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ARTICLE

Changes in Future Rainfall over Southeast Asia Using the CMIP6 
Multi-model Ensemble

Bhenjamin Jordan Ona* , Srivatsan V Raghavan , Ngoc Son Nguyen , Sheau Tieh Ngai ,  

Thanh Hung Nguyen

Tropical Marine Science Institute, National University of Singapore, 119227, Singapore

ABSTRACT
A multi-model ensemble from the new CMIP6 models was utilized to determine the future changes in precipitation 

over Southeast Asia (SEA; longitude: 90°E–140°E, latitude: 15°S–30°N). The changes are computed for the three (3) 
future time slices (2021–2040, 2041–2060, and 2081–2100) under four (4) different scenarios based on the Shared 
Socioeconomic Pathways (SSPs): 1-2.6, 2-4.5, 3-7.0, and 5-8.5. Our results indicate that future rainfall in the SEA-
averaged region could increase by about 4%, 5%, 6%, and 9% towards the end of the century relative to the present-
day average (1995–2014) under SSP1-2.6, 2-4.5, 3-7.0, and 5-8.5, respectively. Among all scenarios, SSP3-7.0 widely 
shows remarkably dry conditions whereas SSP5-8.5 suggests extremely wet conditions on different time scales. A 
clear dissociation of wet and dry areas is expected in the far-term period (2081–2100). Changes in the annual cycle 
indicate that monsoon rainfall could experience significant increases. The study also emphasizes the importance of 
moisture flux convergence (MFC) in determining precipitation patterns across different seasons and regions. The 
results suggest that MFC plays a crucial role in the projected increase or decrease of rainfall in SEA regions. Spatial 
correlation of future global mean temperature (GMT) and rainfall have a high positive (negative) correlation in the 
north (south) latitudes. Changes in rainfall are found to be sensitive to GMT. The responses to future rainfall changes 
per degree Celsius of warming are at the rate of 8.9%, 6.3%, 3.6%, and 2.7% under SSP1-2.6, 2-4.5, 3-7.0, and 5-8.5, 
respectively.
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1. Introduction
Future changes in climate, especially precipi-

tation, remain uncertain in terms of magnitude, let 
alone the sign of change. To this end, reliable cli-
mate projections generated from climate models are 
of great value for studying climate impacts from re-
gional through to local scales. The Sixth Assessment 
Report (AR6) from the Intergovernmental Panel 
on Climate Change [1–3] published a comprehensive 
assessment of climate change and its impacts and 
adaptative strategies for effective decision-making 
evaluated based on the sophisticated and advanced 
climate models. The new generation of global cli-
mate models (GCMs) and the earth system models 
(ESMs) under the Coupled Model Intercomparison 
Project Phase 6 (CMIP6) [4] have been studied over 
the past few years. The current improvements in 
the CMIP6 models have demonstrated an advanced 
ability to capture the characteristics of large-scale 
climate patterns at a global scale such as climate ex-
tremes, monsoon and drought [1, 5–8].

Southeast Asia (hereafter, SEA) is one of the most 
vulnerable regions to climate-related disasters such 
as floods and droughts due to intensified climate ex-
tremes [9–11]. Observational studies have revealed that 
the trend of rainfall extremes is increasing in SEA 
region and is linked to the rising global mean tem-
perature anomaly [11]. It has been shown that an in-
crease of 1.5°C to 2°C in global surface temperatures 
could result in a net reduction of agricultural yields, 
threatened freshwater ecosystem, high risks in coast-
al flooding in the context of both rainfall extremes 
and sea level rise, and extreme droughts over SEA  
region [12–18]. Some studies have also demonstrated 
that these impacts are associated with intensified pre-
cipitation extremes through altered atmospheric dy-
namics of moisture content and circulation patterns 
in the future [19–25]. 

Limited studies focusing on the future climate of 
the SEA region have been carried out and there is a 
greater need for future assessments of climate change 
from global and regional models. This paper aims to 
provide some initial assessments to plausible future 

climate changes in Southeast Asia. In this context, 
we analyse future climate projections of precipitation 
in this region using CMIP6 models under four of the 
Shared Socioeconomic Pathways (SSPs) scenarios, 
1-2.6, 2-4.5, 3-7.0 and 5-8.5. This study brings out 
certain facets of future climate change investigations 
along with other studies that have performed similar 
studies elsewhere [26–34]. The paper is organized thus: 
Section 2 describes the datasets used and the meth-
odology undertaken in this study. Section 3 presents 
the results of the evaluation of precipitation changes 
in the future. Section 4 provides some discussions 
before drawing some conclusions/recommendations 
from this study.

2. Methods

2.1 Model data: CMIP6 Ensemble

The CMIP6 is the latest and advanced set of cli-
mate models for better understanding of the past, 
present and future climate of the Earth and detailed 
documentation is available from Eyring et al.  
(2016) [4]. The CMIP6 models used in this study 
are listed in Table 1. Here, we assess the future 
changes in rainfall and its responses to global mean 
temperature, atmospheric moisture content (water 
vapour path) of Southeast Asia using the diagnostic 
outputs generated by the CMIP6 models under four 
(4) different scenarios based on the Shared Soci-
oeconomic Pathways (SSPs): SSP1-2.6 (sustaina-
bility), SSP2-4.5 (middle-of-the-road), SSP3-7.0 
(regional rivalry), and SSP5-8.5 (fossil-fueled de-
velopment), described by O’Neill et al. (2016) [35].  
These SSPs represent the future change of green-
house gas emission and land use scenarios to as-
sess wide range of climate information for appli-
cation in climate impact modelling, vulnerability 
assessment, and adaptation. The models used in 
this study have been taken from a single ensemble 
member (i.e. r1i1p1f1) for both historical and fu-
ture experiments. Additional information is avail-
able at: https://pcmdi.llnl.gov/CMIP6/ and https://
es-doc.org/cmip6-models/ [4].

https://pcmdi.llnl.gov/CMIP6/
https://es-doc.org/cmip6-models/
https://es-doc.org/cmip6-models/
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2.2 Methodology

Monthly precipitation data (mm month-1) from 
the CMIP6 models were re-gridded onto a 1° × 1° 
horizontal resolution using bilinear interpolation. We 
investigated the annual and seasonal precipitation 
changes across land-only areas of Southeast Asia 
(SEA; longitude: 90°E–140°E, latitude: 15°S–30°N). 
We classified the periods of the historical and future 
simulations into four (4) 20-year time periods: base-
line (1995–2014), near-term (2021–2040), mid-term 
(2041–2060), and far-term (2081–2100). Results for 
the spatial maps for far-term period are presented in 
the main paper and for the near- and mid-term in sup-
plementary information Figure S1 and Figure S2.  

Stippling indicates model agreement in spatial maps 
(i.e. two-thirds of the models agreed to the sign of 
change). This dataset is grouped under four seasons 
to analyze possible seasonal changes in the future: 
December-January-February (DJF), March-April-
May (MAM), June-July-August (JJA), and Sep-
tember-October-November (SON). We subjectively 
divide the SEA region into three (3) distinct zones 
based on geographical locations to assess changes in 
different regions as shown in Figure 1a: mainland 
SEA (D01), the Philippines (D02) and the maritime 
continent (D03). 

We computed the 50th percentile for each grid 
cell in the spatial and temporal analyses to get the 

Table 1. Details of the 48 CMIP6 models used in this study.

No. Model Lon. × Lat. No. Model Lon. × Lat.

1 ACCESS-CM2 1.875° × 1.25° 25 GFDL-CM4 1.25° × 1°

2 ACCESS-ESM1-5 1.875° × 1.241° 26 GISS-E2-1-G-CC 2.5° × 2°

3 AWI-ESM-1-1-LR 1.875° × 1.875° 27 GISS-E2-1-G 2.5° × 2°

4 BCC-CSM2-MR 1.25° × 1.125° 28 GISS-E2-1-H 2.5° × 2°

5 BCC-ESM1 2.813° × 2.813° 29 HadGEM3-GC31-LL 1.875° × 1.25°

6 CAMS-CSM1-0 1.125° × 1.125° 30 HadGEM3-GC31-MM 0.833° × 0.556°

7 CAS-ESM2-0 1.406° × 1.406° 31 INM-CM4-8 2° × 1.5°

8 CESM2-FV2 2.5° × 1.875° 32 INM-CM5-0 2° × 1.5°

9 CESM2-WACCM-FV2 2.5° × 1.875° 33 IPSL-CM6A-LR 2.5° × 1.259°

10 CESM2-WACCM 2.5° × 1.875° 34 KACE-1-0-G 1.875° × 1.25°

11 CESM2 2.5° × 1.875° 35 MCM-UA-1-0 3.75° × 2.25°

12 CIESM 1.25° × 1.25° 36 MIROC-ES2L 2.813° × 2.813°

13 CNRM-CM6-1-HR 0.5° × 0.5° 37 MIROC6 1.406° × 1.406°

14 CNRM-CM6-1 1.406° × 1.406° 38 MPI-ESM-1-2-HAM 1.875° × 1.875°

15 CNRM-ESM2-1 1.406° × 1.406° 39 MPI-ESM1-2-HR 0.938° × 0.938°

16 CanESM5-CanOE 2.813° × 2.813° 40 MPI-ESM1-2-LR 1.875° × 1.875°

17 CanESM5 2.813° × 2.813° 41 MRI-ESM2-0 1.25° × 1.25°

18 E3SM-1-0 1° × 1° 42 NESM3 1.875° × 1.875°

19 E3SM-1-1-ECA 1° × 1° 43 NorCPM1 2.5° × 1.875°

20 EC-Earth3-Veg 0.703° × 0.703° 44 NorESM2-LM 2.5° × 1.875°

21 EC-Earth3 0.703° × 0.703° 45 NorESM2-MM 1.25° × 0.938°

22 FGOALS-f3-L 1.25° × 1° 46 SAM0-UNICON 1.25° × 0.938°

23 FGOALS-g3 2° × 2.25° 47 TaiESM1 1.25° × 0.938°

24 FIO-ESM-2-0 1.25° × 0.938°   48 UKESM1-0-LL 1.875° × 1.25°
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multi-model median. Where applicable, we comput-
ed the 90% confidence intervals to quantify future 
changes. The 25th to 75th percentile range indicator 
or the lower to upper interquartile, respectively, was 
computed to measure the mid-spread (middle 50%) 
value of the model (as indicated in box plots). In 
this sense, higher confidence in predictability can 
be placed among the different models. To establish 
a direct relationship between warming climate, at-
mospheric moisture and rainfall, given that these 
variables could be attributed to the changes in future 
rainfall, we computed the spatial correlation coeffi-
cient for 2021–2099. The sensitivity of future rain-
fall changes under different scenario to global mean 
temperature change is discussed. 

We also calculated the moisture flux convergence 
at low-level (850hPa) to describe the transport of 
atmospheric moisture fluxes which is crucial in in-
fluencing precipitation patterns. It refers to the rate at 
which moisture is converging into a specific location 
in the atmosphere and is usually quantified as the 
product of horizontal wind speed and specific hu-
midity gradient. Banacos & Schultz (2005) [36] have 
provided a detailed explanation of MFC. 

The sensitivities of SEA precipitation to global 
mean temperature (GMT) under various emission 
scenarios are calculated. This is achieved by deter-
mining the change in precipitation in response to 
incremental increases in global temperature Math-
ematically, this relationship is expressed as ∆Pr = 
∆P/∆GMT, where ∆Pr is the responses of precipita-
tion rate, ∆P represents the projected changes in rain-
fall and ∆GMT denotes the changes in global mean 
temperature. Such calculations provide insights into 
the percent changes in precipitation per 1°C of glob-
al warming within the CMIP6 dataset across differ-
ent scenarios. It is noteworthy that according to the 
Clausius-Clapeyron (C-C) relation, the saturation of 
global water vapor pressure is expected to increase 
by approximately 7% for every 1°C rise in global 
temperature. This fundamental relationship under-
scores the profound impact that rising temperatures 
can have on moisture content, which in turn influ-
ences precipitation patterns and intensity in regions 

such as Southeast Asia.

3. Results and discussions

3.1 Annual mean precipitation

The spatial distribution of rainfall of CMIP6 
model ensemble for 1995–2014 is illustrated in  
Figure 1a. The analysis reveals distinct patterns in 
rainfall across different regions, with D03 exhibiting 
higher rainfall compared to D01 and D02. This is 
because maritime continent is situated in one of the 
warmest oceanic regions and serves as a prominent 
hub for tropical atmospheric convection. Coastal 
rainfall is seen in the models particularly along My-
anmar, Thailand, Indonesia, and the Philippines. The 
models underscore the significance of factors such as 
local topography in shaping rainfall patterns.

Figure 1b presents the projections from the 
CMIP6 models for the 21st century in the Southeast 
Asia (SEA) region under different scenarios. The 
analysis reveals an overall increasing trend in rainfall 
throughout the century across the region. However, 
there are notable differences in the responses of dif-
ferent scenarios. Specifically, the SSP3-7.0 scenario 
indicates a drying climate for a significant period 
until 2085. This suggests that under this particular 
scenario, the SEA region is projected to experience a 
decrease in rainfall over the long term. On the other 
hand, the SSP5-8.5 scenario shows a wetting tendency  
in the earlier years of the century, indicating an in-
crease in rainfall. Furthermore, SSP5-8.5 exhibits 
higher increases in rainfall compared to other sce-
narios, emphasizing its potential for greater changes 
in precipitation patterns. These projected trends in 
rainfall under different scenarios highlight the im-
portance of considering different future trajectories 
of greenhouse gas emissions and socio-economic 
factors when assessing potential climate outcomes. 
It is worth noting that these projections are subject 
to uncertainties associated with climate models and 
assumptions made in the scenarios.
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Figure 1. (a) Ensemble mean of rainfall from 1995-2014, (b) 
Time series of annual precipitation anomalies (mm month-1; 10 
year running mean) relative to the present-day average (1995–
2014) for the entire SEA region. Thick black and coloured lines 
represent the median (50th percentile) of the CMIP6 models for 
each scenario. Upper and lower boundaries of shaded region are 
the 75th and the 25th percentiles, respectively. Trend lines are 
drawn in dashed lines, statistical significance is tested at p<0.05.

3.2 Spatial distribution of precipitation changes

Figure 2 displays the annual and seasonal far-
term future (2081–2100) changes in precipitation rel-
ative to the present-day average (1995–2014), with 
the stippling indicating a 90% confidence interval. 
Highest increases and decreases are apparent in the 
last few decades of the 21st century while relative 
significant changes are found in the near-term and 
mid-term period (Figure S1, S2). In the near-term 
(2021–2040) and mid-term (2041–2060) projections, 
the models depict notable shifts in precipitation 
patterns across Southeast Asia (SEA) but not as pro-
nounced as in the far-term. For instance, during the 
annual (ANN) period, a minimal increase in rainfall 
is projected over most SEA regions except in SSP3-

7.0. For far-term, significant changes in precipitation 
are projected across SEA during the ANN period. 
Despite reductions in rainfall over certain areas such 
as Thailand, Myanmar, and Indonesia, there is a 
noteworthy overall increase in rainfall across most 
SEA regions. The SSP5-8.5 scenario predicts the 
highest increases in rainfall, particularly over My-
anmar, Kalimantan, and Papua NG. Overall, annual 
changes reveal substantial increases in rainfall across 
mainland SEA and parts of Borneo, the Philippines, 
and Indonesia under all scenarios. However, reduced 
rainfall is observed over the southern maritime is-
lands of Indonesia. During the DJF period, signifi-
cant decreases in rainfall are observed over mainland 
SEA in all scenarios except for SSP 1-2.6.

The DJF season, which is Northwest Monsoon dom-
inated, shows a clear gradient in rainfall patterns – a  
wetter maritime and a drier mainland. Decrease in 
rainfall is mostly seen over mainland SEA under 
high emission scenarios (SSP 3-7.0, 5-8.5) whereas 
increases in rainfall are seen under the mitigation 
scenario (SSP 1-2.6). The drier regions are notable 
over parts of Myanmar, Philippines, Vietnam, and 
the southern maritime islands of Indonesia. One no-
table observation among the different scenarios is 
the SSP 3-7.0, which indicates a predominantly dry 
near-term future for the entire SEA region. In the 
near-term period (Figure S1), there are minimal in-
creases in rainfall, with projections primarily indicat-
ing drying trends over mainland SEA across seasons, 
except for SON. Subsequently, in the mid-term peri-
od (Figure S1), this drying tendency becomes more 
pronounced, particularly evident during the MAM 
season across SEA.

In the far-term period, the mountainous areas 
within the maritime continent, mainly, show relative-
ly higher magnitudes of rainfall (again, except SSP3-
7.0). During MAM (SON), the analyses on future 
projections indicated less (more) rainfall over main-
land SEA including the Philippines. While most re-
gions in SEA are likely to experience marginally wet 
changes during SON, the southern part of Indonesia 
is likely to have reduced precipitation under SSP2-
4.5, SSP3-7.0, and SSP5-8.5. The JJA season, during 
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which the Southwest Monsoon is pronounced, exhib-
its widespread dry regions of the maritime continent 
excluding the northern Borneo Island and parts of 

Peninsular Malaysia. Overall, amongst the different 
time scales and scenarios, SSP3-7.0 can be consid-
ered as a ‘dry’ scenario.

Figure 2. Spatial distribution of (a–d) annual and (e–t) seasonal precipitation changes for far-term (2081–2100). Stippling indicates 
that at least two-thirds of the models agree on the sign of changes.
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Figure 3. Zonally averaged (a–c) annual and (d–o) seasonal precipitation change. (X-axis is the precipitation change and Y-axis is 
the latitude).
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Next, we examine the future changes zonally, 
over the entire SEA region, across time-slices. This 
is shown in Figure 3. While the ANN shows no 
significant change, DJF shows marginally wetter 
northern latitudes, except SSP 3.7-0, which shows 
drier conditions in the near-term period (as reflected 
in the spatial changes, Figure 2). Reduced precipita-
tion can be clearly seen during JJA, in the southern 
regions of SEA, below the equator. The mid-term 
shows clear patterns on the changes, with an overall 
increase on the northern regions above the equator, 
during ANN. DJF shows larger increases over all 
regions except decreases under SSPs 2-4.5 and 3.7-0, 
above 10°N. The JJA season exhibits a clear signal 
of decrease below the equator while increases above 
the equator can be seen under all scenarios. The 
signals of change emerge distinctly during the far-
term. The ANN shows minimal decreases over the 
southern islands below 10°S. DJF shows stronger in-
creases (decreases) of up to 10% and higher over the 
southern (northern) latitudes, although the increases 
in the northern latitudes are seen under SSPs 1-2.6 
and 2-4.5. Large decreases in precipitation are appar-
ent during MAM and the largest increases are shown 
during SON from 10°N to 20°N, respectively. JJA 
changes show a strong dipole with large decreases 
below the equator and large increases above. The 
clear patterns of increasing and decreasing rainfall 
tendencies in the southern (northern) hemispheres 
of SEA during DJF (JJA), by the end of the century, 
is probably an indication of an enhanced monsoon 
precipitation and intensified double-Intertropical 
Convergence Zone (double-ITCZ). This is not fur-
ther examined in this study, however, systematic bi-
ases of the double-ITCZ were examined by Tian and 
Dong (2020) [37] and noted a reduction of biases from 
CMIP5 to CMIP6 models. 

3.3 Future changes examined using box plots

Figure 4 summarizes spatially averaged future 
changes. In the SEA region, the future changes 
among models indicate a strong median increase up 
to 4%, 5%, 6% and 9% towards the end of the cen-

tury under SSP1-2.6, 2-4.5, 3-7.0, and 5-8.5, respec-
tively. The smallest median change is projected un-
der the SSP 3-7.0 during the near- (0.3%) and mid-
term (2.4%) periods. Possible extreme changes show 
a substantial increase of 22% (far-term of SSP 5-8.5) 
and a decrease of about 8% (near-term of SSP 3-7.0) 
as represented by the 90th and 10th percentiles, re-
spectively. The continued increase over the different 
domains in the SEA region in the future is apparent. 
In D01, D02, and D03, rainfall changes are project-
ed with increases up to 8%, 3.5%, 8%, respectively, 
during the far-term period.

However, extreme changes are apparently higher 
in the sub-domains of SEA. Of interest, during the 
far-term period, upper extreme changes are projected 
to increase by 33%, 32%, and 22% at the 90th per-
centile while lower extreme values might decrease 
by 25%, 30%, 11% at the 10th percentile over D01, 
D02 and D03, respectively. All the lower extreme 
changes in the sub-regions are projected under the 
SSP 3-7.0 whereas the upper extreme changes are 
exhibited by the SSP 5-8.5. This may be suggestive 
that under a warmer climate, extreme changes could 
be exacerbated. It is apparent that a large spread in 
the interquartile range represents larger uncertainty 
during the far-term period across all domains.

3.4 Changes in the annual cycle

The multi-model ensemble precipitation annual 
change is briefly evaluated in Figure 5. In the SEA 
region, future precipitation during December-Feb-
ruary shows a strong increase in comparison to 
other seasons, indicating a likely strengthening 
of the Northeast Monsoon’s influence on rainfall  
(Figure 5a). The months of March-May exhibit the 
least increase in precipitation in the near-term peri-
od. Moreover, the months of June-November show 
relatively wetter conditions but with a significant 
increase in the far-term period. The highest change 
in precipitation is during December with an increase 
of about 14% under the SSP5-8.5 while May shows 
a decrease of about 2% during the near-term under 
SSP3-7.0. 
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Furthermore, the annual changes display distinct 
patterns in the different domains. Markedly, D01 
under SSP 5-8.5, shows strong increases during most 
of the months in the year by the end of the century, 
while maintaining the October peak rainfall. The 
high precipitation change during this month may be 
attributed to the withdrawal of the summer monsoon 
affecting future change of climate extremes. Ha et al. 
(2020) [38] reported that during the month of October, 
the summer monsoon showed a delayed retreat in the 
mid- to the late-21st century, thus, this may increase 

precipitation extremes over the mainland SEA where 
D01 is located. 

Sub-region D02 shows noticeable decreases 
during the March-May months (near-term) which 
is strengthened progressively during the mid-term 
and intensified during the far-term.  The rainfall 
change indicates higher proportions of the Northeast 
Monsoon rainfall during the end of the year. This 
is also consistent with the downscaled projections 
simulations undertaken by Villafuerte et al. (2020) [39] 
who reported that the projected Northeast Monsoon 

Figure 4. Box plot of the projected precipitation changes for the near-term, mid-term, and long-term relative to the baseline average 
(1995–2014) in SEA region and in the sub-domains. This shows the 90th (maximum), 75th (upper quartile), 25th (lower quartile), 
10th (minimum) percentiles. The center is the 50th percentile or the median of all the models.

Figure 5. Precipitation changes in the annual cycle. Upper and lower boundaries of the shaded region are the 75th and the 25th 
percentiles, respectively.
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rainfall in the Philippines indicated a robust increase 
in most areas in the mid-21st century under the 
high-emission scenario. 

While the annual rainfall changes in the near-
term of sub-region D03 has a minimal increase, 
the increases in the mid- and far-term are apparent. 
The strengthening of the Northeast Monsoon rains 
by November-January is evident by the end of the 
century. These changes in the annual cycle imply 
strong future changes in the two main monsoon sea-
sons (Northeast and Southwest) which influence the 
precipitation regime of Southeast Asia. The policy 
options, depending on which region is dependent on 
which monsoon season for rainfall, therefore need to 
be based on these plausible changes that are relevant 
to water resources management or extreme events 
such as floods/droughts/agricultural practices.

3.5 Low-level moisture flux convergence and 
its transport

Figure 6 illustrates the low-level (850hPa) mois-
ture flux convergence (MFC) across various SSPs 
for the far-term period, which partially explains the 
wetting and drying patterns presented in Figure 2. 
The dry regions in Figure 2 correspond to the neg-
ative MFC values, while wet regions correspond to 
positive MFC values. This underscores the signifi-
cance of MFC in determining precipitation patterns. 
Furthermore, in the ANN of SSP5-8.5, there is a 
minimal drying in central mainland SEA, Indonesia, 
and south of Philippines and this is due to the mois-
ture divergence along those regions. The projected 
increase in rainfall in northern Myanmar (Figure 2) 
is attributed to the moisture convergence over the Ti-
betan Plateau and South China. 

The projected drying tendency during DJF, spe-
cifically in mainland SEA is due to the intensified 
northeast monsoon wind flow (Figure S3 provides 
further evidence). The intensified wind flow is ac-
companied by a strong signal of moisture flux di-
vergence over the ocean, which ultimately results 
in reduced moisture transport over the land. For the 
MAM season, the MFC shows minimal changes 
across different SSPs, and dry regions mainly result 

from mass divergence in mainland SEA, Sumatra, 
and the Philippines.

For JJA, interaction of ocean and land dynamics 
plays an important role specially in maritime conti-
nent but for the northern mainland SEA the projected 
wet regions are mainly influenced by the moisture 
convergence over Tibetan Plateau and minimally 
from the southwest monsoon. Additionally, the result 
suggests an intensification of the southwest monsoon 
in the far-term period, mainly delineating horizontal 
mass divergence across the SEA region (Figure S3). 
Increases in Asian monsoon precipitation is analo-
gous to the study of Chen et al. (2020) [40] and Wang 
et al. (2020) [41]. Furthermore, the projected increase 
in summer monsoon precipitation is linked to the 
projected large changes on the land and ocean ther-
mal contrast [41].

3.6 Relationship of changes in rainfall, mois-
ture to global warming

The agreement of spatial pattern of correlation 
of global mean temperature and rainfall is remark-
able, particularly the distinctive transition of the 
sign between positive and negative response in the 
north and south of equator during ANN, respectively  
(Figure 7). Significantly high correlations were 
obtained in SSP1-2.6 scenario while lower but sig-
nificant correlations in a warmer climate. Seasonal 
correlations depict different variations in the north-
ern latitudes but consistently a negative correlation 
in the south. It was reported that the atmospheric 
moisture is a key factor for changes in rainfall [42]. 
Atmospheric moisture at different scenario has a lin-
ear dependence on global warming (Figure S4). We 
found a positive correlation of moisture and GMT 
at 0° to 28°N which coincides with the increased in 
rainfall while some parts of maritime continent yield 
a negative correlation that coincides with decreases 
in rainfall at different warming scenarios.  

Furthermore, we analyzed the sensitivities of SEA 
precipitation on global mean temperature (GMT) 
under different emission scenarios (Figure 8).  
Sensitivity of precipitation changes is found to have 
a linear dependence on the changes in GMT. We 



72

Journal of Atmospheric Science Research | Volume 07 | Issue 02 | April 2024

found that the annual response rate of precipitation 
to GMT under SSP1-2.6 is found highest among 
the scenarios whereas SSP5-8.5 yielded lowest. The 
median precipitation rate of increase with warming 
is at 8.9%, 6.3%, 3.6%, and 2.7% under SSP1-2.6, 
2-4.5, 3-7.0, and 5-8.5, respectively. This means that 
the rate of change in precipitation per degree Celsius 

of GMT is more sensitive in SSP1-2.6 than in higher 

emission scenarios. Moreover, a slight increase in 

GMT is likely to trigger higher changes in precipita-

tion under SSP1-2.6. The higher climate sensitivity 

of SSP1-2.6 is also found by Jiang et al. (2020) [31] 

over the semi-arid region of Central Asia.

Figure 6. Low-level (850-hPa) moisture flux convergence (unit: kg kg-1 s-1) for the far-term period (2081–2100).
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Figure 7. Spatial correlation of GMT and rainfall changes for 2021–2099. Stippling indicates 95% confidence level.
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Figure 8. Responses of precipitation changes to global mean 
temperature changes for 2021–2099.

4. Conclusions
We analysed the future projections of rainfall us-

ing an ensemble of 48 CMIP6 models under differ-
ent climate scenarios (SSPs 1-2.6, 2-4.5, 3-7.0 and 
5-8.5), over Southeast Asia. Overall, the results sug-
gest that the end of the century is likely to experience 
higher magnitude of changes in rainfall compared to 
the near and mid-term periods. The box-plot analy-
ses show that the future changes among models indi-
cate a strong median increase up to 9% towards the 
end of the century. Possible extreme changes suggest 
a substantial increase of 22% (far-term of SSP 5-8.5) 
and a decrease of about 8% (near-term of SSP 3-7.0) 
as represented by the 90th and 10th percentiles, re-
spectively. Nevertheless, the continued increase over 
the entire SEA is evident. The future changes in the 
annual cycles of rainfall are suggestive of the chang-
es that are likely to be brought in by the two main 
monsoon seasons (Northeast and Southwest) which 
influence the precipitation regime of Southeast Asia. 
The study highlights the significance of MFC in de-
termining the precipitation patterns and dry and wet 
tendencies across different seasons and regions. The 
results suggest that MFC plays a crucial role in the 

projected increase and decrease of rainfall in SEA 
regions.

Generally, in an annual scale, higher increases 
(decreases) in rainfall over north (south) of equator 
is attributed to GMT. In addition, future change in 
rainfall under different scenario and GMT is found 
to have linear responses. The precipitation rate of 
increase with warming is at 8.9%, 6.3%, 3.6%, and 
2.7% under SSP1-2.6, 2-4.5, 3-7.0, and 5-8.5, re-
spectively. The policy options, depending on which 
region is dependent on which monsoon season for 
rainfall, therefore need to be based on these plausible 
changes that are relevant to water resources man-
agement or extreme events such as floods/droughts/
agricultural practices. 

Whilst climate projection uncertainties are intrin-
sic from global climate model simulations, the re-
sults indicate the need for better representation of the 
earth system in these models. Tangang et al. (2020) [10] 
noted that downscaling the GCMs to a higher spatial 
resolution (<25 km) would lead to the intrinsic im-
provement of their systematic errors and uncertain-
ties. The results related to the changes in rainfall are 
not much different from the CMIP5 suite of models 
and especially the changes to extremes need further 
quantification when all the analyses can be revisited 
using daily scale data. Precipitation extremes are not 
well-represented in CMIP6 models but improved 
from CMIP5 to CMIP6 models [7,20].  However, these 
initial results do offer useful information to policy 
makers to obtain a reasonable understanding of pos-
sible changes to come though limitations and uncer-
tainties exist in the model dynamics and as well as 
in better quantification of the magnitudes of these 
changes. O’Neill et al. (2016) [35] noted that the sce-
nario-based CMIP6 models (SSPs) would facilitate 
wide range of scientifically guided policies that are 
relevant on the effect of the increase or decrease of 
climate forcing in the models. Despite weaknesses 
and uncertainty in the CMIP6 models, broad consist-
ency between models provides high confidence in 
understanding future changes which could be studied 
further as newer data become available to the re-
search community.  
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Figure S1. Spatial distribution of (a–d) annual and (e–t) seasonal precipitation changes for the near-term (2021–2040). Stippling 
indicates that at least two-thirds of the models agree on the sign of changes.

Appendix
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Figure S2. Spatial distribution of (a–d) annual and (e–t) seasonal precipitation changes for the mid-term (2041–2060). Stippling 
indicates that at least two-thirds of the models agree on the sign of changes.
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Figure S3. Low-level (850hPa) moisture flux convergence difference of far-term and near-term. The difference of far-term and  
near-term highlights the moisture flux suppression and intensification across different seasons.
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Figure S4. Spatial correlation of GMT and atmospheric moisture for 2021–2099. Stippling indicates 95% confidence level.


