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Abstract
Changes in the monsoon season rainfall over Peninsular Malaysia by the mid-21st century are examined using multi-model 
ensemble data from the CMIP6 HighResMIP experiments. We examine simulations of the present and future climate simu-
lations run under a high emission scenario of greenhouse gases from the Shared Socioeconomic Pathways (SSP5-8.5). The 
combined effects of horizontal and vertical resolutions on the projected changes in monsoon rainfall and associated environ-
mental fields are investigated by comparing the ensemble mean of the projected changes utilizing appropriate multi-model 
groupings. The results indicate a projected decrease (by up to 11% near Mersing of eastern Johor, for the period 2031–2050 
relative to 1981–2000) in monsoon precipitation along the southeastern coast of Peninsular Malaysia during the northeast 
monsoon season associated with the projected weakening of the monsoon flow during boreal winter. For the northwestern 
regions (e.g. Perak) often affected by severe floods, a significant increase in precipitation (by up to 33%) is projected during 
the southwest monsoon season, partly driven by the projected strengthening of the cross-equatorial flow and the weakened 
low-level anti-cyclonic shear of winds in boreal summer. However, the magnitudes and signal-to-noise ratios of the projected 
changes vary considerably with respect to different horizontal and vertical resolutions. Firstly, models with relatively high 
horizontal and vertical resolutions project a more significant decrease in precipitation during the northeast monsoon season. 
Secondly, for the southwest monsoon season, models with relatively high horizontal resolutions project larger magnitudes of 
increases in precipitation over the northern region, while smaller increases are found in simulations with relatively high verti-
cal resolutions. Generally, reduced ensemble spread and increased signal-to-noise ratios are found in simulations at higher 
horizontal and vertical resolutions, suggesting increased confidence in model projections with increased model resolution.
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1 Introduction

Peninsular Malaysia is located in the north of the western 
Maritime Continent. The climate of this region features a 
relatively wet season during boreal winter (from Novem-
ber to February, NDJF) and a dry season in summer (May 
to August, MJJA). The wet season, usually referred to as 
the northeast monsoon season, features long-lasting and 
intense precipitation due to the domination of the transport 
of warm-moist air by the northeasterly winter monsoon flow 
from the South China Sea (Johnson and Houze 1987; Chang 
et al. 2005; Tangang et al. 2008), especially along the east 
coast with rainfall controlled by the orographic precipita-
tion effect (Juneng et al. 2007). In this season, weather sys-
tems such as the northeasterly cold surges (Tangang et al. 
2008; Samah et al. 2016) and their interactions with Borneo 
Vortices (Ooi et al. 2011; Koseki et al. 2014; Paulus and 
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Shanas 2017; Liang et al. 2021a) are frequently observed, 
leading to extreme precipitation in Peninsular Malaysia. 
Conversely, the dry summer season, usually referred to as 
the southwest monsoon season, features decreased convec-
tive activity of the atmosphere (Chenoli et al. 2018) domi-
nated by the southwesterly monsoon flow. This is associated 
with the stable anti-cyclonic horizontal winds with relatively 
strong southwesterly winds to the north of the peninsula 
(Liang et al. 2021a). In this relatively dry season, however, 
extreme precipitation events are observed over the north-
west and along the southern coast of the peninsula (Suhaila 
et al. 2010). These are associated with the presence of the 
southwesterly monsoon flow to the northwest as well as the 
cross-equatorial southerly flow to the south (Chenoli et al. 
2018; Liang et al. 2021a).

In Peninsular Malaysia, damage and fatalities caused by 
the observed spectrum of hydrological extremes in the main 
monsoon seasons pose great challenges to local sustainable 
development (e.g. Chan and Parker 1996; Mohd et al. 2006; 
Lee and Mohamad 2014; Muqtada et al. 2014). These chal-
lenges have become more aggravated and complex in the 
past four decades as local rain gauge records suggest increas-
ing trends in the occurrence of precipitation extremes across 
Peninsular Malaysia (Syafrina et al. 2015; Mayowa et al. 
2015), which is set in the context of the general increase in 
the annual total precipitation (Mayowa et al. 2015). This has 
been highlighted by the recent event of wide-spread flash-
floods triggered by an extreme storm in the 2021/22 winter, 
which affected various densely populated regions of the pen-
insula including Kelantan, Terengganu, Selangor, Pahang, 
Perak and Malacca (IFRC 2021).

To address the above-mentioned challenges, the applica-
tion of climate models plays an important role as they are 
capable of projecting the possible future changes in precipi-
tation and associated climate extremes in a warmer climate, 
thereby helping to develop coping strategies associated with 
future hydrological changes. Studies based on global climate 
models (GCMs) have suggested significant future changes 
in annual total precipitation over Peninsular Malaysia. For 
instance, Tan et al. (2014) used an ensemble of six GCMs 
to project the changes in precipitation over the Johor River 
Basin. The study projected a precipitation increase of up 
to 9% at the Kluang station of the peninsula by the end of 
the 21st century under the RCP (Representative Concen-
tration Pathway) 4.5 scenario. However, the GCMs used 
in Tan et al. (2014) demonstrated considerable uncertain-
ties in the magnitudes of such an increase. The study of 
Endo et al. (2012) has suggested that the uncertainties in 
the future projection of precipitation over Southeast Asia are 
possibly linked to the choice of physical parameterization 
schemes. On the other hand, although there is insufficient 
evidence to link these uncertainties to the diversity of spa-
tial resolutions in the current CMIP GCMs, the dependence 

of the GCMs’ performance on the model resolutions has 
been extensively discussed. For example, it is evident that 
coarse GCM horizontal model resolutions can lead to poorly 
simulated synoptic scale processes related to precipitation 
in the tropics (e.g. Yang et al. 2009; McCrary et al. 2014; 
Roberts et al. 2020; Vannière et al. 2020; Liang et al. 2021a) 
and consequently limit the model performance in simulating 
precipitation. Also, climate models with grid spacing greater 
than 100 km have difficulty in resolving fine-scale atmos-
phere-orographic interactions (e.g. Smith et al. 2015; Güttler 
et al. 2015), especially for interactions between the mon-
soon circulation and the complex land-sea distribution and 
topography across the western Maritime Continent (Chang 
et al. 2005). Many studies focusing on Peninsular Malaysia 
have attempted to address these issues by applying statistical 
downscaling (Juneng et al. 2010; Nadrah et al. 2011; Amin 
et al. 2014; Amirabadizadeh et al. 2016; Hassan et al. 2015; 
Noor et al. 2020) and dynamical downscaling (e.g. Kwan 
et al. 2014; Shaaban et al. 2011; Chin and Tan 2018; Tan 
et al. 2019, 2020; Ngai et al. 2020; Tangang et al. 2020). 
However, downscaling methods have demonstrated consid-
erable uncertainties in the representation of precipitation as 
their performances are sensitive to both the choice of driving 
data from the GCMs as well as the internal configurations 
of the downscaling methods (e.g. Noor et al. 2020; Nguyen-
Thuy et al. 2021; Tangang et al. 2020). In addition, there are 
two main limitations in studies modeling precipitation over 
Southeast Asia using GCMs. First, the role of model resolu-
tion in the projected changes in precipitation has not been 
sufficiently investigated in this region. Second, the vertical 
resolution of GCMs have been found to play an important 
role in the simulation of convective precipitation and its sub-
seasonal variability in the tropics (Inness et al. 2001), but 
this role is frequently ignored.

Based on the High Resolution Model Intercomparison 
Project (HighResMIP, Haarsma et al. 2016) of CMIP6, our 
previous evaluation work (Liang et al. 2021b, hereafter 
L2021) emphasized the important role of increasing hori-
zontal and vertical model resolutions in improving the rep-
resentation of the historical precipitation climatology over 
Peninsular Malaysia. This work performed a classification 
of twenty GCM simulations into different ensemble groups, 
i.e., low horizontal resolution (Lh), high horizontal reso-
lution (Hh), low vertical resolution (Lv) and high vertical 
resolution (Hv), which helped to demonstrate the combined 
effects of horizontal and vertical resolutions on the simula-
tion of precipitation by the GCMs. This work demonstrated 
improved performance in simulating historical monsoon pre-
cipitation over Peninsular Malaysia in the model simulations 
with higher horizontal and vertical resolutions. However, 
as most of the current CMIP6 GCMs used for the future 
climate projections are still at a resolution of the Lh (i.e. 
grid spacing > 60-km) and Lv (fewer than 80 atmospheric 
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vertical levels) classes, further investigations are required to 
understand the uncertainties of these GCMs in simulating 
the future precipitation changes and how such uncertainties 
can be reduced by increasing the model resolutions. It is 
noted that in grouping the GCM simulations by their resolu-
tion it is difficult to eliminate the influence of other model 
configurations (e.g., different dynamical cores and physical 
parameterizations). However, similar groupings have been 
used in previous research using CMIP experiments (e.g., 
Anstey et al. 2013; Gu et al. 2015; Huang et al. 2018; He 
et al. 2019; Tao et al. 2020) and such groupings are thus 
considered to be a useful, if imperfect, method for examining 
the role of model spatial resolution.

Here, the primary motivation of this study is to document 
the projected near-term changes in precipitation in GCM 
experiments under a high-level GHG emission scenario and 
investigate their sensitivities to the changes in both hori-
zontal and vertical GCM resolutions. A brief evaluation of 
the model performance in simulating precipitation during a 
20-year historical period by comparing with multiple pre-
cipitation observations and climate reanalysis datasets will 
be performed to provide an overview of the confidence in 
the projected changes in precipitation. This study will help 
understand how state-of-the-art GCM simulations can be 
used to deliver a more confident projection of the possible 
future changes in precipitation in this region. The specific 
aims of the study include:

(a) To assess the sensitivity of the near-term projection 
of monsoon precipitation by the mid-21st century to 
changes in model spatial resolution as simulated by the 
HighResMIP experiments over the domain of Peninsu-
lar Malaysia.

(b) To examine how the model uncertainties, quantified 
by the ensemble spreads and the signal-to-noise ratios 
(SNR) in different ensemble groups, in the projected 
precipitation changes vary with the changes in GCM 
horizontal and vertical resolutions.

The paper continues in Sect. 2 briefly introducing the 
HighResMIP experiments and the external forcing used for 
the present and future climate simulations. The data used for 
model validation and the methodology used for analyses are 
also described. Section 3 reports the results of the analyses 
on the resolution dependence of projected near-term precipi-
tation changes by the mid-21st century based on multiple 
ensembles of HighResMIP GCMs at different model resolu-
tions. Finally, Sect. 4 summarizes the findings and discusses 
the implications of the study.

2  Data and methods

2.1  The HighResMIP experiments

As an integral protocol of CMIP6 (Eyring et al. 2016), 
HighResMIP coordinates the use of high-resolution GCM 
ensembles to promote the understanding of the role played 
by model resolution in “the simulated mean climate and its 
variability” as well as the “origins and consequences of sys-
tematic model biases” (Haarsma et al. 2016). The GCMs 
in this protocol provide outputs for both atmosphere-only 
(i.e. AMIP-style experiments of Tiers 1 and 3) and coupled 
atmosphere-ocean (Tier 2, named hist-1950 and highres-
future) experiments, which help to investigate the role of 
the atmosphere-ocean coupling processes in climate simu-
lations. This study focuses on the atmosphere-only experi-
ments due to the currently limited data availability of the 
coupled simulations. The model simulations cover historical 
(1981–2014) and future (2015–2050) periods. For the sea 
surface temperature (SST) and sea-ice forcing, the historical 
simulations (named highresSST-present) are forced by the 
HadISST2.2.0.0 SST and sea-ice forcing dataset at a resolu-
tion of 0.25° (Titchner and Rayner 2014). The future climate 
simulations (highresSST-future) are forced by a blend of 
the observed interannual variability derived from the Had-
ISST2.2.0.0 dataset for the period 1960–2014 and the pro-
jected SST warming derived from the ensemble mean of the 
CMIP5 future climate simulations under the RCP8.5 sce-
nario. The future climate simulations are run from 2015 for 
36 years forced by a high emission scenario of greenhouse 
gases from the Shared Socioeconomic Pathways (SSP5-8.5, 
O’Neill et al. 2014). In this study, the projected near-future 
changes in precipitation are derived over the future period 
of 2031–2050 relative to the historical period of 1981–2000, 
i.e. the earliest and the last 20 years of the data period are 
compared to demonstrate the precipitation sensitivity to the 
warming under the high emission scenario.

Eighteen simulations of HighResMIP are used and classi-
fied into eight different groups for inter-comparison, i.e. Lh, 
Hh, Lv, Hv, Lh-Lv, Hh-Lv, Lh-Hv and Hh-Hv. The simu-
lations at grid spacings of greater than 0.6° (~ 70-km) are 
classified as the Lh group; and, conversely, those finer than 
0.6° are categorized as Hh. As an exception, the low-reso-
lution version of the HiRAM-SIT simulations is classified 
as Lh, though its grid spacing is finer than 0.5°. This helps 
to compare the high-resolution simulations with their low-
resolution counterparts with the same model configuration 
so that the effect of horizontal resolution on simulations can 
be better generalized. The simulations at a vertical resolu-
tion (number of atmospheric layers) of fewer (more) than 
60 levels are classified as the Lv (Hv) group. About half of 
the simulations fall into each of the four groups (Lh, Hh, Lv 
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and Hv). Information on the GCM experiments and their 
corresponding developers and the classification of resolution 
groups is summarized in Table 1. Differences from L2021 
include the use of the recently released HiRAM-SIT and 
CMCC-CM2 simulations, while simulations from ECMWF-
IFS, IPSL-CM6A, INM-CM5-H and CAMS-CSM1 are not 
included in this study due to the limited data availability for 
their future climate simulations.

2.2  Methods for model validation

The ability of the HighResMIP experiments to simulate 
the monsoon precipitation over Peninsular Malaysia has 
been reported in detail by L2021. As the multi-model GCM 
ensembles used here are slightly different, a brief discussion 
on the performance of the experiments that simulate mon-
soon precipitation in Peninsular Malaysia is reported prior 
to the future projection analyses.

Three different historical precipitation datasets and four 
different reanalysis datasets are used as validation data 
to verify the ability of the HighResMIP GCMs to simu-
late precipitation and associated large-scale environments 
in Peninsular Malaysia for the historical baseline period 
(1981–2000). Due to the limited temporal length of data, 
the Integrated Multi-satellitE Retrievals for Global Precipi-
tation Measurement (Huffman et al. 2015) used by L2021 
is replaced by the satellite observed precipitation data from 
the Climate Hazards Group InfraRed Precipitation with 

Station (CHIRPS, Peterson et al. 2015) at 0.05° × 0.05° spa-
tial resolution. Information on all the model validation data 
is summarized in Table 2. All the precipitation data from 
the different observation datasets and GCMs are linearly 
interpolated to the 0.1° × 0.1° standard grids over Penin-
sular Malaysia, where the inter-comparison of precipitation 
among the different models and observational data is made. 
An inter-comparison of the monsoon precipitation amount 
during the northeast (NDJF) and southwest monsoon (MJJA) 
seasons is made for the observed precipitation data and the 
GCM simulations. Other methods, such as the calculation of 
extreme precipitation rate and the statistical metrics to evalu-
ate the performance of each model group with respect to 
the observed precipitation datasets are described in L2021.

2.3  Analysis of the projected future changes

The near-term projected changes in precipitation and 
extreme precipitation rate (i.e. the 95th percentile of daily 
precipitation on wet days with precipitation > 0.1 mm/day) in 
terms of multi-model ensemble mean (MME) for each reso-
lution group are derived over the future period of 2031–2050 
relative to the historical baseline period of 1981–2000. For 
different model groups, projected changes in precipitation 
and extreme precipitation rate are quantified by the relative 
change (unit: %) between the projection period and baseline 
period. In addition, box-and-whisker plots are used to show 
the projected changes in the annual cycle of precipitation 

Table 1  Summary of the used CMIP6 HighResMIP experiments in this study

Label no. Modeling organizations Model Name Horizontal resolution 
(Longitude×Latitude)

Atmospheric 
vertical levels

Hori. 
res. 
categ.

Vert. 
res. 
categ.

1 The UK Met Office Hadley Centre for Climate Change HadGEM3-GC31 1.875° × 1.25° 85 Lh Hv
2 0.83° × 0.56° Lh Hv
3 0.35° × 0.23° Hh Hv
4 French National Centre for Meteorological Research CNRM-CM6-1 1.406° × 1.406° 91 Lh Hv
5 0.5° × 0.5° Hh Hv
6 27 institutes in Europe (Haarsma et al. 2020) EC-Earth3P 0.703° × 0.703° 91 Lh Hv
7 0.352° × 0.352° Hh Hv
8 Meteorological Research Institute (Japan) MRI-AGCM3-2 0.563° × 0.563° 60 Lh Hv
9 0.188° × 0.188° Hh Hv
10 Japan Agency for Marine-Earth Science and Technol-

ogy
NICAM16 0.563° × 0.563° 38 Lh Lv

11 0.281° × 0.281° Hh Lv
12 Institute of Atmospheric Physics/ Chinese Academy of 

Sciences
FGOALS-f3 1.25° × 1° 32 Lh Lv

13 0.25° × 0.25° Hh Lv
14 Geophysical Fluid Dynamics Laboratory/ NOAA 

(U.S.)
GFDL-CM4C192 0.625° × 0.5° 33 Lh Lv

15 HiRAM-SIT 0.5° × 0.5° 32 Lh Lv
16 0.234° × 0.234° Hh Lv
17 Euro-Mediterranean Center on Climate Change (Italy) CMCC-CM2 1.25° × 0.938° 26 Lh Lv
18 0.313° × 0.234° Hh Lv
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over the west and east coast stations (Fig. 1) of Peninsular 
Malaysia and their uncertainties.

The SNR of the projected changes is calculated for each 
ensemble group to quantify the uncertainties of the multi-
model GCM ensembles. Following the method of Kim et al. 
(2019), Ge et al. (2021) and Nath and Luo (2021), SNR 
(unit: %) is calculated as:

 where X is the MME mean of the projected relative changes 
and � is the ensemble spread, i.e. one standard deviation of 
the projected relative changes from each ensemble member.

3  Results

3.1  Simulations for the baseline period

In this section we briefly discuss the performance of the 
selected ensemble members in simulating monsoon pre-
cipitation for the period 1981–2000 based on their com-
parison with those from the observations, i.e. the daily 
observations at rain gauge stations from the Malaysian 
Meteorological Department (MMD), Asian Precipitation-
Highly-Resolved Observational Data Integration Towards 
Evaluation (APHRODITE) and CHIRPS.

Due to the differing annual precipitation cycles between 
the east coast and west coast of Peninsular Malaysia (Wong 
et al. 2009), we first evaluate if the ensembles of different 
resolution groups can capture such distinct and differen-
tiated precipitation regimes in this region. For selected 

(1)SNR =
X

�

× 100,

stations along the east coast (Fig. 2a), the observed pre-
cipitation datasets indicate a distinct peak of precipitation 
from November to December. All model groupings reason-
ably capture a precipitation peak in boreal winter; how-
ever, all the ensembles except Hh-Hv simulate an earlier 
precipitation peak (by about a month). All the simulations 
underestimate the precipitation along the east coast for the 
NDJF northeast monsoon season, particularly for Decem-
ber. On the other hand, along the west coast, there are two 
precipitation peaks in April and October according to the 
observed precipitation (Fig. 2b). Such a double-peak in the 
monthly distribution is simulated reasonably well by all 
the model groups; however, Lv and Hh-Lv simulate a peak 
in November that is one month later than the observation 
and they exhibit pronounced overestimation of precipita-
tion for both the peaks, though these biases are apparently 
improved by increases in vertical resolution. No appar-
ent improvement is found in Hh when compared with Lh. 
These results are generally consistent with L2021 though 
the selected ensemble members differ. For instance, the 
underestimated peak precipitation along the east coast is 
consistent with the overly weak northeasterly monsoon 
flow during winter for most of the resolution groups as 
presented by L2021. In addition, the overestimated pre-
cipitation in simulations at relatively low vertical resolu-
tion can be partly attributed to the overly strong vertical 
ascent at 850 hPa in different monsoon seasons.

Figure 2c–f shows the Taylor diagrams for a statisti-
cal evaluation of the simulated distributions of accu-
mulation and extreme precipitation rate (in terms of the 
95th percentile of daily precipitation) compared with the 
mean observed patterns from MMD, APHRODITE and 

Table 2  Summary of the used model validation data

Organizations Dataset name Horizontal resolu-
tion (Longitude × 
Latitude)

References

Observed daily precipitation datasets
 Malaysian Meteorological Department 

(MMD)
Observed daily precipitation from 53 rain 

gauge stations over Peninsular Malaysia
N/A Daud (2010)

 Research Institute for Humanity and Nature Asian Precipitation- Highly-Resolved Obser-
vational Data Integration Towards Evaluation 
(APHRODITE)

0.25° × 0.25° Yatagai et al. (2014)

 Climate Hazards Center and United States 
Geological Survey

Climate Hazards Group InfraRed Precipitation 
with Station (CHIRPS)

0.05° × 0.05° Peterson et al. (2015)

Organizations Dataset name Horizontal resolution 
(Longitude × Latitude)

Atmospheric 
vertical levels

References

Climate reanalysis datasets
 European Centre for Medium-Range Weather Forecasts ERA5 0.25° × 0.25° 137 Hersbach et al. (2020)
 The Japan Meteorological Agency JRA-55 0.5° × 0.5° 60 Kobayashi et al. (2015)
 The National Aeronautics and Space Administration, U.S. MERRA-2 0.5° × 0.625° 72 Gelaro et al. (2017)
 National Centers for Environmental Prediction, U.S. NCEP-CFSR 0.312° × 0.312° 91 Saha et al. (2010)
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CHIRPS. The Hh-Hv simulations exhibit the best perfor-
mance in simulating the precipitation distribution during 
the northeast monsoon season (NDJF) in terms of the cen-
tered root-mean-square deviation (RMSD), as shown in 
Fig. 2c. It also best represents the observed high precipita-
tion amount (> 800 mm per season) along the east coast 
and west coast as shown in Figure S1. The Lh-Hv is the 
second best-performing ensemble and it presents the high-
est correlations with the observed pattern. Similar results 
are found for the extreme precipitation rate (Fig. 2e). For 
the southwest monsoon season (MJJA), the Lh-Hv simu-
lations show the lowest RMSD, implying the best perfor-
mance out of all the ensemble groups. Other ensembles 
with increased resolution exhibit no apparent improve-
ments, such as the Hh-Hv simulations which capture a 
local maximum precipitation amount that is to the east of 
the observed peak (Fig. S2). Additionally, for extreme pre-
cipitation during the MJJA periods, the Hh-Hv and Lh-Hv 
simulations outperform the other two resolution groups, 
which implies the importance of using fine vertical reso-
lution to improve the simulation of extreme precipitation. 
Such improved extreme precipitation simulations have 
also been reported by Volosciuk et al. (2015) with a GCM 
simulation at an increased vertical resolution. Volosciuk 
et al. (2015) also suggested that a sufficiently high vertical 
resolution is important for a GCM to correctly simulate 
the meridional distribution of extreme precipitation near 
the tropics.

In summary, GCMs with higher horizontal and vertical 
resolutions exhibit a better representation of precipitation 
distribution over Peninsular Malaysia during the northeast 
monsoon season, while such an improvement is not appar-
ent for the precipitation accumulated during the southwest 
monsoon season.

3.2  Projected changes in monsoon season 
precipitation

3.2.1  Northeast monsoon season

During the northeast monsoon season (NDJF, Fig. 3), all 
the model ensembles except Lh-Lv project a decrease in 
precipitation (by − 5 to − 11%) over the northeast coast 
and southeast coast of Peninsular Malaysia. The largest rela-
tive decreases are seen in the Lh-Hv simulations (Fig. 3f). 
However, such projected decreases in precipitation are only 
statistically significant (p value < 0.05, based on the Stu-
dent’s t test) for the simulations with increased horizontal 
resolutions, including Hh (Fig. 3b), Hh-Lv (Fig. 3g) and 
Hh-Hv (Fig. 3h). The simulations with increased model 
resolutions, including Hh and Hv (Fig. 3d) project more 
pronounced decreases in precipitation than Lh (Fig. 3a) 
and Lv (Fig. 3c). A statistically non-significant increase 
(p value > 0.1) is seen over the western part of the region for 
all the resolution groups except Lh-Hv. Comparing the spa-
tial pattern of the projected precipitation changes with the 
mean precipitation patterns during the baseline period (Fig. 
S1), the projected precipitation decreases in the observed 
local maximum precipitation along the east coast and the 
increases over the relatively dry area in the west imply a 
more evenly distributed seasonal precipitation in the near 
future.

To quantify the detectability of projected changes in 
NDJF precipitation in this region from the multi-model 
GCM ensembles of different resolution groups, the distri-
bution of SNR for the projected changes in each group is 
displayed in Fig. 4. Compared with Lh (Fig. 4a), the SNR 
values for the Hh simulations (Fig. 4b) are generally greater, 
especially for the southeast coastal area near Mersing of 

Fig. 1  Location (a) and distri-
bution of elevation [b, unit: m; 
data from the 3 arc-seconds ele-
vation data of the Shuttle Radar 
Topography Mission (Farr et al. 
2007)] of the study area. The 
blue (red) triangles denote the 
locations for the west (east) 
coast stations as per our analysis 
of the precipitation annual 
cycle. States affected by the 
extreme flood event during the 
winter of 2021/22 (IFRC 2021) 
are labelled in purple
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eastern Johor where a significant decrease in precipitation 
is projected (Fig. 3b). This implies that the projected change 
in this area is more notable in ensembles with increased 
horizontal resolutions. A similar result is seen when com-
paring Hv (Fig. 4d) with Lv (Fig. 4c). In addition, the SNR 

values for Lh-Hv (Fig. 4f) and Hh-Hv (Fig. 4h) are gener-
ally greater than Lh-Lv (Fig. 4e) and Hh-Lv (Fig. 4g), sug-
gesting that the sensitivity of SNR to the increase in verti-
cal resolution is higher than that to horizontal resolution. 
This can be partly explained by the general reduction in the 

(a) (b)

Lh-Lv  Lh-Hv  Hh-Lv  Hh-Hv
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Fig. 2  Baseline evaluations for the period 1981–2000 in terms of 
temporal (annual cycle) and spatial analyses of precipitation for the 
multi-GCM ensemble mean of different resolution classes compared 
with three precipitation observation datasets: a annual cycle along the 
east coast; b annual cycle along the west coast; c, d show Taylor dia-

grams for the spatial comparisons of the precipitation amount during 
the northeast and southeast monsoon seasons respectively between 
the ensemble mean of observed precipitation and each simulation for 
the different resolution classes; e, f are as c, d but for the 95th percen-
tile daily precipitation rate
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ensemble spread over the north and Kuantan for simulations 
with increased vertical resolutions (Hv, Lv-Hv and Hh-Hv) 
compared to Lv, Lh-Lv and Hh-Lv (Fig. S3).

3.2.2  Southwest monsoon season

Figure 5 shows the projected changes in precipitation during 
the southeast monsoon season (MJJA). All the GCM ensem-
bles project a general increase in seasonal precipitation (by 
up to 12–33%) and the greatest magnitude of the projected 
changes tends to be within the northwest of the region (e.g., 
Perak). It is noted that the increase in horizontal resolution 
results in larger magnitudes of changes when comparing Lh 
(Fig. 5a) with Hh (Fig. 5b). In addition, the magnitude of 
the projected changes in Hh-Lv (Fig. 5g) is generally higher, 
while the projected changes are not statistically significant 
(p value > 0.1), in contrast to other resolution groups. The 
Hh-Hv (Fig. 5h) simulations indicate a statistically signifi-
cant increase in precipitation over the north (p value < 0.05), 
while the area with significant increases is less widespread 
than the projected increases with lower horizontal resolu-
tions, including Lh-Lv (Fig. 5e) and Lh-Hv (Fig. 5f).

For the analyses of SNR, the values during MJJA (Fig. 6) 
are generally greater than those in NDJF (Fig. 4), which 

is partially due to the generally lower ensemble spreads as 
shown by Fig. S4 compared to Fig. S3. However, the ensem-
bles at relatively high model resolutions, i.e., Hh (Fig. 6b) 
and Hv (Fig. 6d), exhibit a smaller SNR than those at lower 
model resolutions (Fig. 6a, c). Although the Hv simulations 
(Figure S4d) exhibit a smaller ensemble spread compared to 
Lv (Fig. S4c), the increase in model resolution is generally 
not effective in increasing SNR during MJJA.

In summary, the HighResMIP experiments examined in 
this paper project a general increase in precipitation over 
Peninsular Malaysia during the southwest monsoon season 
(MJJA), in contrast to the decrease projected during the 
northeast monsoon season (NDJF). Additionally, increases 
in model resolutions, particularly vertical resolution, pro-
vide a more certain near-future projection during NDJF 
by reducing the ensemble spread and increasing SNR of 
the projected changes, while such effects are not apparent 
during MJJA. Note that the improvement in the historical 
precipitation simulation by increasing model resolutions is 
more pronounced in NDJF than that in MJJA (Fig. 2c–f), 
which may correspond with the contrasting SNR changes for 
different seasons. However, although the decreased MME 
biases imply a higher reliability of the performance, it can-
not directly relate to the decreased uncertainties in the future 

Fig. 3  Relative changes (%) in precipitation during the northeast 
monsoon season (November to February, NDJF) for the period 
2031–2050 relative to the baseline period (1981–2000). Stippling 

indicates the changes that are statistically significant at a confi-
dence level above 90% (black, two-tailed p value < 0.1) or 95% (red, 
p value < 0.05) based on Student’s t test
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Fig. 4  Signal-to-noise ratios (%) in terms of the projected relative changes divided by the ensemble spread during the northeast monsoon season 
for the period 2031–2050 relative to the baseline period (1981–2000)

Fig. 5  As Fig. 3, but for the relative changes during the southwest monsoon season from May to August (MJJA)
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projection of precipitation with lower ensemble spreads and 
higher SNR. Hence, further research is needed to clarify the 
potential link between model biases and future projection 
uncertainties.

3.3  Changes to the precipitation annual cycle

Figure 7 shows the projected changes in monthly mean pre-
cipitation averaged over the east and west coasts of Pen-
insular Malaysia. Along the east coast, the ensembles of 
Lh, Hh, Lv and Hv project a significant decrease (by about 
10–23%) in precipitation for January (Fig. 7a). Ensembles 
with lower resolutions, i.e., Lh and Lv, show a significant 
increase (by about 8–20%) during July to August, while such 
an increase is less significant in Hh and Hv. Similar changes 
are projected by Lh-Lv, Lh-Hv, Hh-Lv and Hh-Hv (Fig. 7b); 
however, only the Lh-Hv simulations exhibit statistically sig-
nificant changes in January, May and July. No significant 
change is observed for Hh-Lv.

Along the west coast, Lh, Hh, Lv and Hv project a sig-
nificant increase in precipitation (by about 17–32%) in July 
and August (Fig. 7c). For the Lv simulations, significant 
increases are seen in the early northwest monsoon season 
(October–November) and a significant decrease is found 
in January. Similar results are seen for Lh, Hh and Lv, 
though the projected changes are generally not statistically 

significant. For the comparison among Lh-Lv, Lh-Hv, Hh-Lv 
and Hh-Hv (Fig. 7d), the Lh-Hv simulations show the most 
pronounced increase during the southwest monsoon season 
(by up to 46% in August) and a significant decrease in the 
late northwest monsoon season (by about 18% in January). 
Lh-Lv projects similar changes to Lh-Hv while the statisti-
cally significant changes only appear in July and August. For 
Hh-Hv, the models project a significant increase (by about 
22%) in July. No significant change is found for Hh-Lv.

In summary, the selected HighResMIP experiments pro-
ject an increase in precipitation during the mid-late south-
west monsoon season (July to August). Some signals of the 
projected decreases (increases) in precipitation are noted 
during the late (early) northeast monsoon season, though 
the magnitudes of these changes are less pronounced than 
those projected in the southwest monsoon season. These 
changes imply that the seasonality of precipitation in the 
coastal regions of Peninsular Malaysia may weaken in the 
near future.

3.4  Changes to extreme precipitation

Previous precipitation studies over Peninsular Malaysia have 
revealed that the occurrence of extreme precipitation dur-
ing the northeast monsoon season can trigger severe floods 
across the east coast (e.g. Tangang et al. 2008; Hai et al. 

Fig. 6  As Fig. 4, but for the southwest monsoon season from May to August (MJJA)
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2017); hence, it is important to understand the possible 
future changes in extreme precipitation in this region. In 
this section, the projected changes in extreme precipitation 
rate, in terms of the 95th percentile daily precipitation of the 
season, by the mid-21st century under the SSP5-8.5 scenario 
are analyzed for both the northeast monsoon season (NDJF) 
and the southwest monsoon season (MJJA). Although the 
extreme precipitation in MJJA is less frequent and weaker 
than that in NDJF as observed by Syafrina et al. (2015) as 
well as in Figures S5 and S6, its future projection is reported 
here due to the pronounced impact of extreme precipitation 
on the western part of the peninsula during the southwest 
monsoon season. It is also important to understand its pro-
jected changes given the significant projected increases in 
precipitation for MJJA discussed in the earlier sections.

During the northeast monsoon season (Fig. 8), all the 
model ensembles project a general increase in extreme pre-
cipitation rate over most of the peninsula. These increases 
exhibit greater statistical significance than those of the 
projected changes in total precipitation accumulation as 
shown in Fig. 3. The largest magnitude of increase (by up 
to about 30%) is found over the south of the region for the 
model ensembles at lower model resolutions, including Lh 

(Fig. 8a), Lv (Fig. 8c) and Lh-Lv (Fig. 8e); however, the 
location shifts towards the northwest as shown in simu-
lations with increased model resolutions, including Hh 
(Fig. 8b), Lv-Hv (Fig. 8f) and Hh-Lv (Fig. 8g). Simulations 
at increased vertical resolution, including Hv (Fig. 8d), 
Lh-Hv and Hh-Hv (Fig. 8h), show less pronounced increases 
compared to those at lower vertical resolutions (Lv, Lh-Lv 
and Hh-Lv). In addition, Hv and Hh-Hv project a sig-
nificant decrease (by up to 12%) over the southeast coast. 
Some decreases are seen over the northeast coast, especially 
for Hh, Lh-Hv and Hh-Lv, and these changes correspond 
with the projected decreases in precipitation accumulation 
(Fig. 3).

For the southwest monsoon season (Fig. 9), all the model 
ensembles project a general increase in extreme precipitation 
rate over most of the peninsula. These increases are more 
statistically significant than those displayed by the projected 
changes in precipitation accumulation as shown in Fig. 5. 
The largest magnitude of increase (by up to above 33%) is 
found over the northwest. The Hh simulations (Fig. 9b) show 
larger magnitudes of increases than those projected by Lh 
(Fig. 9a); however, models with increased vertical resolution 
(Hv, Fig. 9d) lead to smaller magnitude changes compared 
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Fig. 7  Projected relative changes in monthly mean precipitation along 
the east coast (a, b) and west coast (c, d) for the period 2031–2050 
relative to the baseline period (1981–2000) in ensembles of differ-

ent resolution classes. Asterisks show the medians of changes that 
are statistically significant at confidence levels above 90% (two-tailed 
p value < 0.1, based on Student’s t test)
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to models at lower vertical resolutions (Lv, Fig. 9c). For 
the comparison among Lh-Lv, Lh-Hv, Hh-Lv and Hh-Hv 
(Fig. 9e–h), the Lh-Lv simulations show the most pro-
nounced increases during the southwest monsoon season 
(by above 33% in most of the western areas). Similar to the 
projections for seasonal precipitation accumulation (Fig. 5), 
the projected changes in extreme precipitation by Hh-Lv are 
not statistically significant (p-value > 0.1). For Hh-Hv, the 
models project a significant increase (by up to about 15%) 
over the north, while the magnitudes of change are less pro-
nounced than Lh-Lv and Lh-Hv.

In summary, the selected HighResMIP model experi-
ments project an increase in extreme precipitation, in terms 
of the 95th percentile daily precipitation rate, during both 
the northeast and southwest monsoon seasons. The most 
pronounced increases tend to occur in the northwest of Pen-
insular Malaysia, while projections for the east coast (where 
significant increases in the frequency of extreme precipi-
tation events have been observed in recent decades, Khan 
et al. 2019) are less pronounced than those projected across 
the west. These changes also indicate a more spatially even 
distribution of extreme precipitation rates in the near future.

3.5  Relationship between the projected changes 
in precipitation and large‑scale environments

To understand the large-scale physical processes dominat-
ing the projected precipitation changes discussed in the 
previous section, here we analyze the projected changes in 
precipitation-associated environmental fields for different 
monsoon seasons under the SSP5-8.5 scenario. This sec-
tion also provides a brief validation of the simulations for 
the large-scale fields during the historical baseline period 
by comparing them to those in the four climate reanalysis 
datasets listed in Table 2.

3.5.1  Northeast monsoon season

Vectors in Fig. 10 show the mean horizontal moisture trans-
port, in terms of the vertically integrated water vapor trans-
port (IVT), during the northeast monsoon season (NDJF) 
for the baseline period (1981–2000). The reanalysis datasets 
(Fig. 10a–d) show the domination of intense southwestward 
moisture transport by the northeast monsoon flow over Pen-
insular Malaysia. A cyclonic horizontal wind shear affecting 
the southeast of the region is observed, which is associated 
with the counterclockwise turning of the cross-equatorial 
winds associated with terrain effects (Chang et al. 2016). 
These large-scale characteristics are correctly simulated 

Fig. 8  As Fig. 3, but for the changes in the 95th percentile daily precipitation during the northeast monsoon season (NDJF)
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by ensembles of all the model groupings (Fig. 10e–l). The 
analyses of bias distributions for similar model groups rela-
tive to different reanalysis datasets can be found in L2021.

The projected changes (for the future period of 2031–2050 
relative to the baseline period of 1981–2000) in the magni-
tudes of IVT near Peninsular Malaysia by different resolu-
tion groups (Fig. 10e–l) show a general weakening (by up 
to about 20 kg  m− 1s− 1 over the southwest of the region) of 
the southwestward moisture transport by the northeast mon-
soon in all the model simulations except Lv (Fig. 10g) and 
Lh-Lv (Fig. 10i). This agrees well with the general decrease 
in precipitation over the east coast (Fig. 3) due to the weaker 
orographic precipitation effect (Juneng et al. 2007). It also 
explains the less substantial precipitation decreases along 
the east coast projected by Lv (Fig. 3c) and Lh-Lv (Fig. 3e) 
as compared to other simulations. For the projected weaken-
ing of IVT, the changes presented by Hh-Lv (Fig. 10k) are 
not statistically significant, which partly explains the statisti-
cally non-significant changes in extreme precipitation shown 
in Fig. 8g. A similar relationship between the weakening of 
the northeast monsoon flow during winter and precipitation 
decreases over the east coast is also presented by Tangang 
et al. (2020) for projections under two RCP scenarios from 
the Coordinated Regional Climate Downscaling Experi-
ment–Southeast Asia (CORDEX–SEA) ensembles.

Due to the close relationship between the temporal and 
spatial changes in precipitation near Malaysia and changes 
in the atmospheric ascent associated with topographic forc-
ing (Mahmud et al. 2020) and different climate regimes 
(Salimun et al. 2014), we discuss the projected changes 
in vertical velocity fields at 850 hPa by the selected High-
ResMIP experiments. For simulations during NDJF for the 
baseline period (1981–2000), the east coast of Peninsular 
Malaysia is dominated by relatively strong vertical ascent 
(up to 6–15 ×  10− 2 Pa  s− 1), as evidenced by the four reanaly-
sis datasets (Fig. 11a–d). Such a distribution is reasonably 
represented by the selected model simulations (Fig. 11e–l); 
however, simulations at relatively low resolutions [Lh 
(Fig. 11e), Lv (Fig. 11g) and Lh-Lv (Fig. 11i)] simulate 
an ascent of up to 6–9 ×  10− 2 Pa  s− 1 along the east coast, 
which is weaker than those in simulations with increased 
resolutions [Hh (Fig. 11f), Hv (Fig. 11h), Hh-Lv (Fig. 11k) 
and Hh-Hv (Fig. 11L)]. The magnitude of ascent (up to 
15 ×  10− 2 Pa  s− 1) captured by the Hh-Hv simulations are 
most similar to those in ERA5 and CFSR.

For the future period (2031–2050) relative to the base-
line period, all the model groupings project a significant 
weakening (p value < 0.05) of the vertical ascent (up to 
0.9–2.1 ×  10− 2 Pa  s− 1) along the east coast (Fig. 11e–l) 
associated with the general weakening of the monsoon 
flow (Fig.  10e–l). Also, the models tend to project a 

Fig. 9  As Fig. 8, but for the southwest monsoon season (MJJA)
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non-significant (p value > 0.1) increase in vertical ascent 
by up to 0.3–2.1 ×  10− 2 Pa  s− 1 over the west of the pen-
insula. Such a change is consistent with the more evenly 
distributed precipitation (Fig. 3) and the extreme precipi-
tation rates (Fig. 8) with decreased (increased) signals 
over the east (west). Simulations with increased hori-
zontal resolutions (Hh) tend to exhibit a larger magni-
tude of changes compared to those with lower horizontal 
resolutions (Lh). Similar differences in projected changes 
are observed when comparing Hv with Lv. These are 

generally consistent with the differences in projected pre-
cipitation changes shown in Fig. 3a–d.

3.5.2  Southwest monsoon season

For the southwest monsoon season (MJJA) during the 
baseline period (1981–2000), the IVT fields from four rea-
nalyses (Fig. 12a–d) show that Peninsular Malaysia, espe-
cially for the northern area, is dominated by the southwest-
erly moisture transport. The cross-equatorial southeasterly 
flow dominates the areas to the south, which can induce 

Fig. 10  NDJF-mean fields of the vertically integrated water vapor 
transport (IVT, vectors) for the baseline period (1981–2000) and their 
projected absolute magnitude changes (shaded  in e–l) for the period 
2031–2050 relative to the baseline period in each resolution class. 
Cross symbols denote the changes that are statistically significant 

at a confidence level above 90% (black, two-tailed p  value < 0.1) or 
95% (red, p value < 0.05) based on Student’s t test. Simulations from 
NICAM16 and HiRAM-SIT are not included in these analyses due to 
the lack of relevant data
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low-level moisture convergence over the peninsula (Chang 
et al. 2016). In addition, the relatively strong westerly flow 
to the north can lead to strong anti-cyclonic shear over the 
peninsula, which is closely associated with reduced con-
vection and the associated precipitation reduction of the 
season (Chenoli et al. 2018). These large-scale character-
istics are correctly represented by all the resolution groups 
(Fig. 12e–l). For projected changes during 2031–2050 
relative to the baseline, all the resolution groups project a 
weakening (by up to 35 kg  m− 1s− 1) of the moisture trans-
port by the southwest monsoon flow to the north of the 
peninsula, implying a weakening of the anticyclonic shear 
dominating the region in summer. In addition, a strength-
ening of the cross-equatorial southeasterly is observed to 

the south (by up to 30 kg  m− 1s− 1). These changes cre-
ate a more favorable environment for precipitation over 
the peninsula, which corresponds well with the general 
increase in precipitation and extreme precipitation rates as 
shown in Figs. 5 and 9. Comparing the different resolution 
groups, the Hh (Fig. 12f) simulations project a more sig-
nificant strengthening (p value < 0.05) of the cross-equato-
rial southeasterly flow than Lh (p value > 0.05, Fig. 12e), 
while Hv (Fig. 12h) projects a less pronounced strength-
ening compared to Lv (Fig. 12g). These changes are con-
sistent with the magnitude of increases in precipitation 
(Fig. 5a–d) and extreme precipitation rates (Fig. 9a–d). 
For the southwest monsoon flow to the north of 6°N, 
the projected weakening by Hv (p value < 0.05) is more 

Fig. 11  As Fig. 12 but for the NDJF-mean fields of vertical velocity at 850 hPa (positive: downward motion) for the baseline period from 1981 
to 2000 (black contours) and their projected changes for the period 2031–2050 (shaded) relative to the baseline period
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pronounced than other resolution groups. However, these 
changes are difficult to reconcile with the less pronounced 
increase in precipitation for Hv (Fig. 5d) compared to Lv 
(Fig. 5c). For the comparison among Lh-Lv, Lh-Hv, Hh-Lv 
and Hh-Hv, the Hh-Lv simulations (Fig. 12k) project the 
greatest enhancement of the cross-equatorial southeast-
erly flow. This is consistent with the largest magnitude 
of precipitation increase over the northwest projected by 
Hh-Lv (Fig. 5g).

Figure 13 shows the analysis of vertical velocity at 850-
hPa during MJJA. The four reanalysis datasets show a 
relatively strong vertical ascent (up to 3–20 ×  10− 2 Pa  s− 1) 
across the mid-north of Peninsular Malaysia for the baseline 
period (Fig. 13a–d), which may be related to the low-level 

convergence between the cross-equatorial southwesterly 
flow to the south of the region and the westerly monsoonal 
flow from the north of Sumatra. All the model groupings 
(Fig. 15e–l), except Hh–Lv (Fig. 15k), underestimate the 
vertical ascent in the middle of the peninsula compared to 
ERA5, JRA-55 and CFSR. For the projected future changes, 
all the model groupings project a strengthening (up to a 
range of 0.9–2.1 ×  10− 2 Pa  s− 1) of the vertical ascent over 
the north of the peninsula, which can be related to the loca-
tion of the greatest magnitudes of precipitation increase pro-
jected by all the groups (Figs. 5, 9). Such strengthening is 
only statistically significant (p value < 0.05) in Lv (Fig. 13g) 
and Hh-Lv (Fig. 13k), which explains the more pronounced 

Fig. 12  Same as Fig. 10, but for the MJJA-mean fields
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precipitation increases in these simulations compared to 
other resolution groups.

In summary, the projected changes in the precipitation-
related environmental fields generally agree well with the 
projected changes in precipitation and the extreme precipi-
tation rates over Peninsular Malaysia. These include the 
weakening of the moisture transports by the monsoonal 
flow in different monsoon seasons, which partly explain 
the weaker seasonality of precipitation in the coastal 
regions as well as the more evenly distributed precipitation 
in NDJF and the precipitation increase in MJJA. Moreover, 
the changes in the vertical velocity in the lower tropo-
sphere for different seasons are partially consistent with 
the distributions of the projected precipitation changes. 
However, some projected signals are difficult to relate 

to the large-scale environmental changes. For instance, 
although the more pronounced changes in the large-scale 
environments projected by the Hh-Lv simulations agree 
with the relatively large magnitudes of their projected 
precipitation changes, it is difficult to explain why the 
precipitation changes in Hh-Lv are generally not statisti-
cally significant given the robustness of changes in the 
environmental fields examined here.

4  Summary and discussion

In this paper, the ability of eighteen selected CMIP6 
HighResMIP experiments to simulate the monsoon sea-
son precipitation for the historical period of 1981–2000 

Fig. 13  Same as Fig. 11, but for the MJJA-mean fields
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has been evaluated as an extension of the recent study 
of L2021 that focused on the period 2001–2014. Based 
on the evaluated GCMs and their future climate simula-
tions under the SSP5-8.5 scenario, the projected near-term 
changes in monsoon precipitation have been presented for 
the future period (2031–2050) relative to the historical 
period (1981–2000). Our primary findings are summarized 
as follows:

1. The selected HighResMIP experiments project a 
decrease in precipitation over Peninsular Malaysia dur-
ing the northeast monsoon season (NDJF), especially 
along the east coast of the region. For the southwest 
monsoon season (MJJA), a general increase in precipi-
tation is found near the northwest of the region. These 
changes imply that both the spatial and temporal dis-
tributions of precipitation in Peninsular Malaysia may 
become more evenly spread.

2. Both horizontal and vertical model resolutions play an 
important role in the projected signals. For instance, 
the projected decreases in NDJF precipitation along the 
east coast are found to be more significant in simula-
tions with increased horizontal and vertical resolutions. 
For MJJA, simulations with increased vertical resolu-
tions tend to project smaller magnitudes of precipitation 
increases.

3. Simulations with increased horizontal and vertical reso-
lutions exhibit some potential to narrow uncertainty in 
the future projection of precipitation during the northeast 
monsoon season: Greater SNR values for the projected 
precipitation changes during NDJF have been found in 
simulations with increased horizontal and vertical reso-
lutions. For the southwest monsoon season (MJJA), the 
increase in model resolution shows no apparent effect on 
enhancing the SNR. It is difficult to understand the cause 
of such different resolution-dependance on projection 
uncertainties in different seasons, which requires future 
studies.

4. The projected decrease in precipitation along the east 
coast during NDJF can be related to the weakening of 
the northeast monsoon flow and the associated weak-
ening of the low-level ascent. For MJJA, the general 
increase in precipitation and extreme precipitation rates 
over the peninsula can be explained by the increased 
vertical ascent over the peninsula, associated with the 
weakening of the low-level anticyclonic shear and a 
strengthening of the cross-equatorial southeasterly flow 
to the south.

The projected results highlighted in this paper show 
some consistency with previous studies focusing on Pen-
insular Malaysia or the wider Southeast Asia region. For 
example, using an ensemble of regional climate model 

simulations under the RCP4.5 and 8.5 scenarios, Tangang 
et al. (2020) projected an increase in the seasonal maxi-
mum of daily precipitation over the north of Peninsular 
Malaysia in summer and over the west in winter by the 
end of 21st century, which is consistent with the projected 
increases in the 95th percentile daily precipitation in this 
study. Based on multiple GCMs, the studies of Sun and 
Ding (2010) and Zou and Zhou (2015) projected a weaken-
ing of the southwest summer monsoon flow over Southeast 
Asia under the RCP 8.5 scenario, which agrees well with 
the projected changes in MJJA IVT in this paper. The pro-
jected weakening of the winter monsoon in Southeast Asia 
has also been reported by Tangang et al. (2019) based on 
the CORDEX-SEA ensemble and by Siew et al. (2014) 
based on the CMIP5 coupled experiments. The projected 
increases in extreme precipitation rates over Peninsular 
Malaysia for both the monsoon seasons demonstrate some 
similarities to the projected increases in different levels 
of annual extreme precipitation rates over Thailand based 
on the HighResMIP simulations for the same emission 
scenario (Khadka et al. 2021). In contrast, a projected 
strengthening of the summer and winter monsoonal flows 
near Southeast Asia has also been found by Dai et  al. 
(2021) based on the CMIP5 simulations under the RCP4.5 
scenario. These contrasting results imply uncertainties in 
the future projection of monsoon circulation that requires 
further attention in future studies.

This paper has evaluated the role of model spatial reso-
lution in projected changes in precipitation over Peninsular 
Malaysia in a set of state-of-the-art GCMs. Such a resolution 
dependence can strongly influence the result of watershed-
scale hydrological modeling driven by the GCM simulations 
(Tan et al. 2021). However, this impact has not been thor-
oughly investigated, especially the role of vertical resolution, 
since previous research has typically focused on the effect 
of improving horizontal resolution. In addition, the results 
show that increases in both horizontal and vertical resolution 
can improve the SNR of the projected precipitation changes 
for the northeast monsoon season. However, the analyses 
of uncertainties in terms of ensemble spread and SNR are 
strongly constrained by the available ensemble size, espe-
cially for the high-resolution experiments that are compu-
tationally expensive. Another limitation of the study is the 
chosen study periods, limited by the availability of future 
climate simulation outputs from HighResMIP, which makes 
it difficult to generalize the effect of long-term climate sensi-
tivity to the anthropogenic greenhouse gas emissions. These 
limitations are expected to be addressed in future work.
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