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Abstract This study examines the performance of the re-
gional climate model, PRECIS, in reproducing the historical
seasonal mean climatology over the Malaysian region. The
performance of the model in simulating the seasonal climate
pattern of the temperature, precipitation and large-scale cir-
culation was reasonably good. The biases of temperature are
less than 2 °C in general, while the seasonal cycles match
the observed pattern despite some differences in certain
regions. However, the biases for precipitation were greater,
particularly over the mountainous areas. These biases could
be associated with the deficiencies of the model physics,
related to the misrepresentation of the land—surface interac-
tion and convective scheme. Furthermore, the model fails to
simulate the mean sea-level pressure over the interior part of
Borneo with a significant low-pressure centre. A higher
magnitude of the moisture convergence and divergence
simulated by the model also contributed to the biases of
precipitation over Malaysia.

1 Introduction

Future climate information associated with anthropogenic
warming is essential for deciding adaptation measures to

M. S. Kwan * F. T. Tangang - L. Juneng

Research Centre for Tropical Climate Change System, Faculty of
Science and Technology, Universiti Kebangsaan Malaysia, 43600,
Bangi Selangor, Malaysia

F. T. Tangang (D<)

Climate and Ocean Analysis Laboratory, Research Centre for
Tropical Climate Change System, Faculty of Science and
Technology, National University of Malaysia, 43600, Bangi
Selangor, Malaysia

e-mail: ftangang@gmail.com

minimize the impact of climate change on the environment
and human systems in a particular region. Global climate
models (GCMs) are often used to project future climate condi-
tions, by forcing the models with future greenhouse gas con-
centration scenarios. GCMs, used by the Intergovernmental
Panel on Climate Change (IPCC) in its Fourth Assessment
Report, are examples of such models (IPCC 2007). However,
owing to their coarse resolution (~100-300 km), most of these
GCMs are unable to resolve climate features at regional scales
(Christensen et al. 1997; Gao et al. 2008; Segui et al. 2010).
This is a result of the models’ inability to resolve complex
topography, coastlines and islands, as well as processes that are
too small of scale to be represented by large grids (Hudson and
Jones 2002). Therefore, these models usually have difficulty
in simulating regional as well as local climate features,
such as cyclones, extreme precipitation events, orographic
rainfall, etc. (Hudson and Jones 2002). Consequently, a
finer resolution model is required to capture the regional
as well as local climate features of a particular region. This
is usually implemented by downscaling the GCMs’ outputs,
using a regional climate model (RCM) that has much
higher grid resolution compared to GCM. Malaysia lies in
the western part of the Maritime Continent, a region known
to have a very complex topography and land mass distri-
butions, owing to the existence of many large and small
islands within the region. GCM with low grid resolution is
known to have difficulty in simulating the climate processes
over this region (Hudson and Jones 2002). For climate
change impact assessment over this region, a high-
resolution regional climate model is required.

For the past few years, there have been a large number of
studies dealing with the downscaling of GCM using RCM,
both for simulation of regional current climate and for pro-
jections of future climate up to the end of the 21st century
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(Giorgi et al. 2004a; Giorgi et al. 2004b; Moberg and Jones
2004; Raisenan et al. 2004). There are several RCMs avail-
able, such as Hadley Centre, UK Met Office’s Providing
Regional Climate for Impacts Studies (PRECIS), Abdus
Salam International Centre for Theoretical Physics’
Regional Climate Model (RegCM3), Max Planck Institute
for Meteorology’s Regional Model, etc., and these RCMs
are known to have differences in climate simulation capa-
bility. Several studies on the evaluation of the accuracy and
skill of the RCM have been carried out in various regions
(Alves and Marengo 2010; Christensen et al. 1997; Giorgi et
al. 2004a; Im et al. 2006; Jacob et al. 2007; Kotroni et al.
2008; Sylla et al. 2010). For a particular RCM, it is crucial
that it has the capability to simulate the present climate
before it can be used for future climate projection. The
performance of a particular RCM in simulating the current
climate can be evaluated by forcing the RCM with
reanalysis observations and, later, comparing the simulated
climate with those of the observed values (Giorgi and
Mearns 1999). In the present study, the ability of PRECIS
to simulate historical climate, driven by the second genera-
tion of the European Centre for Medium Range Weather
Forecast (ECMWF) reanalysis (ERA40), was evaluated. We
focus on different statistics (mean climatology, annual cycle
and inter-annual variation) for the monthly total precipita-
tion rate (mm/month) and surface air temperature over dif-
ferent areas in the Malaysian region.

2 Data and method
2.1 Model description

The PRECIS modelling system was developed by the Hadley
Centre, UK Met Office (Hudson and Jones 2002). PRECIS
includes a regional model component (HadRM3P) that can be
used to simulate regional climate over any region of the globe.
The HadRM3P is a land—atmosphere coupled model, which is
similar to the HadRM3H (Hudson and Jones 2002). The
model is configured with 19 levels of hybrid vertical coordi-
nates, and the atmospheric model is based on hydrostatic
primitive equations (Simmons and Burridge 1981; Simon et
al. 2009). The mass flux penetrative scheme with an explicit
downdraught is used as the convective scheme (Gregory and
Allen 1991; Gregory and Rowntree 1990), while the Met
Office Surface Exchange Scheme is employed as the land
surface model component (Cox et al. 1999). The soil and land
surface dataset is derived from the global land use and vege-
tation dataset of Wilson and Henderson-Seller (1985).
Detailed descriptions of the model physical parameterization
are explained by Jones et al. (2004). The model was config-
ured with a relatively high horizontal resolution of 0.22°x
0.22° (~25 kmx*25 km), which allowed it to be run at reason-
able computational cost over a domain covering the western
Maritime Continent (95°E to 123°E and 7.5°S to 14°N). The
domain included Peninsular Malaysia, Sumatera and Borneo
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Island which are large enough to drive the regionally impor-
tant synoptic monsoon circulation such as the north-casterly
cold surge winds (Holland 1984) and Borneo vortex (Chang et
al. 2005). The combined interactions between Borneo vortex
with the north-easterly cold surge wind may lead to severe
hydrological disaster over the Peninsular Malaysia as well as
the western part of the Borneo Island (Juneng et al. 2007;
Salimun et al. 2010; Tangang et al. 2008). This study focuses
mainly over the area of Malaysia region.

The initial and lateral boundary conditions for the PRECIS
simulation were obtained from the ERA40 gridded reanalysis
data, covering a period from September 1957 to August 2002.
The ERA4OQ is the second generation of the product produced
by the European Centre for Medium-Range Weather
Forecasts (ECMWF), in collaboration with many institutions
(Uppala et al. 2005). Surface and lateral boundary conditions
were updated every 24 h and every 6 h, respectively. The
PRECIS simulation was carried out for the period 1970—1999.

d CRU-DIF

The validation period was from 1971 to 1999 where the model
simulation output was compared to the Climate Research Unit
(CRU) data. The 1 year of spin-up integration is necessary to
allow the atmosphere and the land—surface to adjust to a
mutual equilibrium state (Simon et al. 2009).

2.2 Data and analysis method

The reliability of climate experiment results is largely based on
the ability of the climate models in reproducing the observed
states of present-day climate. The model simulated surface
temperature and precipitation was compared to the established
and widely used observed data from the Climate Research Unit
(CRU) of the University of East Anglia (Mitchell and Jones
2005). The CRU gridded product extends over global land
surface and was constructed from a dense network of global
station observations obtained from various sources. Since
CRU data have a resolution of 0.5°x0.5°, PRECIS output
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Fig. 2 Spatial distributions of seasonal averaged near-surface temper-

ature (unit: °C) of the observation (CRU) (left panels), downscaled
ERA40/PRECIS interpolated to the CRU grid resolution (centre

and observed CRU data (downscaled minus observation) (right panels)
(unit: °C)
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was regridded to match this resolution using bilinear interpo-
lation. The simulated patterns of seasonal precipitation and
near-surface temperature were compared with the CRU values,
and the biases were plotted. In addition to grid-to-grid com-
parison, the model ability to simulate seasonal precipitation
and near-surface temperature for 11 subregions was also con-
sidered (Fig. 1). The annual cycles and standard deviations
(coefficients of variance for precipitation) for both the simulat-
ed and the observed values were compared visually for each of
the defined subregions. Correlation coefficient values between
observed and simulated seasonal precipitation and temperature
were calculated for each of the 0.5°%0.5° grids, and correlation
maps were prepared. The PRECIS ability to simulate the
atmospheric circulation was also assessed by visually compar-
ing the simulated 850 hPa wind, mean sea-level pressure
(MSLP), moisture flux and moisture divergence, with the
reanalysis values of the National Centre Environment

Prediction/National Centre for Atmospheric Research
(NCEP/NCAR) (Kalnay et al. 1996) and the ERA40.

3 Results and discussion
3.1 Surface temperature
3.1.1 Spatial pattern

The ERA40/PRECIS simulated near-surface temperature
values, and the corresponding observed CRU data and their
biases are shown in Fig. 2. During December—January—
February (DJF) and September—October—November (SON)
seasons, the north-eastern region of Peninsular Malaysia ex-
periences cooler temperature as a result of the advection of air
masses from the north by north-easterly winds (Fig. 2a, d). In
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Fig. 3 Comparison between monthly temperature climatology

(left ordinates) of the observation (CRU) (black bars) and the
ERA40/PRECIS downscaling simulation (white bars), averaged over
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contrast, during the March—-April-May (MAM) and June-
July—August (JJA) seasons, the temperature over Peninsular
Malaysia and Borneo are higher, owing to the south-west
monsoon dry wind (Fig. 2b, c¢; Ramage 1971). The PRECIS
model was able to reproduce these spatial patterns, although
the area of minimum temperature extends slightly southward
for Peninsular Malaysia and westward for Borneo. Overall,
the model underestimated temperature in the interior part of
both Peninsular Malaysia and Borneo by 1 to 2 °C. For the
coastal areas, the model overestimated the observed values by
about the same magnitude. The biases along the coastline
could be a result of the interpolation of PRECIS values onto
the CRU land grid. Similar biases are observed by Giorgi et al.
(2004a). In the mountainous area, the biases can exceed 2 °C.
The underestimation of the temperature in the mountainous
area could be due to the coarse model resolution that was
unable to resolve the topography over the studied region. In
addition, misrepresentation in the land—surface processes and
interaction could also be contributing factors (Alves and
Marengo 2010; Marengo et al. 2003). This misrepresentation
may lead to changes in surface energy and water balance,
resulting in surface cooling through a reduction in the amount
of long-wave radiation (Alves and Marengo 2010). However,
it is difficult to verify the causes of the model temperature
biases, as the simulated temperature is a result of interaction of
various model variables, such as cloud coverage, solar incom-
ing radiation, surface albedo, energy fluxes, etc. (Konare et al.
2008; Sylla et al. 2010). On the other hand, the CRU dataset
may also introduce biases owing to the fact that fewer air
temperature stations were available in the mountainous area
(Alves and Marengo 2010; Marengo et al. 2009; New et al.
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2002). Overall, the temperature biases shown in this study are
consistent with other investigations. Islam et al. (2007) used
PRECIS reported temperature biases of around 2 °C during
DJF and SON, and 1 °C during MAM and JJA, over
Bangladesh. Giorgi et al. (2004a) and Sylla et al. (2010) found
temperature biases around 2 °C, using RegCM regional cli-
mate model over the European and African continents, respec-
tively. The multiple models used in the project Prediction of
Regional scenario and Uncertainties for Defining European
Climate change risks and Effects (PRUDENCE) also showed
approximately +2 °C of temperature biases over the European
region (Jacob et al., 2007). Hence, the PRECIS temperature
biases over this region are consistent with other regional
downscaling studies.

3.1.2 Area-averaged temperature

The mean annual cycles of surface temperature for all sub-
regions (Fig. 1) are shown in Fig. 3. Generally, the modelled
seasonal cycles match the observed pattern, despite notable
differences in some regions (e.g. R2, R3, R4, R8, R9 and R10).
In all subregions, the observed maximum temperature occurs
during April-May—June, with the secondary peak during SON
in some areas. In most subregions, these two peaks are simu-
lated by the model, except in R3, R4, R8, R9 and R10. During
the DJF season, both observed and modelled results show a
temperature decrease of 1 to 2 °C from the maximum value.
The major deficiency of the model in several subregions (R2,
R3, R4, R8, R9 and R10) was the consistent underestimation
of temperature by as much as 2 °C in all months. The under-
estimation is most visible in the mountainous areas. The CRU
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Fig. 4 Correlation coefficients between observation (CRU) and the ERA40/PRECIS downscaling simulation of temperature: a DJE, b MAM, ¢
JJA and d SON. The temperature correlation coefficients are significant at the 95 % level over the entire Malaysian region
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datasets may not adequately represent the observed values over
the mountainous area, owing to few meteorological stations in
this region (Alves and Marengo 2010; Kotroni et al. 2008;
New et al. 2002). Large biases over mountainous areas were
also described in other regional climate downscaling studies
(Cavalcanti et al. 2002; Marengo et al. 2003).

Figure 3 also provides the estimates of the inter-annual
variability of both modelled and observed temperature. In
most subregions, the inter-annual variability peaks during
late DJF, and the JJA season was consistent with Tangang et
al. (2007). Generally, there exists a general agreement be-
tween the simulated and observed inter-annual variability,
suggesting that the model captured the inter-annual varia-
tions, especially those associated with El Nifio Southern
Oscillation (Tangang et al. 2007). The seasonal correlation
coefficient map, between the model simulation and the CRU
datasets for the near-surface temperature, is shown in Fig. 4.
High correlation values (~0.8) were found over the eastern

part of Peninsular Malaysia for all seasons. However, the
value decreases to about 0.4 over the north-western part of
Peninsular Malaysia. Over Borneo, high correlation values
that exceeded 0.8 were noted, but the value decreases to
about 0.6 over the north-east Borneo during the DJF and
SON seasons (Fig. 4a, d). The generally high correlation
values between the model and observed temperature reflect
the model ability and simulation of the surface temperature
over Malaysia.

3.2 Precipitation

3.2.1 Spatial pattern

Figure 5 compares the seasonal distribution of modelled and
observed precipitation over Malaysia, with the biases shown

in percentages. In general, the PRECIS simulated precipita-
tion features mesoscale patterns in comparison to much
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smoother CRU data. Overall, ERA40/PRECIS was able to
simulate the general precipitation pattern over the Malaysian
region during the MAM and SON seasons (Fig. 5b, d).
During the MAM season, the model was able to reproduce
the maximum peak of rainfall over the north-western part of
Peninsular Malaysia and central Borneo (Fig. 5f). However,
the model tended to produce more rainfall than was ob-
served over the mountainous area of Peninsular Malaysia.
During the SON season, the model simulated a higher
amount of rainfall over the northern part of Peninsular
Malaysia and the interior part of Borneo (Fig. 5h). The
biases range from —40 to 60 %, with a tendency for
overestimation over mountainous areas and underestimation
over coastal regions.

During the DJF and JJA seasons, the performance of the
model was relatively low. The model was able to simulate
the maximum rainfall over eastern Peninsular Malaysia and
western Sarawak during the DJF season. However, the

location of the maximum rainfall over Peninsular Malaysia
shifted northward (Fig. 5a, ¢). Over Borneo, a higher
amount of rainfall was simulated over the mountainous area
and also the western tip of Sarawak. During the JJA season,
the simulated pattern was inconsistent with the observed.
Over north-eastern Peninsular Malaysia, the model
overestimated the precipitation (Fig. 5c, g). The model also
overestimated the precipitation over the mountainous area in
the interior part of Borneo, with the biases exceeding 100 %
(Fig. 5j, 1). These discrepancies may be a result of the poor
representation of the hydrological cycle and the convective
parameterization (Salimun et al. 2010). Nevertheless, the
precipitation biases shown here are consistent with other
studies using the PRECIS model (Kumar et al. 2006;
Alves and Marengo 2010). Similarly, several studies using
the RegCM3 regional climate model found a noticeable
overestimation over eastern Africa (Segele et al. 2008) and
western Africa (Sylla et al. 2009). Moreover, overestimation
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The observed (dashed line) and simulated (solid line) inter-annual vari-
ability, as indicated by the year-to-year standard deviations (right ordi-
nates), are also plotted

@ Springer



M.S. Kwan et al.

of the precipitation over the mountainous area in regional
simulations was considered a common behaviour (Giorgi et
al. 2004a; Solman et al. 2008).

3.2.2 Area-averaged precipitation

Figure 6 shows the annual cycles of the total precipitation rate
and inter-annual variation. Overall, the model was able to
simulate the precipitation annual cycles reasonably well over
several subregions (e.g. R1, R4, RS and R9). On the eastern
coast of Peninsular Malaysia (R1 and R5), the model simu-
lated the increase in rainfall during the north-east monsoon
rather well. However, in north-eastern Peninsular Malaysia
(R1), the model overestimated rainfall during September and
October, indicating the earlier onset of the north-east mon-
soon. Moreover, an apparent underestimation was also found
over north-western Peninsular Malaysia (R2 and R3) and
western Sarawak (R11). The model also underestimated pre-
cipitation during the DJF season over R6, R7 and R10. The
deficiencies in these subregions could be a result of the
model’s inability to resolve the orography. The biases may
also be introduced by the possible shortcomings of CRU data
in this region (Alves and Marengo 2010; Kotroni et al. 2008;
Marengo et al. 2009; New et al. 2002).

The inter-annual variation of the total precipitation rate,
represented by the coefficients of variance, was simulated well
by the model, except for the northern part of Borneo. High
rainfall variance was found during the DJF season and de-
creases during JJA seasons. This indicates that the rainfall rate
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varies the most during the north-east monsoon and vice versa
for the dry season (Neale and Slingo 2003; Tangang and
Juneng 2004). Over the northern part of Borneo Island
(R6, R7 and R8), the model shows a significant underestima-
tion of the inter-annual variations. Overall, ERA40/PRECIS
performs satisfactorily in simulating rainfall climatology over
the Malaysian regions. Although the model produces signifi-
cantly weaker inter-annual variations over some of the area
(e.g. R6, R7, R8), the patterns of the inter-annual variations
were reasonably reproduced by the model. On the other hand,
the correlation coefficients of the precipitation in Fig. 7 sug-
gest that the model’s skill in simulating the precipitation is
rather weak compared to the temperature. The correlation
values are lower than 0.6 over the Malaysian region with a
small area showing negative values. The negative value of the
correlation indicates the inability of the model to simulate the
precipitation for the respective area. These areas include the
interior part of Borneo during DJF, and the interior part of
Peninsular Malaysia during the SON season. A low correla-
tion (<0.2) was also found in other areas throughout the
season.

3.3 Large-scale circulation over the Maritime Continent

The regional precipitation distributions are very much
influenced by the large-scale flow pattern. This section
discusses the model performances in simulating the large-
scale circulation over the Maritime Continent. Figures 8
and 9 show the comparison between simulated 850 hPa
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Fig. 7 Correlation coefficients between observation (CRU) and the ERA40/PRECIS downscaling simulation of precipitation: a DJF, b MAM, ¢
JJA and d SON. The precipitation correlation coefficients are significant at the 95 % level over the shaded area
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winds and mean sea-level pressure (MSLP) with the
NCEP/NCAR reanalysis and the ERA40 reanalysis, re-
spectively. Generally, the model was able to simulate the
low-level wind flow pattern and wind magnitudes of all
seasons reasonably well (Fig. 8). The bending of the

wind direction, as a result of blocking and deflection
by the mountain areas over Peninsular Malaysia and
Sumatera Island, was well represented by the model.
Seasonal variations of the MSLP over the Maritime
Continent were also well simulated by the model, except
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for the low-pressure centre over the interior part of  were absent in both the reanalysis data. Furthermore, a
Borneo (Fig. 9). However, the model simulated a cyclon-  higher magnitude of moisture convergence and moisture
ic wind circulation over the western part of Sarawak and  flux over the same regions was simulated by the model,
significant low MSLP over the interior part of Borneo  and this may contribute to excessive precipitation
during the DJF season (Fig. 9i) where these features  (Fig. 10a, e, i). Nevertheless, the underestimation of the
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precipitation over Peninsular Malaysia and Sabah might
be due to the large magnitude of moisture divergence
simulated by the model over northern Peninsular
Malaysia and north-eastern Sabah.

16 20 25 30

and the downscaled ERA40/PRECIS interpolated to the NCEP/NCAR
reanalysis grid resolution (right panels)

Although the modelled JJA wind circulation matches
both the observed data (Fig. 8c, g, k), MSLP again showed
a low-pressure centre over the interior part of Borneo
(Fig. 9k). A low-pressure system is normally associated with
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wind convergence and thus contributed to the increased
rainfall. However, higher moisture divergence and fluxes
was found over that area (Fig. 10k), thus lowering the
moisture content in the atmosphere. Therefore, the biases
of the rainfall amount over the interior of Borneo are rela-
tively lower during the JJA season compared to the DJF
season. Over Peninsular Malaysia, the model overestimated
the moisture fluxes and convergence over the entire country
(Fig. 10k) and slightly underestimated the MSLP (Fig. 9k),
which could lead to a higher rainfall simulation. A similar
bias of MSLP and moisture convergence was also noted
over the entire domain during the SON season, with the
moisture convergence extending towards Sumatera Island,
suppressing the moisture divergence during the JJA season.
Generally, ERA40 reanalysis is in good agreement with
the NCEP reanalysis over the Maritime Continent.
However, the regional model result appears to be differ-
ent from the reanalyses over the interior part of Borneo
with large discrepancies for MSLP and associated mois-
ture convergence. This discrepancy was not inherited
from the driving reanalysis data but mainly due to
PRECIS’ inability to correctly reproduce the regional
circulation over the area.

4 Conclusion

In this paper, the performance of the PRECIS model, in
simulating the seasonal climatology, annual cycle and
inter-annual variation for near-surface temperature and total
precipitation rate over the Malaysian region, was investigat-
ed. The lateral boundary condition used was the second
generation of the ECMWF ERA40 reanalysis data. The
analysis consists of the spatial distribution over the whole
Malaysia, region, and was later subdivided into 11 regions
for more detailed climatology analyses. Later, the large-
scale circulation of wind field, mean sea-level pressure
(MSLP) and moisture flux and convergence were examined
in order to investigate the biases in the precipitation field.

Overall, the seasonal mean pattern of the modelled near-
surface temperature matches that of the observed data rea-
sonably well with biases of 1-2°C. However, an underesti-
mation of the temperature was found in the mountainous
area throughout all the seasons. Along the coastline of both
Peninsular Malaysia and Borneo Island, warm biases were
noted. This is believed to be associated with the deficiencies
of the model dynamics in clearly resolving the orography or
misrepresentation of the land—surface interaction and con-
vective scheme. Furthermore, the observed data used in the
near-surface temperature field may also be doubtful, partic-
ularly over the mountainous area where the available air
temperature stations were inadequate, leading to an interpo-
lation error in the CRU dataset.
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The model is able to simulate the precipitation seasonal
patterns and mesoscale features rather well. Some of the
maximum precipitation peaks over Peninsular Malaysia and
Borneo Island were reproduced consistently by the model.
However, the model simulated a persistent overestimation
over the interior part of Borneo throughout all the seasons.
Biases over this region may be a result of the modelled
MSLP that showed a low-pressure centre over the interior
part of Borneo instead of the high-pressure centre as
evidenced in the observed data, leading to intense wind
convergence. Furthermore, a higher moisture convergence
was found over the same place, which contributed to the
overestimation of precipitation, particularly during the DJF
season. High moisture convergence over the upper part of
the whole domain was simulated by the model during the
JJA and SON seasons, which influences the magnitude of
the total precipitation.

The analysis results show that PRECIS is considered capa-
ble of simulating the present climate variation and inter-annual
variations over the Malaysian region. It is generally applicable
for various climate simulation experiments over western mar-
itime continent. However, in order to generate a more reliable
future climate projection in the Malaysian region, an adjust-
ment to the settings of the model dynamics are required to
correct the different systematic errors presented. On the other
hand, analyses of the model uncertainties are equally impor-
tant with regard to understanding further the natural and the
model physics behaviour. Also, better simulation analyses are
needed for a better and more sustainable adaptation and mit-
igation strategy design.
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