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Abstract: In recent years, extreme rainfall and related disasters, including floods and
landslides, have led to significant property damage and loss of life globally. Southeast Asia
(SEA) is particularly impacted by these rainfall-driven events. This study reviews research
development and approaches to understand the current status of monsoonal extreme
rainfall in SEA, with the importance of the impacts of natural and anthropogenic factors.
Natural factors, including the individual and combined effects of various climatic phenom-
ena, such as Madden–Julian Oscillation (MJO), El Niño–Southern Oscillation (ENSO) and
cold surges (CSs), have significant impacts on rainfall patterns. Anthropogenic factors,
including emissions and changes in land use, also play a crucial role in producing extremes.
This review identifies key challenges, such as the uncertainty in both available rainfall
datasets and climate models, emphasising the needs for climate model improvement and
better adaptation to complex regional climatic and geographical environments. The find-
ings enhance understanding and response strategies to extreme rainfall events and mitigate
the associated negative impacts.

Keywords: extreme rainfall; Southeast Asia; monsoon

1. Introduction
The number of extreme rainfall events increases globally, along with indices of the

maximum daily rainfall and maximum daily rainfall in five days, and a similar trend is
observed in Southeast Asia (SEA) [1]. Extreme precipitation events in SEA are characterised
by a clear seasonal pattern, primarily associated with the Southwest (i.e., summer) monsoon
(SWM) and Northeast (i.e., winter) monsoon (NEM) [2–5]. Overall, rainfall intensity has
increased in SEA, while the number of wet days is reduced [6,7]. A positive trend of extreme
rainfall indices is observed in regions such as Malaysia, Vietnam and the Philippines [8–11].
Extreme rainfall is most frequent during NEMs, with dramatic increases in Singapore,
Malaysia and Thailand [12–15].

Many factors are able to drive extreme rainfall activities. El Niño–Southern Oscillation
(ENSO) is one of the important drivers that strongly affects the precipitation pattern over
SEA. Increasing rainfall is associated with La Niña, and the response varies depending
on its strength, while El Niño typically results in the opposite effect [16]. Moreover, the
response of rainfall to ENSO shows spatial differences in Indonesia, which results in
more precipitation to the western regions [17]. Other large-scale phenomena such as
Madden–Julian Oscillation (MJO), equatorial waves, and cold surges (CSs) also affect
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rainfall patterns over SEA. MJO’s characteristic as an eastward-moving disturbance is
noted to bring convective precipitation to the Philippines in both monsoon seasons [18].
CS-induced extreme events are more distinct over the windward coastline during the NEM
seasons under the interaction between local topography and low-level northeasterlies [19].
When MJO interacts with CS, more extreme rainfall events are likely to occur under
favourable conditions for convection [20].

Moreover, the impact of anthropogenic activities is another source of factors increasing
the frequency of extreme events [21]. Greenhouse gas (GHG) and aerosols are the two
typical emissions from industry and biomass burning [22–26]. GHGs enhance precipitation
by warming up the land surface, thereby increasing the temperature difference between
continent and ocean [27–31]. On the other hand, aerosols tend to suppress convective
rainfall through surface cooling [32,33]. The combined impacts between GHGs and aerosols
on the rainfall pattern are various through different studies [34–40]. Moreover, changes
in land cover also affect monsoonal rainfall by altering the surface energy distribution,
therefore weakening monsoon circulation [41–44].

This systematic review aims to fill the existing research gaps by providing a compre-
hensive analysis of extreme rainfall during the monsoon seasons in SEA, which has not
been fully assessed in past studies (January 2009–June 2024). It will focus on understanding
the characteristics and inducing factors of extreme rainfall patterns, including natural and
anthropogenic factors. This review will also evaluate the effectiveness of current climate
models in simulating extreme rainfall, identifying their limitations and suggesting future
improvements. By synthesising the existing research and determining knowledge gaps, this
study will offer valuable insights for researchers and policymakers. In addition, relevant
government departments can determine more specific boundaries and periods of flooding
seasons by understanding the consequences of anthropogenic impacts on potentially en-
hancing extreme rainfall. Thus, more favourable decisions can be made to reduce losses
from future disasters.

2. Methodology
Systematic bibliometric analyses have been used widely for identifying trends and

patterns through collecting information from research publications, which helps to provide
a better overview of the specific research area [45–48]. The Web of Science (WoS) and
Scopus scientific databases are utilised to identify knowledge gaps by understanding and
interpreting important features of the published literature on extreme rainfall over SEA.
The process is divided into three steps, identification, screening and inclusion, by following
the PRISMA 2020 statement [49].

Initial identification establishes the database for the screening process, which should
provide research papers suitable for conducting both a qualitative and quantitative analysis.
When scanning the WoS and Scopus databases, Boolean functions are used to match the
following terms in the title, abstract or keywords: (extreme precipitation OR extreme
rainfall) AND (“Southeast Asia” OR “Maritime Continent”) AND (“monsoon”). Extreme
rainfall-related papers are found using the first portion of the search string. The second
portion of the string limits the geographical location to SEA. The Maritime Continent (MC)
is also included as part of SEA. The last portion of the string restricts the papers to monsoon
seasons. A total of 310 published papers are found after this initial identification.

Duplicates arise by scanning multiple databases concurrently. It is also possible
that certain publications included in the collected database are irrelevant to monsoonal
extreme rainfall. Therefore, the screening process is required to lower the errors for the
extracted research papers. A manual review is conducted to identify and remove irrelevant
publications from the database. Only papers that use the English language and are in the
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final publication stage are considered. Exclusion criteria include books, reviews, proceeding
papers, and articles without full-text accessibility. By limiting the focus to the past 15 years
(January 2009–June 2024), this review paper is able to present the state of current research on
extreme rainfall events in SEA. It is important as systematic reviews are one of the sources
to help decision makers to make relevant well-informed decisions with solid evidence
on the possible impact of human activities on extreme events based on recent research
outcomes [50,51]. Moreover, papers that focus outside of SEA are excluded. Papers that are
not relevant to extreme rainfall during the monsoon period are excluded. Papers related to
ancient climatic simulations are excluded. In addition, papers without indicating extreme
rainfall indices are excluded. The flow diagram in Figure 1 presents the number of papers
included and excluded during the screening process according to the study’s inclusion and
exclusion criteria.
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After identification and screening, papers are categorised based on their primary areas
of interest, which include the trend of monsoon extreme rainfall over SEA, natural factors
of monsoonal extreme rainfall, anthropogenic factors of monsoonal extreme rainfall and
model assessment. The relative frequency of these themes and the frequency of research
including multiple topics are evaluated.

3. Results and Discussions
This section provides a concise and precise description of the review results, interpre-

tation, as well as the conclusions that can be drawn.
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3.1. Summary of Studies

Figure 2 (left) shows an upward trend in the amount of literature on the various
regions in SEA from 2009 to 2024. A significant increase is observed from 2019, which
is mostly contributed to by regions of SEA, such as Indonesia and Malaysia. This may
be due to the fact that there has been an increase in demand for studies in this area due
to climate change and an increased frequency of extreme events [52]. This could also be
proved, as the regional distribution is consistent with the spatial distribution of positive
mean rainfall difference over SEA during monsoons between 1981–2000 and 2001–2020
from Figure 2 (right). In addition, the Philippines, Thailand, Singapore and the Mekong
River Basin continue to be of interest. These areas could draw attention for further study,
especially if they experience extreme monsoon-related rainfall events.
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Approximately 56% of the papers discuss a single topic, and another 44% address
multiple topics. In more detail, the impacts of natural factors on extreme rainfall during
monsoon seasons have been most discussed, with 34% (19/56) of the literature discussing
it separately, while others also discussed it in the combination with extreme rainfall trends
(12/56, 21%) and the impact of anthropogenic factors (2/56, 3.5%). Moreover, 11% (6/56)
of the literature subjects refer to monsoonal extreme rainfall trends, and 11% (6/56) of the
literature focuses on model simulations. Using numerical models to identify the impacts of
anthropogenic and natural factors on monsoonal extreme rainfall count for 12.5% (7/56)
and 7% (4/56), respectively.

3.2. Extreme Rainfall Indices

The Expert Team on Climate Change Detection and Indices (ETCCDI) developed by
the World Meteorological Organization (WMO) and the World Climate Research Program
(WCRP) is widely used in the research area to define extreme events, describing extreme
rainfall events in term of the duration, frequency and intensity [16,53–55]. Since duration
is more used in characterising annual or seasonal rainfall patterns than extreme events,
it is not included in the analysis [6,10,12,13]. The majority of the literature (34/56, 61%)
focuses on the frequency of extreme events [34,56–59]. The intensity indices mainly deal
with the rainfall magnitude, such as maximum precipitation magnitude, total precipitation
over consecutive days or maximum precipitation intensity for a given number of days.
Only a few literature studies (3/56, 5%) take rainfall intensity alone as their criterion for
extreme rainfall [60,61]. A total of 34% (19/56) of the literature considered both frequency
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and intensity, suggesting an agreement on the importance of using multiple indices in
identifying extreme events [4,17,55].

Table 1 further breaks down the extreme precipitation indices into detailed criteria.
The 95th percentile (i.e., examining the number of days with daily precipitation above the
95th percentile) is a frequently used threshold for defining an extreme rainfall event (29.3%),
followed by the 90th (12%) and 99th (8%) percentiles. Additionally, a few studies use 20
and 50 mm as the fixed thresholds to define extreme precipitation events (i.e., the number
of days with more than 20 or 50 mm of daily precipitation), and some studies combine
both percentile and fixed thresholds. In most of the studies using intensity as the extreme
index, both percentile and maximum intensity (6.7%) have been applied to provide a more
comprehensive assessment of the extreme events. The accumulated rainfall amount with
1-day and 5-day durations is more frequently used among studies (22.7%).

Table 1. Number of papers using different types of extreme rainfall indices.

Types of Extreme Rainfall Indices Unit No. of Paper

Frequency

Percentile 95th percentile day 29.3% (22/75)

(No. of days when daily rainfall ≥ nth percentile
of rainfall on wet days)

90th percentile day 12.0% (9/75)
99th percentile day 8.0% (6/75)
85th percentile day 2.7% (2/75)
96th percentile day 1.3% (1/75)
97th percentile day 1.3% (1/75)

Fixed threshold 20 mm day 4.0% (3/75)

(No. of days when daily rainfall ≥ n mm)

50 mm day 4.0% (3/75)
75 mm day 1.3% (1/75)
10 mm day 1.3% (1/75)
30 mm hour 1.3% (1/75)

Percentile and fixed threshold 95th percentile or 20 mm day 4.0% (3/75)
95th percentile or 50 mm day 1.3% (1/75)

Intensity

Percentile 90th percentile mm 1.3% (1/75)
(nth percentile of daily rainfall intensity or
accumulated amount on wet days) 95th percentile mm 1.3% (1/75)

Fixed threshold
50 mm mm 1.3% (1/75)(Accumulated daily rainfall amount when rainfall

is more than n mm on wet days)

Maximum intensity 1-day mm 6.7% (5/75)
1-day, 5-day mm 5.3% (4/75)

(Maximum n-day rainfall intensity) 5-day mm 2.7% (2/75)
1-day, 3-h mm 1.3% (1/75)

Percentile and maximum intensity 95th and 99th percentile
and 1-day, 5-day mm 6.7% (5/75)

Note: Wet days refer to daily rainfall ≥ 1.0 mm; n refers to the percentile or threshold number.

The finding suggests that there is a dominant trend (61%) in considering frequency
as a monsoon extreme rainfall index in SEA, with a growing number of studies (34%) on
integrating frequency and intensity for a more comprehensive identification of extreme
rainfall events. The 95th percentile is a very popular index, effective in capturing extreme
events and easy to calculate from the data. The mixed indices of fixed thresholds and
percentiles indicate that researchers are trying to define and quantify extreme rainfall
events from different perspectives. At the same time, researchers are also exploring rainfall
intensity in different time scales and measuring approaches for a comprehensive overview
of the topic.
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3.3. Trend of Monsoonal Extreme Rainfall

As the hotspot for global climate change research, SEA has gained increased attention
for its trends of precipitation and extreme rainfall patterns in recent years. The spatial
distribution and temporal variation of extreme rainfall in the region have been widely
discussed and summarised, as shown in Table 2.

Most studies point to a rising trend in examining the temporal patterns of extreme
events in SEA. There is a significant increase of over 50% in both mean annual precipitation
and extreme rainfall in Vietnam and the northwestern part of the Central and Southern
Peninsulas since 1979 [10]. Similarly, extreme events in Thailand account for an increasing
proportion of the annual precipitation [4]. Additionally, Tejada (2023) finds an upward
trend in annual rainfall in the Angat watershed of the Philippines, with an increase in both
the frequency and intensity of heavy rainfall and wet days [11]. In Jakarta, rainfall has
become more intense and shorter in duration, especially from afternoon to early morning
compared to the preceding decades [62].

Moreover, most studies find that extreme rainfall occurs most frequently during the
NEM seasons. Yao (2010) noted that SEA experiences notable occurrences of extreme
precipitation throughout the year, especially in winter. Extreme events in PM, Borneo,
Thailand and Singapore are observing an increasing trend in intensity and frequency during
the NEMs, with the most significant in December and January [12,15]. However, Li (2016)
finds that the trend during monsoon seasons is not obvious in Singapore [3].

Furthermore, extreme rainfall also exhibits notable spatial differences across SEA [60].
Some research attributes this variation to the different inducing factors across the region.
For instance, Singh (2020) relates the spatial difference with various atmosphere–ocean
interactions over SEA [54]. A similar finding is also indicated by Endo (2009), where heavy
precipitation increases in Southern Vietnam, while it decreases in the northern part [6].
Additionally, extreme events over the east coast of PM are closely related to the trend of
NEM, whereas Borneo and the west coast of PM are influenced by the MJO [56].

A collation of the above literature reveals that extreme rainfall events in SEA exhibit
an increasing trend in both frequency and intensity, particularly during the NEM seasons
in Malaysia, the Philippines, Singapore and Thailand. Spatially, the distribution of extreme
events is more correlated to the induced factors, such as monsoon and MJO. However,
there are studies indicating a decreasing trend in extreme events in certain areas, such as
Indonesia, where there an increasing trend in the number of consecutive wet days is ob-
served instead [63]. By understanding long-term trends, authorities can develop strategies
to adapt to and mitigate the effects of extreme events, such as improving agricultural water
supply and drainage systems and urban networks.

Table 2. Summary of trend of extreme rainfall during SWM and NEM in selected studies with specific
study region and period.

Study
Region

Study
Period SWM NEM Remarks

SEA 1979–2018 [10] [10] Significant increase in annual mean and extreme indices in Vietnam.
1978–2006 [2] [2] Extreme rainfall occurs mainly in winter with an increasing trend.

1986–2015 [7] Significant increase in frequency and accumulated rainfall with
longer duration.

1950–2000 [6] [6]
Difference in extreme rainfall spatial distribution.1951–2014 [54] [54]

1951–2007 [60] [60]
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Table 2. Cont.

Study
Region

Study
Period SWM NEM Remarks

Indonesia 2001–2020 [63] [63] Slightly decreasing trend with clear seasonal and diurnal variations.
2002–2016 [62] [62] Rainfall intensity increase in morning with warmer local climate.

Malaysia 1996–2022 [15] Increasing trend between end of December and January over Borneo.
1998–2007 [56] [56]

Philippines 1951–2010 [64] [64] Spatial differences in distribution of extreme rainfall.

1991–2020 [11] [11] Increase in intensity and frequency, especially between December
and February.

Singapore 1980–2013 [3] [3] Increasing annual rainfall trend, while it is not strong during the
monsoon seasons.

1980–2018 [13] [13] Spatial differences in distribution, with rising trend.
1985–2020 [14] [14] Increasing trend in extreme rainfall during winter monsoon.

Thailand 1953–2004 [12] [12] Rising frequency and intensity over central region during both
monsoon seasons.

1955–2014 [4] [4] Rising frequency and intensity, especially during wet days.

Vietnam 1978–2022 [65] [65] Spatial differences in the distribution, with higher frequency over
coastal region.

Note: Reference is presented with [] in the table.

3.4. Natural Factors of Monsoonal Extreme Rainfall

Natural factors are the key elements that influence extreme rainfall in SEA, encompass-
ing various meteorological events and topographical features. These elements influence
monsoon systems, tropical cyclones (TCs), and convective systems, thereby shaping rainfall
patterns and triggering extreme events. Out of the papers that are reviewed, 36 papers
(64%) focus on natural factors. Notably, 62.6% of these studies that discuss natural impacts
examine extreme rainfall during the NEM; another 37.4% are devoted to SWM. Figure 3
and Table 3 summarise the main drivers of extreme rainfall during each season from
these studies.

For the NEM, the mechanisms of MJO (24.6%) and ENSO (24.6%) on influencing
extreme rainfall have been studied the most, followed by CS (14%), terrain (7%), monsoon
(3.5%), and others (26.3%), as shown in Figure 3. ENSO and extreme precipitation in SEA
are found to have a strong correlation [3,11,15–17,63]. More extreme rainfall is observed
during La Niña compared to El Niño in Malaysia, Indonesia, and the Philippines [11,16,63],
while Zhang (2024) found that extreme rainfall increases in Borneo during both El Niño
and La Niña [15]. An active MJO is found to significantly increase the occurrence of
extreme rainfall by enhancing the horizontal moisture flux convergence over SEA [66,67].
CS is another hotspot for extreme rainfall during NEMs, which originate from the cold air
outbreak of the Siberian High. It was found to be the main driver of the extreme rainfall
event over Indonesia in February 2007 [19]. When the CS crosses the equator, it is defined
as the cross-equatorial northerly surge (CENS), which enhances regional rainfall intensity,
especially during the early morning [68]. Ferrett (2020) reveals the probability of extreme
precipitation is also dependent on the type of induced equatorial wave [69].

Moreover, integrated multivariate analyses between different factors are also popular
in the research on NEM extreme rainfall. The interaction between MJO and other factors has
been widely discussed due to its significant impacts on extreme rainfall events [59,70,71]. A
higher probability of extreme rainfall over SEA is observed when atmospheric rivers occur
under the second and third phase of MJO [72]. Latos (2021) identifies MJO and equatorial
waves as the main contributors to the extreme rainfall event over Indonesia in January
2019 [73]. When taking terrain into consideration, an active MJO tends to increase the
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probability of extreme rainfall in the ocean and coast, while an inactive MJO has larger
impacts over mountains in Indonesia [74]. Interactions between active MJO, CS, tropical
depression, and monsoon increase the frequency of extreme rainfall [18,20,56].
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In addition, more extreme rainfall events are observed when ENSO interacts with
other phenomena [60]. Stronger monsoons and the cool phase of Pacific Decadal Oscillation
under La Niña conditions tend to create more intensive rainfall in Thailand [4]. CS-
induced extreme rainfall events are also affected by various factors such as quasi-biweekly
oscillation (QBWO), terrain, and equatorial waves. Dong (2022) investigates the impacts
of a northwestward-propagating QBWO (phase 6–8) on enhancing CS-induced extreme
events, especially over the Eastern Philippines [75]. Diong (2023) finds that equatorial
waves affect the duration and location of CS-induced extreme rainfall over the island and
windward side of the peninsula over SEA [75].

For the SWM, ENSO has been mentioned the most, with 29% of studies, followed by
MJO (15%), monsoon (15%), TC (12%), and others. Similar to the NEM season, extreme
rainfall events tend to be more frequent with larger intensity during La Niña than El
Niño [11,54,60,63]. Moreover, both an active MJO and summer monsoons increase the
occurrence of extreme rainfall in Indonesia; however, the impact of MJO is more signifi-
cant [67]. East Asia summer monsoons and South China Sea (SCS) summer monsoons are
identified as highly correlated to summer extreme rainfall over SEA [7,76]. In addition,
TC is also defined as the major contributor to summer extreme rainfall events, especially
in the Mekong River Basin [57,77]. It has even been found to cause more extremes when
interacting with monsoons over the Philippines [78,79].

Although ENSO impacts extreme rainfall during both SWM and NEM, they still
perform differently in the extent of this impact. The extreme rainfall in SWMs is found to
be more affected by ENSO compared to NEMs in Singapore [3,13]. A similar conclusion is
stated in the paper of Lestari (2019) where IOD and ENSO have larger impacts on extreme
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rainfall in summer than in winter over Indonesia [66]. Terrain and surface temperature
also show the ability to alter rainfall patterns in both monsoon seasons. Terrain plays an
important role in producing orographic rainfall activities over mountainous areas (coastal
land and lowland areas), with higher rain rates (hourly peaks) during both NEMs and
SWMs [58,74]. The rising temperature results in frequent short-duration extreme rainfall,
delayed from afternoon to evening and early morning over Indonesia [62].

The complicated meteorological environment in SEA brings a wide range of factors
that contribute to monsoonal extreme rainfall events. Understanding the mechanism of
individual inducing factors is important, but we also should pay attention to the interactions
of multiple factors. By identifying the timing and frequency of extreme precipitation and
the affected regions, governments can make better preparations for flood prevention
during the flood season, including immediate evacuation or river dredging to minimise the
associated damage.

Table 3. Summary of natural impacts on extreme rainfall during SWM and NEM in selected studies
with specific study region.

Natural
Factors

Study
Region SWM NEM Remarks

ENSO Malaysia [15] Extreme rainfall increases in Borneo during El Niño and La Niña.

Malaysia [16] Increased probability of extreme rainfall over east coast of Malay Peninsula
during La Niña.

Indonesia [17] [17] ENSO has larger impacts on the duration of extreme rainfall over Western
Indonesia from November to May.

Indonesia [63] [63] Less extreme rainfall in El Niño.
Philippines [64] [64] Extreme rainfall tends to exist longer after El Niño.
Philippines [11] [11] More extreme rainfall in La Niña.
Singapore [3,13] [3,13] Larger impacts of ENSO on extreme rainfall in SWM than NEM.

ENSO, MJO SEA [70] [70] ENSO and MJO have significant impacts on extreme rainfall events.

ENSO, MJO, IOD Indonesia [66] [66]
IOD and ENSO have larger impacts on extreme rainfall in summer than
winter. Active MJOs increase frequency of extreme rainfall but reduce
its strength.

ENSO, PDO Thailand [4] [4] More intensive rainfall and increasing number of extreme events observed
during La Niña years and cool PDO phase.

ENSO, temperature SEA [60] [60] More extreme rainfall observed in La Niña. Rising global temperatures also
enhance extreme rainfall.

ENSO, SOI, NOI, MJO SEA [54] [54] Factors have significant impacts on extreme rainfall events.

MJO SEA [67] [67] Active MJO increases the probability of extreme rainfall.

MJO, monsoon Malaysia [56] [56] NEM induces extreme rainfall in Eastern Malaysia, MJO affects Borneo and
west coast of PM.

MJO, CENS SEA [59] CENS enhance MJO-induced convective extreme rainfall.
MJO,

atmospheric rivers SEA [72] Higher probability of extreme rainfall when atmospheric rivers occur under
phase 2 and 3 of MJO.

MJO, equatorial wave Indonesia [73] MJO and equatorial waves were the major driver of extreme rainfall in
January 2019.

MJO, terrain Indonesia [74] Active (inactive) MJO increases extreme rainfall over ocean and coast
(mountains).

CS Indonesia [19] CS is highly correlated to winter extreme rainfall.

CS, MJO SEA,
Malaysia [20,80] Both factors significantly affect winter extreme rainfall.

CS, CENS Indonesia [68] Both factors significantly affect winter extreme rainfall, especially during
early morning.

CS, QBWO SEA [81] High probability of CS-induced extreme rainfall under phases 6–8 of QBWO,
especially over east of the Philippines.

CS, equatorial waves,
terrain SEA [75] Equatorial waves affect the duration and location of CS-induced extreme

rainfall over island and windward side of Peninsula.
CS, MJO, CENS,
Borneo vortex SEA [71] CS, MJO, CENS, and Borneo vortex significantly impact winter

extreme rainfall.
CS, MJO, BSISO,

tropical depression Philippines [18] [18] Phases 4–6 of MJO, CS, and tropical depression (BSISO) increase probability
of extreme rainfall during winter (summer).



Water 2025, 17, 5 10 of 20

Table 3. Cont.

Natural
Factors

Study
Region SWM NEM Remarks

Monsoon SEA [7,76] East Asia summer monsoon and SCS summer monsoon are highly correlated
to summer extreme rainfall.

TC
Thailand,

Mekong River
Basin

[57,77] [57,77] Extreme rainfall is more related to the TCs.

Monsoon, TC Philippines [78,79] More extreme rainfall observed, especially when both occur at same time.
Equatorial waves SEA [69] Equatorial waves increase probability of extreme rainfall.

Terrain Indonesia [74] [74] Stronger hourly and daily mean (peaks) found over mountainous areas
(coastal land and low-altitude areas).

Terrain,
diurnal cycle SEA [58] [58] Both factors increase probability of extreme rainfall.

Temperature Indonesia [62] [62] Rising temperature results in more frequent short-duration extreme rainfall,
with delays from afternoon to evening and early morning.

Note: Reference is presented with [] in the table.

3.5. Anthropogenic Factors of Monsoonal Extreme Rainfall

Approximately 12.5% (7/56) of the papers address emissions as an importance anthro-
pogenic factor on influencing extreme rainfall over SEA. A summary is displayed in Table 4.
Due to its flexibility, numerical simulation is used as the primary approach in the majority
of research on the available input data.

GHGs and aerosols are the types of emission that have been widely discussed through
studies. Research tends to focus on the comparison between the impacts caused by the
two emissions and also an analysis of the interactions between them. By applying dif-
ferent emission scenarios, an overall agreement is reached that high concentrated GHGs
tends to increase rainfall intensity due to surface warming caused by the direct radiation
effect [35,82–85], while the presence of aerosols inhibits rainfall activities by stabilise the
atmosphere [33]. However, their combined effect varies in different studies. Ayantika (2021)
finds that monsoonal convective precipitation is suppressed when these two factors are
considered simultaneously [37]. Lin (2018) points out that aerosols have a greater impact on
rainfall extremes than GHGs in the SEA region, emphasising the important role of aerosols
in the monsoon system [34]. Meanwhile, the study predicts anthropogenic aerosols will be
reduced in the 21st century under the global control strategy on air pollution. This would
intensify extreme events under GHG-induced warming effects, indicating the importance
of reducing emissions by considering energy conservation and the usage of sustainable
energy in making any future strategies. Also based on the significant and long-term im-
pacts of emissions on monsoonal rainfall, the inclusion of atmospheric pollutants in the
study area and surrounding regions will be able to improve model accuracies in predicting
rainfall patterns.

Table 4. Summary of anthropogenic impacts on extreme rainfall during SWM and NEM in selected
studies with specific research approach.

Anthropogenic
Factors Approach SWM NEM Remarks

Emissions Global climate model
(GCM) [37]

GHG increases monsoonal rainfall, while aerosols
reduce the rainfall amount. Large-scale monsoonal
convective activity would be suppressed when taking
more factors into consideration over SEA.

GCM [34] [34] Aerosols have larger impacts on the rainfall extreme
over SEA than GHG.

GCM [35] [35] GHG increases the probability of extreme rainfall
events over SEA.
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Table 4. Cont.

Anthropogenic
Factors Approach SWM NEM Remarks

Regional climate model
(RCM) [83] [83]

RCM [84] [84] GHG increases the probability of extreme rainfall
events over Thailand.

RCM [82] Emissions increase the probability of extreme rainfall
during winter monsoon in Malaysia.

GCM [85] [85] Emissions increase the probability of extreme rainfall
over downstream of Mekong River Basin.

Note: Reference is presented with [] in the table.

3.6. Combined Impacts of Natural and Anthropogenic Factors on Monsoonal Extreme Rainfall

Only two papers study the combined impacts of natural and anthropogenic factors on
monsoonal extreme rainfall over SEA. Changes in land use, as a characteristic feature of
human activities, have been recognised as an important driver of extreme events.

By replacing the forested land surface with grassland using a non-hydrostatic regional
climate model, the potential impacts of deforestation on rainfall activities were investi-
gated [61]. The result shows that deforestation amplifies the effects of ENSO, therefore
increasing the daily rainfall intensity, even more strongly than the impacts of El Niño and
La Niña. Another study explored the impacts of TCs and deforestation on rainfall-induced
flooding in Thailand [77]. It has been noted that although the impact of changes in land use
is relatively small compared to TC-induced heavy rainfall, afforestation and the reduction
of cultivated land could still be an effective approach of flood control.

3.7. Model Assessment

A total of 13 papers (23%) focusing on model assessment are summarised in Table 5.
Regarding the model selection, a large number of studies using global climate models
(GCMs; 60%) compared to regional climate models (RCMs; 40%). Some researchers also
use both models for their analysis. Figure 4 illustrates that model assessment on extreme
rainfall over SEA has become popular since 2018, and the usage of GCMs and RCMs
is equally frequent until 2020. After 2020, GCMs become more frequent in simulating
extreme events.
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Table 5. Summary of studies that relates to model assessment during SWM and NEM with specific
study region.

Model Type Study
Region SWM NEM Model Performance

GCM SEA [80] Able to capture the seasonal cycle of CSs. However, it overestimates the
number of CSs and CENSs in February.

GCM SEA [86] Underestimating rainfall over the east coast of PM. Overestimating rainfall
over Southern Borneo and shifting more inland.

RCM Indonesia [19]
Able to produce similar time scale but higher magnitude. Increasing horizontal
resolution improves performance for many measurements, but some are
reduced in accuracy.

RCM Malaysia [82] Captures the overall rainfall spatial distribution; however, underestimates
heavy rainfall frequency and rainfall intensity.

GCM SEA [37] Captures the overall rainfall spatial distribution.

GCM SEA [53] [53] Large bias in rainfall prediction over SEA. Higher spatial resolution can
decrease convective rainfall and increase large-scale rainfall.

GCM SEA [34] [34] Captures the overall rainfall spatial distribution and location of rainfall maxima.

GCM Malaysia [87] [87]
Increasing vertical resolution improves model performance in reproducing
annual cycle and extreme rainfall pattern; however, it also causes reduction in
annual mean precipitation, especially during summer monsoon.

RCM SEA [70] [70] Rainfall extremes are not well captured by model; majority are overestimated.

RCM
GCM SEA [88] [88]

Able to reproduce rainfall spatial distribution; however, shows bias in rainfall
intensity. Coupled model tends to have better performance than non-coupled
model. Increasing resolution does not necessarily improve performance.

RCM
GCM SEA [89] [89]

RCMs are more capable of simulating rainfall spatial distribution of rainfall in
more complex topography conditions than GCMs; however, bias is still large in
modelling extreme events. Parameterisation schemes are more important than
spatial resolution.

GCM Mekong River
Basin [85] [85] Captures overall rainfall pattern after bias correction.

RCM Thailand [84] [84] Captures characteristics of extreme rainfall event.

Note: Reference is presented with [] in the table.

Most models successfully capture the overall spatial distribution of rainfall and the lo-
cation of rainfall maxima over SEA [37,84,85]. However, they generally underestimate rain-
fall intensity during both NEM and SWM seasons [19,34,80,82]. Although high-resolution
simulations have been widely used to improve model performance [86], the outputs are not
always working as expected. Models with a higher spatial resolution are found to suppress
convective precipitation and enhance large-scale rainfall over the study region [53]. In
addition, an increasing vertical resolution improves the model’s ability to produce the
annual cycle and extreme precipitation but may cause a reduction in annual mean pre-
cipitation, especially during the summer monsoon [87]. The usage of coupled models
and improvements in the microphysics scheme will make larger contribution in enhanc-
ing model performance [88,89]. Furthermore, it is shown that RCMs are more capable
of simulating the rainfall spatial distribution in more complex surface conditions than
GCMs; however, the bias is still large in modelling extreme events. In order to have better
understanding of the behaviour of extreme rainfall activities, increasing model accuracy is
still critical for future research.

4. Challenges and Future Prospects
The review findings show that high uncertainty, and poor temporal and spatial cover-

age in the rainfall datasets used, becomes one of the challenges in accurately catching the
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pattern of extreme rainfall. The rainfall datasets are divided into four categories: station,
gridded, radar, and model. Each type of data has its advantages and limitations; a de-
tailed discussion is presented in the following sections. Figure 5 illustrates how frequently
each type of dataset is used. Another challenge that is determined by most studies is
the large number of factors in inducing extreme rainfall over SEA. Sometimes, combined
effects between various factors might be the key driver of extreme events; however, this is
hard to identify.
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4.1. Uncertainty in Rainfall Dataset

The majority of station data (30%) are from well-established meteorological stations.
Large-scale precipitation measurements are unavailable due to the poor coverage of these
land-based observations, regardless of their high accuracy. Furthermore, it might be
challenging to detect the rainfall pattern of a region due to incomplete rainfall data from
the station [63]. Radar and the gridded rainfall product are introduced to solve the problem.
Gridded data are classified based on the data source: rain gauge (15.5%), satellite (23.8%),
satellite and rain gauge (6%), and reanalysis (2.4%) gridded rainfall datasets. The first three
are observational datasets, which enlarge the observable area from land to ocean [90]. A
reanalysis dataset, such as the 5th European Centre for Medium-Range Weather Forecasts
reanalysis (ERA5), is generated by assimilating satellite, precipitation radar, and instrument
measurement data using models. Although it addresses some limitations of observational
datasets in terms of spatial and temporal coverage, the precipitation values are subjected
to biases due to high model uncertainty from unstable boundary conditions, unresolved
physical processes, and the parameterisation setup, especially over ocean, mountain, and
some high-latitude regions [90,91].

Studies using only station or gridded data account for the majority of the research
(Figure 5b). Some researchers use multiple data sources in order to overcome the high
uncertainty of a single data source and provide more comprehensive and accurate results.
In regions where station data are unavailable, particularly in mountainous and oceanic
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regions, the combination of gridded data with station observations is frequently utilised
(13%) to cover the data gaps in field observations [7,90]. Limited papers take radar as a
source of rainfall data, which makes radar the least used dataset.

4.2. Uncertainty in Model Simulation

Precipitation data from model output (20%) has been used in the research if there is a
requirement for a higher spatial or temporal resolution, or if it is necessary to change the
initial condition to examine the impacts of variables. The majority of papers use simulated
rainfall to study the impacts of anthropogenic factors (50%), followed by model assessment
(38%) and impacts of natural factors (13%). GCMs (50%) and RCMs (31%) are two common
types of models used in these studies. GCMs, such as the Coupled Model Intercomparison
Project, are able to simulate climatic interactions and forecast the future climate. However,
they creates a large uncertainty when modelling small-scale processes or across regions
with complex land surfaces due to their restriction on horizontal resolution between 10
and 300 km [89]. In order to improve the performance in modelling regional climates with
a complicated topography and a smaller-scale land–sea interaction, RCMs are therefore
introduced with a smaller spatial resolution between 1 and 50 km [70]. Integration between
numerical models and the station (2%) or gridded data (11%) is used to verify the simulation
accuracy and examine the model performance [37,55,87].

Among the research related to the impacts of anthropogenic factors, most studies
choose to use numerical simulation as the essential tool for their research, as it allows for
flexible model configuration [61]. More limitations are found in the setup of parameterisa-
tion schemes when examining the impacts of GHGs and aerosols. The importance of the
aerosol effect on convective clouds and precipitation, the scavenging effects of aerosols by
rainfall, and the indirect effect from cloud–aerosol interactive processes are emphasised
in research [34,37]. Increasing the number of simulations is a common approach used to
lower the model uncertainty [80]. In addition, model performance can be also affected
by large observational uncertainties due to the limited number of station observations
over SEA, which leads to poor model verification [89]. Moreover, some research suggests
conducting sensitivity studies on different meteorological boundary conditions during
experiments, and evaluations with more datasets would also help reduce the model un-
certainty [53,61,70,82,85–87]. The use of multiple types of model, including the coupled
model, also tends to show a smaller bias in simulating rainfall intensity [88].

4.3. Challenges with Various Induced Factors

Because of the complex meteorological environment in SEA, extreme precipitation
events usually occur under the interaction of multiple factors rather than being caused by
a single inducer. This complexity requires researchers to understand the mechanisms of
individual factors and study their combined effects as well. However, the large number of
trigger factors and their combinations make it extremely difficult to fully understand the
mechanisms of extreme rainfall in SEA. In addition, the complex surface features across the
area lead to unique rainfall patterns in each region, which means the factor that triggers
the extreme rainfall events in one region cannot be simply applied in other regions [68].

Regional disturbances (e.g., coastal circulation, equatorial waves, and diurnal cycles)
and climatic phenomena (e.g., CS, ENSO, MJO, monsoon, and IOD) have been recognised
to have significant impacts on extreme rainfall events. However, relatively less research ad-
dresses their interactions. Zhang (2024) emphasised the influence of regional disturbances
and climatic phenomena, such as coastal circulation and IOD, on extreme events that have
not been adequately considered in the study [15]. Meanwhile, Xavier (2020) and Lubis
(2023), in their studies on the impacts of CS and MJO, point out that important processes
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such as the Borneo vortex and diurnal cycle (resultant from the sea–land breeze), are not
included in the analyses, limiting the understanding of extreme rainfall mechanisms [59,80].

The influence of equatorial waves and the diurnal cycle are widely discussed. Ferrett
(2012) raises the possibility of further research into the effects of equatorial waves on the di-
urnal cycle, while Liang (2012) emphasises the role of two factors on Borneo vortex-induced
extreme events over Borneo [69,87]. However, there are still gaps in investigating their
combined effects with other phenomena. Yulihastin (2020) highlights that the mechanism of
coastal precipitation propagation has not been sufficiently studied as it cannot be explained
by land–sea breezes and it may also involve other phenomena [68]. Villafuerte (2014) and
Villafuerte and Matsumoto (2015) point out the gaps in the effects of interactions between
short-time disturbances and ENSO on extreme rainfall, as well as the lack of consideration
of other climatic phenomena such as IOD [60,64]. Yong (2023) provides new perspectives
by relating atmospheric rivers to the extreme rainfall over SEA, and more research on the
interactions of atmospheric rivers with other weather systems and global warming could
be conducted in the future [72].

The impacts of urbanisation on extreme weather events have also attracted much
attention. Siswanto (2022) suggests that it is possible to study how urbanisation affects
extreme events in Jakarta by using RCMs [62]. In addition, Liang (2021) and Lacombe
(2012) highlight the importance of investigating the impacts of the interaction between
natural and anthropogenic factors on extreme rainfall, which has not been sufficiently
mentioned in the current research [83,86]. Overall, this review not only reveals key gaps
in the current climate research but also points to possible directions for future research,
especially in terms of a more comprehensive consideration of climate system interactions
and the impacts of human activities on extreme climate events.

5. Conclusions
This review summaries research development on monsoonal extreme precipitation in

SEA, lists the changes in the extreme precipitation trend, and emphasises the importance
of natural and anthropogenic factors in understanding extreme precipitation events. This
study contributes to the development of effective flooding management policies and
strategies, enhancing regional resilience and promoting sustainable development in SEA
against the challenges posed by extreme weather events and climate change.

In recent years, there has been a raising trend in the frequency and intensity of mon-
soonal extreme rainfall events in most parts of SEA, including the Philippines, Singapore,
Malaysia, Borneo, and Thailand, while other regions (e.g., Indonesia) have experienced a
decrease in extreme events but an increased number of consecutive wet days.

Natural factors significantly influence the extreme rainfall distribution in SEA, includ-
ing various climatic phenomena and topographical features. Due to the complex surface
features and meteorological environment across the region, the mechanism of extreme
rainfall varies, with different triggers. During SWMs, La Niña, strong monsoon circulation,
and TCs lead to more frequent and intensive rainfall events. On the other hands, ENSO
and MJO play key roles in inducing extreme rainfall during NEMs, with strong correlations
with extreme rainfall distribution and intensity. Moreover, CSs make large contributions
to extreme events, especially when interacting with other factors, including atmospheric
rivers, equatorial waves, and terrain.

In addition, anthropogenic factors such as GHGs, aerosols, and changes in land
use are often being examined in the research area. Concentrated GHGs increase rainfall
intensity under surface warming from direct radiation, whereas aerosols stabilise the
atmosphere and reduce rainfall. However, their combined effect might vary in different
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studies. Furthermore, the combined effects of land use changes and natural factors may
cause a stronger impact than individual effects.

Although the available research has investigated the inducing mechanism of natural
and anthropogenic factors on extreme rainfall events in SEA in detail, there are still limita-
tions. Firstly, most of the studies focus on the individual effects of natural or anthropogenic
factors, but they neglect the fact that sometimes combined effects may have a stronger
and more complex impact on extreme events. Secondly, the available rainfall datasets
are limited in temporal and spatial coverage and accuracy. Meanwhile, models used to
simulate extreme events show high uncertainties. Increasing the horizontal and vertical
resolution alone does not always lead to the expected improvements.

Hence, a deeper understanding of the mechanisms behind extreme rainfall events
is necessary for future research, particularly of the combined effects of various triggers.
Improvements in climatic models are also important, including the use of coupled models,
a detailed analysis with higher model resolution, and integration with aerosol param-
eterisations and land use models. Finally, it is critical to develop forecasting tools and
strategies that are specifically adapted to local climatic conditions in order to overcome
the challenges caused by climate change, which could be achieved by considering regional
surface characteristics and favourable physical model schemes.
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