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Abstract: This study investigates projected changes in rainfall and

temperature over Malaysia by the end of the 21st century based on

the Intergovernmental Panel on Climate Change (IPCC) Special

Report on Emission Scenarios (SRES) A2, A1B and B2 emission

scenarios using the Providing Regional Climates for Impacts Studies

(PRECIS). The PRECIS regional climate model (HadRM3P) is

configured in 0.22o
× 0.22o horizontal grid resolution and is forced at

the lateral boundaries by the UKMO-HadAM3P and UKMO-

HadCM3Q0 global models. The model performance in simulating

the present-day climate was assessed by comparing the model-

simulated results to the Asian Precipitation - Highly-Resolved Obser-

vational Data Integration Towards Evaluation (APHRODITE)

dataset. Generally, the HadAM3P/PRECIS and HadCM3Q0/PRECIS

simulated the spatio-temporal variability structure of both temperature

and rainfall reasonably well, albeit with the presence of cold biases.

The cold biases appear to be associated with the systematic error in

the HadRM3P. The future projection of temperature indicates

widespread warming over the entire country by the end of the 21st

century. The projected temperature increment ranges from 2.5 to

3.9oC, 2.7 to 4.2oC and 1.7 to 3.1oC for A2, A1B and B2 scenarios,

respectively. However, the projection of rainfall at the end of the 21st

century indicates substantial spatio-temporal variation with a tendency

for drier condition in boreal winter and spring seasons while wetter

condition in summer and fall seasons. During the months of

December to May, ~20-40% decrease of rainfall is projected over

Peninsular Malaysia and Borneo, particularly for the A2 and B2

emission scenarios. During the summer months, rainfall is projected

to increase by ~20-40% across most regions in Malaysia, especially

for A2 and A1B scenarios. The spatio-temporal variations in the

projected rainfall can be related to the changes in the weakening

monsoon circulations, which in turn alter the patterns of regional

moisture convergences in the region.
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1. Introduction

The Intergovernmental Panel on Climate Change (IPCC)

concluded in its Fifth Assessment Report (AR5) that climate

change is unequivocal and is primarily due to the cumulative

concentration of anthropogenic greenhouse gasses in atmos-

phere (IPCC, 2013). For adaptation to climate change,

information at regional and local scales is crucially important.

Generally, the IPCC AR5 and other previous IPCC reports

provided climate changes assessments at the global scale, but

knowledge gaps remain large at both regional and local scales.

Malaysia, in particular, is still lacking in detailed climate

change information (Tangang et al., 2012). Hence, this research

aims for enhancing the regional and local knowledge of future

climate change. 

Malaysia is located in the western Maritime Continent

where its climate and weather are modulated largely by the

Asian-Australian monsoon system (Aldrian and Susanto, 2003;

Chang et al., 2003; McBride et al., 2003; Moron et al., 2009;

Robertson et al., 2011; Juneng and Tangang, 2010; Tangang et

al., 2012). However, in addition to the cyclic monsoon cycle,

the climate over this region also experiences substantial intra-

seasonal to interannual variabilities associated with Madden-

Julian oscillation (MJO), Indian Ocean Dipole (IOD) and El-

Niño Southern Oscillation (ENSO) (Ashok et al., 2001; Hendon,

2003; McBride et al., 2003; Waliser et al., 2003; Wang et al.,

2003; Tangang and Juneng, 2004; Chang et al., 2005; Juneng

and Tangang, 2005; Tangang et al., 2007; Behera et al., 2008;

Meehl and Arblaster, 2011; Tangang et al., 2012; Salimun et

al., 2014, 2015). Moreover, previous studies also indicated

possible long-term changes of the monsoon system, which

could be associated with warming of global climate in recent

decades (Hu et al., 2000a, 2000b; Gong and Ho, 2002; Meehl

and Arblaster, 2003; Xu et al., 2006; Meehl et al., 2007;

Trenberth et al., 2007; Wu et al., 2007; Yu and Zhou, 2007;

Juneng and Tangang, 2010).

Future climate according to greenhouse gas emission

scenarios can be projected using coupled atmosphere-ocean

general circulation models (AOGCMs) (Ravindranath and

Sathaye, 2002; IPCC, 2007, 2013). Despite considerable inter-

model differences, the AOGCMs have shown encouraging

steady improvement over the last decades (Rupa Kumar et al.,

2006; Randall et al., 2007; Giorgi et al., 2009). The projected

future climate scenarios reported in the AR5 were based on

over forty AOGCMs under the auspices of the Coupled Model
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Intercomparison Project 5 (CMIP5) (IPCC, 2013). However,

despite their ability to simulate climate at the global and con-

tinental scales, the capability of these models is quite limited in

resolving the local-level details generally required for impact

assessment (e.g. Takle et al., 1999; Jones et al., 2004; Randall

et al., 2007). At such coarse resolution, important processes

that are influenced by topography and landmass distribution

are often not well simulated. Regional climate models (RCMs)

may be used to dynamically downscale AOGCMs to produce

more detailed climatic information for a particular region (e.g.

Giorgi and Hewitson, 2001; Jones et al., 2004). With horizontal

resolutions of typically 10-50 km, a regional model covers

limited areas of the globe, with input lateral boundary

conditions provided by AOGCMs (Dickinson et al., 1989).

Currently, studies on regional climate downscaling over

Malaysia are limited (Tangang et al., 2012). A recent study by

Kwan et al. (2014) reported that the Providing Regional

Climate for Impacts Studies (PRECIS) modelling system

provides a reasonable simulation of regional and local climate

over Malaysia for a period of 1970-1999. 

The present study examines the projected changes of

seasonal precipitation and temperature by the end of the 21st

century over Malaysia regions based on IPCC SRES A2, A1B

and B2 emission scenarios. The PRECIS regional climate

model (HadRM3P), nested within the UKMO HadAM3P and

HadCM3Q0 global models, is used to simulate regional

rainfall and temperature for future climate projections. The

next section describes briefly the model, data and analysis

employed in the study. Section 3 elaborates and discusses the

simulation results, model validation and future climate pro-

jections. Finally, Section 4 summarizes and concludes the study.

2. Data and method

The study employs PRECIS, a regional climate modelling

system developed by the Hadley Centre of the United

Kingdom Met Office (UKMO) (Jones et al., 2004). The main

component of PRECIS is HadRM3P (Jones et al., 2004;

Massey et al., 2015), a high resolution atmosphere-land sur-

face coupled model (Jones et al., 2004) that has 19 hybrid

vertical coordinate levels and uses a hydrostatic dynamic.

Detailed description of the model is provided by Jones at al.

(2004) and Massey et al. (2015). In a recent study, Kwan et al.

(2014) used the same model and domain configuration to

downscale the second generation of the European Centre for

Medium Range Weather Forecast (ECMWF) reanalysis (ERA40).

In the current study, HadRM3P is forced at the lateral bound-

aries by the Hadley Centre Atmospheric General Circulation

Model 3P (HadAM3P) and Hadley Centre perturbed physics

ensemble (HadCM3Q0, “0” means the standard or unper-

turbed model) with N96 resolution (1.25 × 1.875 degrees).

The HadCM3Q0 and HadAM3P models are developed by

the Hadley Centre UKMO (Gordon et al., 2000; Pope et al.,

2000; Collins et al., 2001; Massey et al., 2015). HadCM3Q0

was developed from the earlier Hadley Centre Coupled Model

version 3 (HadCM3) model (Johns et al., 1997; Massey et al.,

2015), but with various improvements to the atmosphere and

ocean components such as increasing the horizontal resolution

of the HadCM3 model. HadCM3Q0 is a coupled GCM which

has been derived from the atmospheric component of HadCM3.

The oceanic component of the model has 20 levels with a

horizontal resolution of 1.25o

× 1.25o (Johns et al., 2003). The

HadAM3P is a global atmosphere-only model, which was

developed based on the previous version of the HadAM2b

climate model (Stratton, 1999), with some major improve-

ments (Pope et al., 2000). In the current study the HadRM3P is

configured for a domain extending from 96oE to 121oE and 6oS

to 12oN (Fig. 1) with a total horizontal grids of 135 × 100,

covering both Peninsular Malaysia and Borneo. HadRM3P

was run at 0.22o

× 0.22o (~25 km resolution) horizontal re-

solution with lateral boundary conditions provided from the

HadAM3P and HadCM3Q0 simulations. The baseline climate

simulation covers a period of 25 years from 1966-1990. For

future simulation, time slices from a 30 years period (2070-

2099) are considered. Future simulations using IPCC SRES

A2 and B2 scenarios utilise HadAM3P, while SRES A1B

emissions utilise HadCM3Q0. The A2 and B2 represent the

emission scenarios of regionally focused development but with

priority to economic and environmental issues, respectively,

while A1B represents emission scenario of globally focused

technological change (Naki enovi  et al., 2000). For the

HadAM3P driven PRECIS simulation (hereafter HadAM3P/

PRECIS), the sea-surface boundary conditions are derived by

combining changes in the sea-surface temperature simulated in

the integrations of UKMO’s HadCM3Q0 using the same

emissions scenarios with the historically observed Hadley

c′ c′

Fig. 1. The geographical extent of the domain used for HadAM3P/
PRECIS and HadCM3Q0/PRECIS simulations. The boxes repre-
sent the 11 sub-regions selected for area-averaged analysis. The
elevation is in meter.
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Centre Global Ice and Sea Surface Temperature (HadISST)

time series. For the HadCM3Q0 driven PRECIS simulation

based on the A1B scenarios (hereafter HadCM3Q0/PRECIS),

the sea-surface boundary conditions are taken directly from the

ocean component of the HadCM3Q0 run.

The HadAM3P/PRECIS and HadCM3Q0/PRECIS simula-

tions during the baseline period were validated with the

0.25o

× 0.25o the Asian Precipitation - Highly-Resolved Obser-

vational Data Integration Towards Evaluation (APHRODITE)

gridded data (Yatagai et al., 2012). APHRODITE dataset has

been validated against observation over Malaysia and was

found to be one of the best performed products (Tan et al.,

2015). For detailed characterization of future climate changes

in Malaysia, eleven sub-regions were selected to represent

specific regions of interest in both the Peninsular Malaysia and

northern Borneo (Fig. 1). These sub-regions are identical to

those considered in Kwan et al. (2014).

3. Results and discussion

a. Validation of baseline climate simulations

(1) Mean Surface Mean Air Temperature

Malaysia experiences minimum and maximum mean surface

air temperature during December and May, respectively

(Tangang et al., 2007). During December, mean surface air

temperature averages 25-26oC, with cooler temperature over

the east coast of Peninsular Malaysia due to the advection of

cool air masses by the northeasterlies during winter monsoon.

During May, the mean temperature ranges from 26oC to 28oC.

Figure 2 depicts the spatial comparison between the

APHRODITE gridded seasonal mean temperature and the

mean biases of HadAM3P/PRECIS and HadCM3Q0/PRECIS

over Malaysia from 1966 to 1990. Generally, HadAM3P/

PRECIS and HadCM3Q0/PRECIS simulate reasonably well

the spatial distribution of the seasonal mean temperatures but

with cold biases in most areas, consistent with the ERA40/

PRECIS simulation described in Kwan et al. (2014; Fig. 2).

Given the fact that these two studies share the same model and

domain configuration but with different forcings, the sources

of biases may be common for both studies. To further

investigate the likely reasons for these cold biases, we plotted

in Fig. 3 the HadCM3Q0 biases against the APHRODITE

temperature data. The figure indicates overall warm biases of

HadCM3Q0 compared to cold biases of PRECIS simulation

(Fig. 2). Such opposite polarity of biases between GCM and

RCM suggests some processes in the RCM may cause such

responses. Figure 4 depicts the differences of shortwave

Fig. 2. Spatial distributions of APHRODITE seasonal mean temperature (
o
C) (left panel), HadAM3P/PRECIS biases

(middle panel) and HadCM3Q0/PRECIS biases (right panel) for the baseline period simulation.
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radiation between HadCM3Q0 and HadCM3Q0/PRECIS. It is

noted that the driving HadCM3Q0 is warmed by much larger

shortwave fluxes compared to PRECIS over both Peninsular

Malaysia and Borneo except over the central Peninsular

Malaysia and central Borneo where the HadCM3Q0/PRECIS

simulation produces warm biases. Hence, the cold biases in

Fig. 4. The distribution of shortwave radiation difference between the HadCM3Q0 and the HadCM3Q0/PRECIS (HadCM3Q0
minus HadCM3Q0/PRECIS) at different seasons. Unit is W m−2

. 

Fig. 3. The spatial distribution of HadCM3Q0 temperature biases (oC) with reference to APHRODITE at different seasons.
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PRECIS are partially accounted by shortcomings in the surface

shortwave radiation processes. Hudson and Jones (2002) high-

lighted cold biases may result from negative feedbacks

between increased cloudiness and reduction in shortwave radi-

ation and insolation reaching the earth’s surface.

Figure 5 shows the Taylor diagrams comparing the seasonal

spatial correlation, root-mean-square-error and standard de-

viations of mean surface air temperature of HadAM3P/

PRECIS, HadCM3Q0/PRECIS and ERA40/PRECIS versus

the APHRODITE dataset for the baseline period. The ERA40/

PRECIS simulation was obtained from Kwan et al. (2014).

Overall, the performances of HadAM3P/PRECIS and Had-

CM3Q0/PRECIS are consistent with those of ERA40/

PRECIS. For all seasons, the spatial correlation values are

relatively high (~0.80). This result shows that both models,

HadAM3P/PRECIS and HadCM3Q0/PRECIS, perform rea-

sonably well in simulating the seasonal mean temperature over

Malaysia during the baseline period.

The seasonal cycles of observed APHRODITE and simu-

lated HadAM3P/PRECIS and HadCM3Q0/PRECIS tempera-

tures of the 11 sub-regions are compared in Fig. 6. Consistent

with Fig. 2, both HadAM3P/PRECIS and HadCM3Q0/

PRECIS tend to underestimate the mean temperature over

these sub-regions, particularly including R2 of northern

Peninsular Malaysia and R6, R8, R9 and R10 of Borneo.

However, in sub-regions R1, R3, R4, R5, R7, both models

Fig. 5. The distribution of shortwave radiation difference between the HadCM3Q0 and the HadCM3Q0/PRECIS
(HadCM3Q0 minus HadCM3Q0/PRECIS) at different seasons. Unit is W m−2. 
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performed reasonably well. There is also a mismatch of the

timings of maximum and minimum warming between models

and APHRODITE data in some sub-regions. For example, in

R1 sub-region, the simulated maximum temperature of both

models occurs in July compared to May in the observed cycle.

Similarly, in some sub-regions the simulated minimum tem-

perature occurs in February instead of December or January in

the observation. However, in R3 sub-region, the opposite

occurs where the simulated temperature peaks in March

compared to May in APHRODITE. The standard deviations

reflecting the interannual variability of the mean temperature

of the sub-regions are also shown in Fig. 6. HadAM3P/

PRECIS and HadCM3Q0/PRECIS generally underestimated

the APHRODITE standard deviations. However in most

regions, the HadAM3P/PRECIS and HadCM3Q0/PRECIS

show maximum interannual variability during the MAM

period instead of during the DJF as reported in Tangang et al.

(2007). The interannual variability of HadAM3P/PRECIS and

HadCM3Q0/PRECIS simulations may be dependent on the

characteristics of interannual variability of the forcing GCMs.

Since the main interest of this study is on the mean change

associated with different SRES emission scenarios, detailed

understanding of interannual variability in the forcing GCMs is

beyond the scope of this study.

(2) Monthly rainfall

The downscaled HadAM3P/PRECIS and HadCM3Q0/

PRECIS precipitation outputs are compared with APHRO-

DITE gridded data in Fig. 7. Generally, the simulated seasonal

rainfall of both models show spatio-temporal variations. The

HadAM3P/PRECIS tends to underestimate seasonal rainfall in

western Borneo and Peninsular Malaysia during DJF and in

western Borneo during SON. During MAM and JJA, the

HadAM3P/PRECIS performed reasonably well over Borneo

but underestimated rainfall over east coast Peninsular

Malaysia. In contrast, the HadCM3Q0/PRECIS overestimated

the seasonal rainfall, particularly over the central Borneo.

However, it also showed dry condition over northern and

eastern Borneo during DJF. During SON, the variation is

consistent with that of the HadAM3P/PRECIS except the

simulated condition is less dry. In both models, there is a

tendency for overestimation of rainfall over some mountainous

areas. Kwan et al. (2014) noted a similar overestimation of the

precipitation over the mountainous area. As highlighted in

Fig. 6. Comparison between averaged baseline monthly temperature climatology (left ordinate) of the APHRODITE data and the
HadAM3P/PRECIS and HadCM3Q0/PRECIS downscaling simulation, over the 11 sub-regions (refer Fig. 1). The observed and
simulated interannual variabilities as indicated by the year-to-year standard deviations (right ordinate) are also plotted.
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other studies, this could be due to model’s low resolution,

misrepresentation of land - surface processes and their inter-

actions in the model (e.g. Alves and Marengo, 2010). 

The underestimation of rainfall in the HadAM3P/PRECIS

during SON and DJF, which is ~ −60% of observed rainfall,

may indicate the model’s failure in simulating the winter

monsoon rainfall and the rain producing system discussed in

Chen et al. (2013). In contrast, HadCM3Q0/PRECIS over-

estimated the winter monsoon rainfall in most areas especially

in northeastern Peninsular Malaysia and central Borneo. The

HadCM3Q0/PRECIS also tends to underestimate rainfall over

eastern Borneo. These discrepancies may be related to the

feedback processes in the model. The relatively dry (wet) area

in eastern (central) Borneo corresponds well to area of larger

(smaller) sensible heat flux (not shown). Generally, the Had-

AM3P/PRECIS performance tends to be better during MAM

where the simulated spatial pattern matches the observed

pattern rather well except in central Borneo where over-

estimation occurs. For the HadCM3Q0/PRECIS simulation,

the performance appears relatively better during SON. 

Overall, there is greater consistency between the simulated

rainfall of HadAM3P/PRECIS and HadCM3Q0/PRECIS,

except during DJF season. The negative biases in the Had-

AM3P/PRECIS during DJF may suggest the model’s failure to

correctly simulate the winter monsoon winds that bring large

amount of rainfall to east coast of Peninsular Malaysia and

western Borneo (e.g. Chang et al., 2005; Chen et al., 2013).

The HadAM3P/PRECIS also failed to simulate the high

intensity of rainfall in the western tip of Borneo during DJF as

indicated the APHRODITE data (Fig. 7a). The high intensity

of rainfall in this region is caused by the trapped Borneo

Vortices over the area especially during January and February

(Chen et al., 2013). The underestimation of this maximum

rainfall over the region may suggest model’s failure to

simulate regional circulation features such as the Borneo

vortex. In contrast, the HadCM3Q0/PRECIS overestimated

rainfall over northeastern Peninsular Malaysia and also central

Borneo. 

The seasonal spatial correlations between various model

simulations (HadAM3P/PRECIS, HadCM3Q0/PRECIS and

ERA40/PRECIS) and the APHRODITE dataset for Malaysian

rainfall are presented in Fig. 8. The performance of HadAM3P/

Fig. 7. Spatial distributions of APHRODITE seasonal mean rainfall (mm) (left panel), HadAM3P/PRECIS biases (middle panel)
and HadCM3Q0/PRECIS biases (right panel) for the baseline period simulation. The biases are indicated in unit of percentages of
seasonal APHRODITE means.
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PRECIS and HadCM3Q0/PRECIS are comparable and con-

sistent with those ERA40/PRECIS. However, these correlation

values are lower than those of temperature shown in Fig. 5.

During DJF and MAM seasons, the spatial correlation values

range between 0.4-0.5. However, slightly lower correlation

values are indicated for JJA and SON (0.3-0.4). These

relatively lower values of spatial correlations may reflect the

domination of small scales features in the simulated rainfall of

both HadAM3P/PRECIS and HadCM3Q0/PRECIS compared

to the smoothed APHRODITE rainfall data. 

Figure 9 compares monthly climatology of observed APH-

RODITE rainfall with the HadAM3P/PRECIS and Had-

CM3Q0/PRECIS simulated rainfall for the 11 sub-regions

defined in Fig. 1 for the baseline period (1966-1990). Gen-

erally, both HadAM3P/PRECIS and HadCM3Q0/PRECIS

simulations capture APHRODITE monthly mean rainfall for

each of the sub-region generally well. However, there are some

discrepancies that require further discussion. There are large

differences between HadAM3P/PRECIS and HadCM3Q0/

PRECIS in simulating the APHRODITE monthly rainfall

during the winter season in sub-region R1 of the northeast

Peninsular Malaysia. In this sub-region, the rainfall peaks in

November due to the various rain producing systems (Chen et

al., 2013). However, consistent with Fig. 7b, the HadAM3P/

PRECIS tends to underestimate the rainfall during the winter

monsoon, particularly the maximum rainfall in November. In

the HadAM3P/PRECIS simulation, the rain peaks by October,

i.e. one month earlier than observed. In contrast, the Had-

Fig. 8. Taylor diagrams of model simulations (HadAM3P/PRECIS, HadCM3Q0/PRECIS and ERA40/PRECIS) and the
APHRODITE dataset for Malaysian seasonal mean rainfall.
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CM3Q0/PRECIS overestimated the winter monsoon rainfall,

which is consistent with Fig. 7c. The simulated rainfall peaks

in December, which is delayed by one month compared with

observation. Similar situation is depicted in sub-region R5 of

the southeast Peninsular Malaysia. These discrepancies could

be related to the model’s inability to simulate the monsoon

(Chang et al., 2005) and various rain producing systems

described in Chen et al. (2013). 

In the west coast of Peninsular Malaysia (R2, R3, 4), the

HadCM3Q0/PRECIS outperformed HadAM3P/PRECIS. In

fact the HadCM3Q0/PRECIS correctly simulated the rainfall

maxima in April and in October reasonably well. For areas in

the west coast of Peninsular the rainfall does not peak in winter

monsoon as in east coast areas because of the blocking effect

of the Titiwangsa mountain ranges (e.g. Suhaila and Jemain,

2012). Instead, the rainfall over these areas peaks during the

inter-monsoon periods of April and October due to enhanced

local convection (Sow et al., 2011). In western Borneo (R10

and R11), the performances of both models appear comparable

except during January and February where the HadCM3Q0/

PRECIS tends to overestimate the rainfall amount. In northern

Borneo (R6, R7 and R8), both models perform reasonably

well. Despite, a generally good performance of both models in

simulating the monthly mean rainfall, the standard deviations

were underestimated in all sub-regions. The annual cycle of

these standard deviations are well simulated by the models but

not the magnitude. 

b. Projections of future climate over Malaysia

(1) Temperature

Figure 10 shows the spatio-temporal variations of projected

temperature changes at the end of the 21st century under the

SRES A2, A1B and B2 scenarios. Various processes could

also influence the spatial variations in rates of warming in the

sub-regions. The areas with large temperature changes generally

correspond to projected drier region (Fig. 12). However, in the

regions with projected increase in precipitation, the rainfall

process could trigger various negative feedbacks associated

with cloudiness and surface moisture fluxes which then

regulates the surface temperature increase over these regions

(Hudson and Jones, 2002). Spatial patterns of temperature

changes indicate nationwide warming over Malaysia. The

annual mean surface air temperature rise by the end of the 21st

century ranges from 2.75 to 4.5
oC for the A2 and A1B

scenario, whereas for the B2 scenario the projected increase is

Fig. 9. Comparison between baseline monthly rainfall climatology (left ordinate) of the APHRODITE data and the HadAM3P/
PRECIS and HadCM3Q0/PRECIS simulations, averaged over the 11 sub-regions (refer Fig. 1). The observed and simulated
interannual variabilities as indicated by the year-to-year standard deviations (right ordinates) are also plotted. Unit is in mm.
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slightly slower between 2oC and 3.75oC. These projected

increases in temperature are considered statistically significant

in comparison with the temperatures during the baseline

period. In general, the projected increases of temperature are

fairly uniform throughout the country. However, there is a

tendency for lower increases in coastal regions as compared to

interior areas. For example, during DJF, the coastal region

along the east coast of Peninsular Malaysia and west coast of

Borneo tend to have lower projected temperature by the end of

the 21st century compared with the interior regions. There is

also seasonal variation where the magnitude of projected

warming tends be higher during summer (JJA) and lower

during winter season (DJF). 

The projected surface air temperatures (mean annual cycles

of 11 sub-regions in Malaysia) at the end of the 21st century

(2070-2099) for A2, A1B and B2 scenarios are presented in

Fig. 11. The figure shows a general increase in temperature

over Malaysia with the increment ranges within 1.7 to 4.2oC

(Table 1). Temperature increases for all scenarios show similar

patterns, but with slightly larger and smaller magnitudes in

A1B and B2 scenario, respectively. The simulation produces

the highest mean temperature over the southwestern and

eastern parts of Peninsular Malaysia (R1, R4 and R5). The

western part of Sarawak (R11) has the highest mean tem-

perature amongst the regions of Sabah and Sarawak by the end

of 21st century. 

(2) Rainfall

The projected changes in rainfall depict considerable spatio-

temporal variations by the end of the 21st century (Fig. 12).

Generally, the winter rainfall is projected to decrease through-

out Malaysia for the A2, A1B and B2 scenarios. However, the

rainfall reduction is projected to be higher especially during

DJF under the B2 emission scenario despite the fact that B2 is

the lowest among the three SRES emission scenarios. Similar

condition is depicted for the A2 although the magnitude of

reduction is relatively lower. However, for the A1B scenario,

the projected rainfall reduction during DJF is largely not

significant. 

The projected reduction in rainfall for B2 during MAM over

Peninsular Malaysia is similar to that of DJF albeit slightly

lower magnitude. However, over western Borneo, the pro-

jected reduction is not significant except over eastern part of

Borneo (Fig. 12f). For A1B scenario, the projected rainfall

Fig. 10. Spatial patterns of the projected seasonal temperature changes (oC) at the end of the 21st century (2070-2099) simulated by
the HadAM3P/PRECIS (A2, B2 scenarios) and HadCM3Q0/PRECIS (A1B scenario). Grey hatching indicates significance at the
95% level.
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reduction, depicted over east coast of Peninsular Malaysia and

eastern Borneo, is largely not significant. The spatial pattern of

projected rainfall reduction in MAM for A2 scenario is similar

to that of the A1B scenario except with relatively larger

magnitude. Interestingly, in western-central Borneo, rainfall is

projected to increase for all three scenarios. For JJA and SON

seasons, there is a tendency for projected rainfall to increase

particularly for A2 scenario. The projected increase is ~20-

40% during JJA and SON over Malaysia, except the eastern

coast of Borneo and southern Johor during SON where the

rainfall is projected to decrease by ~20-30% for B2 scenario.

Generally, non-uniform rainfall changes among different

SRES emission scenarios suggest that, unlike temperature, the

responses in hydrological cycle to radiative forcing associated

with different SRES emission scenarios are largely not linear.

The spatio-temporal pattern of projected rainfall may be due to

various processes and feedbacks. Hudson and Jones (2002)

suggested that various processes and feedbacks regulate

rainfall and surface temperature. However, changes in large-

scale phenomena such as the monsoon may also contribute to

the projected changes in rainfall. A number of studies have

indicated that monsoon is projected to weaken in a warmer

climate (e.g. Hung and Kao, 2010; Yao et al., 2010).

The projected changes may be explained in terms of changes

in the regional circulation and moisture characteristics. We

further investigated this issue by plotting the changes

(projection minus baseline simulation) of low-level winds and

humidity in Fig. 13. In Fig. 14 we plotted the changes of

moisture flux and moisture flux divergence to provide more

insights to the changes of projected rainfall depicted in Fig. 12.

Climatologically, during DJF the surface circulation over the

region is dominated by the northeasterly wind and the

monsoon trough is located near to the equator (Chang et al.,

2005; Chen et al., 2013). This condition gives rise to generally

cyclonic wind flow over the South China Sea. Figure 13

suggests that the projected DJF monsoon wind is generally

weaker, indicated by the southwesterly changes at the centre of

South China Sea for A2 and A1B and somewhat westerlies

changes for the B2 scenario. South of the equator the projected

flow changes are easterlies, signifying a weaker cross equatorial

flow. This appears consistent with the finding of Tanaka et al.

(2005), which reported the weakening of monsoon circulation

Fig. 11. The comparison of temperature climatology between the HadAM3P/PRECIS and HadCM3Q0/PRECIS baseline (1966-
1990) and the future projection of HadAM3P/PRECIS (A2, B2) and HadCM3Q0/PRECIS (B2) by the end of the 21st century
(2070-2099) for the 11 sub-regions. Unit is 

o
C.
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at the end of the 21st century due to global warming. However,

the projected humidity generally decreases in the domain, due

to warmer atmosphere (Fig. 13). This may partially explain the

projected reduction in regional rainfall shown in Fig. 12. 

Figure 14 shows the projected changes in the vertically

integrated moisture flux and the divergence field. It is noted

that during DJF, due to the weakened cyclonic monsoon

circulation, the South China Sea is dominated by moisture

divergence areas. The moisture flux differences are generally

pointing southward across the equator, indicating the

weakening of the monsoon trough during the DJF and setting

the regions drier under warmer climate. The moisture diver-

gence field difference is particular large over northern Borneo

for A2 and B2 scenarios which results in much drier climate

over this region, as indicated in Fig. 12a, b. The changes in

MAM show very similar characteristics to that of the DJF

where similar moisture and flow patterns prevail except that

the low-level humidity increases slightly over the western

Table 1. Projected changes of Malaysian seasonal temperature (oC) and rainfall (%) associated with the three SRES scenarios (A2, A1B and B2) in
11 sub-regions. Bold indicates significance at the 95% level.

Region Scenarios
Temperature (oC) Precipitation (%)

DJF MAM JJA SON DJF MAM JJA SON

R1

A2 2.9 3.1 3.3 3.0 −14.6 −22.3 2.9 10.7

A1B 2.9 3.4 3.5 2.9 −14.3 −15.9 −4.2 10.8

B2 2.0 2.4 2.6 2.1 −26.1 −28.5 −5.7 5.4

R2

A2 3.3 3.6 3.2 3.0 −33.6 −9.5 8.0 6.8

A1B 3.4 3.6 3.8 3.2 −15.5 −6.3 −22.0 3.1

B2 2.5 3.0 2.6 2.2 −41.7 −19.2 −6.4 5.5

R3

A2 3.6 3.8 3.6 3.2 −34.4 −11.4 11.7 3.0

A1B 3.5 3.8 3.8 3.2 −10.8 −7.6 −10.0 7.9

B2 2.7 3.1 2.9 2.3 −45.3 −19.5 −2.7 2.3

R4

A2 3.5 3.6 3.5 3.2 −30.7 −15.1 −10.5 −1.7

A1B 3.2 3.5 3.6 3.0 −19.0 −11.2 −12.3 13.1

B2 2.6 3.0 2.8 2.4 −36.4 −23.1 −19.2 −0.4

R5

A2 2.8 3.0 3.2 3.0 −15.5 −11.2 −18.8 7.3

A1B 2.8 3.2 3.3 2.9 −12.5 −11.4 −21.4 7.6

B2 2.0 2.4 2.5 2.2 −18.6 −17.0 −28.0 6.2

R6

A2 2.8 3.2 3.4 3.0 −21.3 −37.2 7.1 10.0

A1B 3.2 3.8 3.5 3.1 −15.9 −25.5 7.2 2.0

B2 2.0 2.6 2.8 2.3 −33.9 −35.6 1.6 −0.4

R7

A2 2.5 3.2 3.2 2.9 −28.3 −30.6 10.0 8.3

A1B 3.0 3.7 3.3 3.0 −10.3 −15.7 −2.6 9.4

B2 1.7 2.4 2.6 2.1 −31.7 −28.5 −2.5 2.4

R8

A2 3.2 3.9 3.6 3.3 −27.7 −13.4 13.9 9.4

A1B 3.5 4.2 3.7 3.4 −4.2 −7.0 3.5 6.6

B2 2.4 3.0 2.9 2.5 −35.9 −15.8 1.3 0.8

R9

A2 3.2 3.5 3.6 3.3 −21.5 1.9 13.0 9.4

A1B 3.3 4.0 3.9 3.3 −18.1 −5.2 3.2 11.1

B2 2.2 2.8 2.9 2.4 −30.4 −4.8 1.5 −0.8

R10

A2 3.0 3.0 3.5 3.2 −13.6 10.5 5.3 7.1

A1B 2.9 3.4 3.9 3.3 −12.8 4.1 −1.5 10.4

B2 2.1 2.3 2.8 2.2 −26.0 −0.9 −6.0 1.7

R11

A2 2.7 2.7 3.3 2.9 −11.6 0.7 −5.1 6.3

A1B 2.7 3.1 3.6 3.1 −10.8 −4.1 −14.7 3.7

B2 1.9 2.1 2.6 2.1 −19.5 −6.0 −16.4 2.6
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Borneo, coincides with a marginal increase in rainfall. 

During JJA, the climatological low-level circulation south of

the equator is predominantly easterly with northward cross-

equatorial flow that turns southwesterly to north of the equator.

The projected changes of low-level winds show predominantly

northwesterly (A2, B2) and westerly (A1B) south of the

equator, indicating the weakening of regional summer mon-

soon flow (Fig. 13). North of the equator, the projected wind

changes are southerly over Borneo for both A2 and B2,

indicating cyclonic flow changes over the region. These wind

changes result in higher relative humidity (Fig. 13) over the

western Borneo region that coincides with slightly increased

projected rainfall. In addition, generally weakening monsoonal

winds during this period could provide favourable conditions

for local convection over this region and strengthen rainfall

diurnal cycle (e.g. Oki and Musiake, 1994; Sow et al., 2011).

However, under the A1B scenario, the southwest monsoonal

winds north of the equator are projected to increase and this is

likely to be associated with stronger monsoonal wind from the

eastern Indian Ocean, which is consistent with the projected

decrease in rainfall (Fig. 12) over large part of Peninsular

Malaysia. The marginally increase in projected rainfall over

the central and northern Borneo and slightly drier condition

over the southeast quadrant of the island are likely associated

with circulation and moisture changes south of the equator. It

is noted that for all scenarios, the relative humidity are

projected to increase over the central of Borneo. The moisture

flux suggests that the region south of the equator is largely

dominated by divergent difference due to weakened local wind

(Fig. 14). The moisture flux differences are largely pointing

northward and converge towards the central of Borneo. Over

the southeast quadrant of the Borneo Island, the moisture field

are generally divergent. These patterns of moisture field for all

emission scenarios are generally consistent with the projected

changes of precipitation over Borneo (Fig. 12). The projected

moisture fields of SON generally shows similar pattern with

convergence of moisture toward the central of Borneo.

Figure 15 shows the comparison of annual rainfall cycle for

the baseline and the projected precipitation over the 11 sub-

regions. The projected rainfall of the HadAM3P/PRECIS and

HadCM3Q0/PRECIS simulation suggest an overall drier

climate over the 11 sub-regions during winter and spring

seasons but slightly wetter during summer and autumn. Table

1 provides estimated changes for these sub-regions. In most

Fig. 12. Spatial patterns of the projected seasonal rainfall changes (%) simulated by the HadAM3P/PRECIS (A2, B2) and
HadCM3Q0/PRECIS (A1B). Grey hatching indicates significance at the 95% level.
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sub-regions, the reduction of monthly total rainfall during

January and February is about half for the A2 and B2

scenarios. For example, for the R1 sub-region of northeast

Peninsular Malaysia in January, the simulated total rainfall is

about 200 mm whereas the projected total rainfall for both A2

and B2 is less than 100 mm. In R9 sub-region of western

Fig. 13. The projected changes of 850 hPa winds (m s−1) and the relative humidity (%). The projected changes for A2 and B2
scenarios come from the HadAM3P/PRECIS while the A1B come from HadCM3Q0/PRECIS.
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Borneo, comparable reduction as that of R1 is projected.

Similar situation is depicted for other sub-regions. 
4. Conclusions

In this study, we examined the projected temperature and

Fig. 14. The projected changes of moisture flux (vector, kg m
−1

s
−1

) and moisture flux divergence (shaded, 10
−3

kg
−2

s
−1

). The
projected changes for A2 and B2 scenarios come from the HadAM3P/PRECIS while the A1B come from HadCM3Q0/PRECIS.
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rainfall changes at the end of 21st century under the SRES A2,

A1B and B2 emission scenarios using the HadAM3P/PRECIS

and HadCM3Q0/PRECIS. Generally, the downscaled climate

patterns during the baseline period compared reasonably well

to those of the APHRODITE data. The performances of

HadAM3P/PRECIS and HadCM3Q0/PRECIS in simulating

mean surface temperature are consistent to those of ERA40/

PRECIS. However, there were overall cold biases in the

temperature simulation because of the systematic error in

PRECIS. However, compared with temperature, the skill in

simulating precipitation is lower. Noticeably, the models

produced mesoscale features and this partially contributed to

the lower correlation when compared to the smoothed APH-

RODITE data. Generally, the HadCM3Q0/PRECIS produces

slightly wetter condition compared with the APHRODITE

especially over central Borneo and northeastern Peninsular

Malaysia. In contrast, the HadAM3P/PRECIS produces slightly

drier condition especially over western Borneo during DJF and

SON seasons. The discrepancies between the simulated

rainfalls and APHRODITE data may be attributed to model’s

failure to correctly represent various feedback processes (e.g.

Hudson and Jones, 2002). In addition, the models may not

simulate the regional circulation system (e.g. Chang et al.,

2005) and the rain producing systems (e.g. Chen et al., 2013)

especially during winter monsoon.

The projected changes in temperature indicate spatio-

temporal variation but overall warming throughout Malaysia

by the end of the 21st century, which is incremental according

to the greenhouse forcing. The projected temperature incre-

ment varies from 2.5 to 3.9oC, 2.7 to 4.2oC and 1.7 to 3.1oC for

the SRES A2, A1B and B2 scenarios, respectively. In contrast,

the precipitation response to greenhouse forcing appears non-

incremental. The projected changes in rainfall by the end of

the 21st century indicate spatio-temporal variability as well as

dependence on the emission scenarios. Overall, drier condition

is projected throughout Malaysia during DJF and MAM and

generally wetter condition in JJA and SON. These projected

changes in rainfall can be related to the weakening of the

monsoon circulations, which in turn alters the pattern of

regional moisture convergences in the region. During DJF

~20-40% decrease of rainfall is projected over Peninsular

Malaysia and Borneo, particularly for the A2 and B2 emission

scenarios. The reduction in rainfall is larger for the B2 scenario

compared to A2 scenario. During JJA and SON the projected

rainfall increase is ~20-40% across most regions in Malaysia,

especially for A2 and A1B scenarios. Despite the usefulness of

Fig. 15. The comparison of the simulated rainfall climatology of the HadAM3P/PRECIS and HadCM3Q0/PRECIS baseline (1966-
1990) and the future projection of A2 and B2 (HadAM3P/PRECIS) and A1B (HadCM3Q0/PRECIS) by the end of the 21st century
(2070-2099) for the 11 sub-regions. Unit is in mm.
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these results, one needs to take into consideration the issue of

uncertainties in the projections. It is well known that regional

climate scenarios have many uncertainties of various sources

including inter-model differences e.g. CMIP3 and CMIP5

models (Knutti and Sedlacek, 2013) and natural and anthro-

pogenic aerosol forcing (Lau, 2015). There is an obvious

limitation of this study with respect to uncertainties from inter-

model comparison as it employed only two GCMs i.e.

HadAM3P and HadCM3Q0. In future study, the uncertainty

from aerosol forcing should be investigated because at the

regional scale the impact of aerosol forcing on monsoon

circulation is strong (Lau, 2014; Kim et al., 2016).
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