scheme (Grell 1993) with either the Arakawa−
Schubert (1974) or the Fritsch-Chappell (1980) clo-
sure assumptions, and (3) the MIT− Emanuel scheme
(Emanuel 1991). The model also employs 2 ocean-
surface flux parameterization schemes, the BATS
scheme (Dickinson et al. 1993) and the Zeng scheme
(Zeng et al. 1998).

The model configuration employed in this study
follows that in Torsri et al. (2013): 2 modeling do -
mains with one-way double nesting were used, Do -
main 1 (D1) and Domain 2 (D2) (Fig. 1). D1 encom-
passes the Indochinese Peninsula (IP) and parts of
Southern China and South Asia at a 60 km horizontal
grid resolution (Fig. 1a), whereas D2 has a 20 km res-
olution covering Thailand and parts of many coun-

tries in the IP (Fig. 1b). Each domain contains 100 ×
100 grid cells and has 23 sigma vertical layers, ex -
tending from the surface to the top level at 100 hPa.
In OM11 (as our first RegCM3 study), the same con-
figuration was used but with 18 layers. Later, we
were encouraged to extend to 23 layers because the
atmospheric boundary layer (ABL) is generally
thicker in the tropics, and the 23 layer layout helps
refine the vertical model structure from the upper
ABL upward (i.e. not near the surface). Another rea-
son is that model output with more vertical levels
may help support other impact studies in the future
better, e.g. air quality modeling. The Grell convec-
tive scheme with Arakawa−Schubert closure and the
BATS ocean-flux scheme were employed. OM11
found that different combinations of convective para-
meterization and ocean flux schemes re sulted in dif-
ferent model performances, and that the perform-
ance was seasonally and geographically dependent.
There was no best single combination (among a total
of 8 evaluated) concluded for all sub-re gions and
seasons. Nevertheless, their assessment showed that
the choice of the Grell and BATS schemes together
was acceptable in that it did not produce extreme
deviations or biases from observations for tempera-
ture and precipitation (compared to some other com-
binations), and it captured seasonal variations of both
variables well (see details therein). This combination
was adopted in the present study. As for the model’s
boundary conditions, ECHAM5/MPI-OM data were
used as input to drive D1 simulations, whose output
was then used to drive D2 simulations (see the sec-
tion below). The exponential relaxation method with
a buffer size of 12 grid points was applied to interpo-
late lateral boundary conditions.

The model was used to simulate regional climate
over Thailand for 2 separate periods (or time slices):
(1) present-year (1961 to 2000) and (2) future-year
(2031 to 2070). Given our computational resource
constraint, the time-slice experiments allowed the
study to quantify climate conditions for the years of
most interest parsimoniously. The years 1960 and
2030 were included as spin-up times for the respec-
tive periods. The issue of model spin-up time is
important in atmospheric and oceanic modeling. In
the RCM context, Giorgi & Mearns (1999) suggested
that a spin-up time of years is needed to reach strict
equilibrium for the soil module. However, the most
important soil region in the hydrological cycle is the
root zone (<1 m depth), that has a spin-up time of
between a few seasons to a year. With the latter view,
1 yr was used. Examples of other studies employing
1 yr spin-up times for long-term simulations are
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Marengo et al. (2010), Karmalkar et al. (2011), and
Onol (2012). In OM11, a large temperature underes-
timation (from −2 to −5°C as mean bias) occurred sys-
tematically in all tested combinations in the dry sea-

son for the upper sub-regions. OM11 examined the
problem and modified input land-cover data to alle-
viate it, in which the ‘irrigated crop’ class was re-des-
ignated as the ‘crop/mixed farming’ class. As noted
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Fig. 1. (a) Domain 1 (D1) with a 60 km grid resolution, (b) D2
with a 20 km grid resolution, (c) default ‘irrigated crop’ land
cover in D2 (gray), and (d) sub-regions of Thailand and loca-
tions of surface Thai Meteorological Department stations. Up-
per sub-regions: North, Northeast, and Central-East. Stations:
(h) only daily temperature data used; (n) only daily precipita-
tion data used; (s) both daily temperature and daily precipi-
tation data used. Contours: elevation (m above sea level)
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by Kueppers et al. (2008), the land surface parame-
terization scheme in RegCM3 (i.e. BATS1e) pre-
scribes soil moisture for ‘irrigated crop’ land cover to
be at field capacity in every model time step, and as
a result tends to increase latent heat flux, which in
turn reduces near-surface air temperature during the
dry season. Torsri et al. (2013) applied this land-cover
modification strategy, finding a similar improvement.
Overall, the modification improved temperature
results, but did not strongly affect the performance
on precipitation. It is noted that the model default
data is based on Global Land Cover Characterization
(GLCC) database (Loveland et al. 2000) and that the
‘irrigated crop’ class dominates over the upper sub-
regions (Fig. 1c). The representations of ‘irrigated
crop’ and ‘crop/mixed farming (as non-irrigated
crop)’ in GLCC were also examined by comparing
them with the GLC2000 database for Southeast Asia
(version 3.0) (Stibig et al. 2007). The base years of
GLCC and GLC2000 are not much different, i.e.
1992− 1993 and 2000, respectively. In the former
database, ‘irrigated crop’ covers ~77% of land in the
Northeast sub-region and 69% in the Central sub-
region, but only 11 and 31%, respectively, in the lat-
ter database. For ‘crop/mixed farming’, it covers
<5% for both sub-regions in the former database, but
62 and 26% in the latter, respectively. The large dis-
crepancies found above partly support the modifica-
tion strategy. Here, we also conducted a preliminary
long-term (1961−2000) simulation test using the
GCM output and the default land cover data and
found similar large systematic cold biases; we then
adopted the strategy for the simulations here. As a
result, temperature outputs were more acceptable
when compared against observation data (see sec-
tion 3.1.).

2.1.1.  GCM data

Simulated output of coupled AOGCM model
ECHAM5/   MPI-OM experiments in support of the
IPCC AR4 (www.mad.zmaw.de/service-support/
consortium- model-runs/ipcc-experiments/ index. html)
was used to specify the initial and boundary condi-
tions of D1 simulations for both atmospheric states
and sea surface temperature (SST). The atmospheric
dynamical component of ECHAM5/ MPI-OM is the
fifth generation GCM developed by the European
Centre for Medium Range Weather Forecasts
(ECMWF) and the Max-Planck-Institute for Meteor-
ology (ECHAM5; Roeckner et al. 2003) that uses T63
spectral resolution (~1.875° spacing along longitude)

and 31 vertical hybrid layers, with the top level at
10 hPa. The ocean−sea ice component is based on the
Max-Planck-Institute Ocean Model (MPI-OM; Mars-
land et al. 2003) and a primitive equation z-coordi-
nate model with ortho gonal curvilinear coordinates.
For the ECHAM5/  MPI-OM, scenarios considered
here are 20C3M, A2, A1B, and B1. 20C3M represents
the 20th century conditions with historical GHG and
aerosol forcings, which ends in 2000. The other sce-
narios correspond to future IPCC-defined scenarios
(Nakicenovic et al. 2000), each of which depicts a
 different future projection. A2 pertains to high popu-
lation growth but slow economic development and
tech nological change. A1B pertains to very rapid
eco nomic growth, increased population until the
mid-21st century (and then followed by a decrease),
and rapid introduction of new and more efficient
tech no logies with a ba lance across all energy
sources. B1 describes low population growth, rapid
transition to a service and information economy, and
introduction of clean and highly resource-efficient
technologies. Each of these scenarios was run 3 times
with different initial conditions. Results from all 3
runs were integrated into the IPCC AR4 report. Here,
the output of the third run was used, the reason being
that a subset of the ECHAM5/MPI-OM output was
initially provided by the ICTP (currently available at
http: // users. ictp. it/~ pubregcm/ RegCM4/  globedat. htm)
to start the work, which was based on the third run.
The remaining GCM output was then obtained from
the Climate and Environmental Retrieving and
Archiving (CERA)’s server (http:// cera- www.dkrz.
de/   CERA/index.html) and based on the same run for
consistency.

2.2.  Climatic means and extremes

In determining climatic means and extremes, only
those from the D2 simulations were used. In the
study, a set of 8 indices was considered here
(Table 1). The first 4 are temperature-based ex treme
indices (TEIs), including cold nights (TN10p), cool
days (TX10p), warm nights (TN90p), and hot days
(TX90p). The other 4 are precipitation-based ex -
treme indices (PEIs): CDDs, maximum 5 d precipita-
tion (Rx5day), number of very heavy rain days
(R20mm), and precipitation due to very wet days
(R95p). These indices are commonly used in climate
change studies and relevant in Thailand’s context,
and they are a subset of the climate extreme indices
recommended by the Climate Variability and Pre-
dictability (CLIVAR) project’s Expert Team on Cli-
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mate Change Detection, and Indices (ETCCDI)
(Peterson et al. 2001, see http://etccdi. pacificclimate.
org/index.shtml for details). To compute the selected
TEIs requires only daily maximum temperature
(Tmax) and daily minimum temperature (Tmin). For
the selected PEIs, only daily precipitation data are
used. The FClimDex program (a FORTRAN version
of RClimDex) (Zhang & Yang 2004) was used to cal-
culate them, and the 30 yr period of 1971 to 2000 was
set as the baseline period in calculating the per-
centile-based indices (TN10p, TX10p, TN90p,
TX90p, and R95p).

The study focuses on determining the differences
of climatic conditions between the future-year period
(under the 3 scenarios) and the present-year period
across all sub-regions of Thailand (Central-East,
North, Northeast, and South) over the 3 mo seasons
(December to February: DJF, March to May: MAM,
June to August: JJA, and September to November:
SON). It also examined the overall model predictabil-
ity for the present-year period by comparing it with
observation data. Here, daily max./mean/min. tem-
perature and precipitation data were obtained from
the Thai Meteorological Department (TMD), Min-
istry of Information and Communication Technology.
The data were quality-checked and tested for homo-
geneity using the Standard Normal Homogeneity
Test method (Alexanders son 1986). Temperature
data from 43 stations and precipitation data from 58
stations were finally used (Fig. 1d). Every daily vari-
able contains <30% missing values (of days in 1961
to 2000). To ensure confidence in evaluation, we used
(besides the TMD data) a gridded climatic dataset of
monthly mean temperature and precipitation data
(University of Delaware v.2.01; Matsuura & Willmott
2009) — hereafter UDEL data — which has a 0.5° grid
resolution (over land) and spans the period 1900–
2008.

Two basic statistics used in the performance evalu-
ation are mean bias (MB) and root-mean-square
error (RMSE):

(1)

and

(2)

where Oij is the observed daily mean temperature or
daily precipitation on day i at station j for an area
(here, a sub-region), Pij is the corresponding pre-
dicted daily value, M is the total number of days in a
particular period (e.g. a 3 mo season), and N is the
total number of stations in a sub-region. Bilinear
interpolation was used to interpolate the model out-
put from neighboring grid cells to the location of a
TMD station. For comparison with UDEL data, simu-
lated results were regridded onto the 0.5°-resolution
UDEL grid. To determine the trend of an annual
quantity (TEI or PEI) over a station or a grid cell for a
long-term period, linear least-square fitting was
used, and the slope of a fit was interpreted as trend.
Following Klein Tank et al. (2009), to determine a
trend for an area (i.e. sub-region), the average of the
annual values from all stations (or grid cells) within
the sub-region was used as the dependent variable in
the linear least-square fitting (i.e. linear regression).
A non-parametric Mann−Kendall trend detection
method with serial-correlation correction according
to Hamed & Rao (1998) was employed to inspect the
statistical significance of trend (at a 5% level) against
the null hypothesis of no trend. To perform a trend
test with the method, the R statistical environment (R
Development Core Team 2013) with an add-on trend
detection routine (Sander Meteorology Group 2013)
was used.
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No.          Index name                                          Description                                         Unit

1 (TEI)     Cold nights (TN10p)                                                       Annual count of days when Tmin < 10th percentile             d
2 (TEI)     Cool days (TX10p)                                                          Annual count of days when Tmax < 10th percentile            d
3 (TEI)     Warm nights (TN90p)                                                     Annual count of days when Tmin > 90th percentile             d
4 (TEI)     Hot days (TX90p)                                                            Annual count of days when Tmax > 90th percentile            d
5 (PEI)     Consecutive dry days (CDD)                                          Maximum number of consecutive days with RR < 1 mm     d
6 (PEI)     Maximum 5 d precipitation amount (Rx5day)              Annual maximum 5 d precipitation                                      mm
7 (PEI)     Number of very heavy precipitation days (R20mm)    Annual count of days when RR ≥ 20 mm                               d
8 (PEI)     Precipitation on very wet days (R95p)                           Annual total precipitation when RR > 95th percentile       mm

Table 1. Temperature (TEI) and precipitation (PEI) extreme indices considered. Tmax/Tmin: daily max./min. temperature. RR: 
daily accumulated precipitation
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3.  RESULTS AND DISCUSSION

3.1.  Present-year simulation and evaluation

3.1.1.  Temperature

The model performance on 40 yr average daily
mean temperature is summarized in Table 2. In com-
parison with the TMD data, temperature was under-
estimated in all sub-regions and seasons. The degree
of cold bias varies, being relatively small in DJF (−0.8
to −1.9°C for MB) and larger in JJA (−1.9 to −3.3°C for
MB). Across the sub-regions and seasons, most of MB
magnitudes (62%) are within 2°C, and the range of
RMSE is 2.2 to 4.0°C. As for comparison with the
gridded UDEL data (Fig. 2a), temperature underesti-
mation is also seen in much of Thailand, particularly
during JJA when MB becomes relatively large in
magnitude. Like the TMD data, best results are in the
upper sub-regions (Central-East, Northeast, and
North) during DJF with MB magnitudes <2°C. The
model properly captures the seasonality of simulated
temperature (Fig. 2a, Table S1 in the supplement at
www.  int-res. com/  articles/ suppl/ c058p097_ supp.
pdf). For example, temperature peaks in MAM (i.e.
summer) and becomes lowest in DJF (i.e. winter),
and temperature variation in the maritime South is
not as apparent as in the other sub-regions.

Trends in the selected TEIs are summarized in
Table 3. It is noted that since a large amount of miss-
ing annual values (using the 30% as threshold) exist
for many TMD stations for the pre-1970 years, the
trends were thus estimated using data for 1970 to
2000 (i.e. 31 yr) instead. From the observations, the
trends in TN90p (warm nights) and TX90p (hot days)
are increasing (or positive) while those in TN10p

(cold nights) and TX10p (cool days) are decreasing
(or negative) in all sub-regions, implying increasing
trends in Tmax and Tmin. All TEI trends shown are
statistically significant (at a 5% level). The trend
direction (i.e. sign) given by the simulation agrees
with the observation trend for every TEI (except for
TX90p in the North) but the magnitude tends to be
smaller. The model skill in reproducing the variabil-
ity of Tmin and Tmax was examined using probabil-
ity density functions (PDFs) (Fig. S1 in the supple-
ment). For Tmax, all observation and simulation
PDFs are unimodal in all sub-regions. The shapes of
the observation PDFs are approximately normally
distributed while those from the simulation are posi-
tively skewed, except being close to normal in the
South. For Tmin, all PDFs look similar (i.e. negatively
skewed and unimodal) in each upper sub-region.
However, in the South, they are less skewed and, in
the case of the simulation PDF, bimodal. The temper-
ature underestimation by this simulation corresponds
to a negative PDF shift from the observation.

3.1.2.  Precipitation

With respect to the TMD data (Table 2), MB and
RMSE are relatively small in DJF in terms of magni-
tude (MB = 0.0 to 4.6 mm d−1 and RMSE = 3.0 to
28.1 mm d−1). Overestimation (wet bias) is seen in
the Central-East (except in SON) and South regions,
and become largest in JJA (10.0 and 18.1 mm d−1,
respectively). Dry bias is shown in all seasons for
the Northeast and the North but its magnitudes are
small (−2.7 to 0.0 mm d−1). In comparison with UDEL
data, precipitation in DJF and MAM is reasonably
predicted over most of the upper sub-regions (MB

<2 mm d−1 in magnitude) but overes-
timated over the South (most in JJA
and least in SON). Underestimation
was found in the upper sub-regions
during JJA and SON. The model
captures the seasonal and geograph-
ical contrasts of (40 yr average) pre-
cipitation (Fig. 2b, see Table S2 in
the Supplement). Specifically, for the
upper sub-regions, precipitation
amount is marginally small (<1 mm
d−1) in DJF (dry months) and rela-
tively large in JJA and SON (wet
months). Since the maritime South
does not have a well-defined dry
season, precipitation tends to persist
all year round. A large wet bias (2 to
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Sub-region     DJF       MAM      JJA     SON
                            MB  RMSE       MB  RMSE       MB  RMSE       MB  RMSE

Daily mean temperature (°C)
Central-East       −1.0    2.9         −2.1    3.3         −2.9    3.3         −2.1    2.9
Northeast            −0.8    3.7         −0.9    3.5         −2.6    3.2         −1.7    2.9
North                   −1.1    3.6         −1.9    4.0         −3.3    3.8         −1.8    3.1
South                   −1.9    2.4         −2.2    2.7         −1.9    2.6         −1.6    2.2

Daily precipitation (mm d−1)
Central-East         0.3    6.8        4.1   31.0        10.0   40.8        −0.8   22.8
Northeast             0.0    3.0        −1.4   11.3        −2.5   18.2        −2.1   13.1
North                    0.0    3.1        −0.3   11.5        0.0   16.0        −2.7   11.9
South                    4.6    28.1        6.0   34.9        18.1   58.9        2.1   39.2

Table 2. Model performance over the present-year period compared to Thai
Meteorological Department data. DJF: Dec−Feb, MAM: Mar−May, JJA: 

Jun−Aug, SON: Sep−Nov. MB: mean bias; RMSE: root-mean-squre error

http://www.int-res.com/articles/suppl/c058p097_supp.pdf
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3 times) is however seen over Central-East and
South in MAM and JJA. In Thailand and neighbor-
ing countries, May to July is typically the starting
time of the primary annual cycle of cropping or
plantation, and the most agriculturally intensive
region is the Central-East. Thus, the precipitation
amount predicted by the model here should be used
with caution or with bias adjustment if necessary.

Unlike TEI trends, PEI trends vary differently
across the sub-regions (Table 3), which is in accor-
dance with a global study of Alexander et al. (2006)
reporting that PEI trends tend to exhibit less spatial
coherence than TEI trends. Here, ~50% of the PEI
trends from the simulation have the same signs as in
those from the observation. Only 5 trends are statisti-
cally significant (at a 5% level), and they are from the
simulation, while the other trends are not. Some PEI
trends are fairly predicted, e.g. CDDs in the Central-
East. The trends in R95p (precipitation on very wet
days) are the most difficult to reproduce. The PDFs of
daily precipitation commonly have positive skewness
(Fig. S2) as seen in all sub-regions, but their densities
at lower levels of precipitation (<1 mm d−1) are
underestimated, meaning the occurrence frequency
of dry days (specifically, days with no or insignificant
rain) are under-predicted.

We examine the degrees of MB found in the cur-
rent study and Torsri et al. (2013), since both per-
formed simulations over the same present-year
period but with different driving fields. Here, we
specifically look into the seasonal MB values in
Table 2 (present study) to those in Table 1 reported in
Torsri et al. (2013). It was found that the ERA40-dri-
ven simulation agrees more with the observations for
both temperature and precipitation across Thailand,
but the MB magnitude mostly lies in the same range
as the GCM-driven simulation. For temperature,

both driving fields yield negative MB, and their dif-
ferences are small (<1.0°C). This also suggests that
the temperature underestimation found here is
mainly caused by model physics rather than error
inherited from the driving fields. Gao et al. (2012)
also arrived at a similar conclusion that RegCM3
physics is largely responsible for the model error
where it tends to magnify the cold biases seen in
driving GCM simulations over parts of India, South-
east China, and the IP (see Fig. 2 therein). For precip-
itation, the GCM-driven simulation generates larger
precipitation than its counterpart, but the sign of the
bias is the same except over the South for some sea-
sons. As for the annual cycle (i.e. seasonality), it is
well exhibited for both temperature and precipitation
by both driving fields. According to the above, the
present-year GCM-driven simulation is considered
reasonable to be used as reference.

3.2.  Future projections

Based on the examination of the model perform-
ance in the previous section, we admit the presence
of biases in our simulated results, which could be
attributed to various factors involved in the modeling
process, e.g. physical parameterizations, input data
(e.g. terrain, land cover, and driving meteorological
fields), and numerical discretization and its resolv-
ability. Nevertheless, we found that several climatic
conditions and some key features generated from the
GCM-driven simulation are in fair-to-acceptable
agreement with the observations, which gives confi-
dence to apply the model to the future period. The
potential changes in temperature and precipitation
are reported and discussed in this section, based on
the comparison of results from the future-year simu-
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Index                 Unit   Central-East      Northeast           North               South
name                                          TMD       RCM                 TMD       RCM                TMD       RCM                TMD       RCM

TN10p         d decade−1           −13.1*       −4.3                 −11.3*       −6.2                −13.7*       −5.8                −17.8*       −9.5
TX10p          d decade−1             −9.6*       −4.4                   −6.2*       −3.8                  −8.3*       −1.7                  −8.7*       −8.6*
TN90p         d decade−1             14.9*         6.7                   11.8*         6.9                  12.1*         3.2                  15.2*         8.9*
TX90p          d decade−1             16.2*         7.6                   11.3*         6.3                  15.2*       −0.8                  19.2*         8.2*
CDD            d decade−1               2.4           2.6                     0.1         13.5*                  6.8           9.0*                −3.4           1.3*
Rx5day      mm decade−1             5.8           8.6                   −0.7         −3.9                  −2.2           6.1                  −9.2       −14.6
R20mm        d decade−1             −0.2           1.2                     0.2         −0.2                  −0.4           0.5                  −0.3         −3.4*
R95p          mm decade−1             1.8         65.0                     6.7       −12.5                  −8.3         22.4                  20.7     −222.2*

Table 3. Trends in temperature (TEIs) and precipitation (PEIs) extreme indices over 1970−2000 by sub-region, estimated from
Thai Meteorological Department (TMD) data and the RegCM3 simulation. TEI — TN10p: cold nights; TX10p: cool days;
TN90p: warm nights; TX90p: hot days. PEI — CDD: consecutive dry days; Rx5day: max. 5 d precipitation; R20mm: number of 

very heavy rain days; R95p: precipitation due to very wet days. *Statistically significant at 5% level
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lations (under the A2, A1B, and B1 scenarios) and the
present-year (or reference) simulation. For conven-
ience, the 4 decades of the future years considered
(i.e. 2031−2040, 2041−2050, 2051−2060, and 2061−
2070) are referred hereafter to as the first to fourth
decades, respectively.

3.2.1.  Temperature

The decadal changes in temperature (with respect
to the present-year averages) are consistently
positive (i.e. increasing) in all future decades and
scenarios, ranging from 0.4 to 3.3°C (Fig. 3, see
Table S3 in the supplement). In each sub-region, the
largest change occurs in MAM of the final (or fourth)
de cade, i.e. 3.2°C in Central-East (A2), 3.3°C in the
North (A1B), 3.3°C in Northeast (A1B) and 2.7°C in
the South (A1B). The future increase in temperature
is a consistent feature in nearly all climate change
simulations conducted worldwide, but the peak of
warming may occur at different times for different re-
gions, e.g. projected warming over East Asia is maxi-
mum in DJF and minimum in JJA (Im et al. 2008).
B1 gives the lowest changes in the final decade (com-
pared to A2 and A1B), which is expected since B1
 depicts an optimistic scenario. In B1, the emissions
decline after 2050 (Nakicenovic et al. 2000). As a pos-
sible consequence, under this scenario, slight de-
creases or slower-rated in creases are commonly seen
in the third decade for all seasons and sub-regions
(with only exception of JJA in the upper sub-
regions). However, those negative changes turn posi-
tive later towards the final decade. It is not necessary
for A2 (a pessimistic scenario) to produce the
warmest climate. A slight drop (0.2°C) is present in
the second decade under A1B but limited to MAM in
the North. For the spatial patterns of change (as the
difference of the 40 yr averages between the refer-
ence and future-year periods), warming occurs in
most parts of Thailand under all scenarios; this is rel-
atively intense in the upper sub-regions, especially in
the summer (MAM) under A2 and A1B (see Fig. S3 in
the Supplement). From Fig. S3 and the above discus-
sion, the South ap pears to be least impacted by cli-
mate change for average temperature. According to
Christensen et al.’s (2007b) review of future climate
change over the IP, warming is projected to be
stronger over its interior land masses than over its
coastal areas, which agrees with the lower warming
observed in the maritime South.

The trends of TEIs over the reference and future-
year periods are summarized in Fig. 4. It is noted that

the trends over the entire reference period (i.e. 40 yr)
were estimated, which could be different from those
given in Table 3. One reason is that the latter trends
were estimated over 31 yr (1970 to 2000) (see Section
3.1). Another reason is that each of the former trends
was calculated based on all grid cells in a particular
sub-region, as opposed to the latter trends based only
on grid cells that are co-located at TMD stations
within a sub-region. From Fig. 4, the trends in TN10p
(cold nights) and TX10p (cool days) are always nega-
tive while those in TN90p (warm nights) and TX90p
(hot days) are positive under all scenarios across
Thailand, which agrees with a multi-model multiple-
scenario climate study (Meehl et al. 2007) reporting
the same trend directions for these TEIs for all
regions worldwide considered. About half of the
trends in the reference period (9 out of 16) and nearly
all future-year trends (45 out of 48) are statistically
significant. A global study on projected climate
extremes by Tebaldi et al. (2006) reported increased
statistical significance of trends in temperature ex -
tremes. For the future trends, those in TN10p and
TN90p are strongest under A2 (−5.3 to −3.4 d de -
cade−1 and 38.1 to 52.3 d decade−1, respectively)
while those in TX10p and TX90p are strongest under
A1B (−5.8 to −4.1 d decade−1 and 18.8 to 36.2 d de -
cade−1, respectively). The trends under A2 and A1B
seem to be relatively close, as compared to those
under B1. By examining the PDF shapes of Tmax and
Tmin in each sub-region (see Fig. S4), they look
somewhat similar. The PDFs under the future scenar-
ios tend to show a positive shift from those in the ref-
erence period.

3.2.2.  Precipitation

Unlike temperature, the decadal changes in pre-
cipitation over the future decades appear to vary dif-
ferently among the sub-regions (Fig. 5, Table S4 in
the Supplement). Nevertheless, the degree of varia-
tion of change in the South tends to be larger than
that in the upper sub-regions. For the South, a drier
climate is expected, with the exception of a slightly
wetter climate in SON during the first and second
decades under A1B. Across the sub-regions, the vari-
ations of change tend to be most intensified in JJA,
when precipitation decreases by 2.4 to 8.7 mm d−1. In
the Northeast and North, the changes are not pro-
nounced or may not be evident in every season. In
the   Central-East, no substantial changes are seen in
DJF. In this sub-region SON becomes wetter under
A1B and drier under the other scenarios but to a
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small degree (<1 mm d−1 in magnitude), while MAM
and JJA tend to experience a drier climate (in most
cases). JJA is also the season where changes are
quite variable across all decadal periods with the
drier trend being overturned in the final decade. For
spatial patterns of change on a 40 yr average basis
(see Fig. S5), no — or minimal — changes (<1 mm d−1

in magnitude) are seen in most of the upper sub-
regions. However, preci pitation over the South and
coastal areas of the  Central-East tends to decrease,
being most pronounced in MAM and JJA under A2.
It is also noted that the opposite pattern of increased
precipitation in JJA is projected over South Asia,
East Asia and Southeast Asia from multi-AOGCM

experiments (Christensen et al. 2007b), and many
previous RCM studies have come in general agree-
ment with this finding, though with large spatial and
interannual variations, e.g. RCM experiments over
China (Gao et al. 2012), India (Kumar et al. 2011),
and East Asia (Im et al. 2008).

For the trends in PEIs (Fig. 6), spatial coherence is
also seen in the upper sub-regions, i.e. trends tend to
be in the same direction (here, positive). For the
South, trends vary greatly and are strongly dependent
on the choice of scenario. Unlike TEIs, no linear or di-
rect relationship between the trend strength/ direction
and the emission strength from the 3 scenarios is
readily implied for the selected PEIs. Those in CDDs

Fig. 3. Decadal changes in daily mean temperature under different scenarios by season and (a−d) sub-region. Changes were cal-
culated with respect to present-year (1961−2000) averages. Parentheses: averages over the present-year period. DJF: Dec−Feb, 

MAM: Mar−May, JJA: Jun−Aug, SON: Sep−Nov
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are positive in all cases (in all sub-regions and in both
the reference and future-year periods under all sce-
narios), with a range of 0.1 to 3.6 d  de cade−1, except
for Central-East under A2 (−1.2 d de cade−1). For
Rx5day (max. 5 d precipitation), R20mm (very-heavy-
precipitation days) and R95p (precipitation on very
wet days), most trends are positive in the upper sub-
regions, but in the South they are commonly negative
in the reference period and under B1. These results
suggest that significant or heavy rain and dry spells
tend to occur more frequently in the upper-regions.
Almost all trends (63 out of 64) are not statistically sig-
nificant (at a 5% level), which is similar to those in-
ferred from the observations (Section 3.1) and, to a
certain degree, to the global study of Te baldi et al.
(2006) and the regional study of Alexander &
Arblaster (2009) for Australia (although the set of cli-
mate indices and the time periods analyzed are not
identical). All PDFs of daily precipitation in each sub-
region in both reference and future-year periods (see
Fig. S6) are positively skewed and look similar, but it
is somewhat difficult to discern the differences in their
long tails. However, all PDFs pertaining to the future
periods show larger densities over the low-end values
in all sub-regions, corresponding to higher frequency
of dry events occurring across Thailand.

It is of our further interest to examine the issue of
future reduction in precipitation seen in the Central-
East (particularly during JJA) and the South (all year
round, particularly during JJA) (Fig. 5a,d, respec-
tively). For each sub-region, the relationship of pre-
cipitation and SST was examined by a gridded corre-
lation map between daily precipitation in JJA over
the South and SST under A2 (Fig. 7), and an average
SST difference map between A2 and the present-
year period (A2 minus REF) (Fig. 8). Such correlation
and SST-difference maps were also employed by Ho
et al. (2011) to explain a projected decline in heavy
rainfall for a sub-region in Vietnam. The months of
JJA and the A2 scenario were considered representa-
tive because precipitation in JJA is most abundant
across Thailand (see Table S2 in the Supplement) and
A2 is the scenario where the precipitation reduction
tends to be well pronounced (Fig. 5d). In Fig. 7, a
weak negative correlation (0 to 0.2 in magnitude) is
present over several parts of the Indian Ocean (e.g.
the Bay of Bengal [BB], and <5°S) and most of the
South China Sea (SCS). A weak positive correlation
(0 to 0.2) also exists but in areas far from (i.e. not adja-
cent to) Thailand, e.g. the upper SCS, the East China
Sea, off Sumatra Island to the west, and the southern
Philippine Sea. The negative correlation of 0.1 to 0.2
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Fig. 4. Simulated trends in temperature-based extremes indices (TEIs) over the present-year period (1961−2000 or REF) and
future-year period (2031−2070) under different scenarios by sub-region. *Statistically significant at 5% level. TN10p: cold 
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in magnitude is observed near Sri Lanka and over the
lower SCS, which is generally statistically significant
(at a 5% level). Positive SST change is coherently
seen entirely over water and is relatively large (1.6 to
2.0°C) near southern India and Sri Lanka. Winds in
JJA are mainly responsible for moisture transport
from the Indian Ocean to the South and the rest
of Thailand. An additional examination of average
850 hPa winds in JJA shows that the monsoonal west-
erly flow appears to weaken in the future over the
southern and southeastern parts of the BB and the
South of Thailand, i.e. having opposing easterly wind
difference vectors (A2 minus REF) (Fig. 9). The nega-
tive-correlation and wind-difference patterns suggest
a reduction in precipitation over the South in the fu-
ture. A smaller degree of precipitation reduction in
the final decade (2061−2070) (Fig. 5d) may be due
partly to the shifted direction of wind difference vec-
tors, which is non-opposing. Similarly, for B1 (not
shown), negative correlation is present ap proximately

over the same areas, and positive SST change is co-
herently seen but with a smaller degree than under
A2. Wind difference vectors (B1 minus REF, on the
40 yr average basis) are also shown to be easterly, ap-
proximately over the same areas as in A2. But in the
final decade (2061−2070), they are also easterly, but
with larger magnitudes (not shown), intensifying pre-
cipitation reduction (Fig. 5d). For the Central-East,
the corresponding correlation map for JJA under A2
(see Fig. S7) shows negative correlation in both the
BB and SCS, with a stronger magnitude in com -
parison with that in the South (e.g. 0.2 to 0.4 over the
SCS). With the negative correlation, the increased
SST over the BB and SCS (Fig. 8) relates to precipita-
tion reduction in JJA. According to Takahashi &
Yasu nari (2006), most of JJA climatologically falls in
the annual monsoon break period for precipitation
over the IP, and precipitation during the monsoon
break is influenced by several factors including mete -
oro lo gi cal conditions over the BB and SCS. Wang &

110

Fig. 5. Decadal changes in daily precipitation under different scenarios by season and (a−d) sub-region. See Fig. 3 for details
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LinHo (2002) designated the IP as a transition zone
between the Indian monsoon and the western North
Pacific monsoon in the boreal summer. In view of
large-scale winds, the overall wind change over the
Central-East is small (<0.3 m s−1) (Fig. 9), but in the fi-
nal future decade, westerly wind difference vectors
are observed over the BB and the Central-East, and
are likely to attenuate precipitation  reduction.

4.  CONCLUSIONS

Through fine-resolution simulations using the
RegCM3 model, projected changes of selected mean
and extreme characteristics of temperature and pre-
cipitation over Thailand during the mid-21st century
were quantified. The 3 IPCC future emissions scenar-
ios (A2, A1B, and B1) were considered, thus enabling
the investigation of different degrees of change
induced, which could be useful to help climate-
change workers understand a range of uncertainty in
the future regional climate under different assump-
tions, in support of their planning related to climate
change for Thailand. Other local RCM studies have
also been initiated and more or less independently

implemented in terms of choices of model and simu-
lation design, scope of evaluation and analysis, and
some are still ongoing. A well-planned comprehen-
sive intercomparison of their findings should be con-
ducted in the future.

The model’s predictability over the present-year
climate was evaluated. Underestimation of tempera-
ture was found across Thailand, but its degree may
be considered not too severe (mostly within 2°C). The
model reasonably predicts the trend directions of the
selected TEIs in most cases (here, decreasing cool
days and cold nights, and increasing warm nights
and hot days). For precipitation, the performance
varies among sub-region with relatively large biases
seen in the wet season. The findings of projected pre-
cipitation change should thus be used with caution,
due to its relatively poor performance. For the trends
in the selected PEIs, both the observations and the
simulation commonly show that most of the PEI
trends are not statistically significant, and the model
predicts trend direction correctly for about half of the
cases. The most salient ability of the model is to cap-
ture well the seasonal and geographical patterns of
both variables. A number of factors may have con-
tributed to the precipitation performance, e.g. inac-
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curate or imperfect representation of convective
parameterization, inaccurate or imperfect perform-
ance of convective and land surface schemes, and
error in input data.  Simulated precipitation in Thai-
land is highly sensitive to each convective parame-
terization in RegCM3 (OM11). More physics options
of both convective parameterization and land-sur-
face model are in cluded in the model’s new version
(RegCM4). Future applications of the new version,
together with sensitivity tests, will give opportunity
to re-examine model performance. A finer model res-
olution (e.g. 10 km) could also be beneficial in terms
of better resolving topographical effects on precipita-
tion over mountainous areas. Relatively large biases
and errors in precipitation seen in the wet season
(specifically JJA) could possibly reflect the limited
capability of the model to represent the wet-season
monsoon system over the IP. This monsoon system is
known to be associated or linked with the Indian
monsoon and the western North Pacific monsoon
(Wang & LinHo 2002), ENSO (Singhrattna et al. 2005,
Kumar et al. 2011), and IP monsoon break dynamics
(Takahashi & Yasunari 2006). Detailed investigations
in relation to these are beyond the scope of the cur-
rent study, but will be useful in further research,
enhancing the in-depth understanding of projected
precipitation in Thailand and the IP region.

Under the 3 future scenarios, a temperature in -
crease across Thailand of 0.4 to 3.3°C is expected,
with most pronounced warming seen under A2 and
A1B in MAM of the final future decade (2061 to
2070). In terms of average temperature, the maritime
South is the area least affected. In the future, increas-
ing trends are expected for warm nights and hot
days, but decreasing trends are for cold nights and
cool days. Moreover, the future TEI trends tend to be
statistically significant. The largest trend magnitudes
are under A2 for cold nights and warm nights and
under A1B for cool days and hot days. For precipita-
tion, its changes are not as spatially coherent as those
for temperature. Under all scenarios, a shift to drier
conditions was found over the Central-East and
South in every season. Nevertheless, no substantial
changes in average precipitation were found in the
upper sub-regions, whereas the South appears to be
most affected, with less rain in most times of the year.
Each sub-region tends to experience more CDDs. For
the other PEIs (max. 5 d precipitation, number of very
heavy precipitation days, and precipitation due to
very wet days), their trends are increasing in the
upper sub-regions, but the results vary for the South,
depending on the scenarios. These findings suggest
that heavy precipitation and dry spells will intensify
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Fig. 7. (a) Correlation between daily precipitation in the
South and sea surface temperature (SST) under scenario A2, 

and (b) its corresponding p-value

Fig. 8. Difference in sea surface temperature (SST) under
scenarioA2 between the future-year period (2031−2070) and 

present-year period (1961−2000)
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or occur more frequently in the upper sub-regions in
the future. In general, both are of great public con-
cern, since the former is associated with flooding and
the latter leads to drought.
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