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Abstract: Precipitation is a key meteorological component that is directly related to climate change. 
Quantifying the changes in the precipitation bioclimate is crucial in planning climate-change adapta
tion and mitigation measures. Southeast Asia (SEA), home to the world's greatest concentration of 
ecological variety, needs reliable monitoring of such changes. This study utilized the global-climate 
models from phase 6 of coupled model intercomparison project (CMIP6) to examine the variations in 
eight precipitation bioclimatic variables over SEA for two shared socioeconomic pathways (SSPs). 
All indicators were studied for the near (2020-2059) and far (2060-2099) futures to provide a better 
understanding of the temporal changes and their related uncertainty compared to a historical period 
(1975-2014). The results showed a high geographical variability of the changes in precipitation- 
bioclimatic indicators in SEA. The mainland of SEA would experience more changes in the bioclimate 
than the maritime region. The multimodel ensemble (MME) showed an increase in mean annual 
rainfall of 6.0-12.4%  in most of SEA except the Philippines and southern SEA. The increase will 
be relatively less in the wettest month (15%) and more in the driest month (20.7%) in most of SEA; 
however, the precipitation in the wettest quarter would increase by 2.85%, while the driest quarter 
would decrease by 1.0%. The precipitation would be more seasonal. In addition, the precipitation 
would increase over a larger area in the wettest month than in the driest month, making precipitation 
vary more geographically.

Keywords: precipitation extremes; shared socioeconomic pathways; GCM; SEA; climate change

1. Introduction

Precipitation is the most crucial climatic factor for the ecosystem. It is the primary 
factor of floods, droughts, erosions, and other hydrological water-related disasters. It also 
defines the ecological conditions that allow for the proliferation of various species over 
a given area. Precipitation-bioclimatic indicators explain the interplay between environ
mental wetness/dryness and living things [1]. The precipitation bioclimate influences 
biodiversity, vegetation cover, ecology, and irrigation requirements. It is crucial for sustain
ability because it characterizes the agricultural potential, species distribution, public heat 
risk, and pollution susceptibility [2- 4]. Variations in rainfall and consequent changes in 
temperature and humidity impact the human ability to maintain an energy balance and 
comfort [5]. It has also been used to quantify a region's potential for cultivating a desired 
crop [6]. Most species require a certain range and variability of rainfall to survive; therefore, 
rainfall is the major driver of an area's species distribution and ecology [7,8]. Precipitation 
is also highly linked with disease outbreaks and fatality rates [9,10]. Air pollution and 
environmental conditions are also dependent on precipitation [11].
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Global-warming-induced climate change has altered the precipitation regime around 
the world by amplifying the hydrological cycle [12]. The alteration in mean precipita
tion has also caused a variation in seasonal, temporal and spatial precipitation patterns, 
adversely impacting agricultural products, the environment, water sustainability, the
national economy, and people's livelihoods. Even a little change in the bioclimate can 
significantly affect the bio-environment and biological distribution [13]. As precipitation 
provides an understanding of a region's bio-environment, trends in precipitation-related- 
bioclimatic indicators can foretell the anticipated alterations of its biodiversity; therefore, 
precipitation-related-bioclimatic indicators must be analyzed to understand the possible bi
ological reactions of climate change so we can propose the required adaptation or mitigation 
actions [13].

The shifts in the precipitation bioclimate vary greatly between locations; therefore, 
it is crucial to evaluate how the precipitation bioclimate has changed in regions with a 
wide range of climatic and topographical conditions. Southeast Asia (SEA) has a diverse 
geography with numerous highlands, plains and islands. It has one of the world's great
est densities of tropical species [14,15]. The considerable biodiversity has narrowed the 
niches of tropical species. The region has experienced a climatic shift over the past few 
decades [16,17]. This has caused a significant disturbance of species niches in the region; 
therefore, some of SEA's regions have been classified as the home of irreplaceable and 
threatened species due to climate change [18- 20]. Numerous micro-interactions between 
the ocean, land, and atmosphere make SEA's climate highly complex [21]. The topographi
cal and climate variabilities have made the hydrological systems extremely sensitive. This 
has made it one of the w orld's most climate-vulnerable regions. Four countries in SEA 
ranked among the world's ten most vulnerable to climate change during 1997-2016 [21,22]. 
Recent increases in flood danger have provided a significant obstacle to development, 
especially in Malaysia; therefore, it is essential to understand the effects of climate change 
on the region.

Several studies have evaluated the changing climate in SEA based on different climate 
variables, such as mean temperature, rainfall, extreme rainfall/temperature, and seasonal 
rainfall/temperature;however, these variables are insufficient to identify the specific factors 
determining biological and ecological changes. Correlational niche analysis techniques, 
widely used for species-occurrence modeling, depend on statistical relationships between 
species occurrences and environmental factors [23]. Different bioclimatic variables have 
been identified as driving environmental factors of species occurrences. For this purpose, 
the bioclimatic variables are available from WorldClim [24] and ENVIRIM [25]. The World- 
Clim bioclimatic variables can best explain the climate influence on a species' physiology 
and ecology [24,26]; therefore, they are most widely employed for assessing the present- 
and future-precipitation bioclimatology [26- 28]. There are no particular studies available 
right now that project precipitation-bioclimatic variables in tropical SEA.

Climate change impacts are generally evaluated using global climate model (GCMs) 
simulations [29]. These GCMs are developed under the coupled model intercomparison 
projects (CMIPs) [30]. Due to GCMs being generated by various organizations/research 
groups, their performance varies globally, and various degrees of uncertainty are associated 
with each of them. The latest version of CMIP, CMIP6, gives a more realistic depiction of 
Earth's physical processes than earlier CMIPs [31]. GCMs relied on robust projection scenar
ios known as shared socioeconomic pathways (SSPs), the updated version of representative 
concentration pathways (RCPs) [32]. There is less uncertainty in CMIP6 GCM s' future 
projection than in the previous version [33]. Several studies showed better performance 
of the CMIP6 model for SEA. Iqbal et al. [34] ranked the performance of 35 GCMs from 
CMIP6 using compromised programming from 1975 to 2014 in the mainland of SEA. The 
results illustrated that most CMIP6 GCMs could capture and simulate the precipitation cli- 
matological data. Hamed et al. [35] compared 13 GCMs from CMIP6 with their predecessor 
from CMIP5 in simulating historical precipitation projections over SEA. They concluded 
that the CMIP6 simulations have less uncertainty than CMIP5.
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This study employed eight bioclimatic precipitation indicators of WorldClim to quan
tify the future bioclimatic changes in SEA for the intermediate (SSP2-4.5) and pessimistic 
(SSP5-8.5) ecenarios using; 23 CMIP6 GCMs. The findings of this siudy will help scientists 
better understand how precipitation indices; are significant to the bio-environment, agricul
ture;, water resources , and wildlife distribution of SEA. Addition ally, the results may help 
policymakers in SEA establish suitable climate-change mitigation and adaptation methods.

2. Data and 80111*068
2.1. Study Area

SEn  is located between latitude —10°-30° N and lo n ^ u d e  90°-141° E and encom
passes an area of 4,550,000 km2, m s ^ ^ ^  11 countries. F ^ u te  1 ^ p k t s  tts topography, 
measured in meters, above the mean sea level. Some areas in Myanmar and Indonesia 
have elevations up to 4000 m above sea level, but the rest of theregion is mainly flat. The 
mean annual precipitation ranges between 750 to 5000 mm [35]. Its climate is equatorial, 
with aconstant temperature, high humidity, and heavyprecipitation. Solar radiation has 
a low incidence angle, meaning temperatures do not si|giificantly fluctuate throughout 
the year [21]. Climate extremes, sush as droughts and floods, ate widespread in most SEA 
becauseof thecom plex spatiotemporal atmospheric dynamics.

Figure 1. The location and topography of Southeast Asia.

2.2. Global Climate Models (GCMs)

The CMIP6 GCMs m odel's extracted outputs yielded historical and future climate 
simulations from 1975 to 2099 (https://esgf-node.llnl.gov/search/cmip6/ (accessed on 
20 March 2022)). Table 1 shows the 23 models that were used . All the models consider one 
initialization variant label as r1i1f1p1. The simulations from two scenarios were selected, 
i.e., SSP2-4.5 and SSP5-8.5. The SSP2-4.5 scenario represents the emissions of greenhouse 
gases to be kept at a moderate level. The SSP5-8.5 scenario represents the use of a rapidly 
evolving planet powered by fossil fuels emitting large amounts of greenhouse gases [36].

https://esgf-node.llnl.gov/search/cmip6/
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Accordingly, the two projections can reflect the wide range of climate characteristics result
ing from two pathways under global warming.

Table 1. CMIP6 GCMs used in the study.

No. Model Institution Country
Original Spatial 

Resolution

1 ACCESS-CM2 1.87 x 1.25°
Australia

2 ACCESS-ESM1-5
CSIRO-ARCCSS

1.875 x 1.25°

3 AWI-CM-1-1-MR AWI Germany 0.93 x 0.93°

4 BCC-CSM2-MR BCC China 1.12 x 1.12°

5 CanESM5 CCCMA Canada 2.79 x 2.81°

6 CAS-ESM2-0 CAS-ESM China 1.40 x 1.40°

7 CIESM CIESM China 0.90 x 1.30°

8 CMCC-ESM2 CMCC Italy 0.94 x 1.25°

9 EC-Earth3 0.35 x 0.35°

10 EC-Earth3-CC 0.35 x 0.35°
Europe

11 EC-Earth3-Veg
EC-Earth

0.35 x 0.35°

12 EC-Earth3-Veg-LR 0.35 x 0.35°

13 FGOALS-g3 FGOALS China 2.00 x 2.00°

14 FI0-ESM-2-0 FIO China 1.25 x 0.90°

15 GFDL-ESM4 NOAA-GFDL USA 1.00 x 1.25°

16 INM-CM4-8 2.00 x 1.50°
Russia

17 INM-CM5-0
INM

2.00 x 1.50°

18 IPSL-CM6A-LR IPSL France 2.50 x 1.27°

19 MIROC6 MIROC Japan 1.40 x 1.40°

20 MPI-ESM1-2-HR 0.94 x 0.94°
Germany

21 MPI-ESM1-2-LR
MPI-M

1.87 x 1.86°

22 MRI-ESM2-0 MRI Japan 1.12 x 1.12°

23 NESM3 Nanjing University China 1.90 x 1.90°

3 . Methodology

This study attempted to examine the future changes in SEA's precipitation bioclimate. 
Table 2 provides detailed explanations for the bioclimatic indicator used. The MME mean 
represents the 90% confidence interval (CI) or 5th, and 9th percentiles for each indicator 
were estimated using 23 GCMs. The outputs of the GCMs were interpolated to 1.0° spatial 
resolution using bilinear interpolation, as used in many studies [37]. It was employed 
to calculate the bioclimatic indicators for the historical (1975-2014) as well as for two 
future periods, near (2020-2059) and far (2060-2099). The expected changes in bioclimatic 
indicators for various periods were estimated at each grid point. The results were computed 
for two projected scenarios, SSP2-4.5 and SSP5-8.5. The dynamic method was used for 
Bio-13 to Bio-19, except Bio-15, to select the month and three consecutive months with the 
maximum and minimum temperature/precipitation for both historical and future periods. 
The selection of the driest/wettest month/quarter was not fixed, meaning reselection 
occurred for a future period [38].
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Table 2. Detailed explanations of the precipitation bioclimatic indicators used in this study.

Indicator

Bio-12 Annual precipitation

Bio-13 Precipitation in the 
wettest month 

Bio-14 Precipitation in the 
driest month 

Bio-15 Precipitation 
seasonality

Bio-16 Precipitation in the 
wettest quarter

Bio-17 Precipitation in the 
driest quarter

Bio-18 Precipitation in the 
warmest quarter

Equation

i=12
Bio -  12 =  Z  PPTi

i=1

Bio -  13 =  max([PPTi, . . . ,  PPT12]) 

Bio -  14 =  m in([PPTi, . . . ,  PPT12]) 

Bio — 15 =  SD # Pf e 2 ^ x  100

Unit

1 + ( )

Bio — 16 =  max

Bio — 17 =  min

QTmax max

i=3
Z  PPTi,

i=1
i=4
Z  PPTi,

i=2

i=12
Z  PPTi,

i=10
i=1
Z  PPTt,

i=11
i=2
Z  PPTi, 

i=12

i=3
Z  PPTi,

i=1
i=4
Z  PPTi,

i=2

i=12
Z  PPTi,

i=10
i=1
Z  PPTi,

i=11
i=2
Z  PPTi, 

i=12

i=3
Z  Tavg i,

i=1
i=4
Z  Tavg i, 

i=2

i=12
Z  TaVgv

i=10

Z  ^ g u
i=11

Z  ^ g u  
i=12 

Bio — 18 =

O//O

Zi=3 P P T i, based on the three selected months of O jn

mm

mm

mm

mm

mm

mm
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Table 2. Cont.

Indicator Equation Unit

Bio-19 Precipitation in the 
coldest quarter

QTmin =  min

i=3
L  Tavg I , 

i=1 
i=4
L  Tavg I , 

i=2

i=12
L  Tavg I , 

i=10

L  TavgI, 
i=11

L  TavgI, 
i=12 

Bio 19 =
L i= 1  P P T i, based on the three selected months of QTmin

mm

PPT is defined as the total precipitation of a single month. i is the number of the month 
in the year. Tmax is the monthly mean of daily maximum temperatures in °C. Tmin is the 
monthly mean of daily minimum temperatures in °C.

4 . Results

MME was formed using the historical and future projections of precipitation biocli
matic indicators (Table 2) using the available GCMs. These sections detail the historical 
MME mean values for each indicator. Aside from that, this section presents the 5th, 95th, 
and mean values of the projected changes of the indicators for SSP2-4.5 and SSP5-8.5. The 
90% CI is shown by comparing the 5th and 95th percentiles. In addition, eight rainfall 
bioclimatic indicators were computed for ACCESS-CM2, as an example, for comparison, as 
presented in the Supplementary Materials.

4.1. Mean Annual Precipitation

The spatial distribution of the mean annual precipitation (Bio-12) for historical and 
future periods is illustrated in Figure 2 . The historical mean annual precipitation ranged 
from 1500 to 4000 mm, except for middle Myanmar and the southeastern region, where it 
was the lowest and highest, respectively. In Myanmar, precipitation ranged from 1200 to 
2000 mm, and 4000 to 5500 mm in the southeast region. The projected MME mean of Bio-12 
for SSP2-4.5 and SSP5-8.5 were nearly identical in the near and far futures. The projected 
mean from Bio-12 revealed an increase of 6-12.4%  in most SEA, except the southern part 
and the Philippines. Rainfall was projected to decrease by 5.5 and 6.4% in those regions for 
near and far futures, respectively, for SSP2-4.5. It was nearly identical to SSP5-8.5. In the 
near and far futures, the projections of the 5th and 95th percentiles were identical between 
SSP2-4.5 and SSP5-8.5. The 5th percentile showed decreased annual precipitation by - 1 5  
to -6 5 %  over all of SEA. The greatest decrease was in northern Myanmar, and the lowest 
decrease was in Laos and eastern Thailand. The 95th percentile map illustrated an increase 
of 20 to 200%. The largest increase was in northern Myanmar. The areal averages of the 5th 
and 95th percentiles for different scenarios were similar for the near and far futures.
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Figure 2. Spatial distribution of historical mean annual precipitation (Bio-12) and its changes in the 
near and far futures for SSP2-4.5 and SSP5-8.5.

4.2. Precipitation o f Wettest Month (Bio-13)

The spatial distribution of the historical and future precipitation in the 'wettest month 
was prepared by identifying the month with the maximum cumulative precipitation at 
each grid point (Figure 3). The historical precipitation in SEA ranged from 320 to 500 
mm in most of SEA, except in southern Myanmar and southeastern SEA. where it ranged 
from 500 to 650 mm. The MME mean of the projected Bio-13 revealed a small increase in 
most SEA by 15°% except for southern regions and western Indonesia in the near future 
of SSP2-4.5. In addition, an increase was projected in SEA in the far future, except for the 
southern coastal regions. For SSP5-8.5, Bio-13 showed an increase over the whole of SEA 
for both futures, txcept in southern coastal areas, northwestern Indonesia, and eostern SEA 
foe the near future. The far future presented the highest increase in Myanmar by 30.6°%. 
The 5th percentile maps revealed a decrease of up to 65°% over all of SEA. The changes
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in both futures for SSP2-4.5 and the near future for SSP5-8.5 were nearly identical. The 
projected MME mean for SSP5-8.5 (far future) showed the lowest decrease in Thailand, 
Laos, and Indonesia. The MME for 95th revealed an sncrease of up to 165%> ov er all of SEA. 
Thehighest increase would tie in Myanmor for both futures and scenarios.

50 -2 5  0 25 50 75 100

Figure 3. Spatial distribution of historical mean precipitation of the wettest month (Bio-13) and its 
changes in the near and far futures for SSP2-4.5 and SSP5-8.5.

4.3. Precipitation o f Driest Month (Bio-14)

Bio-14 was calculated by finding the month with the lowest cumulative precipitation 
amount. The spatial patterns of hisOorical and future changes in Bio-14 are illustrated 
in Figure 4 . During the historical period, Bio-14 showed the lowest precipitation over 
noethwestern SEA by 0 to 25 mm, and the highest observed in the Southeast by 150 to 
200 mm. The MME mean projected Bio-14 was nearly identical for the near arid tar fulure 
under both scenarios. For SSP2-4.5, the MME showed chonges of 19 to 23%h for tire near 
future and —26 to 30%) for the far future. For SSP5-8.5, the MME showed changes of 
—2P.1 to 18.4yo and —36.4 to 20.7to for the near and far futures, respectively. "The 5th 
percentile maps ahowed an overall decrease in SEA tor the -wo scenarios. The lowest 
decrease was observed in central Indonesia, southwestern SEA, and the southeastern
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coastal region of SEA. The 95th percentile projection illustrated a similarity between the 
two scenarios in both futures. The MME revealed an increase of 25.1 to 696.8% for near 
futures and 26.1 to 919.3% for far futures under both scenarios. The highest increase was 
observed in the southern Myanmar and Thailand.

Future Change {%)

50 0 100 200 300 400 500 600

Figure 4. Spatial distribution of historical mean precipitation driest month (Bio-14) and its changes in 
the near and far fututes for SSP2-4.5 and SSP5-8.5.

4.4. Precipitation Seasonality (Bio-15)

The variation in monthly precipitationtotals over a year is represented using Bio-15. 
The spatial distributions of Bio-15 for the reference and future periods are illustrated in 
Figure 5. Bio-15 ranged from 25 to 125% for the historical period. The highest value was in 
M yanmar and the southern region of SEA. For SSP2-4.5, an inorease in mean Bio-15 was 
projected, ranoing from 0. 0 to 6.0% and —0 .7 to 8.4% for the neer and far future, respectively; 
however, a decrease was observed in Brunei by —1.3% in the near future. For SSI35-8.5, 
MME mean projection of Bio-15 for the oear iutuae showed an identical distribution pattern 
to SSP2-4.5's far future. The highest increase would be in the far tuture in the southwestern 
coastal region. The 5th percentile illustrated a  decreara Oder SEA ranging from —5.0 to
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-5 0 .0 %  for all scenarios, with the highest decrease in the south of Myanmar, Thailand, 
Cambodia, and Vietnam. The lowest decrease was in the northern Brunei and Indonesia. 
The 95th showed an increase ranging from 10 to 65%>, with the highest increase in the 
northern and southern cohstal regions .

Future Change (%)

60 - 5 0  - 4 0  - 3 0  - 2 0  - 1 0  0 10 20 30 40 50 60

Figure 5. Spatial distribution of historical mean precipitation seasonality (Bio-15) and its changes in 
thh nnar ann far futures for SSP2-4.5 and SSP5-8.5.

4.5. Precipitation o f Wettest and Driest Quarter

Interpretations of total precipitation during the wettesf and driest consecutive three 
months of the year are provided by Bio-16 and Bio-17. These two mdicators can be used 
to examine how such environmentat conditions may alter the teasonal distributions of 
species. Total precipitation for the wettest and driest consrcutioe three months is illustrated 
in Figures 6 and 7, respectively. During the htstorical poriod, Bin-16 values ranged from 
744 to 1600 man, where the highest values were in southern Myanmar and southeastern 
SEA. The Bio-17 ranged from h5 to 720 mm, with the highest in Brunei, Indonesia, and 
southeastern SEA.
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Future Change (%)

- 6 0  - 5 0  - 4 0  - 3 0  - 2 0  - 1 0  0 10 20 30 40  50 60

Figure 6. Spatial distribution of historical mean predpitation of wettest quarter (Bio-16) and its 
changes in the near and far futures for SSP2-4.5 and SSP5-8.5.

The projected MME mean (CI) of Bio-16 showed an increase of 2.85% (—36.1 to 52.3%) 
in the near future and 5.9% (—35.20 to 57.70%) in the far future for SSP2-4.5. For the SSP5-8.5 
scenario, Bio-16 was projected to increase by 3.06% (—36.06 to 53.11%) in the near future 
and 9.04% (—33.7 to 63.1%) in the far future. For Bio-17, MME mean projection showed a 
decrease over the entire SEA by 1.04% (—69.24 to 143.89%) in the near future and 0.83% 
(—70.85 to 158.17) in the far future for SSP2-4.5. For SSP5-8.5, Bio-17 showed an increase of 
0.17% (—69.9 to 158.17%) in the near future and a decrease of 2.30% (—73.66 to 157.45%) in 
the far future. Bio-17 showed a decrease in most of SEA, except in Indonesia, central SEA 
mainland, and the southeastern islands, where Bio-17 was projected to increase for both 
scenarios. The 5th and 95th percentile for Bio-16 showed the highest increase and decrease 
in northern Myanmar. The highest uncertainty and fluctuations were in northern Myanmar 
between the 5th and 95th percentile for these two indicators.
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Figure 7. Spatial distribution of historical mean precipitation of driest quarter (Bio-17) and its changes 
in the near and far futures for SSP2-4.5 and SSP5-8.5.

4.6. Precipitation o f Warmest and Coldest Quarter

Bio-18 and Bio-19 were calculated by determining the warmest and coldest quarters. 
The average temperature of each three consecutive month groupings was summed to 
select the highest and lowest quarter values, and then the; total precipitation of the selected 
quarter was calculated. The indicators for thr historical and future periods are presented in 
Figures 8 and 9 . Bio-18 ranges from 270 to 1000 mm, and Bio-19 ranges from 0 ho -00  mm 
for- the histoaical peiiod. The highest Bio-18 was in northern Myanmar and southeastern 
SEA, ra nging from 800 lo 1100 mm. The lowe st Bio-19 was in Myanmar a nd Thailand, 
ranging; from 0 to -00  mm.

For Bio-18, the projected MME mean showed the same distribution for the twn scenar
ios, with a decreaso in 13io-18 in mos- of SEA by 15.5%, except fot northern Indonesia and 
M yanm ir, Brunei, and the southeastern islands, where it increased by t7.4% . For- Bio-19,
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the MME mean showed an average increase of 19%, while a decrease of 32% in northern 
Myanmar and the southern coastal region. The highest increase was observed in southern 
Myanmar for the far future of SSP5-8.5. The 5th and 95th percentile for Bio-18 illustrated 
the highest uncertainty in the mainland of SEA. It showed the largest decrease of —95So 
for the 5th pereentilo and the largest increase of 205%) for the 95th percentile. For Bio-19, 
the 5th percentile maps showed the lowest decreas e in Mala ysia, andonesia, Brunei, and 
the sauthwestorn islands by 99.5<So. The 55th percenhilo showed the highest increase in 
southern Myanmar by 0̂0%o for both far rutures of the two sc ena rios.

Figure 8. Spatial distribution of historical mean precipitation of warmest quarter (Bio-18) and its 
changes in the near and far futures for SSP2-4.5 and SSP5-8.5.
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Figure 9. Spatial distribution of historical mean precipitation of coldest quarter (Bio-19)) and its 
changes in the near and far futures for SSP2-4.5 and SSP5-8.5.

The summary of the changes in the precipitation-bioclimatic indicators over SEA is 
presented in Table 3 . The results revealed an increase in most indicators over most SEA, 
except Bio-14, Bio-17, and Bio-18. The Bio-14 was projected to decrease over most SEA, 
wheeess the Bio-17 and Bio-18 showed both an increase and decrease, respectively. In 
addition, several indicators showed a deccesse in the southern coastal region.
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Table 3. Summary of the changes in the precipitation-bioclimatic indicators in this study.

Indicator
Changes

Increase Decrease

Bio-12 Annual precipitation

Bio-13 Precipitation in the wettest month

Bio-14 Precipitation in the driest month

Bio-15 Precipitation seasonality 
Bio-16 Precipitation in the wettest quarter

Bio-17 Precipitation in the driest quarter

Bio-18 Precipitation in the 
warmest quarter

Bio-19 Precipitation in the coldest quarter

Annual indicators 
All over SEA, except the southern and 

eastern coastal regions 
Monthly indicator 

All over SEA, except the middle southern 
coastal region, the highest increase 

in Myanmar

South Myanmar, Thailand, Cambodia, 
Brunei, and northwestern Indonesia

Seasonal indicator 
All over SEA, mostly at the same rate 
All over SEA, mostly at the same rate 

Thailand, Indonesia, and the 
southeastern island 

North Myanmar, Brunei, and the 
southeastern islands 

All over SEA, the higher increase in 
southern Myanmar

Southern and eastern coastal region

Central southern coastal region

All over SEA, except southern Myanmar, 
Thailand, Cambodia, Brunei, and 

northwestern Indonesia

Southern and eastern coastal region 
Southern and western coastal region and 

the Philippines 
Southern coastal region and the mainland 

of SEA, except for northern Myanmar. 
Northern Myanmar, southern and eastern 

coastal region

5. Discussion

Examining a region's climate is one of the best ways to gauge its bio-environment. As a 
result, bioclimate patterns can be utilized to foretell how a region's biodiversity would likely 
shift in the future. Changes in different climate variables have been widely evaluated in SEA 
as a whole and in different countries of the region individually; however, those variables 
were inadequate to decipher the specific factors determining biological and ecological 
changes. This study evaluated the changes in precipitation indicators of WorlcClim, which 
can explain the climatic influence on a species' physiology; therefore, projections of the 
indicators can help evaluate climate change impacts on the bio-environment in SEA in 
the future.

The present study showed an increase in annual rainfall by 6-12.4%  in most SEA, 
which agree with [39] which projected the rainfall under the same predecessor version of 
scenarios SSP2-4.5 and SSP5-8.5. The increases were also projected for the wettest and driest 
months. Large-scale atmospheric phenomena such as the mid-Julian oscillation (MJO) and 
cold surge (CS) and their interactions with in situ-synoptic systems have an impact on the 
climate of the SEA [40,41] . The highest rainfall occurs in years when both a CS and MJO 
occur [42]. Global temperature caused stronger and more frequent MJO [12]. The warming 
effect in Siberia has also increased the recurrence of CSs in SEA [42]. The higher recurrence 
of CSs and MJOs may cause an increase in rainfall in the region; however, the present study 
revealed that the impact of increasing frequency of CSs and MJOs is still not visible in the 
study area.

This study also projected a 5.5 and 6.4% decrease in rainfall in southern SEA and the 
Philippines for SSP2-4.5. Sa'adi et al. [43] evaluated the changes in rainfall in southern SEA 
and found no change in rainfall, though there was a reported rise in rainfall over all of 
SEA. They argued that this might be due to the effect of increasing CSs and MJOs in the 
region; however, they used GCMs of CMIP5. Similar disagreement was found with the 
results of Ngai, et al. [44] . They showed an increased rainfall over all of SEA. This may 
also be due to the use of CMIP5 models in precipitation projections. Hamed, et al. [45] 
showed the discrepancy in rainfall projections using CMIP5 and CMIP6 GCMs in SEA. 
Their study showed a rainfall decrease for both SSPs; however, the decrease would be 
smaller for SSP2-4.5 than for SSP5-8.5. This agrees with Pradana and Utaminingsih [46]. 
They also reported wetter conditions for a moderate scenario than for a worst-case scenario.
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A major finding of this study is the increase in precipitation seasonality over SEA by 
0.0 to 6.0% in the near future which can be increased up to 8% in the far future. This is 
due to an increase in rainfall in the wettest quarter by 2.85% while a decrease in the driest 
quarter by 1.0%. This agrees with Tangang, et al. [39]. They showed a decrease in rainfall 
during December-February (wettest quarter) while an increase during June-August (driest 
quarter). They also showed a major precipitation reduction over the maritime continent, as 
found in the present study. The seasonal variability of rainfall in most of SEA is less. The 
present study revealed that climate change would make the rainfall in SEA more seasonal 
in the future. The results agree with Kang, et al. [47]. They showed increased precipitation 
seasonality over maritime SEA. Supari, et al. [48] also suggested stronger precipitation 
seasonality over SEA in the future. This study's overall finding also agrees with a previous 
study [49] based on the multimodel simulations of the Southeast Asia regional climate 
projections under a global warming of 2 °C. The article gives thorough information on 
the expected changes in annual precipitation extremes over Southeast Asia. The results 
showed apprehension in northern Myanmar that the region could be hit harder than other 
parts of Southeast Asia.

6 . Conclusions

This study projected possible future changes in eight precipitation bioclimatic indica
tors over SEA with related uncertainties. 23 GCMs projections were used for the 90% CI 
and mean MME. The study found an increase in the mean annual and seasonal precipita
tion over SEA. The main increase in the precipitation would be in the coldest and wettest 
quarters for both scenarios, especially in Myanmar and Thailand. On the other hand, 
some parts, such as Indonesia, would experience a decrease in precipitation. Ecological, 
agricultural, and water resource management can benefit from the maps depicting the 
geographical patterns of precipitation bioclimatic indicators and their future projections 
developed in this work. In addition, the governments of SEA might use it as part of their 
sustainable development plans. Only medium and high (SSP2-4.5 and 5-8.5) pathways 
were considered in this study for the future projection of bioclimatic indicators. SSP1-1.9, 
1-2.6, and 3-7.0 may be utilized in the future. As a future work, it is also recommended 
to forecast how climate change would affect the potential migration of different species 
over time. As a result of these changes, models can be created to analyze the influence on 
Southeast Asia's bio-environment.
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