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Abstract
A multi-model ensemble from the new Coupled Model Intercomparison Project Phase 6 (CMIP6) models
was utilized to determine the future changes in precipitation over Southeast Asia. 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. Simulations
revealed that large areas of the mainland SEA, the Philippines, and maritime Indonesia would tend to be
drier in the near-term (2021–2040) and mid-term (2041–2060) during DJF and MAM but relatively wetter
in the mid-term during JJA and SON, in a warmer climate. A clear dissociation of wet and dry areas is
expected in the far-term period (2081–2100). The drying (wetting) condition over these regions is caused
by a minimal (signi�cant) increase in atmospheric moisture content accommodated with suppressed
(enhanced) monsoon �ow. Changes in the annual cycle indicate that future monsoon could also
experience signi�cant increases in rainfall. Changes in rainfall are also found to be sensitive to global
mean temperature. 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.

1. Introduction
Future changes in climate, especially precipitation, remains uncertain in terms of magnitude, let alone the
sign of change. To this end, reliable climate projections generated from climate models are of great value
for studying climate impacts from regional through to local scales. The Fifth Assessment Report (AR5)
from the Intergovernmental Panel on Climate Change (IPCC; IPCC 2014a) 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. Yet, climate models are
continuously under improvement to understand the complexity of the earth system. The new generation
of climate models under the Coupled Model Intercomparison Project Phase 6 (CMIP6; Eyring et al., 2016)
have been studied over the past few years. The CMIP6 models have exhibited a higher climate sensitivity
than its predecessor Phase 5 version (CMIP5). This means that the severe impacts of future warming due
to increased CO2 concentrations were explicitly modelled from the improved dynamical processes in the
model (Meehl et al., 2020) e.g., better representation of clouds and aerosols. The current improvement in
the CMIP6 models has been demonstrated to have an advanced ability to capture the characteristics of
large-scale climate patterns. Li et al. (2021) used the CMIP6 models to assess the global precipitation
and temperature extremes and reported an increase of intense precipitation events and hot temperatures
with decreasing cold temperature extremes under a warmer climate. This was also quanti�ed by
Scoccimarro and Gualdi (2020) and noted that the increase in heavy precipitation was mainly due to the
different convection schemes integrated within the CMIP5 and CMIP6 models. A general view of the
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projected duration of monsoon rainfall has been investigated by Moon and Ha (2020) who reported that
there was a prolonged rainy season over most monsoon domains in the future. Cook et al. (2020)
assessed the global drought features and found that the response of climate models under higher
emission scenarios are more sensitive in terms of soil moisture response, thus, increasing the intensity of
drought in most regions. Ukkola et al. (2020) agreed to the latter’s result despite high uncertainty among
models.

The historical climate of CMIP6 models showed smaller biases and produced high skill in simulating
precipitation over North Africa (Babaousmail et al., 2021) and contiguous United States (CONUS;
Srivastava et al., 2020). Moreover, temperature and precipitation were projected to become warmer and
wetter, respectively, over most regions in CONUS and Africa (Almazroui et al., 2020a, 2021). Several
studies also identi�ed signi�cant changes in precipitation and temperature using CMIP6 models. In South
Asia, future precipitation extremes are projected to increase over most areas with an increase in dry days
(Gupta et al. 2020) and the frequency of drought events showed a strong increase across different part of
South Asia (Zhai et al. 2020). Glacier melting in Karakorum and Himalayan mountain ranges showed
faster rate due to the increase in annual mean temperature and, generally, precipitation is projected to
strongly increase under high-emission scenario in South Asia (Almazroui et al., 2020b). Central Asia
posed a robust change in climate as investigated by Jiang et al. (2020) and reported an increase in
annual mean precipitation of about 15% under the high-emission scenario by the end of the 21st century.
Narsey et al. (2020) reported that the Australian monsoon was not well represented in CMIP6 models and
found no relationship to the western equatorial Paci�c temperature in contrary to what was analysed in
the CMIP5 models.

The abrupt changes in climate remain a high concern for scientists. It has been shown that an increase 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 coastal �ooding in the context of both rainfall extremes
and sea level rise, and extreme droughts over Southeast Asia (hereafter, SEA) (Hinkel et al., 2014; IPCC,
2014b; Settele et al., 2014; Brown et al., 2016; Schleussner et al., 2016; Arnell et al., 2018; Hoegh-Guldberg
et al., 2018; Liu et al., 2018). These impacts would have a harsh impact on reducing the economic growth
in SEA. Some studies have also demonstrated that these impacts are associated with intensi�ed
precipitation extremes through altered atmospheric dynamics of moisture content and circulation
patterns in the future (Sillman et al., 2017; Chen and Sun, 2018; Nikulin et al., 2018). For instance, a recent
study by Huang et al. (2021) investigated the convective afternoon rainfall over SEA region and noted
that the future projections of afternoon rainfall events are expected to decrease but projected to be more
intense attributed to the land-sea thermal contrast in the area. Precipitation extremes have been seen to
exhibit a better representation of intensity and frequency of daily and extreme precipitation in CMIP6 than
in CMIP5 over the Western North Paci�c and East Asia (Chen et al., 2021) but no signi�cant differences in
extreme precipitation patterns in the SEA region for both CMIP5/CMIP6 versions (Ge et al., 2021; Sillmann
et al., 2013).
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Southeast Asia is one of the most vulnerable regions to climate-related disasters such as �oods and
droughts due to intensi�ed climate extremes (Hijioka et al., 2014; Villafuerte and Matsumoto, 2015;
Tangang et al., 2020). Observational studies have revealed that the trend of rainfall extremes is
increasing in SEA region and is linked to the rising global mean temperature anomaly (Villafuerte and
Matsumoto, 2015). Furthermore, efforts to downscale the Global Circulation Models (GCMs) from CMIP5
to a high-resolution (25 km × 25 km horizontal resolution) simulation over SEA region was undertaken by
Tangang et al. (2020) based on the multi-model simulations of the Southeast Asia Regional Climate
Downscaling/Coordinated Regional Climate Downscaling Experiment-Southeast Asia
(SEACLID/CORDEX-SEA) implemented under the World Climate Research Program (WCRP). The
downscaled climate projections revealed a signi�cant reduction in precipitation over Indonesia, Vietnam,
Myanmar, northwestern Thailand and Laos under the worst-case scenario and they found inconsistent
sign of changes between GCMs and the downscaled models over Indochina, northern Borneo, Peninsula
Malaysia, Papua New Guinea, and the Philippines. In order to address these inconsistencies, another
downscaling experiment in line with the CORDEX was initiated (Gutowski et al., 2016). The second phase
of CORDEX was aimed at using the CMIP6 ensemble projections from ScenarioMIP experiments (O’Neill
et al., 2016) to better understand and assess the changes in climate for applications in vulnerability,
impacts, and adaptation .

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. In this context,
we evaluate 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 is
signi�cant in the light of quantifying climate change uncertainties that are essential for policy makers to
account for in their adaptive strategies, given high climate vulnerability exists in this SEA region. The
paper is organized thus: Section 2 describes the datasets used and the methodology 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. Data

2.1. Model data: CMIP6 Ensemble
The Phase 6 of the Coupled Model Intercomparison Project (CMIP6) is the latest and advanced set of
climate models for better understanding of the past, present and future climate of the Earth and detailed
documentation is available from Eyring et al. (2016). 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,
water vapour path (atmospheric moisture content), wind �eld of Southeast Asia using the diagnostic
outputs generated by the CMIP6 models under four (4) different scenarios based on the Shared
Socioeconomic Pathways (SSPs): SSP1-2.6 (sustainability), SSP2-4.5 (middle-of-the-road), SSP3-7.0
(regional rivalry), and SSP5-8.5 (fossil-fueled development), described by O’Neill et al. (2016). These SSPs
represent the future change of greenhouse gas emission and land use scenarios to assess wide range of
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climate information for application 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
integration) for both historical and future experiments with a few models using variants f2 and f3 if the
�rst ensemble variant (f1) is not available. Additional information is available at:
https://pcmdi.llnl.gov/CMIP6/ and https://es-doc.org/cmip6-models/ (Eyring et al., 2016).
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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°

2.2. Observational Data: CRU TS 4.0
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The Climatic Research Unit Timeseries (CRU TS; Harris et al., 2020) version 4.0 is a monthly precipitation
dataset that has been widely used for observational analyses and model comparisons over Earth’s land
areas except Antarctica. This dataset is derived from extensive weather station observations interpolated
at a 0.5° × 0.5° horizontal resolution covering the period 1901–2018.

2.3. Methodology
Monthly precipitation data (mm day− 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 also
classify the periods of the historical and projection simulations into four (4) 20-year time periods:
baseline (1995–2014), near-term (2021–2040), mid-term (2041–2060), and far-term (2081–2100). 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 September-October-
November (SON). The performance of the CMIP6 models’ historical simulations was brie�y evaluated
against the CRU observation only to obtain a bird’s eye-view of how the models compare to historical
simulations, though they are not comparable year-to-year. Simple statistical metrics such as the mean
and standard deviation were utilized to divide the SEA region into �ve (3) distinct zones as shown in
Fig. 1: 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 multi-
model median. Where applicable, we computed the 90% con�dence intervals to quantify future changes.
The 25th to 75th percentile range indicator or the lower to upper interquartile, respectively, was also
computed to measure the mid-spread (middle 50%) value of the model (as indicated in shaded regions in
time-series plots). In this sense, higher con�dence in predictability can be assumed among models. In
addition, we have utilized winds at 850 hPa and water vapour path to better discuss the enhancement of
monsoon �ow and associated dynamics that could be attributed to the changes in future rainfall. The
sensitivity of future rainfall changes to global mean temperature change is also further discussed.

3. Results And Discussions

3.1. Monthly mean precipitation and variability
Figure 1 shows the spatial distribution of mean and standard deviation of rainfall over a period of 30
years, 1984–2014. This paper is not based on evaluating the historical simulations. To this end, we
illustrate, through this brief analysis of comparing the historical CMIP6 simulations and observations,
how well the models agree with observations, with the only objective of making a better assessment of
the projections, in line with the observed records until the recent past.

On a quick spatial comparison of the mean rainfall, CRU and the CMIP6 models show a good agreement,
though on a closer look, sub-regions show some differences. Coastal rainfall seen in CRU along Myanmar
and Thailand are absent in the models. The other sub-domains show a good agreement in the
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distribution of rainfall although sub-regional differences are evident in the Philippines and over some
areas of the Indonesian islands and Borneo. Notably, the mountain rainfall is not captured well by the
models, probably due to the models’ coarse resolutions. Similar inferences can be made on the standard
deviations in rainfall though higher variability observed in northern Vietnam and the Philippines is not
reproduced by the models. Overall, this general view of the historical simulations helps to obtain an idea
of the performance of the models using which their projections can be held credible as appropriate.

3.2. Evaluations of the CMIP6 historical simulations against
CRU observations
The time-series of future projections under different scenarios is shown in Fig. 2. Over the entire
Southeast Asia (averaged over all land points on SEA), as expected, the high-emission scenario SSP 5-8.5
shows higher magnitudes of rainfall throughout the decades to come, while SSP 3–7.0 shows the least.
There are no signi�cant differences in the projections between SSPs 1-2.6 and 2-4.5. It can also be seen
the CRU observations edge closely towards the projections only during the recent past when compared to
the historical simulations. This implies that the CMIP6 models overestimate rainfall over the entire SEA
region during the historical period.

Over sub-domain D01, SSP 5-8.5 stands out as the highest rainfall scenario while SSP 3–7.0 indicates
early decades of low rainfall but increasing towards the end of the century, following the trends of the
other two scenarios. The SSP 5-8.5 indication of future rainfall could be an early warning for policy
makers to prepare for extreme rainfall and �ood, given this sub-domain largely covers vulnerable regions
of mainland SEA. The projections (SSP 3–7.0) at the beginning of 2020s show some measure of
agreement against CRU observations over the recent past, while the other scenarios show higher ranges.
This could also mean that the D01 rainfall over the past has been close to the magnitudes of SSP 3–7.0
and that the future trends are also likely to follow a relatively dry trend, though this assumption needs
higher scrutiny.

Over sub-domain D02, all three scenarios except SSP 3–7.0 show similar trends, though SSP 5-8.5
suggests a higher rainfall projection by the end of the century. The graphs also strongly indicate that for
this region, SSP 3–7.0 remains the dry scenario throughout the 21st century. CRU observations are,
however, are far from the historical simulations, showing a higher magnitude of observed rainfall
implying that the projections are not in line with the past/recent trends. The sub-domain D03 shows some
interesting features, compared to the other domains. While the projections are in line with recent CRU
observations, all scenarios are close to each other, with SSP 5-8.5 remaining the high-end scenario.
However, SSP 3–7.0 does not follow a dry trend as seen in the other domains and shows increasing
rainfall projections towards the end of the century, higher than that of SSPs 1-2.6 and 2-4.5. However, we
need to recognize that the CRU observations may not be an accurate representation over domains D01
and D02 due to the lack of gauges at those sites and that the precipitation pattern over these regions is
characterized by complex climate types/physical landscape. Furthermore, this discrepancy between
observations and historical simulations is expected given CMIP6 historical years are not directly
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comparable to observations year-to-year. Nevertheless, to reiterate, the intention to include this
observational comparison is to better assess whether the bandwidth of the historical simulations contain
the observations within them. This provides a better quanti�cation of both the observational and
historical (simulations) uncertainty so that the future projections can be considered along with this
uncertainty.

3.3. Spatial distribution of precipitation changes
Figure 3 displays the annual and seasonal near-term future (2021–2040) changes in precipitation relative
to the present-day average (1995–2014), with the stippling indicating a 90% con�dence interval. During
the near-term period, the annual (ANN) averaged precipitation changes show markedly drier conditions
over Myanmar, parts of Thailand, southern islands of the Philippines and large areas of the maritime
Indonesia. The drying signal is most pronounced under the SSP3-7.0 across several regions of Southeast
Asia, both mainland and maritime. Marginally wet areas, however, are seen over the rest of the regions on
both the mainland and the maritime. The DJF season, which is the Northwest Monsoon dominated
seasons of the year, shows a clear gradient in rainfall patterns – a wetter maritime and a drier mainland.
The drier regions are notable over areas of Myanmar, Philippines, Vietnam, and the southern maritime
islands of Indonesia. What is noticeable amongst the different scenarios is the SSP 3–7.0, which largely
indicates a dry near-term future for the entire Southeast Asia. The mountainous areas within the maritime
continent, mainly, show relatively higher magnitudes of rainfall (again, except SSP3-7.0). The JJA
season, during which the Southwest Monsoon is pronounced, also exhibits 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 is seen strongly as a ‘dry’ scenario.

We also analyzed changes in precipitation during MAM and SON seasons but not shown in the �gures,
due to brevity. During MAM (SON), the analyses on future projections indicated less (more) rainfall over
mainland SEA including the Philippines. While most regions 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. On the other hand, MAM manifested widespread dry regions across the
mainland SEA.

Figure 4 shows the future changes in precipitation during the mid-term period (2041–2060). The �gure
shows a similar pattern of changes as that of Fig. 3 but with higher magnitudes of dry and wet changes
as well as a higher con�dence among the models. It is notable that the areas with exhibit minimal dry
conditions in the near-term period (Fig. 3) turn minimally wet in the mid-term period. For instance, in
Fig. 4, the ANN change in the northwest SEA region is projected to have a higher precipitation. Although
some areas in the mainland SEA including southern Philippines are likely to remain dry, many places in
this region could experience marginally wet conditions under SSP3-7.0. Moreover, Malaysia, Brunei,
northern Indonesia, and northern Philippines are likely to receive more rainfall than in the near-term
period.
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Some areas in southern Indonesia, however, could continue to experience drier conditions when
compared to the mid-term period. This is suggestive that the increase in precipitation over SEA region in
the future relative to the baseline period (1994–2014) is probably linked to the increasing annual global
temperature anomaly. However, these marginal increases in rainfall are not seen in the seasonal
precipitation changes. In DJF, dry conditions expanding eastward over northwest SEA, including northern
Philippines, may be likely with wetter areas expected in the maritime continent except southern Indonesia
under a high-end scenario. During JJA, more rainfall is seen across most regions over the mainland SEA,
the Philippines, Brunei, and northern Indonesia but strong reduction in rainfall is depicted over southern
Indonesia. The spatial distribution of the projected changes over SEA region is also consistent with the
results of Tangang et al. (2020). Overall, SSP 3.7-0 continues to be the driest scenario among the others,
as seen during the near-term.

Figure 5 shows the future changes in precipitation during the far-term period (2081–2100). A signi�cant
increase in rainfall is projected over most SEA regions during the ANN despite reduction in rainfall over
some parts of Thailand, Myanmar, and Indonesia. The highest increase in rainfall may be likely under the
SSP 5-8.5 scenario, over Myanmar, Kalimantan, and Papua NG. During DJF, 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). Overall, the annual changes show strong increases in
rainfall across all scenarios over mainland SEA and parts of Borneo, Philippines, and Indonesia, while
reduced rainfall is seen over the southern maritime islands of Indonesia. DJF, however, exhibits strong
decreases in rainfall over the mainland regions of SEA across all scenarios except SSP 1-2.6.

We also examined the future changes zonally, for a quick assessment on the entire SEA region across
time-slices. This is shown in Fig. 6. In the near-term period, reduced precipitation can be clearly seen
during JJA, in the southern regions of SEA, below the equator. While the ANN shows no signi�cant
change, DJF shows marginally wetter northern latitudes, except SSP 3.7-0, which shows drier conditions
(as re�ected in the spatial changes, Fig. 3). 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 increases (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. JJA signals show a strong dipole with large decreases below the equator and large increases
above. The clear patterns of tendency increased and decreased rainfall in the southern (northern)
hemispheres of SEA during DJF and during JJA, by the end of the century, is probably an indication of an
enhanced monsoon precipitation and intensi�ed double-Intertropical Convergence Zone (double-ITCZ).
This is not further examined in this study, however, systematic biases of the double-ITCZ were examined
by Tian and Dong (2020) and noted a reduction of biases from CMIP5 to CMIP6 models.
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3.4. Changes in wind �eld and moisture content during far-
term period
Two prominent monsoon seasons affect the weather and climate in the Southeast Asia: Northeast
monsoon during November-March and Southwest monsoon during June-September. These monsoon
seasons are projected to intensify and suppress in the different SEA regions during the far-term period as
illustrated in Fig. 7. Higher increases in precipitation are associated with higher increases in moisture
content and enhanced monsoon �ow. For instance, in DJF, the northeasterlies from South China Sea
funneling within Borneo Island, Malaysia Peninsular and Indonesia are projected to enhance with a
signi�cant increase of moisture band between 9°S and 9°N where high increases in rainfall are also
found. Conversely, it is projected that Myanmar, Laos, southern Thailand, southern Cambodia, and
southern Vietnam are likely to experience drier condition under all scenarios except SSP1-2.6 (Fig. 5). The
drying condition is due to the minimal intensi�cation of monsoon �ow with none to minimal increase in
moisture content. In JJA, enhanced monsoon �ow with signi�cant increases in moisture content is
apparent over the Mainland SEA and the Philippines. The robust drying condition over southern Indonesia
under all scenarios, as also seen in Fig. 6, is caused by the suppressed easterlies accompanied with
minimal increases in moisture content during JJA season. Increases in Asian monsoon precipitation is
also analogous to the study of Chen et al. (2020) and Wang et al. (2020). Furthermore, the projected
increase in summer monsoon precipitation is linked to the projected large changes on the land and ocean
thermal contrast (Wang et al., 2020).

3.5. Future changes examined using Box Plots
Figure 8 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 century under
SSP1-2.6, 2-4.5, 3–7.0, and 5-8.5, respectively. The smallest median change is projected under 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, respectively. The continued increase over the different
domains in the SEA region in the future is apparent. In D01, D02, and D03, rainfall changes are projected
with increases up to 8%, 3.5%, 8%, respectively, during the far-term period.

However, extreme changes are apparently higher in the sub-domains than in the averaged SEA region. Of
interest, during the far-term period, upper extreme changes are projected to increase by 33%, 32%, and
22% at the 90th percentile 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.

3.6. Changes in the annual cycle
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The multi-model ensemble precipitation annual change is brie�y evaluated in Fig. 9. In the SEA region,
future precipitation during December-February shows a strong increase in comparison to other seasons,
indicating a likely strengthening of the Northeast Monsoon’s in�uence on rainfall (Fig. 8a). The months of
March-May exhibit the least increase in precipitation in the near-term period. Moreover, the months of
June-November show relatively wetter conditions but with a signi�cant 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.

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)
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 Indo-China Peninsula 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 intensi�ed during the far-term. The rainfall change
also 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) who
reported that the projected Northeast Monsoon 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 also evident by the end of the century. These changes in the annual cycle imply
strong future changes in the two main monsoon seasons (Northeast and Southwest) which in�uence 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 planned based on these plausible changes that
are relevant to water resources management or extreme events such as �oods/droughts/agricultural
practices.

3.7. Response of precipitation to global mean temperature
Furthermore, we analyzed the sensitivities of SEA precipitation on global mean temperature (GMT) under
different emission scenarios (Fig. 10). Sensitivity of precipitation changes is found to have a linear
dependence on the changes in GMT. Seasonal mean precipitation exhibits robust increases with warming
over SEA region (Fig. 10a,b). The calculated correlations for JJA are 0.52, 0.48, 0.55, and 0.64 whereas
correlation coe�cients during DJF are 0.79, 0.60, 0.62, and 0.60 under SSP1-2.6, 2-4.5, 3–7.0, and 5-8.5,
respectively. Majority in the time series yielded positive rainfall change for both seasons. It is apparent
that the near-term period resulted in a lower precipitation change in a relatively low warming scenario
while the far-term period resulted generally higher future changes in rainfall in an extremely warm
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climate. However, we 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 (Fig. 10c). 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 precipitation under SSP1-2.6. The higher climate sensitivity of SSP1-2.6 is also
found by Jiang et al. (2020) over the semiarid region of Central Asia.

4. Summary And Conclusions
We analysed the future projections of rainfall using an ensemble of 48 CMIP6 models under different
climate scenarios (SSPs 1-2.6, 2-4.5, 3–7.0 and 5-8.5), over Southeast Asia. Overall, the results suggest
that the end of the century is likely to experience a higher increase in rainfall compared to the near and
mid-term periods. During the near-term, mild increases in annual rainfall are seen in all scenarios except
SSP 3.7-0. Analyses of the future changes zonally convey that while no signi�cant changes in annual
rainfall are seen during the near-term, DJF season shows marginally/widely wetter northern regions of
Southeast Asia, except SSP 3.7-0, which shows drier conditions. The mid-term shows clear patterns on
the changes, with an overall increase on the northern regions, on an annual time scale. The signals of
changes in rainfall are more clearly seen during the far-term. The investigations on sub-domains suggest
that, over D01 and D02, SSP 5-8.5 projects the highest rainfall scenario while SSP 3–7.0 indicates early
decades of low rainfall but increasing towards the far-term. However, over D03, all scenarios suggest a
strong increase in rainfall by the end of the century. The drying (wetting) conditions over SEA region is
attributed to a minimal (signi�cant) increase in atmospheric moisture content with suppressed
(intensi�ed) monsoon �ow. In addition, future change in rainfall 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, respectively.

The box-plot analyses show that the future changes among models indicate 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, respectively. Nevertheless, the continued increase over the entire SEA is evident. The
future changes in the annual cycles of rainfall are suggestive of the changes that are likely to be brought
in by the two main monsoon seasons (Northeast and Southwest) which in�uence 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 �oods/droughts/agricultural practices.

Whilst climate projection uncertainties are intrinsic from global climate model simulations, the results
also indicate the need for better representation of the earth system in these models. Tangang et al. (2020)
noted that downscaling the GCMs to a higher spatial resolution (< 25 km) would lead to the intrinsic
improvement of their systematic errors and uncertainties. The results related to the changes in rainfall are
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not much different from the CMIP5 suite of models and especially the changes to extremes need further
quanti�cation 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 (Scoccimarro and
Gualdi 2020; Chen et al., 2021). However, these initial results do offer useful information to policy makers
to obtain a quick understanding of possible changes to come though limitations and uncertainties exist
in the model dynamics and as well as in better quanti�cation of the magnitudes of these changes. O’Neill
et al. (2016) noted that the scenario-based CMIP6 models (SSPs) would facilitate wide range of
scienti�cally 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 consistency between
models provides high con�dence in understanding future changes which could be studied further as
newer data become available to the research community.
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Figures

Figure 1

Mean and standard deviation of rainfall, CRU and CMIP6 models for 1984-2014.
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Figure 2

Time series of annual mean precipitation (mm day-1, 10-year running mean) of historical and future
experiments for the entire (a) SEA region and (b-d) 3 domains. Thick gray and colored lines represent the
median (50th percentile) of all model experiments. Upper and lower boundaries of the shaded region are
the 75th and the 25th percentiles, respectively. Observed climatology for CRU (thick black line) is shown as
reference.
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Figure 3

Spatial distribution of annual and 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. 
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Figure 4

Spatial distribution of annual and seasonal precipitation changes for the mid-term (2041–2060).
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Figure 5

Spatial distribution of annual and seasonal precipitation changes for the far-term (2081–2100).
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Figure 6

Zonally averaged annual and seasonal precipitation change. (X-axis is the precipitation change and Y-
axis is the latitude).
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Figure 7

Projected changes in wind �eld at 850 hPa (vector, unit: m/s) and moisture content (contour shade, unit:
kg/m2) during far-term period.
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Figure 8

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 3 different sub- domains. This also 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 9

Precipitation changes in the annual cycle. Upper and lower boundaries of the shaded region are the 75th

and the 25th percentiles, respectively.



Page 26/26

Figure 10

Responses of precipitation changes to global mean temperature changes for (a) DJF, (b) JJA, and (c)
ANN for 2021-2099. Solid colored lines in (a) and (b) indicate regression line of each SSP scenario. 


