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Madden–Julian Oscillation-induced extreme rainfalls
constrained by global warming mitigation
Shijing Liang1, Dashan Wang 1✉, Alan D. Ziegler 2, Laurent Z. X. Li3 and Zhenzhong Zeng 1✉

The sixth assessment report of the IPCC indicates low-to-high confidence in trends of extreme rainfall with regional inconsistency in
the tropics, where a key phenomenon causing intra-seasonal variations in weather is the Madden–Julian Oscillation (MJO). It
remains unknown how the MJO-induced extreme rainfall and the societal exposure may change in response to global warming and
climate mitigation attempts. Here, using eight CMIP6 models that capture the eastward-propagating MJO structure and amplitude,
we detect a nearly 60% increase in extreme rainfall over tropical Asia and Australia by the end of the 21st century under the fossil-
fueled warming scenario (SSP5-8.5); 84% of this change is associated with MJO-induced extreme rainfall. Extreme rainfall increases
are modulated by the warming-induced asymmetric changes in MJO phase characteristics, occurring mostly over the lands with
distinct zonal differences. The region that is most likely to be affected includes Malaysia, Indonesia, and northern Australia where
96.68 million people and 9.72 million km2 of urban areas are exposed to potential danger stemming from extreme rainfall. More
than 95% (99%) of the population (urban) exposure can be potentially avoided under the “middle of the road” development (SSP2-
4.5) scenario, whereby CO2 emissions hover around current levels before starting to fall mid-century.
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INTRODUCTION
Nearly 300 million people worldwide are exposed to annual
floods, causing more than US$651 billion loss per year over the
past two decades1. Flooding triggered by extreme rainfall is
particularly frequent and destructive in low-lying and rapidly
developing tropical regions of Asia and Oceania. The vulnerability
of the region to extreme precipitation was on display in December
2020 when widespread flooding impacted southern Thailand and
Indonesia, killing at least 34 people, damaging 587,100 residential
houses, and causing 60 million USD economic loss2. More than 25
major floods or severe weather events causing substantial
damage were reported in Southeast Asia and tropical Oceania in
the boreal winter season (months from November to April) of
2020 (ref. 2). The recently released sixth assessment report (AR6,
ref. 3) emphasized that extreme precipitation will likely increase in
the tropics under continued global warming, but with consider-
able regional inconsistency, as well as uncertainty pertaining to
the mechanisms triggering extreme rainfall4–6. Meanwhile, the
Paris Agreement aims to reach a net-zero greenhouse gas
emission target and limit warming below 2 °C of pre-industrial
levels7. Uncertainties exist whether the implementation of global
climate mitigation strategies, mainly initiated by mid-latitude
countries, will have an effect on vulnerable regions of the tropics
where future extreme rainfall is projected to impact greater
populations and cause increased levels of damage owing to
acceleration in the global hydrological cycle1,8.
The most important triggering mechanism associated with

extreme rainfall at intra-seasonal scale over tropical Asia and
northern Australia is the Madden–Julian Oscillation9,10, which is
the several-thousand-km envelope of clouds, winds, and rainfall
that moves eastwards along the equator with a 20–90 day
timescale during the boreal winter season11 (Supplementary Fig.
1). The MJO induces precipitation anomalies within alternating

regions of enhanced and suppressed convection12,13. Extreme
rainfall events may occur when the MJO is in an enhanced
convective state that affects weather not only in its immediate
geographical location but in areas leading and trailing its
path14–16. In addition, the MJO affects extratropical regions
through exciting Rossby waves, leading to the far-reached MJO
teleconnections in the North Pacific and North Atlantic17,18.
Many studies have made projections on changes in MJO activity

in a warming climate via Earth System Models (ESMs)13,19–21, but it
remains unclear how changes in MJO-induced extreme rainfall
may influence the societal exposure in response to future
warming and climate mitigation attempts22. Such efforts rely on
accurate simulation of MJO processes in ESMs. However, most
CMIP5 models largely underestimate MJO amplitude and fail to
reproduce a coherent eastward propagation of MJO23. Recently,
some CMIP6 ESMs have demonstrated substantial improvements
in simulating the structure of MJO mainly due to the reasonable
simulation of horizontal moisture advection over the Maritime
Continent of tropical Southeast Asia24. These model advances
create an opportunity to address the dynamics of MJO-related
extreme rainfall and its potential socio-economic consequences in
the coming decades.
Here, using climate model outputs for various global warming

scenarios, we investigate projected changes in the MJO contribu-
tion to regional extreme rainfall, along with associated changes in
the exposure of population and urban areas in tropical Southeast
Asia and northern Australia to extreme precipitation during the
boreal winter seasons when MJO is the most enhanced11,12. First,
we compare historical-simulation outputs of selected CMIP6
models with fields derived from reanalysis data and precipitation
observations to evaluate the capability and accuracy of the
ensemble simulations in capturing MJO structure and associated
precipitation (Supplementary Tables 1, 2; Supplementary Figs. 2–7;
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details see “Methods”). We then analyze the projected changes in
MJO-induced precipitation extremes by the end of the 21st
century under the fossil-fueled development Shared Socioeco-
nomic Pathway (SSP5-8.5) scenario, focusing on geographical
variability in particular. The mechanisms of extreme rainfall
changes were explored by identifying the asymmetric changes
in MJO phase characteristics, including the changes of occurrence
and amplitude of each MJO phase. This asymmetry implies the
existence of uneven changes during different stages of MJO
movements, resulting in varying patterns of MJO-induced extreme
rainfall changes across different phases. Finally, we assess the
extent that SSP2-4.5 (the historical trends of development) and
the SSP1-2.6 (the green road) scenarios may limit increases in
MJO-associated extreme rainfall and the concomitant effects on
exposure. Unless stated otherwise, all references to rainfall
changes are for the boreal winter.

RESULTS
MJO-induced extreme rainfall is amplified under warming
For the historical period (1994–2014), the multi-model average
boreal winter total rainfall is 900.4 mm over the study area, varying
greatly from 211.7 mm in Mainland Southeast Asia to 1849.9 mm
in the Maritime Continent, with northern Australia (620.4 mm) and
the Philippines (906.6 mm) being intermediate (Supplementary
Table 3). MJO-induced rainfall comprises 59–66% of the total
rainfall in the four sub-regions. Similarly, the regional variations of
extreme rainfall match those of total rainfall, but with MJO-
induced extremes making up lower proportions (47–53%) of the
total extreme rainfall (Supplementary Table 3).
Under the most intense warming scenario (SSP5-8.5), projected

total rainfall increases by 103.3 mm (11%) across the region by the
end of the 21st century, but in different regional proportions
(Table 1). The increase is the largest for the Maritime Continent
(176.6 mm). Smaller amounts are projected for Mainland South-
east Asia (36.8 mm), the Philippines (53.2 mm), and northern
Australia (75.2 mm). Most or all of the increased rainfall is
associated with MJO, as the proportions of non-MJO-induced
rainfall in some areas decrease. For example, the projected
increase in MJO-induced rainfall over the Maritime Continent is
higher than the increase in total rainfall (282.2 versus 176.6 mm,
Table 1), representing a decrease in predicted non-MJO-induced
rainfall in the future.
An increase in total rainfall may not necessarily lead to negative

impacts, but extreme rainfall often does25,26. Of concern is that the
majority of the increase in total rainfall is attributed to an increase
in extreme rainfall (Table 1). The areal mean increment of extreme
rainfall is 103.9 mm and accounts for nearly 60% of the historical
level, even higher than the increase in total rainfall (103.3 mm).
The projected increase in extreme rainfall is particularly high in the
Maritime Continent (245.9 mm); secondary in northern Australia

(55.9 mm). Comparable to the changes in total rainfall, most of the
increases in extreme rainfall are also associated with MJO. For
example, the projected increase in MJO-induced extreme rainfall
comprises 64, 74, 68, and 101% of the projected increase in total
extreme rainfall in the Maritime Continent, the Philippines,
Mainland Southeast Asia, and northern Australia, respectively
(Table 1). The MJO proportion in the projected extreme rainfall
increase is higher compared to the historical period (Supplemen-
tary Table 3). Overall, 84% of the increases in extreme rainfall
across the study region are associated with active MJO,
demonstrating the important role of the MJO in the projected
increase of extreme rainfall in a warming future.
Spatially, most of the increased extreme rainfall, including that

associated with the MJO, concentrates on land areas (Fig. 1a, b),
particularly within the Maritime Continent (including Malaysia,
Indonesia, Papua New Guinea, and Singapore). The changing
patterns of MJO-induced boreal winter total rainfall and extreme
rainfall frequency are also comparable with patterns of the
projected total change (Supplementary Figs. 8a, b, 9), further
illustrating the vital role of MJO in influencing rainfall (especially
extremes) in a warmer climate. Over time, both MJO-induced
extreme rainfall and boreal winter extreme rainfall are projected to
increase rapidly and significantly (two-sided t-test, p < 0.01)
compared to the historical period (Fig. 1c). On average, extreme
rainfall over their region is predicted to increase at a rate of
18.5 mm per decade after 2015, while the trend is smaller for MJO-
induced extreme rainfall (15.6 mm per decade). Consistent with
simulation results27, little change is projected before 2039
(Supplementary Figs. 10, 11). After 2039, the models present high
consistency with increases in extreme rainfall. Further, the
increasing rate is accelerated at the end of the 21st century. For
the periods of 2039–2059 and 2079–2099, the projected rates of
increase in MJO-induced extreme rainfall are 11.6 and 31.0 mm
per decade, respectively.
Increments in MJO-induced extreme rainfall potentially will

trigger societal impacts. For the Maritime Continent, a striking
increase of extreme rainfall exceeding the 5-year return value
threshold is predicted to occur in locations where 93.85 million
people now reside, covering an area of 9.40 million km2 (Table 1).
In other regions, the population (urban area) exposure is 2.76
million (0.23 km2) for Mainland Southeast Asia and 0.06 million
(0.09 km2) for northern Australia. Regionally, based on population
density, the largest impact zone is concentrated in the west of the
Maritime Continent, particularly Surabaya in the eastern part of
Java, Indonesia (Fig. 1d). Several highly urbanized and densely
populated cities, such as Kuala Lumpur in the south of the Malay
Peninsula, Bandung and Jakarta in the west of Java Island, are also
likely to be exposed to the increase in MJO-induced extreme
rainfall (Fig. 1d). New Guinea is projected to be exposed to the
largest increase in MJO-induced extreme rainfall, but the
population density is relatively low (Fig. 1d). In northern Australia,

Table 1. Projected changes in boreal winter rainfall and extreme rainfall under the SSP5-8.5 scenario and the exposure of population and urban area
to the increment of MJO-induced extreme rainfall.

Boreal winter rainfall increases Boreal winter extreme rainfall increases Exposure

Total (mm) MJO (mm) MJO/total (%) Total (mm) MJO (mm) MJO/total (%) Population
(million persons)

Urban areas
(million km2)

All 103.3 153.5 149 103.9 87.3 84 96.68 9.72

Maritime Continent 176.6 282.2 160 245.9 157.8 64 93.85 9.40

Philippines 53.2 94.7 178 49.2 36.3 74 0 0

Mainland Southeast Asia 36.8 43.2 117 31.7 21.7 68 2.76 0.23

Northern Australia 75.2 114.5 152 55.9 56.7 101 0.06 0.09

The exposure is estimated using the extreme rainfall threshold of the 5-year return value based on the current distribution of population and urban areas.
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the highest risks to MJO-induced extreme rainfall increment
would mainly be located near Darwin. Notably, due to anticipated
growth in the rates of population and urbanization28, the area and
the total number of people affected by these projected changes
would almost certainly be higher. In addition, many of these areas
contain agricultural lands and infrastructure that would also be
affected by extreme rainfall.

MJO phase changes modulate extreme rainfall increments
Substantial attention has been given to how anthropogenic
warming may affect the MJO-associated genesis and it influence
on rainfall-associated impacts in the future19–22. Two aspects of
the MJO are relevant: (1) the MJO characteristics (i.e., amplitude
and frequency of active states); and (2) its geographic location in
reference to the eight “phases” that operationally described MJO
movement29–32 (Fig. 2 and Supplementary Fig. 1). An increase in
MJO activity would be fundamentally boosted by thermodynamic
and dynamic processes that favor larger moist-static energy,
increased lower-level atmospheric instability, enhancement of
deep convection heating, and re-enforcement of perturbations
and convergence21,22,33,34. Consistent with theoretical considera-
tions, positive trends are indicated for the MJO occurrence and
amplitude in all eight phases for the aggressive SSP5-8.5 warming
scenario (see “Methods”); however, the projected increased
activity is not uniformly distributed (Supplementary Fig. 13). For
example, projected increases in MJO occurrence are nearly two

days in phases 2, 5, and 6, while only slight changes are indicated
for other phases. The increases in MJO amplitude are more
substantial, demonstrating significant enhancement (Wald test,
p < 0.05) for all but phases 3 and 7. Compared with the previous
studies35,36, discrepancies occur in MJO phases 2, 4, and 7. We
found increases in MJO increases in MJO occurrence for phase 2,
while the changes are slight for phases 4 and 7. However, we find
consistency in that the MJO occurrence and amplitude tend to
increase under warming when MJO enhances convection over
Maritime Continent and west Pacific.
Projected changes in MJO phase characteristics and MJO-phase-

composite rainfall extremes are tethered19,22,37. Multi-model
simulations consistently predict that amplified convection asso-
ciated with MJO tends to trigger greater and more frequent
extreme rainfall over the land areas along the eastward
propagation track (Supplementary Figs. 14, 15), but with regional
differences and asymmetric MJO phase changes (Fig. 2a–d). In the
Maritime Continent, a transition in the peak of rainfall extremes
from the historical level of 30mm at phase 3 to the level of 50 mm
at phases 2–3 is projected, with an associated amplification of
MJO activity mainly at phase 2 (Fig. 2a). Such a forward transition
implies that the early arrival of the MJO can also be found in the
strengthened MJO teleconnection in Pacific-North America
regions17. The symmetric changes associated with MJO phases
likely to be forced by the warming of the eastern Pacific sea
surface temperature17,36,38. While future extreme rainfall could
exceed the historical level, even for phases 1 and 5-8 related to
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Fig. 1 Spatiotemporal changes of multi-model mean boreal winter extreme rainfall under the SSP5-8.5 scenario. Spatial distribution of
the changes in boreal winter extreme rainfall amount (a) and MJO-induced extreme rainfall amount (b) between the future period
(2079–2099) and the present period (2015–2035) under the SSP5-8.5 scenario over the study area. Stippling denotes where the multi-model
mean changes exceed the inter-model variance. c Temporal series of the boreal winter extreme rainfall and MJO-induced extreme rainfall over
the land areas within 25°S–20°N, 95°E–155°E during 1855-2099. Values are smoothed through the 5-year running mean. Shadings refer to half
of the inter-model spread. d Exposure map of population to the projected increases of future MJO-induced extreme rainfall. The future MJO-
induced extreme rainfall is the simulated increments between the future (2079–2099) and present (2015–2035) periods added up to the
historical period (1994–2014). The size of the circles represents the amount of exposed population, while the color shows the MJO-induced
extreme rainfall amount.
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the drier conditions, these changes would still be lower than the
averaged extreme rainfall during the entire MJO cycle (Fig. 2a).
The extensive increase of extreme rainfall during phases 2–3 is
distributed over the west of the Maritime Continent (especially the
Kalimantan Island and Java Island) and moves eastwards during
phases 2–4 over the east of the New Guinea (Fig. 2e, f). Similarly, in
the Philippines, amplification of the MJO-induced extreme rainfall
is simulated, accompanied by a phase transition and changes of
MJO activity at phases 4 and 7 (Fig. 2b, g, h). In Mainland
Southeast Asia, the projected rainfall variability nearly matches the
historical variability; and the largest increase is found in phase 4
(Fig. 2c). In northern Australia, the extensive increase of extreme
rainfall (from 9.1 to 23 mm) is related to enhanced MJO activity in

phase 5 (Fig. 2d, h). Overall, geographical variations in predicted
MJO-induced extreme rainfall changes will develop with warming,
in tandem with the asymmetric MJO phase changes, particularly
increases in amplitude during phases 2–5.
It is plausible that elevated terrain within the Maritime

Continent may block the eastward propagation of MJO by
reducing evaporation and enhancing friction39,40. The land-sea
contrast could thus amplify convergence and vertical motion,
leading to the generation of MJO-induced extreme rainfall39. The
simulated changes in warming-induced asymmetric MJO intensi-
fication combined with the elevated terrain tend to produce more
extreme rainfall over land areas, especially in Indonesia, Malaysia,
Papua New Guinea, and northern Australia (Fig. 2e–g). Another

a b

c d

e f

g h
mm

mm

Maritime Continent

Mainland Southeast Asia

Philippines

Northern Australia

Phase 2 Phase 3

Phase 4 Phase 5

a

b

c

d

Ex
tre

m
e 

ra
in

fa
ll 

(m
m

)
Ex

tre
m

e 
ra

in
fa

ll 
(m

m
)

Ex
tre

m
e 

ra
in

fa
ll 

(m
m

)
Ex

tre
m

e 
ra

in
fa

ll 
(m

m
)

Fig. 2 Projected changes in MJO-induced extreme rainfall at different MJO phases. Land area mean extreme rainfall at phases 1-8 during
the future period (2079–2099) and the present period (2015–2035) under the SSP5-8.5 scenario over the Maritime Continent (a, 10°S–5°N,
95°E–150°E), the Philippines (b, 5°N–20°N, 117°E–125°E), Mainland Southeast Asia (c, 5°S–20°N, 95°E–110°E), and northern Australia
(d, 25°S–10°S, 113°E–155°E). Boundaries of the four sub-regions are while the color shows insert map. Spatial distribution of the changes in
MJO-induced extreme rainfall between the future period and the historical period at MJO phase 2 (e), phase 3 (f), phase 4 (g), and phase 5 (h)
over the study area.
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noticeable change is the projected extreme rainfall increases in
the northeast of Australia over the sea during phases 5–6
(Supplementary Figs. 14, 15), suggesting an amplified MJO in
the future may overcome the established barrier effect41,42.

Climate mitigation constrains MJO-induced consequences
The projected changes in the occurrence and amplitude under the
SSP2-4.5 scenario are less compared with those of SSP5-8.5.
Additionally, insignificant and even negative trends of MJO
strength are projected with the SSP1-2.6 scenario (Supplementary
Fig. 16). As a result of constraining future warming, the projected
changes in MJO-induced extreme rainfall would also be limited to
a lower level (29% for SSP2-4.5 and 11% for SSP1-2.6, compared
with 88% for SSP5-8.5; Supplementary Table 3). Considerable
reduction of the MJO-induced extreme rainfall increments is
consistent, while discrepancies are observed among different MJO
phases. Substantial reduction is found in the Maritime Continent
for nearly all MJO phases, especially for phase 2, which would
experience the most amplified MJO activity (Fig. 3a). Similarly, the
increment of MJO-induced extreme rainfall is significantly reduced
for phase 4 in the Philippines and Mainland Southeast Asia, and
phases 5–8 in northern Australia (Fig. 3b–d). The constrained
warming would effectively reduce the extreme rainfall in the area,
including MJO-induced extremes.
With the decreases in MJO-induced extreme rainfall being

substantial under the SSP2-4.5 scenario, a profound reduction in
exposure of population and urban areas is anticipated. Based on a
5-year return value exceedance, only 4.85 million people and 0.12
km2 urban area in the region would be exposed, reduced by 95

and 99% relative to the SSP5-8.5 scenario, respectively (Supple-
mentary Table 4). However, the reduction is limited in northern
Australia because the exposed population still accounts for 67% of
that under SSP5-8.5, and nearly no reduction is found for urban
areas (Supplementary Table 4). The reductions in population
exposure, as well as the associated urban area exposure, are
mainly distributed over Maritime Continent, especially in the Java
Island and Sumatera Island, Indonesia (Fig. 3e; Supplementary Fig.
17a). In contrast, in the Philippines, the populations and urban
areas exposed to the extreme rainfall exceed the 2-year return
value increase, emphasizing different spatial patterns of the
extreme rainfall enhancement under the two scenarios (Supple-
mentary Fig. 8c, d).
By constraining warming, in line with the SSP1-2.6 scenario, the

exposure to extreme rainfall exceeding a 5-year return value can
be almost neglected. No exposure to extremes is expected in the
Philippines, mainland Southeast Asia, and northern Australia. An
exception occurs in Papua New Guinea of the Maritime Continent,
where 0.71 million people and 0.04 million km2 of urban areas are
exposed. Taking the 2-year return exceedance value as the
threshold, the exposure is even smaller than the historical
exposure except for Maritime Continent, reinforcing the hetero-
gonous change in the spatial pattern of extremes (Supplementary
Fig. 8e, f). Nevertheless, the increased risk for most of the exposed
population (urban area) in the Maritime Continent remains high at
~98% (97%) for the SSP1-2.6 scenario. Therefore, such a slight
reduction in exposed population and urban area to some extent
do not meet the substantial decreases in MJO-induced extreme
rainfall. Thus, proactive extreme rainfall impact mitigation
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Fig. 3 Effects of global climate mitigations on MJO-induced extreme rainfall and exposed population. Reduction of changes between
future (2079-2099) and present (2015-2035) in MJO-induced extreme rainfall at each MJO phase under the SSP1-2.6 and SSP2-4.5 scenarios
relative to the SSP5-8.5 scenario over the Maritime Continent (a), the Philippines (b), Mainland Southeast Asia (c), and northern Australia (d).
Error bars indicate 0.5 times inter-model standard deviation. Decreases in the exposed population to the projected MJO-induced extreme
rainfall under the SSP2-4.5 (e) and SSP1-2.6 (f) scenarios. The exposure of population is estimated for the extreme rainfall threshold taken as
the 5-year return value exceedances. The size and color of inverted triangles represent the amount of exposed population and the decreased
amount of MJO-induced extreme rainfall, respectively.
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strategies will be needed to address increases in hazard exposure
in the future.

DISCUSSION
The IPCC AR6 claims medium confidence in the projected
intensification of MJO activity and associated changes of rainfall
in a warmer climate3. The uncertainties primarily originate from
the differences among ESMs in the ability to produce a reasonable
MJO amplitude and capture a coherent eastward propagation42.
Model projection is also sensitive to the simulated patterns of sea
surface temperature that affect convection and atmospheric
stability43. By selecting eight CMIP6 models that performed well
in simulating the robust eastward-propagating MJO structure and
amplitude24, we find that nearly 60% increases of boreal winter
extreme rainfall are expected over the study area under the fossil-
fueled development warming future. Around 84% of the increases
are contributed by an amplified MJO, stemming from a projected
increase of moisture in a warmer atmosphere leading to more
efficient MJO convective heating and more vertical moisture
advection22,29,44. The increments of MJO-induced extreme rainfall
dominate over the lands that are mainly concentrated in
Kalimantan Island, Java Island, New Guinea, and northern
Australia. This shift is controlled by asymmetric MJO phase
changes (magnification mainly in phases 2 and 5 that favor
convection), as influenced by distinct contrasts in land and sea in
this area. As a result, predicted increases of MJO-induced extreme
rainfall that exceed a 5-year return period are predicted in areas
currently hosting 96.68 million people, or 9.72 million km2 of
urban lands.
It is known that some ESMs may underestimate MJO amplitude

and the MJO-induced precipitation variability37,45. Although the
representation of the main characteristics of MJO has been largely
improved in the CMIP6 models24, and a rigorous procedure was
used in this study to select models with robust eastward-
propagating structure, underestimation of MJO may still exists.
For instance, the majority of models have difficulties in realistically
generating extreme precipitation6. Most models used in this study
performed well in representing boreal winter total rainfall, but
show considerable underestimation for the extremes (Supple-
mentary Fig. 3). For the MJO-related rainfall amounts, the models
overestimate 20–30% of the portion of MJO-induced total rainfall,
while the overestimation is milder for MJO-induced extreme
rainfall. The differences in the portion of MJO-induced extreme
rainfall between simulation and observation ranges slightly from
−2 to 17% (Supplementary Table 3). Besides, the model under-
estimates the total extreme rainfall, and the biases may hinder the
understanding of future changes in extreme rainfall. Such model
biases are likely to be associated with the varying thresholds of
95th extreme rainfall between the simulations and the observa-
tions. Despite uncertainties, MJO-related rainfall is likely to
produce rainfall extremes that may translate into flood and storm
hazards in a warmer climate. Furthermore, to verify whether the
threshold that defines MJO active days may be subject to
uncertainty, we tested the results by sorting MJO days within
three amplitude intervals (Supplementary Fig. 3). The patterns of
projected changes in MJO-induced extreme rainfall amount and
frequency are generally robust to different thresholds considered,
with extreme rainfall increases dominating over the lands of the
Maritime Continent and northern Australia (Supplementary Figs.
18, 19). The higher amplitude of MJO events is likely to trigger
more intense extreme rainfall, consistent with findings of previous
studies14,15,46.
Beyond tropical Asia and Oceania, the MJO is recognized as a

prominent driver in affecting the global climate through
teleconnections47. Some studies have suggested a strengthened
influence of a magnified MJO in higher latitudes in the future17,18,
while others argued that MJO-associated circulation will be

suppressed by warming, adding uncertainty to the plausible
effect on the MJO outside the tropics22,29. As MJO changes are
projected to vary among phases, the far-reaching impacts of the
MJO fingerprint on circulation and extreme weather could also
vary accordingly. For example, a strengthened MJO in phase 5
may contribute to more severe droughts in California (USA) and
eastern Africa, while greater wetness would occur for strength-
ened phase 1 (refs. 12,48). Hence, further studies are needed to
explore projected changes of MJO impacts on various other
regions. In addition, during boreal summer, MJO can affect
extratropical regions with a northward propagation into monsoon
Asia, affecting what is known as the boreal summer intra-seasonal
oscillation (BSISO)49. However, the multi-model ensemble fails to
capture the main pattern of BSISO (see discussions in “Methods”).
Future efforts to better represent MJO and BSISO structures are
desirable in ESM simulations. Additionally, the projected asym-
metric changes in MJO phases that favor convection call for
further improvements in the capability and potential of MJO
simulation skills, which are critical issues for intra-seasonal to
seasonal (S2S) predictions50,51.
In conclusion, despite uncertainties, our study demonstrates

that understanding the MJO phase characteristic changes and the
associated extreme rainfall increments is a key issue for several
highly populated areas in the Maritime Continent. The comparison
of three warming scenarios demonstrates the potential for global
warming mitigation in limiting the substantial projected increases
of MJO-induced extreme rainfall. Further, we find that lowering
the future warming according to the SSP2-4.5 (following the
historical trend of development) and SSP1-2.6 (taking the green
road) scenarios, can potentially minimize the increases in MJO-
induced extreme rainfall and the socio-economic consequences
associated with the higher risk.

METHODS
CMIP6 outputs
Historical simulations and ScenarioMIP experiments of eight ESMs from the
latest CMIP6 archives52 were used in this study to assess the MJO
contribution to regional extreme rainfall under various scenarios (Supple-
mentary Table 1): (1) BCC-CSM2-MR, (2) CESM2-WACCM, (3) EC-Earth3, (4)
EC-Earth3-Veg, (5) GFDL-CM4, (6) MIROC6, (7) MRI-ESM2-0, and (8) NESM3.
A single member with the variant label of r1i1p1f1 was chosen for each
model to ensure fairness and to limit our data-processing cost27. The eight
CMIP6 models were selected because of their capability in reproducing a
robust eastward-propagating structure when MJO moves across the
Maritime Continent in the historical simulations, simultaneously with the
MC propagation metric value between 0.8 and 1.0 (ref. 24). As proposed by
Ahn et al. (ref. 24), the MC propagation metric was calculated as the
anomalous intra-seasonal precipitation relative to the Indian Ocean
precipitation climatology, to quantify the robustness of MJO propagation
over the Maritime Continent.
The historical simulation during 1994–2014 is referred to as the

‘historical period’; and the periods of 2015–2035 and 2079–2099 under
different scenarios are defined to represent the ‘present period’ and ‘future
period’, respectively. Three scenarios in the ScenarioMIP experiments were
applied: the high emission scenario SSP5-8.5, the medium emission
pathway scenario SSP2-4.5, and the green road scenario SSP1-2.6 (ref. 53).
Because the grid spacing of the eight models is different, we

interpolated the model outputs into a common grid of 1.25° (latitude) ×
1.25° (longitude) by using linear interpolation. Our study focuses on
tropical Southeast Asia and Australia, where MJO-related rainfall is often
reported. We compared the changes of MJO-induced precipitation and
their potential impact on the population and urban areas over four sub-
regions where the impact of MJO has various influence levels during the
MJO life cycle (Supplementary Fig. 1). The four sub-regions are: the
Maritime Continent (Peninsular Malaysia, Indonesian Archipelago, and
Papua New Guinea), the Philippines, Mainland Southeast Asia (Thailand,
Cambodia, Laos, Vietnam, southern Myanmar), and northern Australia. The
relative analyses during the historical, present, and future periods were
performed for the boreal winter (November–April), when the MJO is the
most active.
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Reference data
The NCEP-DOE Reanalysis 2 (ref. 54) and NOAA Interpolated Outgoing
Longwave Radiation55 products/datasets were used to explore the
reference MJO structures over the study area during a representative
historical period of 1979–2001 (ref. 10). Daily precipitation data retrieved
from the Global Precipitation Climatology Center (GPCC)56 was treated as
the reference to validate the overall performance of the precipitation
simulations of CMIP6 models. The GPCC data was interpolated into the
1.25° × 1.25° grid to match the CMIP6 model outputs. The land mask data
on an original 0.25° × 0.25° spatial resolution from the NOAA High-
resolution Blended Analysis57 was used to define land areas. The land mask
data was first classified into two categories: ocean with the pixel value of 0
and land with the value of 1. Then the original land mask data was
aggregated into the 1.25° × 1.25° grid to match the CMIP6 models and
validation data. Lastly, the fraction of land weight in each grid was
computed by dividing the number of 0.25° × 0.25° land pixels by the total
number of pixels within the grid. The land weight value of 0 indicates that
the grid contains no land, and was excluded from the regional analyses. The
simulated precipitation results of CMIP6 models are spatially averaged over
the remaining grids and weighted by their land-weight fractions to obtain
the precipitation on land for each experiment during the study periods.

MJO RMM index
The real-time MJO multivariate (RMM) index created by Wheeler & Hendon
(ref. 10) was adopted to quantify the amplitude of MJO convective states
and the locations of convection centers for the reanalysis data and the
selected models in this study. First, the combined empirical orthogonal
functions (CEOF) analyses were employed for three key variables, namely,
outgoing longwave radiation (OLR), 850 hPa zonal winds (U850), and 250-
hPa zonal winds (U250) by following the calculation steps recommended
by the US Climate Variability and Predictability (CLVAR) MJO Working
Group: (1) daily anomalies of the three variables were extracted and
calculated, and the 201-point Lanczos filter method was applied to filter
the daily anomalies to construct intra-seasonal anomalies; (2) the CEOF
analyses were carried out by using the filtered anomalies of the OLR, U850,
and U250; (3) the first two leading modes of MJO CEOF analyses were
obtained based on their percentage variances that were generated using
the anomalies of three variables over 15°S–15°N. For the MJO structures
during the representative historical period, the reference EOFs (i.e., EOF1
and EOF2) in the study area were calculated with the above procedures by
using the U850, U250 from the NCEP-DOE Reanalysis 2 datasets, and OLR
from the NOAA Interpolated Outgoing Longwave Radiation. For the
historical simulations and ScenarioMIP experiments of the eight CMIP6
models, the EOFs were calculated using available model output variables.
The explained variances of the first two leading modes and the percentage
variances of the three variables for the reference EOFs and the selected
CMIP6 models EOFs during the historical period are given in Supplemen-
tary Table 2. The eight models generally captured the MJO propagation
patterns, despite somewhat underestimating the observed metric.
Furthermore, the zonal MJO structures of the two leading EOFs derived
from the models during the historical period compare well with those from
the reanalysis observations (Supplementary Fig. 2), implying the overall
accuracy of the simulations of MJO in the study area.
OLR, U850, and U250 anomalies for each selected model were further

projected onto the reference EOFs to construct the corresponding
principal components RMM1 and RMM2 on a daily scale (ref. 10). This
standardized approach enables consistent comparison among different
models. Specifically, the MJO amplitude was computed as
ffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffi

RMM2
1 þ RMM2

2

q

. Days, when the MJO amplitude was larger than 1, were

identified as MJO active days. They were further classified into eight
groups based on their MJO phase values estimated by tan−1 (RMM2/
RMM1). In the schematic diagram of the RMM index, each phase covers half
of the quadrant, starting counterclockwise with the MJO phase 5 in the first
half quadrant (Supplementary Fig. 3). A whole MJO life cycle contains eight
phases, which correspond to longitudinal locations of convection centers
propagating from the Indian Ocean to the Western Pacific, with a
latitudinal extent of about 15° north and south of the equator
(Supplementary Figs. 1 and 3). MJO occurrence days were defined as the
number of MJO active days during the boreal winter season. To address
long-term (85 years during 2015–2099) changes of MJO structures in the
CMIP6 ScenarioMIP experiments, the trends of MJO occurrence days and
amplitude were calculated based on the multi-model mean time series using
linear regression under the three scenarios. (Supplementary Figs. 12, 13).

Precipitation analysis
In the historical, present, and future periods for the eight selected CMIP6
models, total rainfall amount (mm) was defined as the accumulated
precipitation amount during the boreal winter for each year. The extreme
rainfall amount (mm) was determined as the multi-season average of the
precipitation amount that exceeds the extreme threshold. For each 1.25° ×
1.25° grid point, the threshold used to distinguish extreme precipitation
was defined as the 95th percentile of daily precipitation on wet days (daily
precipitation is larger than 1.0 mm) during the boreal winter in the
historical period. In addition, we analyzed the extreme rainfall frequency
(%), defined as the ratio of the number of days with extreme precipitation
to the total days during boreal winter. The performance of the selected
CMIP6 models was evaluated by comparing the historical boreal winter
total rainfall and extreme rainfall with the GPCC observations over the
study area. Generally, models successfully modeled the longitudinal and
latitudinal variation of total rainfall amount (Supplementary Fig. 4a),
implying an overall good skill of all simulations. As for extreme rainfall, all
models captured similar spatial fluctuations as those observed, but the
multi-model median value is underestimated (Supplementary Fig. 4b).
The MJO-induced rainfall amount and extreme rainfall amount/

frequency were accounted with a 6-day lag of MJO active days, for the
reason that the effect of MJO on climate can be delayed by a few days11,17.
The proportion of MJO-induced rainfall was computed by summing up the
rainfall occurring 6 days after the MJO active day across the year then
divided by the total rainfall. This ratio is referred to as the contribution of
MJO (%). Note that in this study, the total rainfall was calculated during the
boreal winter for each year. Similarly, the contribution of MJO-induced
extreme rainfall was the proportion of MJO-induced extreme rainfall to the
total extreme rainfall. The MJO-induced rainfall was further divided and
assigned to phases 1–8 based on the MJO-phase-composited fields. Multi-
model mean MJO-phase-composite precipitation anomaly and the MJO-
phase-composite extreme rainfall frequency illustrated the changes in
spatial patterns among the phases within the MJO life cycle, displaying a
clear eastward propagation structure of MJO during the historical period
(Supplementary Figs. 5, 6). Compared with GPCC observations, the selected
CMIP6 models accurately simulated the variability of MJO-phase-
composite precipitation anomaly over the four sub-regions in the study
area (Supplementary Fig. 7). These results demonstrated the models’ ability
to capture the structures of the MJO life cycle and MJO-induced
precipitation. To investigate how various warming pathways affect the
characteristics of MJO-induced rainfall and the contribution of MJO events
to regional extremes, we use the changes of rainfall variables as the multi-
model median differences of the simulated precipitation between the
future period (2079–2099) under various scenarios and the present period
(2015–2035) to eliminate any systematic biases due to different forcings
that different models used in their historical and ScenarioMIP experiments.
Therefore, the projected future rainfall variables in different scenarios are
computed by adding up these future-present differences to the
historical level.

Exposure of population or urban area under different
scenarios
Exposure is defined as the estimated population and urban areas that
suffers from projected future MJO-induced extreme rainfall exceeding the
threshold that may cause rain-induced hazards, at a 1.25° × 1.25° grid
boxes58. The drainage system of local infrastructure is usually designed to
tolerate rainfall events of a 5-year return level in Southeast Asia, yet lack of
adequate maintenance might limit its reliability46,59,60. Thus, two thresh-
olds are chosen to satisfy the 2- and 5-year return levels which are derived
from the 1964–2014 extreme rainfall for boreal winter seasons46. Following
ref. 58, the extreme return levels are calculated in two steps: (1) Fit the
generalized extreme value (GEV) distribution with 1964–2014 extreme
rainfall with the maximum likelihood algorithm to obtain the three GEV
parameters representing the location, the scale, and the shape parameter
of the distribution. The three parameters are then smoothed spatially with
a filter involving 3 × 3 grids. (2) Passing the smoothed parameters to the
inverted GEV distribution to calculate the 2-year and 5-year return levels
which correspond to a probability of 50 and 20%, respectively.
The population count data at 1° resolution is from Gridded Population of

the World (GPW), version 4.11 for the year 2015 (ref. 61), and has further
been interpolated to a grid of 1.25°. The urban area is obtained from a
satellite-based high resolution (30m) global urban map for the year 2015
(ref. 62). The exposure of urban areas to extreme rainfall is calculated by
aggregating the value of all urban pixels within each 1.25° × 1.25° grid.
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Here, the population and urban area exposures under all scenarios are
estimated based on their current state (i.e., the year 2015). Considering
future population growth and urbanization, our estimated exposure to a
warmer climate would be a more conservative one. It is worthy of note that
the result of zero exposure under the 5-year return value exceedance in
the Philippines and Mainland Southeast Asia is due to the fact that our
selected months from November to April correspond to the local dry
season while the thresholds of extreme rainfall are relative to the
entire year.
We compare the distribution of exposed population and urban areas

between these thresholds (Supplementary Figs. 12 and 17). If taking the
exceedance of 2-year return values as threshold, the future extreme rainfall
in most of the study regions will exceed this threshold. Noted that for
historical extreme rainfall, the exposed population is 186.80 million, and
exposed urban area is 18.59 km2 (Supplementary Table 4), implying that
the extreme rainfall could exceed the 2-year return values commonly.
Thus, proactive extreme rainfall impact mitigation strategies will be
needed to address increases in hazard exposure in the future.

BSISO index
Different from the MJO, which is dominant during the boreal winter, the
boreal summer intra-seasonal oscillation (BSISO)63,64, is the intra-seasonal
tropical climate variability during the boreal summer (May–October). For
Mainland Southeast Asia and the Philippines, where seasonal mean rainfall
is larger during the boreal summer months, BSISO serves as the most
dominant source in modulating rainfall and extreme rainfall44. BSISO
shows more complex structures than MJO due to the coexistence of
eastward and northward propagating. We constructed the BSISO indices
using NCEP-DOE Reanalysis 2 and NOAA Interpolated Outgoing Longwave
datasets55,56 during a representative period of 1981–2010 following the
procedure described in ref. 44. The BSISO indices for the historical
simulations of the eight CMIP6 models were also calculated for the same
period. Generally, the BSISO1 phase composite presents a canonical
northward propagating pattern, while the BSISO2 phase composite shows
a northward and northwestward propagating pattern (Supplementary Figs.
20, 21). However, the multi-model ensemble fails to capture the main
propagating pattern of BSISO, and the magnitude was largely under-
estimated (Supplementary Figs. 22, 23). Future efforts to better represent
BSISO structures are clearly desirable.
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