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Introduction
The Maritime Continent (MC) refers to thou-
sands of islands and many shallow seas in 
southeast Asia (Figure  1a). The MC experi-
ences heavy rainfall and deep convection 
all year round (Figures  1b–e): a product of 
the high sea surface temperatures (SSTs) 
and variable topography characterising the 
region. Regional rainfall is observed to be 
twice that of the global mean (Yamanaka 
et al., 2018). Through the latent heat release 
associated with intense rainfall and con-
vection, the MC forms a key component 
of the global weather and climate sys-
tem. Atmospheric circulation and climate 
are influenced through the generation of 
Rossby waves and the subsequent propaga-
tion of these waves towards the extratropics 
(Jin and Hoskins, 1995).

On seasonal-to-annual timescales, rain-
fall patterns are modulated by the mon-
soon circulation, driven by shifts in the 
Intertropical Convergence Zone (ITCZ, 
Figures  1b–e). Across the MC, there tends 
to be more rainfall in the boreal winter 
(December–February, or DJF) and lower 
amounts in the boreal summer (June–
August, or JJA; e.g. As-syakur et al.,  2013). 
However, many additional processes influ-
ence the environmental state within the 
MC, modulating regional patterns in con-
vection (Yamanaka, 2016). These processes 
operate over a wide range of scales, from 
larger-scale modes of variability to more 
local and transient variability regulated by 
finer-scale processes. In addition, there are 
scale interactions, as well as geographical 
variability in responses to forcings, which 
complicate our understanding of the MC 
environment further. The intensity of rain-
fall experienced causes many detrimental 
impacts, such as flooding and landslides, 
which can lead to significant health cri-
ses and losses (Torti,  2012; Wijayanti 
et al.,  2017).

With a population of over 500 million peo-
ple residing across the MC, better understand-
ing the processes which govern the regional 
rainfall patterns is crucial. However, weather 
stations, providing key ground-based obser-
vations, are scarce and unevenly distributed 
across the MC (Koh and Teo, 2009). Therefore, 
we rely on broader-scale observations such 
as from satellites, as well as regional-to-
local-scale climate models to improve our 
understanding. Conducting more extensive 
research into the meteorology of the region 
will help to improve flood forecasting systems 
and other solutions for minimising regional 
vulnerability to disaster and emergency.

In this review, I provide a concise over-
view of the key features related to the severe 
weather observed across the MC, and high-
light both the growth in knowledge and 
remaining gaps. I first outline processes well-
understood to impact MC rainfall in the ‘Key 
processes’ section, with an exploration of the 
various scale interactions that exist between 
some of these processes in the ‘Scale inter-
actions’ section. In the ‘Model representa-
tion’ section, I address the ability of current 
state-of-the-art weather and climate models 
in representing these processes, and any defi-
ciencies that have persisted, including where 
improvements are needed, in addition to 
future climate projections of MC rainfall.

Key processes
The MC experiences rainfall all year round 
and several processes regulate regional pre-
cipitation patterns. The background envi-
ronmental state of the MC is modulated by 
large-scale modes of variability, with local 
and more transient variability regulated by 
finer-scale processes. These processes are 
described in schematic form in Figure 2.

Interannual variability: El Niño 
Southern Oscillation and Indian 
Ocean Dipole
The El Niño Southern Oscillation (ENSO) is 
one of the two modes of variability influenc-
ing the MC on interannual timescales (e.g. 

McPhaden et al.,  2006). ENSO consists of two 
phases – El Niño and La Niña – which each 
have different broad impacts on rainfall in the 
MC (e.g. Haylock and McBride, 2001; Rauniyar 
and Walsh,  2013). The large-scale circulation 
associated with ENSO consists of a strength-
ened Walker circulation over the MC during 
La Niña. This circulation is weakened during El 
Niño. Changes to circulations are modulated 
by SSTs in the central-eastern tropical Pacific, 
with warmer SSTs linked to El Niño and colder 
SSTs linked to La Niña. Equatorial easterlies 
weaken during El Niño, shifting the preferen-
tial location of convection further east, which 
results in reduced large-scale rainfall (negative 
anomalies of up to around 3mm day−1 relative 
to climatology) over the MC (Figure 3a). La Niña 
results in strengthening equatorial easterlies 
and large-scale ascent over the MC, enhanc-
ing large-scale rainfall (positive anomalies of 
up to around 3mm day−1 relative to climatol-
ogy), shown in Figures  2(a) and 3(b). These 
relationships are more distinct in the dry sea-
son (Hendon,  2003), however Jia et al.  (2016) 
highlight that for strong El Niño and La Niña 
events in the wintertime, rainfall is reduced 
and enhanced, respectively, in the northern 
and eastern MC by up to 5mm day−1.

The Indian Ocean Dipole (IOD) is another 
mode of variability important on interan-
nual timescales (e.g. Saji et al.,  1999; Saji 
and Yamagata, 2003), and has similar phases 
to ENSO. During the positive IOD, high 
and low SSTs are observed in the western 
and eastern Indian Ocean, respectively. 
The converse applies to the negative IOD. 
These SSTs produce a Walker-like circulation 
with enhanced easterlies across the Indian 
Ocean during the positive IOD, leading to 
enhanced descent over the MC and uplift 
over eastern Africa. Suppression of rainfall is 
primarily observed over the western portion 
of the MC during this phase (Figure 3c). The 
negative IOD has a circulation opposite to 
that of the positive IOD. Therefore, the nega-
tive IOD favours an increase in rainfall over 
the MC, as displayed in Figure  2(a) along-
side the La Niña signal originating from 
the Pacific, though rainfall enhancement is 
primarily observed from the southwestern 
MC to mainland southeast Asia (Figure 3d).
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Intraseasonal variability: 
Madden–Julian Oscillation
The Madden–Julian Oscillation (MJO, 
Figure  2b) is the main source of intrasea-
sonal variability in the Tropics, with a long-
period oscillation of roughly 30–90 days 
(e.g. Madden and Julian,  1994). Wheeler 
and Hendon  (2004) derived eight MJO 

phases through empirical orthogonal func-
tion analysis of top-of-atmosphere outgo-
ing longwave radiation and zonal wind at 
850 and 200hPa. These phases describe 
the eastward propagation of the active, 
or convective, phase of the MJO through 
the tropical warm pool from the Indian 
Ocean to the West Pacific. The active (sup-
pressed) envelope can be characterised by 

rainfall anomalies exceeding ±5mm day−1 in 
regions, relative to climatology (Figures 3e–
l). Applying the convention of Wheeler and 
Hendon, the active phase of the MJO is 
observed over the MC during Phases 4–5. 
Over the MC, Liang et al. (2022) showed that 
the MJO can be attributed to around 60% 
of total rainfall, and 50% of total extreme 
rainfall.

Figure 1.  (a) Map showing the topography of the Maritime Continent, with some of the constituent islands labelled. Panels (b), (c), (d) and (e) show 
the climatological means of IMERG GPM (Huffman et al., 2020) precipitation rates for December–February (DJF), March–May (MAM), June–August 
(JJA), and September–November (SON) respectively, from 20 years of data from December 2000 to November 2020. Black arrows represent mean ERA5 
(Hersbach et al., 2020) 850hPa wind for the equivalent time period.
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The MJO propagates at a speed of 
around 5ms−1 as SSTs and induced surface 
heat fluxes help to prime the atmosphere 
to the east for further convection, at a 
feedback timescale of around 7 days, sup-
pressing convection to the west (Hendon 
and Glick,  1997; Woolnough et al.,  2000, 
2001; Zhang,  2005). Several theories 
attempt to explain MJO propagation, as 
outlined in a thorough review by Zhang 
et al.  (2020).

One key theory involves moisture modes, 
where MJO propagation is dictated by 
tropical moisture anomalies (e.g. Adames 
and Maloney, 2021). Instability to this mode 
occurs when precipitation is a strongly 
increasing function of saturation in the tropi-
cal atmosphere (Raymond and Fuchs, 2009). 
This instability is non-linear, enhanced by 
surface flux and cloud-radiative feedbacks, 
moist advection and convergence, and shifts 
in the phasing of wind and precipitation, 

which can affect both MJO propagation, 
the structure of the associated moisture 
field, and the role of equatorial waves (e.g. 
Sobel and Maloney,  2013; Adames and 
Wallace, 2015; Chen and Wang, 2019; Wang 
and Li, 2020).

Synoptic-scale inertial gravity waves 
embedded within the MJO are also thought 
to enable eastward propagation (e.g. Yang 
and Ingersoll,  2013). The theory does 
not explicitly incorporate moisture, other 
than in enabling precipitation to occur 
once convective instability has developed. 
Convection can help to excite gravity waves 
to transport mass away from convection, 
producing a cycle of convective excita-
tion. Other studies also suggest the active 
envelope consists of both mesoscale and 
synoptic-scale components (Majda and 
Stechmann, 2009), thereby challenging the 
canonical view of the MJO being a purely 
large-scale mode.

MJO characteristics have also been 
related to equatorial wave dynamics (e.g. 
Hendon and Salby,  1994; Maloney and 
Hartmann,  1998; Matthews,  2000). During 
the active phase of the MJO, a tongue of low 
pressure strengthens to the east, associated 
with a Kelvin wave, with pressure troughs 
to the northwest and southwest, associ-
ated with Rossby waves (Matsuno,  1966; 
Gill, 1980) The opposite is observed for the 
suppressed phase of the MJO. Through this 
hypothesis, MJO physics can be related to 
the feedbacks between these dynamics and 
the moist properties of the large-scale con-
vective field (Wang et al.,  2016).

Equatorial waves
Equatorial waves, previously described 
in relationship to MJO properties, have 
theoretical structures described by 
solutions to the shallow water equations 
(e.g. Matsuno, 1966; Gill, 1980). Examples of 
equatorial waves include Kelvin (eastward-
moving with no meridional velocity 
component), mixed Rossby-gravity (non-
zero meridional velocity, with eastward- and 
westward-moving solutions) and equatorial 
Rossby waves (westward-moving). These 
waves are trapped near the Equator due 
to poleward reductions in the magnitude 
of the Coriolis force and can be excited by 
processes such as diabatic heating of the 
tropical atmosphere.

As shown by filtered satellite observations 
of outgoing longwave radiation (Wheeler 
and Kiladis,  1999), equatorial waves help 
to organise and can couple with tropical 
convection on synoptic to sub-seasonal 
timescales, thereby affecting the probabil-
ity of rainfall. Ridout and Flatau  (2011), for 
example, show that these waves are key in 
shifting regions of low-level moisture con-
vergence. Significant increases in extreme 
precipitation can be observed when high 
amplitude waves are present over the MC. 
Senior et al.  (2023) found extreme pre-
cipitation may be around 60% more likely 
when convectively coupled Kelvin waves 
are observed over western Sumatra. Latos 
et al.  (2021) found extreme rainfall to be 
twice as likely over Sulawesi when these 
waves are present, and up to eight times 
as likely if there is additional activity from 
other equatorial waves. Ferrett et al.  (2020) 
found extreme precipitation over the 
broader MC can be up to four times more 
likely in the presence of high amplitude 
waves. However, each wave has a spatially 
variable degree of influence on rainfall pat-
terns across the MC (Yang et al., 2003; Ferrett 
et al., 2020; Peatman et al., 2021).

Diurnal cycle
The diurnal cycle is the most fundamental 
process controlling variability in convec-

Figure 2. A set of schematics briefly summarising various processes which influence rainfall pat-
terns over the Maritime Continent. These are at (a) interannual timescales, associated with the 
Indian Ocean Dipole (IOD) and El Niño Southern Oscillation (ENSO, shown for their respective neg-
ative phases), (b) intraseasonal timescales, associated with the Madden–Julian Oscillation (MJO) 
and equatorial waves and (c) diurnal timescales, associated with land-sea breeze dynamics. In (b), 
labels at the top of the panel highlight approximate geographical locations in which the MJO is 
active at each phase. In (c), cyan ovals are as in (a) and (b) but for rainfall associated with diurnal 
convective propagation.
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tion over the MC on local scales, modu-
lated by complex land-sea interactions (e.g. 
Yang and Slingo,  2001). These interactions 
develop initially through daytime insolation, 
where increased warming of the land rela-
tive to the ocean, due to differences in heat 
capacity, sets up a land-sea temperature 
contrast. This contrast forces sea breeze con-
vergence onto land, through the induced 
pressure gradient, and upslope mountain 
winds, forming deep convection and pre-
cipitation into the afternoon and evening 
inland/on mountain flanks (Qian,  2008). 
Overnight, the land cools more rapidly 
than the ocean, reversing the pressure gra-
dient, forming land breezes and downslope 
mountain winds, and in some cases, result-

ing in offshore propagation of the convec-
tion that formed overland. These processes 
are depicted in Figure  2(c).

However, mechanisms associated 
with the propagation of convection off-
shore overnight remain an active area of 
research. Authors such as Mori et al. (2004) 
and Yokoi et al.  (2017) provide thorough 
overviews of existing hypotheses. These 
include various interactions between the 
ambient wind, gravity waves, cloud struc-
ture, and thermal instability produced 
by diabatic processes over land (e.g. 
Satomura,  2000; Nesbitt and Zipser,  2003; 
Warner et al.,  2003; Hassim et al.,  2016; 
Peatman et al.,  2023). Mori et al.  (2004) 
and Yokoi et al.  (2017) both state that off-

shore propagation and subsequent decay 
of convection over land is likely driven by 
a combination of these theories.

The diurnal cycle in rainfall is common 
to most islands in the MC, with a distinct 
diurnal peak in the maximum rainfall from 
the afternoon to the late evening over land, 
compared to the morning over the ocean 
(Figure 4). However, the impact of the diur-
nal cycle is variable across the region. For 
example, changes in wind regimes and 
circulations both day-on-day and over the 
MC can modulate the strength of the diur-
nal cycle over land, with additional higher-
order components of variability influencing 
diurnal characteristics further (e.g. Peatman 
et al.,  2021; Mustafa et al.,  2024). Therefore, 

Figure 3. Rainfall anomalies over the Maritime Continent for (a, b) the El Niño and La Niña phases of ENSO, (c, d) the positive and negative phases of 
the IOD and (e–l) the eight phases of the MJO, as described by Wheeler and Hendon (2004). These anomalies are relative to the mean across 20 years 
of GPM rainfall from December 2000 to November 2020. Values of n represent the number of days within each of the phases, over which composites 
are constructed. See the ‘Data Availability Statement’ for phase definitions.

 14778696, 0, D
ow

nloaded from
 https://rm

ets.onlinelibrary.w
iley.com

/doi/10.1002/w
ea.7731 by T

est, W
iley O

nline L
ibrary on [30/05/2025]. See the T

erm
s and C

onditions (https://onlinelibrary.w
iley.com

/term
s-and-conditions) on W

iley O
nline L

ibrary for rules of use; O
A

 articles are governed by the applicable C
reative C

om
m

ons L
icense



Rainfall over the M
aritim

e Continent

5

W
eather – 9999, Vol. 99, No. 9

the role of the diurnal cycle cannot be gen-
eralised for the entire region.

Synoptic circulations
There are other well-documented processes 
which influence rainfall patterns in the MC; 
however, they operate on more variable 
and synoptic spatial and temporal scales. 
For example, cold surges are phenomena 
which form due to strengthened prevailing 
low-level northerly-to-northeasterly winds 
due to cold air outbreaks originating from 
the Siberian High (e.g. Koseki et al.,  2013). 
Cold surges bring enhanced rainfall at 
their leading edges due to perturbing pre-
existing monsoonal flow. Closely related 
to, and often induced by, cold surges are 
Borneo vortices (e.g. Hardy et al.,  2023). 
These form in the later phases of the north-
easterly monsoon over the South China Sea 
and are one of the main drivers of rainfall 
in regions such as Malaysia.

On top of these, tropical cyclones are also 
impactful in the MC. Tropical cyclones are 
well-known destructive weather systems 
with impacts felt worldwide – in the MC, 
compared to other processes, these sys-
tems tend to mostly detrimentally impact 
the northern MC, primarily in boreal sum-
mer, through induced precipitation and 
wind extremes (e.g. Takahashi,  2011; Li 
et al.,  2022). Cyclones in this region have 
the potential to reduce larger-scale rainfall 
over the MC through changes to the wind 
field, leading to anomalous region-wide 
subsidence and moisture divergence (e.g. 
Scoccimarro et al., 2020; Li et al., 2024). Latos 
et al.  (2023) identified that environmental 
spin-up driven by processes such as equa-
torial waves and the MJO can also cause 

unusual near-equatorial tropical cyclones 
to form.

Scale interactions
While various key processes have particu-
lar direct impacts on MC rainfall, additional 
interactions between them exist on a range 
of spatial and temporal scales. These inter-
actions complicate our image of the mete-
orological patterns across the region.

MJO–diurnal cycle interactions
A well-known scale interaction exists 
between the MJO and the diurnal cycle. 
Generally, it is expected that the active 
(suppressed) envelopes of the MJO lead to 
increases (reductions) in large-scale rainfall 
over the MC. Oh et al.  (2012) noted that 
the strong MJO winds and their interactions 
with monsoonal flow can however disrupt 
convergence, and therefore convective 
characteristics, over islands on diurnal time-
scales. Their study highlights a reduction in 
average land rainfall by around 0.5mmh−1 as 
the MJO active envelope passes over the MC 
from the Indian Ocean. Convergence may 
therefore be concentrated over the ocean, 
enhancing wind-induced surface heat 
exchange, though with a smaller increase 
in oceanic rainfall.

Additionally, Peatman et al.  (2014) 
showed that a ‘vanguard of precipitation’ 
jumps ahead of the active MJO envelope 
by one phase (around 6 days) while the 
MJO is in its suppressed phase over the 
MC (depicted schematically in Figure 5). This 
phenomenon is influenced by the strong 
diurnal cycle over land, where changes in 
the amplitude of the diurnal cycle account 

for 80% of the changes in daily mean rainfall 
during an MJO cycle. Related to equatorial 
wave dynamics, frictional and topographic 
moisture convergence (driven by the east-
ward pressure gradient) and clear skies 
(destabilisation of the atmosphere through 
incoming insolation) ahead of the main 
convective envelope combine with the low 
thermal inertia of the land, allowing a rapid 
response to the diurnal cycle, moistening 
the environment to the east and enabling 
convection to develop. Thus, the islands act 
as a precipitation barrier to the smooth MJO 
propagation across the MC (e.g. Qian, 2008; 
Birch et al., 2016; Ajayamohan et al., 2021).

ENSO–diurnal cycle interaction
Similar to the MJO, ENSO interacts with 
the diurnal cycle. During El Niño, when 
there is suppressed convection over the 
MC, the diurnal cycle may be excited 
due to increased incoming solar radia-
tion, giving precipitation anomalies of the 
opposite sign over the islands, relative 
to the ocean (Rauniyar and Walsh,  2013). 
Peatman et al.  (2021) also deduced that, 
for Sumatra, on more local spatial scales, El 
Niño events exhibit a more offshore style 
of wind regime, leading to divergence in 
the MC lower-troposphere. The opposite is 
observed for La Niña, where heightened 
onshore flow can suppress the diurnal cycle 
by limiting seaward propagation of convec-
tion, reducing the contribution from diaba-
tic effects over land.

Lu et al.  (2023) observed opposite geo-
graphical relationships between modi-
fications of the diurnal cycle amplitude 
between El Niño and La Niña. In their 
study, the amplitude is enhanced over the 
western MC and reduced over the east 
in El Niño, with the opposite findings for 
La Niña, attributed to shifts primarily in 
ENSO-regulated background moisture and 
convergence. However, diurnal winds were 
identified as being four times as important 
in modulating these interactions in the east-
ern MC, compared to the west. These find-
ings emphasise the two-way interactions 
between the diurnal cycle and large-scale 
modes of variability.

Equatorial wave–diurnal cycle 
interactions
Equatorial waves also have the potential to 
interact with the diurnal cycle. Baranowski 
et al.  (2016) showed that Kelvin waves can 
enhance island precipitation, as well as 
increase the probability of wave propaga-
tion across the MC, if they arrive in phase 
with the diurnal cycle. Sakaeda et al.  (2020) 
found that Kelvin waves can also modu-
late the diurnal amplitude by modifying 
the lower-tropospheric wind field, thereby 
enhancing perturbations in moisture and 

Figure 4. Local solar hour of maximum rainfall for each gridpoint across the entirety of the 
Maritime Continent, derived from the mean diurnal cycle of 20 years of GPM rainfall from 
December 2000 to November 2020.
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vertical motion over land. Geng et al. (2020) 
observed similar results for mixed Rossby-
gravity waves.

Model representation
The observational network across the MC 
is constrained by both the number and 
distribution of meteorological stations 
(e.g. Koh and Teo,  2009), with the shallow 
bathymetry also limiting the potential for 
intensive ocean studies. These limitations 
feedback onto other datasets which depend 
on existing knowledge often obtained from 
observations. Weather and climate models, 
however, enable us to fine-tune parametri-
sation schemes and general model set-up to 
both capture processes better and to also 
test hypotheses in more idealised scenarios.

However, simulations of MC precipitation 
show many biases within models when 
compared to observations. The prediction 
of atmospheric and oceanic variables over 
the MC is challenging because of the com-
plex regional geography and influences 
from remote forcings. Errors that persist 
within the MC have the potential to propa-
gate globally through the induced Rossby 

waves originating from vertical heating 
over the region (Neale and Slingo,  2003; 
Qian, 2008; Love et al., 2011). These features 
additionally feedback onto the way in which 
we accurately predict weather. Large-scale 
spatial variability in precipitation tends to 
have greater predictive skill than at more 
local scales (e.g. Ferrett et al.,  2021). Skill is 
inevitably dependent on the characterisa-
tion of key processes within models.

Resolution
Increasing horizontal model resolution has 
been shown to improve model performance 
through better representation of MC island 
geography and associated land–sea breeze 
circulations (e.g. Schiemann et al.,  2014; 
Rashid and Hirst,  2017). Neale and 
Slingo  (2003) and Qian  (2008) highlighted, 
through island-removal experiments, that 
under-representation of the complex geog-
raphy of the MC and associated circulations/
dynamics can alter simulated rainfall by 
around 15%. Tan et al.  (2021) found that by 
varying which island was removed in sen-
sitivity experiments can significantly impact 
the role of the lower-tropospheric zonal 

winds in modulating the magnitude and 
sign of moisture convergence and rainfall 
intensity over neighbouring islands.

Inclusion of the islands can help to improve 
interactions with larger-scale modes of vari-
ability (Holloway et al., 2013), whilst making 
responses of convection to island-specific 
processes, such as gravity wave forcing, 
more realistic (Love et al., 2011). Precipitation 
sensitivity to complex orography is reduced, 
thereby confining wet biases over smaller 
areas (Argüeso et al., 2020).

However, studies have emphasised that 
changes in resolution are only effective at 
the coarsest scales, up to a ‘threshold’ (e.g. 
Pearson et al., 2014). In global climate mod-
els, Neale and Slingo (2003) state a threefold 
increase in horizontal resolution is still insuf-
ficient to resolve diurnal processes. Rainfall 
can become too strong at higher resolution, 
with poor timings in the diurnal cycle over 
the islands (Li et al., 2017). Therefore, some 
processes still remain unresolved even with 
fining of horizontal grid spacing.

Parametrisation
With increases in computing power, 
convection-permitting models (CPMs), 
where convection is represented explicitly, 
are shown to better resolve both rainfall and 
the land-sea breeze circulations (e.g. Birch 
et al., 2016). These CPMs provide more real-
istic temperature and moisture tendencies 
compared to their parameterised counter-
parts (Holloway et al., 2012).

However, while CPMs agree with existing 
hypotheses such as the impacts of the diur-
nal cycle on rainfall and improving charac-
teristics of spatially heterogeneous features, 
biases persist. In particular, these issues 
are often linked to diurnal rainfall charac-
teristics, with potential for overestimation 
of land-based precipitation and feedbacks 
onto large-scale modes of variability (e.g. 
Birch et al., 2016; Hassim et al., 2016; Vincent 
and Lane,  2016; Ajayamohan et al.,  2021).

These findings imply unresolved processes 
that require parametrisation remain. Further 
modification of parameterised processes can 
also help, such as through cloud property 
schemes and prescribed ocean conditions 
(e.g. Su et al.,  2022; Okugawa et al.,  2024). 
However, fundamental issues in employed 
model physical parametrisations, which 
represent sub-grid processes, are linked to 
limitations in current knowledge.

Coupling
Xue et al.  (2020) produced a review on 
the role of coupling in modelling studies 
across the MC, highlighting that there 
are unresolved physical processes and 
inadequate representation of the ocean–
atmosphere system, which can be alleviated 
by the introduction of coupling. Coupling is 

Figure 5. Schematic of a scale interaction between the MJO and the diurnal cycle. Convergence of 
moisture ahead of the active envelope combined with diurnal heating of the land leads to convec-
tion initiating around one phase ahead of the active envelope (dark blue ovals).
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beneficial in managing atmospheric-ocean 
feedbacks, such as those related to SSTs, heat 
fluxes, wind and moisture, which can correct 
deficiencies in intraseasonal variability in 
precipitation (Pegion and Kirtman,  2008; 
Klingaman and Woolnough,  2014; DeMott 
et al., 2019).

A more diurnal representation of SSTs 
when implementing coupling is increas-
ingly preferable (e.g. Bernie et al.,  2007). 
Diurnal rectification and air-sea feedbacks 
induced by sub-daily coupling can result 
in more accurate diurnal evolutions of con-
vection, while also improving mean state 
SST and precipitation distributions (Bernie 
et al., 2008; Li et al.,  2020).

This imposed diurnal SST is, however, 
sensitive to vertical resolution. By mixing 
the upper ocean to various depths to 
simulate coarsened vertical resolution, 
Karlowska et al.  (2024) noted weakened 
diurnal SST variability; thereby, in their 
study, weakening the feedback with the MJO 
and reducing regional rainfall. Similarly, Ma 
and Jiang  (2021) found increased vertical 
resolution warmed the surface ocean, 
helping to enhance moisture gradients 
and convergence, convective instability and 
vertical circulations to the east of the active 
envelope, strengthening MJO propagation.

However, mean biases in the environ-
mental state can affect the sensitivity to 
coupling (Klingaman and DeMott,  2020). 
Coupling may be insufficient to fully correct 
mean-state biases, which remain reliant on 
model configuration, including parametrisa-
tions and imposed sensitivities (Klingaman 
and Woolnough,  2014; DeMott et al.,  2019; 
Li et al., 2020).

Future projections
Our modelling capabilities of the present 
climate inform our projections for the future. 
As the MC already experiences extreme 
rainfall regulated by processes operating 
over a wide range of spatial and temporal 
scales, it is important to assess how these 
patterns may change with global warming. 
Models can help extend inferences gained 
from observational analysis of rainfall trends 
over recent decades, both spatially and 
temporally, given these may tend to be very 
location-specific (e.g. Li et al., 2018).

Various studies as part of CORDEX 
(Coordinated Regional Climate Downscaling 
Experiment) aimed to provide climate infor-
mation at finer spatial resolutions, using 
dynamical downscaling to capture more 
regional and synoptic variability (e.g. Supari 
Tangang et al.,  2020; Tangang et al.,  2020; 
Ngai et al., 2022). By analysing various indices 
reflective of both wet and dry extremes, these 
studies find reductions in mean future rain-
fall of up to 30% in boreal summer, primarily 
across Indonesia. In boreal winter, equivalent 
increases are observed over the northern MC 

and mainland Indochina. These results were 
noted to be due to changes to the monsoonal 
circulation and the associated moisture con-
vergence in the future climate.

Kang et al.  (2019), through application of 
CMIP5 scenarios to regional climate model 
projections, found a significant decrease 
in intermonsoon rainfall, linked to shifts 
in the regional meridional circulation. Hsu 
et al.  (2025) observed an amplification of 
wet and dry extremes with global warm-
ing, driven by solely dynamic processes, 
and combined moist thermodynamic and 
dynamic processes, respectively.

Studies have also highlighted (extreme) 
rainfall may be modulated by shifts in 
larger-scale forcing (Liang et al., 2022). Chen 
et al.  (2023) found an eastward shift in the 
ENSO-related rainfall dipole across the MC 
in the dry season, with additional amplifi-
cations of the drying (wetting) commonly 
associated with El Niño (La Niña). Ghosh 
and Shepherd  (2023) found, using CMIP6 
scenarios, similarly strong changes in dry 
season rainfall driven by shifts in the forc-
ings associated with both basin-wide warm-
ing and the equatorial SST gradient across 
the Pacific Ocean, tied to ENSO.

While Chen et al.  (2023) reported that 
even historically biased models do not 
have significantly different future projec-
tions, uncertainty across ensemble mem-
bers will persist. Each member, in isolation, 
will have varying ability to successfully cap-
ture key processes highlighted, or alluded 
to, in the ‘Resolution’, ‘Parametrisation’, and 
‘Coupling’ sections, such as evolution of the 
mean state, processes intrinsic to natural 
climate variability or local-scale effects (Xiao 
et al., 2022; Ghosh and Shepherd, 2023). As 
a result, projections may offer too broad a 
range of potential outcomes, which could 
reduce their overall reliability.

Conclusion
In this review, I have provided an insight 
into various components associated with 
past, including relatively recent, research 
into the meteorology observed across the 
MC. This research is crucial given the risks 
posed to communities in the region due 
to extreme rainfall. There are several key 
processes influencing rainfall patterns over 
the MC, including the diurnal cycle and 
larger-scale modes of variability, such as 
the MJO, ENSO, IOD and equatorial waves. 
These processes interact with one another, 
complicating our understanding of regional 
precipitation patterns, further impacted by 
more synoptic-scale and transient processes. 
These interactions cannot be generalised 
for the entirety of the region, with studies 
requiring to focus on particular constituent 
islands within the archipelago.

The resultant limitations in our knowl-
edge of meteorological processes in the MC, 

as well as the inherent difficulty in predict-
ing convection, mean that systematic biases 
exist in the simulation of precipitation here. 
These biases have been addressed through 
significant efforts in improving the way in 
which we model convection, a function 
of the increase in computational power 
overtime. Increasing the horizontal resolu-
tion within simulations allows us to better 
visualise island-specific processes, which are 
sensitive to the representation of complex 
topography in the region. Removing the 
requirement for parametrisation of various 
processes also gives a more realistic repre-
sentation of convection. The unique geo-
graphical configuration of the MC means 
that coupling to the ocean helps to correct 
air-sea interactions, such as surface heat 
flux exchange, which affect convective 
processes.

However, even with these developments 
in modelling capabilities, the representation 
of precipitation and convection continues 
to deviate away from observations. The 
requirement for better representation 
of key processes will also be crucial for 
future projections of MC rainfall, given the 
potential for significant shifts in the nature 
of convection across the region. We remain 
dependent on newer observations to help 
inform us on the finer-scale, complex 
interactions that significantly influence the 
environmental state of the MC. In turn, 
these observations would provide insight 
into the components within existing models 
that need readdressing, particularly sub-grid 
processes that often remain parameterised. 
The advent of sub-kilometre  modelling 
approaches across the Tropics will inevitably 
prove beneficial for better representation 
of convection, which may be coupled with 
more intensive statistical and machine 
learning approaches. These approaches 
may help with analysing features previously 
difficult to pick out from non-linear, higher-
order variability and complex relationships 
between a range of environmental 
parameters in the region.

Away from the technicalities of research, 
continued collaboration between scientists 
and stakeholders based in the MC remains 
paramount. Effective transfer of knowledge 
will highlight which components of the 
climate system are of priority to understand, 
primarily for local-to-regional numerical 
weather prediction. Such prioritisation of 
research tasks will assist in formulating 
action plans for tackling the vulnerabilities 
faced by communities across the region, 
exacerbated by frequent storm activity.
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Data Availability Statement
Openly available datasets used in this anal-
ysis are available through the following 
links: ERA5 (https://​cds.​clima​te.​coper​nicus.​
eu/​), monthly Ocean Niño Index (ONI) for 
ENSO (https://​origin.​cpc.​ncep.​noaa.​gov/​
produ​cts/​analy​sis_​monit​oring/​​ensos​tuff/​
ONI_​v5.​php), monthly Dipole Mode Index 
(DMI) for IOD (https://​psl.​noaa.​gov/​data/​
times​eries/​​month/​​DMI/​). All datasets were 
last accessed on 9 April 2025. Daily Real-
time Multivariate (RMM) MJO index and 
IMERG GPM rainfall data were accessed via 
the Faculty of Environment servers at the 
University of Leeds. MJO RMM1 and RMM2 
data (Wheeler and Hendon, 2004) are used 
to define the active phase of the MJO, where 
if the amplitude 

√

RMM12 + RMM22 exceeds 
1, an MJO event occurs. ONI data for ENSO 
are derived from the average sea surface 
temperature anomaly of the central-eastern 
tropical Pacific. DMI data for IOD are derived 
from the anomalous sea-surface tempera-
ture gradient between the western equa-
torial and southeastern equatorial Indian 
Ocean. Both ONI and DMI data are broad-
cast to daily equivalents and later smoothed 
with a 31-day running mean. El Niño events 
are defined for days where ONI is ≥0.5°C, 
and La Niña events are defined where ONI is 
≤−0.5°C. Positive IOD events are defined for 
days where DMI is ≥0.2°C, and negative IOD 
events are defined where DMI is ≤−0.2°C.
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