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Abstract

Gridded rainfall datasets based on various data sources and techniques have emerged to help
describe the spatiotemporal features of rainfall patterns over large areas and have gained
popularity in many regional/global climatic analyses. This study explored future variations of
rainfall characteristics over peninsula Malaysia and Singapore region based on rainfall indices of
PRCPTOT, Rx1day, Rx5day, RO5pTOT, R1mm, and R20mm, under 9 CORDEX-SEA RCM
datasets with RCP8.5 emission scenario. A monthly quantile delta mapping method (MQDM)
was adopted for bias-correction of the RCM modelled data. It was indicated that all the studied
rainfall indices have long-term variations both temporally and spatially. Generally, the further
the future, the higher the variability and uncertainty of indices. For the study region, the relative
increments of the medians from RCM models averaged over all climatic zones in the far future
are 40.3%, 25.9%, and 4.7% for Rx1day, Rx5day and R95pTOT, respectively. The annual
rainfall amount (PRCPTOT) in the long run would likely increase mainly in the northeast coastal
zone and drop in most of other areas over the peninsula, with the median being -5.9% averaged
over all zones. The frequency of wet days (R1mm) would generally drop over the whole
peninsula, with the median averaged over all zones being -6.8% in the far future. The frequency
of heavy rains (R20mm) would overall decrease (by -3.4% in average in the far future) but might
still notably increase in the northeast zone (NE) at both annual and southwest monsoon. The
extreme condition implied from various RCM models would be more alarming. The study result
would be useful in revealing the essential spatiotemporal variations of rainfall over the peninsula
from short- to long-term futures and supporting large-scale flood risk assessment and adaptation

planning.
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1. INTRODUCTION

Analysis of climate variability at a regional scale is important for the understanding of regional
hydrological features and planning of water resources at large-scale river basins. This is
especially true for Southeast Asia (SEA), where the economic conditions, resources availability,
and adaptive capability to climate extremes are highly diversified. The southern part of Malay
Peninsula, located at the southernmost Asian continent, is a relatively small portion of SEA
region characterized by tropical climate, two monsoonal seasons, high geographical differences,
and vulnerability to climate change (Cavendish Square Publishing, 2007). This region consists of
mainly western Malaysia and Singapore and is encircled by the southwestern section of
Thailand, the Malacca Strait, the Singapore Strait, and the South China Sea. Over the past
decades, this region has undergone a rapid economic development but is also facing challenges
of extreme weather events and water supply issues (Hai et al., 2017; Chow, 2017). Analysis of
rainfall patterns over this region would greatly enhance the understanding of the hydrological
trends and variability and the design of responsive actions of regional flooding, drought, and

drainage system design.

In recent decades, gridded rainfall datasets based on various data sources and techniques have
emerged to help describe the spatiotemporal features of rainfall patterns over large areas and
have gained popularity in many regional/global climatic analyses (Donat et al., 2014). A detailed

review of global precipitation datasets has been provided by Sun et al. (2017). For future climate
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change studies, the Coordinated Regional Climate Downscaling Experiment (CORDEX) datasets
have been widely used for grid-level based impact study from climate change. The CORDEX
has been a multinational effort under the World Climate Research Programme (WCRP)
framework in running regional climate models (RCMs) through standardized experiments,
targeting at offering high-resolution climate projections for the world (Giorgi et al., 2009; Evans,
2011). In recent years, there have been a few research efforts devoted in using CORDEX or
RCM products for climate change impact assessment in the context of SEA. For examples, Ngai
et al. (2017) used results from four RCMs and the corresponding global circulation models
(GCMs) from CORDEX-EA datasets to analyze the long-term trends of daily precipitation and
temperature over the entire Southeast Asia. The trend preserving quantile mapping (QM) method
was used in this study and proved to have capability of greatly improving the biases from large-
scale model outputs. Tangang et al. (2019) presented changes of rainfall over Thailand in various
future windows using RCP4.5 and RCP8.5 based on seven RCM outputs from CORDEX
simulations. Tangang et al. (2020) has given an important examination on the projected
variations of rainfall in SEA based on multiple model simulations from Southeast Asia Regional
Climate Downscaling (SEACLID)/CORDEX-SEA. Supari et al. (2020) investigated projections
of four precipitation extremes (including total rainfall amount, consecutive dry days, frequency
of heavy rainfall based on 50 mm, and daily maximum rainfall) over both annual and seasonal
scales over the large SEA domain based on eight CORDE-SEA datasets with both RCP4.5 and

RCP8.5 emission scenarios.
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In the context of the southern part of Malay Peninsula, there are a few related studies reported
recently. For examples, Amin et al. (2017) studied the water balance and flood condition in the
21st century over Muda and Dungun watersheds over Peninsula Malaysia using a coupled
climate and hydrology model under 15 GCM-driven RCM downscaled scenarios. Tan et al.
(2020) studied the hydrometeorological droughts over the Kelantan River Basin, Malaysia, based
on CORDEX-SEA projections and a distributed hydrological model. Ngai et al. (2020a) used a
non-hydrostatic RCM (NHRCM) to simulate future rainfall over Malaysia under RCP8.5
scenario based on six extreme rainfall indices. Ngai et al. (2020b) adopted a quantile mapping
(QM) method to bias-correct rainfall data from seven CORDEX rainfall products datasets and
project future rainfall patterns over Malaysia based on three rainfall indices related to rain-day

frequency, intensity, and 90th percentile of rain-day precipitation amount.

Generally, the previous studies are valuable in assessing the variations of rainfall patterns under
climate change over SEA or entire Malaysia. It is also necessary to give a more detailed
examination on the rainfall patterns over the southern part of Malay Peninsula (including
Peninsula Malaysia and Singapore regions), considering the availability of more updated
CORDEX-SEA datasets and also the importance of having a more holistic view on the
uncertainty of rainfall variability from ensembled RCM outputs. Furthermore, it would be value-
added effort to explore more effective bias-correction approach for this study region to improve
the reliability of future projections. Thus, as an extension to the work of Ngai et al. (2020b), this

study aims at exploring future variations of rainfall characteristics from the angle of rainfall

5
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amount, frequency, and extremes using six standard rainfall indices, based on 9 CORDEX-SEA
RCM datasets with RCP8.5 emission scenario. A monthly quantile delta mapping approach will
be adopted for bias-correction of the RCM modelled data. The future analysis will be based on
climatic zones over the peninsula defined by Wong et al. (2016), for the benefit of better
quantification of spatial rainfall extreme variations and adaptation planning of water-induced

crisis in face of future climate change in the study region.

2. STUDY AREA, DATA AND METHOD

Study Area and Data

The study area will primarily focus on the southern part of the Malay Peninsula (as shown in
Figure 1), consisting of Peninsular Malaysia (west Malaysia) and the city state of Singapore (i.e.
100.0-104.5E and 1.0-7.0N), with a total land area over 132 thousand km?. The southern Malay
Peninsula topography is featured by highlands, coastal regions, and floodplains, with the major
mountain range (i.e. Titiwangsa Range) extending from north to south and separating west and
east coast regions. As this area is close to the equator, its climate is mostly hot and humid
throughout the year. The average annual rainfall is around 2,400 mm and temperature ranges
from 25 to 32°C (Wong et al., 2016; Ahmad et al., 2017). Most of the peninsula is affected by
two monsoons, including southwest monsoon (from May to September) and northeast one (from
November to March), with Singapore location having slightly delayed month in each monsoon

(Suhaila et al., 2010; Li et al., 2019). The climate of the study area is strongly affected by the
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monsoon winds and also the global effects (like EL Nifo-Southern Oscillation), making it
susceptible to increased risks of flooding and droughts under climate change conditions
(Tangang et al., 2017; Richard and Walsh, 2018). For the convenience of spatial description, we
adopt the eight climatic zones delineated by Wong et al. (2016), to cover the study area and

highlight climate change impacts. Figure 1 also shows the boundaries of all zones.

The historical data (from 1970 to 2005) used for this study are based on Asian Precipitation-
Highly-Resolved Observational Data Integration toward Evaluation of Water Resources
(APHRODITE) rainfall dataset (APHRO_MA V1101 ) at 0.25 degree resolution
(http://aphrodite.st.hirosaki-u.ac.jp/products.html). The dataset was based on a wide range of
gauge rainfall data and interpolated over a large domain (Yatagai et al. 2012). For future climate
data, we have selected 9 rainfall datasets with scenario RCP8.5 from the Coordinated Regional
Climate Downscaling Experiment for Southeast Asia (CORDEX-SEA), with details being
provided in Table 1 (Giorgi et al, 2012; Kjellstrom et al., 2014; Ngo-Duc et al., 2017; Ngai et al.,
2017; Ngai et al., 2020; Tangang et al., 2020; Top et al., 2021). The datasets are downloaded

from ESGF index nodes (https://cordex.org/data-access/esfg). The RCP8.5 scenarios within the
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fifth Coupled Model Intercomparison Project (CMIP5) are focused due to its more intense

rainfall-index projections in comparison to RCP4.5 for the study region (Ngai et al., 2020).

Place Table 1 here

Selection of Rainfall Indices

In this study, we adopt six indicators from the precipitation indices pool suggested by the World
Meteorological Organization’s Expert Team on Climate Change Detection and Indices
(ETCCDI) (Zhang et al., 2011; Cannon et al., 2015). Table 1 gives the details of these indices
which can be defined based on annual or seasonal. In this study domain, precipitation basically
refers to rainfall. The total precipitation amount (PRCPTOT) is a basic characteristic denoting
the amount of rainwater received over the time duration. The maximum daily rainfall (Rx1day),
5-day consecutive rainfall (Rx5day), and 95th percentile of wet-day rainfall amount (R95pTOT)
reflect mainly the extreme magnitude of rainfall from different angles. The number of wet days
with daily rain amount above 1 mm (R1mm) and 20 mm (R20mm) represent the frequency
features of the small and heavy rains. Considering the monsoonal features of both Peninsula
Malaysia and Singapore, we use the seasonal data from November to March as northeast

monsoon (NEM) and that from May to September as southwest monsoon (SWM).
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Place Table 2 here

Method for Bias-Correction and Projection

In this study, the raw RCM outputs will be corrected first using quantile delta mapping (QDM),
which has been widely used in bias correction of climatic data. The method was found to be
superior than traditional quantile mapping method in mitigating inflation of relative trends in
precipitation extreme indices (Cannon et al., 2015). The method could be applied based on
monthly, seasonal, or annual data pooled over years depending on the climatic features of the
study region. In this study, we adopt the monthly quantile delta mapping (MQDM) as the method
for bias correction of daily rainfall time series. In MQDM, the quantile delta mapping is carried
out for each month of the year. The corrected monthly data will be eventually aggregated into
annual time series. The main step is to find out the relative change, d(¢), in quantiles between

historical benchmark period and projection time point ¢, which is written as (Cannon et al.,

2015):
05 proi(t) = ESD x5, 0 (8)] 1
m,proj m,proj xm,pro Jj ( a)
6S(t) = xfn,proj(t)/IF;L,hist [Hrsn,proj(t)] (1b)
where HTS,WTO ;(£) is the non-exceedance probability based on model projected rainfall series
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F(t’s)

mproj 1S the cumulative distribution

Xmproj(t) at time point £ at months (s =1, 2, ..., 12);
function (CDF) constructed based on model projected data over projection window at month s

covering time point ¢; IF®, x5 18 the inverse CDF constructed based on modelled historical data at

month s.

Next, the modelled quantile needs to be bias-corrected into historical value using inverse CDF
constructed from observed historical data; afterwards, the relative change obtained from the
previous step will be multiplied to the historical bias-corrected data to obtain the bias-corrected

model projection data. The relevant equations can be written as (Cannon et al., 2015):

CXopis = IFo pist [Hrsn,pro j 0] (2a)

N

CXmproj = 6°(¢t) - ng,his (2b)

where IF% sis: is the inverse CDF constructed based on observed historical data at month s; cx;, ;s

N

and CXp, 50

are historical bias-corrected model value and bias-corrected model projection value

at month s, respectively. For more detailed introduction of quantile mapping methods and their

comparisons, readers can refer to Cannon et al. (2015) and Tong et al. (2020).

3. RESULT ANALYSIS AND DISCUSSIONS

Evaluation of MQDM Performance

The monthly quantile delta mapping was applied to each RCM rainfall output over the historical

10
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period (1970 to 2005). Figure 2 shows a comparison of observed distribution of rainfall extreme
indices based on averaged RCM outputs before and after bias correction at an annual scale. From
the observation, the northeast coastal zone seems to have notably higher levels of PRCPTOT,
Rx1day, Rx5day, R95pTOT, and R20mm, with most of them representing rainfall magnitude.
This is in line with findings from many studies, e.g. Wong et al. (2018) and Khan et al. (2019).
The west coast also shows relatively higher values in terms of PRCPTOT and R20mm and the
rainy days over 1 mm somewhat spread over most of the peninsula with a range varying from
200 to 260 days. The averaged indices from raw RCM ensembles seem to have significant
overestimations over the mountain areas and northeast coast zone, and considerable
overestimation over other areas (note the deep red color area in the figure is capped by a
maximum limit which is set to avoid over-attenuation of observed values in the same map). The
RCMs have seen high estimations over the mountainous areas and northeast coastal areas,
possibly due to topographical and monsoonal effects on rainfalls in the model.

The bias-corrected indices are found much closer to the observed ones, with only minor

differences detected in certain grids.

To further verify the performance of quantile mapping over the study domain, a scatter plot

11
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based on all grid data is carried out to compare the modelled result with and without bias
correction to the observed one. Figure 3 shows the scatterplots of all indices based on three time
scales, including annual, NEM and SWM. The mean absolute errors for raw data (MR) and for
bias-corrected data (MQ) averaged over all grids are also shown on each subfigure. It is found
that, except for Rlmm in NEM, most of the grids have seen overestimation of indices from the
raw RCM model. However, all indices in historical runs have been well corrected to observed
levels, with MQ values being significantly lower than MR for most indices in various time
scales. This has demonstrated the satisfactory capability of MQDM in correcting the raw
modelled data in the study region. Comparing to the work of Ngai et al. (2020) for the same
region, MQDM seems to have a better correction performance in terms of both annual rainfall

and frequency (which is similar to PRCPTOT and R1mm in this study).

Projection of Future Changes of Indices over the Study Domain
After quantile mapping, the model bias is considered smoothed, and the future varying trends are
analyzed in detail. We first investigate the overall distribution of rainfall patterns over the
peninsula using 50th percentile of the ensembled RCM outputs, as this could reveal the general
trends of rain characteristics in the future by avoiding extreme conditions. Other percentile

results (i.e. 25th and 75th) can be found in the Supplementary Materials. Figure 4 shows the

12
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relative changes of annual-based indices under near (2010-2039), middle (2040-2069), and far
(2070-2099) future, in comparison to historical benchmark. The result indicates that Rx1day and
Rx5day have increment over the entire study domain in all future windows, with later period has
a higher increment rate, implying an increased risk of flood for most of the peninsula. At the end
of the century, the maximum increment of daily maximum rainfall could reach up to 62.5% and
the five-day rainfall could reach up to 43.1% around the inland area. The number of rainy days
with amount above 1 mm (R1mm) over the entire peninsula seems to gradually reduce from near
to far future, with the largest decrease rate found to be around 14.4% at the end of the century. In
terms of annual total rainfall (PRCPTOT), a mixture of both decrease and increase over three
future windows is discovered. Interestingly, the west coast, north and south parts would be
experiencing a decreasing trend of total rainfall from near (up to -4.7%) to far future (up to -
18.4%), while the inland and northeast areas would be experiencing an increasing trend instead
(i.e. up to 5.9% and 10.6% in the near and far future, respectively). The RO5pTOT is found to
generally increase over all future windows (up to 11.3%, 21.5%, and 23.2% in near, middle and
far future, respectively), but the north region has seen somewhat decreasing trend in the middle
(up to -20.2%) and far future (-22.4%). The R20mm is found increasing over a majority of the
peninsula in the future (up to 19.8%, 39.4%, and 41.7% for near, middle and far future,
respectively), except for the north and west coast areas which would be experiencing decreasing

trend instead (up to -10.2, -42.9, and -42.9% in the near, middle and far future, respectively).

Figures 5 and 6 show the relative changes of rainfall extreme indices based on northeast and
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southwest monsoons, respectively. In general, the two monsoons have seen similar increasing
trend of Rx1day and Rx5day and decreasing trend of R1mm over most of the areas of the
peninsula, which is similar to the annual scale changes. Both monsoons have found wider areas
with decreasing trend for PRCPTOT in the middle and far futures. It appears that the northeast
coast area would be experiencing a decreasing trend of total rainfall over NEM in the far future
while SWM has the opposite result. In terms of P95pTOT, the NEM result is similar to that
based on annual scale, where most areas would experience increasing trend except for the north
tip of the peninsula. Whereas, the SWM time scale has seen wider areas with decreasing trend
along the north, west coast, southwest, and south areas (up to -10.7%, -10.5%, and -10.3% in the
near, middle and far future, respectively). The R20mm has mixed increasing and decreasing
trends over the peninsula with NEM seen a bit wider range of decrease in the far future while

SWM has a wider increase instead.

Analysis of Future Projections based on Climatic Zones
To further quantify the potential changes over different climatic zones of the peninsula Malaysia
and Singapore as well as the ensemble uncertainty from multiple RCMs, boxplots are generated

for all time scales. Figures 7 to 9 present various indices using their absolute values, where the

14



286

287

288

289

290

291

292

293

294

295

296

297

298

299

300

301

302

303

304

305

306

indices are averaged over the grids within each specific climatic zone (as shown in Figure 1).
The bar inside each box denotes the median. The upper and lower box edges represent the 75th
and 25th percentiles and the extreme bars above and below denote the maximum and minimum
values (whiskers). Outliers are denoted by plus sign and considered abnormal distance values. In
the followed zonal analysis, we intend to focus a bit more on higher end values (i.e. upper
whiskers) as they represent worst scenarios and have more implications to flood risk in the study
domain. In general, the three future windows have shown different levels of uncertainties. The
further the future, the wider the result ranges, and vice versa. Also, the deviation of median from
the observed value is generally the smallest in the near future, followed by the middle and far

future.

In terms of PRCPTOT, the medians are higher than historical benchmark in NE but are generally
lower in NT, SW, IWC and WC. The zones of CT, ST and SE are found to have less significant
variations. Taking annual scale in the far future for example, the medians in the far future at
zones of CT, IWC, NE, NT, SE, ST, SW, and WC would change by -3.4%, -10.4%, 5.3%, -
13.7%, -0.7%, -5.8%, -7.2%, -11.2%, respectively. This is consistent to the results shown from
Figures 4 to 6. The ensembled ranges for all zones at all time scales well cover the historical
benchmark, suggesting both increase and decrease of PRCPTOT in the future from different
models. Under extreme upper conditions (exclude outliers), the relative increase of total rainfall
amount in the far future in eight zones could reach up to 21.0%, 13.0%, 32.4%, 30.5%, 41.4%,

31.5%, 35.2%, and 22.7% at an annual scale. It is worth noticing that the ensemble range for NE

15



307 in the far future is rather wide. The medians at annual, NEM, and SWM are seen only slight

308 changes, namely 5.3%, -2.0%, and 5.7%, respectively. However, the 75th and 25th percentiles
309 would be 20.6% and -15.0% at annual scale, 14.8% and -13.3% at NEM scale, and 30.1% and -
310 15.3% at SWM scale, respectively. Under extreme cases, the total rainfall amount would reach
311 upto2779.1, 1392.7, 1271.4 mm in NE at annual, NEM, and SWM scales, respectively

312 (corresponding to 32.4%, 38.5%, and 72.6% relative changes with respect to historical

313  benchmark).

314

315 In terms of Rx1days, it is basically agreeable by all models that there would be notable increase of
316  maximum daily rainfall in the future at all zones. Taking annual scale in the far future for

317  example, the medians in the far future at zones of CT, IWC, NE, NT, SE, ST, SW, and WC

318  would increase by 52.8%, 50.8%, 37.0%, 26.9%, 42.7%, 34.5%, 33.0%, 44.6%, respectively.

319  Under extreme upper cases (exclude outliers), the index could increase by 169.2%, 164.3%,

320 101.6%, 106.5%, 56.2%, 87.0%, 80.9%, and 110.8% over eight zones, respectively. In terms of
321  monsoonal results, NEM seems to be more consistent with annual scale, implying a more

322 dominant effect of NEM in maximum daily rainfall. Taking far future for example, the extreme
323 relative increases for NEM are 107.9%, 89.3%, 84.8%, 108.5%, 45.5%, 85.4%, 71.0%, and

324  66.1% over eight zones, respectively; those for SWM are 78.8%, 58.6%, 79.6%, 50.0%, 95.4%,
325  45.0%, 43.4%, and 39.5%, respectively. In addition, the NEM have seen a larger spatial variation
326  of Rxlday and also a wider ensemble range than SWM, implying stronger effect of northeast

327  wind from South China sea.
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Figure 8 shows the boxplots for Rx5day and R95pTOT. Similar to the changes of Rx1day, there
is obvious increment of 5-day consecutive rainfall over all zones based on both annual and
monsoonal scales. Taking far future at annual scale for example, the medians of Rx5day would
increase by 30.6%, 35.3%, 16.7%, 12.6%, 22.6%, 37.1%, 27.2%, 25.0% at zones of CT, IWC,
NE, NT, SE, ST, SW, and WC, respectively; under extreme cases, the increase would be
112.8%, 109.6%, 57.0%, 103.9%, 30.5%, 52.0%, 59.5%, and 86.9%, respectively. NEM has
seem a closer pattern of changes to the annual scale in terms of ensemble range and spatial
variations in comparison to SWM. Taking far future at NE as an example, it is suggested from
model 75th percentile that the Rx5day would be 255.3, 232.8, and 111.6 mm at annual, NEM,
and SWM scales, respectively; at 25th percentile, it becomes 164.4, 155.6, ad 79.8 mm,

respectively; under extreme cases, it could reach up to 282.2, 268.4, 131.5 mm, respectively.

The varying trend of R95pTOT is somewhat similar to that of Rx5day, except for a lesser degree
of increment in comparison to historical benchmark. The medians of RO5pTOT at annual scale in
the far future would change by 12.8%, 3.9%, 18.8%, -14.1%, 7.4%, 5.0%, 4.8%, -1.4% at zones
of CT, IWC, NE, NT, SE, ST, SW, and WC, respectively; under extreme upper cases, the
changes (exclude outliers) would become 62.4%, 46.0%, 52.0%, 66.3%, 17.2%, 24.3%, 24.0%,
and 48.3%, respectively. The index at the NE zone would still have the widest fluctuation and
also the highest extremes in the far future. The maximum R95pTOT (exclude outliers) at annual,

NEM, and SWM scales would reach up to 751.1, 382.0, and 207.3 mm (which correspond to
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relative changes of 52.0%, 53.7%, and 56.7%), respectively. The index at SWM scale does not
seem to have a clear cut of increase or decrease in most zones, as the medians are relatively close
to the historical benchmark values; while the index at NEM scale seems to have the 25th

percentile closer to historical benchmark, implying a higher possibility of increment.

Figure 9 presents the boxplots of RIlmm and R20mm. It is found that the frequency of rainy days
(>1 mm) would drop significantly over all zones under various future windows. The ensemble
range, similar to other indices, would become wider from near to far future. The medians of
R1mm at annual scale in the far future would drop by -7.0%, -7.1%, -7.4%, -8.9%, -6.5%, -3.6%,
-6.1%, -7.4% at zones of CT, IWC, NE, NT, SE, ST, SW, and WC, respectively; under extreme
lower cases, the decrease (exclude outliers) would be as low as -10.9%, -19.0%, -17.6%, -23.6%,
-9.4%, -9.4%, -20.2%, and -21.9%, respectively. The zone NT has seen the most notable
decrease of R1mm, where the 75th and 25th percentiles would be 226 and 196 days at annual
scale, 68 and 61 days at NEM scale, and 108 and 101 days at SWM, respectively. Under extreme
cases (exclude outliers), the RImm would reduce to as low as 181, 50, and 75 days at annual,
NEM, and SWM scales (which correspond to -23.6%, -32.4%, and -34.2%), respectively; the
west coastal area (WC) is also seen a notable decrease of RImm in the far future, namely -21.9, -

30.0, and -27.4% at annual, NEM and SWM scales, respectively.

The R20mm have seen a mixed increase and decrease at all zones. In terms of medians, the

R20mm at annual scale in the far future would change by 5.7%, -0.6%, 10.5%, -28.0%, 10.1%, -

18



370

371

372

373

374

375

376

377

378

379

380

381

382

383

384

385

386

387

388

389

390

11.1%, 11.8%, and -25.2%, respectively; under extreme upper case, R20mm would increase by
71.0%, 44.2%, 67.7%, 89.2%, 88.5%, 54.9%, 166.7%, and 79.3%, respectively. It is found that
the medians at NEM scale in different zones are close to the historical benchmarks, while those
at SWM scales are clearly below benchmarks in IWC, NT, ST, and WC, above benchmarks in
NE and SE, and close to benchmarks in CT and SW. The ensemble ranges at NE in the far future
seem to be the widest among all. The medians at annual, NEM and SWM are 22, 13, and 6 days,
respectively; those under extreme cases, the index could rise up to 34, 21, and 16 days or become

as low as 14, 9, and 2 days, respectively.

Generally, the rainfall indices based on various RCM model outputs have indicated long-term
variations both temporally and spatially. From near to far future, the variations of indices would
increase with greater level of uncertainties. From the overall peninsula, most model imply more
intense rainfall extremes (like Rx1day, Rx5day, and R95pTOT) in the future, implying higher
possibility of flooding risk. For instance, the relative increments of the medians from RCM
models averaged over all climatic zones in the far future are 40.3%, 25.9%, and 4.7% for
Rx1day, Rx5day and R95pTOT, respectively. The annual rainfall amount (PRCPTOT) in the

long run would likely increase mainly in the northeast coastal zone and drop in most of other
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areas over the peninsula, with the median being -5.9% averaged over all zones. The frequency of
wet days (RImm) would generally drop over the whole peninsula, with the median averaged
over all zones being -6.8% in the far future. The frequency of heavy rains (R20mm) would
overall decrease (by -3.4% in average in the far future) but might still notably increase in the
northeast zone (NE) at both annual and southwest monsoon. The extreme condition implied from
various RCM models would be more alarming. Moreover, the rainfall characteristics in northeast
coastal zone has been found to be relatively more sensitive to climate change, as it may be more
affected by monsoonal effects. Finally, the spatial variability at NEM is found somewhat closer
or more consistent to that at annual scale than SWM, particularly for those extreme indices like
Rx1day, Rx5day, R95pTOT, and R20mm, implying a more dominant role of NEM in extreme

rainfall distribution over the year.

Further Discussions

This study took the full advantage of the CORDEX-SEA precipitation dataset and revealed the
future rainfall characteristics over the region of Malay Peninsula and Singapore. The study
followed the works of Ngai et al. (2020) and Supari et al. (2020) by focusing on the Peninsula
Malaysia and Singapore region based on six standard ETCCDI precipitation extreme indices
over near, middle and far future windows. A direct comparison to these previous work is difficult
due to selection of different indices, bias-correction method, future windows, and RCM
scenarios. However, a partial comparison is still possible for general trend detection. From

quantile mapping, Ngai et al. (2020) revealed an overall overestimation of annual rainfall
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(similar to PRCTTOT), FREQ (roughly to RImm) and Q90 (roughly similar to R95pTOT) in
terms of ensemble average of seven RCM models in the historical period from 1986 to 2005.
This is somewhat similar to our study findings. It is also found that the MQDM method used in
this study performs generally better than the QM method in Ngai et al. (2020), at least in terms of
annual rainfall, frequency of rainy days, and upper percentile of wet days. For future predictions,
Ngai et al. (2020) found out that FREQ is generally decreasing over the western Malaysia in both
middle and far future, which is consistent with what we concluded from this study. Ngai et al.
(2020) also indicated that the Q90 would be decreasing in most of the peninsula, except for the
northeast and south zones. Our findings indicate a decreasing trend of R95pTOT mainly in the
north, west coastal, and south zones, with larger areas having increasing trends. From the work
of Supari et al. (2020), it was revealed that the PRCPTOT under RCP8.5 of eight RCMs have
suggested about 10-20% decrease over the entire western Malaysia at the end of this century and
about 1-20% increase for Rx1day. This is somewhat consistent to our general study results for

these two indicators except for some local variations like northeast coastal zone for PRCPTOT.

Nonetheless, our study has also given a more holistic view of the ensemble ranges of the six
indices in different future windows, and also more focused examination of changes over different
climatic zones over the study domain. The study result would be a good addition to the academic
community for revealing the essential spatiotemporal variations of rainfall over the southern
Malay peninsula from short- to long-term futures and supporting large-scale flood risk

assessment and adaptation planning. Secondly, the study framework can be easily followed by
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many other countries, especially developing countries, to explore updated information of climate
patterns and rainfall trends in the future. The relevant datasets (like APHRIDIATE and
CORDEX) are easily assessable and would be useful for regional studies with limited data

sources.

This study is based on ensembled rainfall data from nine RCM outputs and APHRODITE, where
the grid data may not be able to catch higher spatial resolution rainfall patterns. But the quantile
mapping approach is also applicable to gauge-based data or other higher-resolution grid rainfall
products if they are available. Moreover, to facilitate flood risk management, higher temporal
resolution rainfall is desired. The sub-daily CORDEX datasets (like 3-hourly) are also available
in many regions around the world. It is possible to carry out quantile mapping on sub-daily
rainfall data but such efforts may be restricted by the availability of historical sub-daily data for
the study region and also the justification of the methodology’s validity in bias-correct sub-daily
data which is not widely tested. Lastly, the monthly quantile delta mapping method is proved to
be rather reliable in correcting the six indices that are linked to rainfall amount, extremes, and
frequency. However, the reliability of the method in reproducing other more complicated

indices, like dry/wet spell lengths, frequencies of rainfall extremes etc., may need further testing.

4. CONCLUSIONS
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This study explored future variations of rainfall characteristics over peninsula Malaysia and
Singapore region based on rainfall indices of PRCPTOT, Rx1day, Rx5day, RO5pTOT, R1mm,
and R20mm, under 9 CORDEX-SEA RCM datasets with RCP8.5 emission scenario. A monthly
quantile delta mapping method (MQDM) was adopted for bias-correction of the RCM modelled
data. It was revealed that the adopted quantile mapping method is satisfactory in correcting the
modeled rainfall data for the historical record. From future projection, it was indicated that all
the studied rainfall indices have long-term variations both temporally and spatially. Generally,
the further the future, the higher the variability and uncertainty of indices. For the study region,
Rx1day, Rx5day, and R95pTOT have obvious increment over the whole peninsula. The annual
rainfall amount (PRCPTOT) in the long run would likely increase mainly in the northeast coastal
zone and drop in most of other areas. The frequency of wet days (R1mm) would generally drop
over the whole peninsula and that of heavy rains (R20mm) would overall decrease in average in

the far future but might still notably increase in the northeast zone (NE).

The study result would be useful in revealing the essential spatiotemporal variations of rainfall
over the peninsula from short- to long-term futures and supporting large-scale flood risk
assessment and adaptation planning. Also, the method framework can be easily followed by
many other countries, especially developing countries, to explore updated information of climate
patterns and rainfall trends in the future. In further studies, it would be valuable to explore sub-
daily quantile mapping methods due to availability of sub-daily rainfall data from CORDEX.

Also, further testing of MQDM in correcting other more complicated indices are necessary.
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Table Captions:

Table 1. Selected RCMs with scenario RCPS&.5 from CORDEX-SEA database

Table 2. Precipitation extreme indices used in this study
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Table 1. Selected RCMs with scenario RCPS.5 from CORDEX-SEA database

No. | RCM GCM Responsible Example References
(Develop (Develop Institute) Institutes for RCMs
Institute) (Country)

1 RegCM4-7 HadGEM2-ES ICTP (Italy) Giorgi et al. (2012)
(ICTP, Italy) (MOHC, UK)

2 REMO2015 MPI-ESM-LR (MPI- | GERICS Top et al. (2021)
(GERICS, M, Germany) (Germany)
Germany)

3 RCA4 (SMHI, CNRM-CM5 SMHI (Sweden) | Kjellstrom et al.
Sweden) (CNRM-CERFACS, (2014); Tangang et al.

France) (2020)

4 RegCM4-7 NorESM1-M (NCC, | ICTP (Italy) Giorgi et al. (2012)
(ICTP, Italy) Norway)

5 RegCM4-3 MPI-ESM-MR (MPI- | RU-CORE Tangang et al. (2020)
(ICTP, Italy) M, Germany) (Thailand)

6 RegCM4-3 IPSL-CM5A-LR RU-CORE Tangang et al. (2020)
(ICTP, Italy) (IPSL, France) (Thailand)

7 RegCM4-3 GFDL-ESM2M RU-CORE Tangang et al. (2020)
(ICTP, Italy) (NOAA, USA) (Thailand)

8 RCA4 (SMHI, HadGEM2-ES SMHI (Sweden) | Kjellstrom et al.
Sweden) (MOHC, UK) (2014); Tangang et al.

(2020)

9 RegCM4-3 EC-EARTH (EC- RU-CORE Tangang et al. (2020)

(ICTP, Italy) Earth consortium) (Thailand)

* Sources: https://cordex.org/data-access/esgf/; https://cordex.org/domains/region-14-south-east-

asia-sea/
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Table 2. Precipitation extreme indices used in this study

Abbreviation* | Description (defined over annual or seasonal scale) | Unit

PRCPTOT Total precipitation amount mm

Rx1day Maximum daily rainfall amount mm

Rx5day Maximum consecutive 5-day precipitation amount | mm

R95pTOT Total precipitation amount from wet days with | mm
precipitation amount above 95th percentile

R1mm Number of days with precipitation amount above | days
(inclusive) 1 mm

R20mm Number of days with precipitation amount above | days
(inclusive) 20 mm

* Sources: Bronaugh et al. (2014) and Cannon et al. (2015)
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Figure Captions:
Figure 1. Study map and climatic zones following Wong et al. (2016).

Figure 2. Distribution of annual-based historical indices of (a) PRCPTOT, (b) Rx1day, (c) Rx5day,
(d) R95pTOT, (e) RImm, and (f) R20mm from (1) observed data, (2) averaged RCM data, and (3)
averaged RCM bias-corrected data.

Figure 3. Scatterplot of historical indices of (a) PRCPTOT, (b) Rx1day, (c) Rx5day, (d) R95pTOT,
(e) RIlmm, and (f) R20mm based on averaged RCM outputs before and after QM under time scales
of (1) annual, (2) NEM, and (3) SWM. Note: MR and MQ are the averaged MAEs for raw and
bias-corrected data over all grids, respectively.

Figure 4. Relative changes of annual-based (a) PRCPTOT, (b) Rx1day, (c) Rx5day, (d) R95pTOT,
(e) RIlmm, and (f) R20mm under (1) near (N), (2) middle (M), and (3) far (F) future windows
compared to baseline based on 50th percentile of the ensembled RCM outputs.

Figure 5. Relative changes of NEM-based results based on similar settings as Figure 4.

Figure 6. Relative changes of SWM-based results based on similar settings as Figure 4.

Figure 7. Projection of changes of (1) PRCPTOT and (2) Rx1day with time scales at (a) annual,
(b) NEM, and (c) SWM under various RCM results. Note: horizontal dashed line represents
observed historical benchmark; N, M, and F represent near, middle and far future.

Figure 8. Projection of changes of (1) Rx5day and (2) R95pTOT with time scales at (a) annual, (b)
NEM, and (¢) SWM under various RCM results. Note: symbols have similar meanings as those in
Figure 7.

Figure 9. Projection of changes of (1) RImm and (2) R20mm with time scales at (a) annual, (b)

NEM, and (¢) SWM under various RCM results. Note: symbols have similar meanings as those in
Figure 7.
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Figure 1. Study map and climatic zones following Wong et al. (2016).
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Figure 2. Distribution of annual-based historical indices of (a) PRCPTOT, (b) Rx1day, (c) Rx5day,
(d) R95pTOT, (e) RIlmm, and (f) R20mm from (1) observed data, (2) averaged RCM raw data,
and (3) averaged RCM bias-corrected data.
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Figure 3. Scatterplot of historical indices of (a) PRCPTOT, (b) Rx1day, (c) Rx5day, (d) R95pTOT,
(e) RImm, and (f) R20mm based on averaged RCM outputs before and after QM under time scales
of (1) annual, (2) NEM, and (3) SWM. Note: MR and MQ are the averaged MAEs for raw and

bias-corrected data over all grids, respectively.
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Figure 4. Relative changes of annual-based (a) PRCPTOT, (b) Rx1day, (c¢) Rx5day, (d) R95pTOT,
() RIlmm, and (f) R20mm under (1) near (N), (2) middle (M), and (3) far (F) future windows

compared to baseline based on 50th percentile of the ensembled RCM outputs.
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Figure 5. Relative changes of NEM-based results based on similar settings as Figure 4.
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Figure 6. Relative changes of SWM-based results based on similar settings as Figure 4.
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Figure 7. Projection of changes of (1) PRCPTOT and (2) Rx1day with time scales at (a) annual,
(b) NEM, and (c) SWM under various RCM results. Note: horizontal dashed line represents

observed historical benchmark; N, M, and F represent near, middle and far future.

39



300 f(a1) Annual , T + """ ESOO (a2) Annual , L
€ 250
£ T ; =600 | ﬂB .
>200f | @ Co | O o H o
2 ol -g"'iné*ﬂaﬁ_?ﬂ?@ Lo Eﬂgﬂgﬂ e
& llneBy  TayT DBHQBE§ LU
100 [T | S, NE. | .NT, | SE. (ST, /SW WG, 200 LCT.1IWC | NE, | NT, | SE,| ST, SW. .WC
300 e ———— oo
.| (b1)NEM . =400 (b2)NEM + .
£ 250 ! = !
~—200 | BEH -+ { Z 300 _ i Q i
S 150 | R Egﬁ ?B © 1R 00l B ‘HE-{EHHE Co
2 oo p8lodl T rafet [ & lelagl "t agedf
& 100 B25QRY 4 Q_Q__ﬁe_@__ﬁ%mo_ SEECIET| 30858t
CT | IWC | NE, | NT! SE, ST, SW,  WC CT. IWC | .NE, NT! SE. .ST. .SW, WC
'(&:1')'S'V\'l|\'/|' o _ (c2yswm
E 200 R 1 E3o0f +
E | = * :
> 150 | + .
O
(é ++I+’f.7i D H 'E.ZOO g H EH
g 1001 hogpa] MY, - 26l Qauﬁ 8 Lnbedal: 35" et aaa
nd T e toBl B ¥ 100
50 LET 1 WG | NE, |, N.T.|.'8fE.\.S.T.\.SfN LWC, CT, IWG | \NE, |, N.T.\.S.E.l.S.T.|.SW‘\ WC.,
NMFNMFNMFNMFNMFNMFNMFNMF NMFNMFNMFNMFNMFNMFNMFNMF

Figure 8. Projection of changes of (1) Rx5day and (2) R95pTOT with time scales at (a) annual, (b)
NEM, and (c) SWM under various RCM results. Note: symbols have similar meanings as those in

Figure 7.
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Figure 9. Projection of changes of (1) RImm and (2) R20mm with time scales at (a) annual, (b)

NEM, and (c) SWM under various RCM results. Note: symbols have similar meanings as those in

Figure 7.
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