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Anthropogenic climate change has led to rapid and widespread changes in the
atmosphere, land, ocean, cryosphere, and biosphere, leading to more pronounced
weather and climate extremes globally. Recent IPCC reports have highlighted that
the probability of compound extreme events, which can amplify risk, has risen in
multiple regions. However, significant gaps remain in our understanding of the drivers
and mechanisms behind these events. This concept paper discusses compound
events in the Asian region in the context of its unique and diverse geographical
settings, and regional climatic features including the seasonal monsoons. Notably,
Asia is the world's most disaster-affected region due to weather, climate, and water-
related hazards. Therefore, an integrated understanding of how climate change
will impact compound events in this region is essential for effective forewarning
and risk mitigation. This paper analyzes three typologies of compound events in
the Asian region, illustrating their regional complexity and potential linkages to
climate change. The first typology pertains to compound floods, for example,
the devastating floods in the Indus River Basin and adjoining Western Himalayas
during 2022 caused by the combined effects of heavy monsoon rainfall, intense
pre-monsoon heatwaves, glacier melt, and modes of climate variability. The second
typology relates to compound heatwave-drought events that have prominently
manifested in East and South Asia, and are linked to large-scale drivers of the
land-atmosphere—ocean coupled system and local feedbacks. The third typology
relates to marine extremes involving the compounding effects of ocean warming,
sea-level rise, marine heatwaves, and intensifying tropical cyclones. We identify key
knowledge gaps in understanding and predicting compound events over the Asian
region and discuss advances required in science and technology to address these
gaps. We also provide recommendations for the effective utilization of climate
information towards improving early warning systems and disaster risk reduction.
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1 Introduction

The Earth’s global mean surface temperature has risen by about
1.2 to 1.3°C since pre-industrial times (Met Office, 2024; Forster et al.,
2023). The planet’s warming has been unequivocally attributed to
human activities by the Intergovernmental Panel on Climate Change
(IPCC)'s Sixth Assessment Report (AR6; Masson-Delmotte et al.,
2021). Warming has been accompanied by increasing trends in
weather and climate extremes, such as heatwaves, heavy precipitation,
droughts, and tropical cyclones (TCs; Arias et al., 2021).

The threats posed by rising extremes have pushed our planet into
an era of increasingly complex, intersecting climate risks (IPCC,
2023). The ARG asserts with high confidence that multiple, interrelated
hazards—both climatic and non-climatic—will increasingly co-occur,
thereby amplifying overall risks and precipitating cascading impacts
across sectors and regions (Portner et al., 2022b; Seneviratne et al.,
2021). This assumes greater significance for developing countries
given the higher vulnerability in their socio-economic contexts
(IPCC, 2022).

One of the emerging concerns in the context of climate change is
the occurrence of compound extreme events, where multiple climatic
drivers and hazards interact to produce more severe impacts as
compared to those caused by hazards occurring in isolation
(Aghakouchak et al., 20205 Zscheischler et al., 2020). For instance, a
heatwave combined with a drought can create extreme stress on water
resources and agriculture, while heavy rainfall on saturated soils can
lead to floods of greater intensity. The interactions among drivers
make such events more challenging to predict and manage, often
resulting in amplified impacts. The AR6 has assessed, with high
confidence, an increase in the incidence of compound events with
warming (IPCC, 2021: Summary for Policymakers; Seneviratne
etal., 2021).

A recent example of a compound event is the extensive flooding
incident that occurred in Pakistan in August 2022 following
unprecedented rainfall. This compound event turned out to be one of
the world’s most catastrophic disasters, which displaced over 30
million people, caused more than 1,000 deaths and economic losses
exceeding USD 30 billion with reconstruction costs anticipated to
surpass USD 16 billion (World Bank, 2022; Wyns, 2022). Subsequent
analyses suggest that this disaster emerged from a confluence of
drivers that combined to exact damages far greater than what each
driver may have done in isolation (Mallapaty, 2022; Hong et al., 2023;
Otto et al., 2023; Nanditha et al., 2023).

While heavily precipitating monsoon systems from the south and
east provided an important trigger for the Pakistan 2022 flood event,
the intertwined processes that can facilitate compound flooding in the
region are couched in Asia’s diverse geographical setting, including
the elevated Tibetan Plateau, glaciated high mountains, dry
continental regions to the north and west, and a complex coastline
bordered by the Indian and Pacific Oceans (see Qiu, 2008; Rasmussen
and Houze, 2012; Salinger et al., 2014; Shaw et al., 2022; Mallapaty,
2022). Complex interactions involving large-scale monsoon and
mid-latitude circulation patterns, climate drivers such as La Nifa,
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Indian Ocean Dipole (IOD), and local to regional feedback processes
(e.g., land-surface feedback, orographic uplift, cryosphere dynamics,
convective organization, etc) create conditions favorable for
compound weather and climate extremes in this region (Sillmann
etal, 2017; Krishnan et al., 2020). The resulting compound events can
produce severe impacts, including property damage, loss of life,
displacement of communities, and significant economic losses, which
many parts of Asia are already experiencing (Dhara and
Krishnan, 2020).

In fact, some of the world’s most disaster-affected regions due to
weather, climate, and water-related hazards are situated in Asia, and
large parts of the continent are on the frontlines of rising climate risk
because of high exposure to climate hazards and socio-economic
vulnerabilities (Atwii et al., 2022). However, the lack of long-term
observational data over the high mountainous regions (Bohner, 2006)
and challenges in representing regional climatic processes, scale
interactions, and realistic tropical sea surface temperature (SST)
gradients in climate model introduce uncertainties in understanding,
predicting compound events as Asia’s climate evolves under the
influence of anthropogenic climate change (Wang et al., 2004; Lee and
Cha, 2020; Hoell et al., 2023).

The 2024 Kigali Declaration, a key output of the 2023 World
Climate Research Programme (WCRP) Open Science Conference,
calls for feasible but transformative solutions to address the complex
risks arising from climate change impacts (World Climate Reserach
Programme (WCRP), 2024); however, such solutions need to
be grounded on robust evidence and information. Complex extremes
and compound events emerged as one of the key issues discussed at
the conference. Challenges include predictability, with special
attention given to how extreme events may morph into compound
events and the underlying drivers or feedback mechanisms of these
processes; coordinated collaboration (i.e., among climate scientists,
the climate services community, impact modelers, decision-makers,
and communication experts) to make full use of the best available
information towards reducing risk; and the disproportionality of risk,
especially in the Global South, in an era of climate inequity and
injustice (World Climate Reserach Programme (WCRP), 2024).

The Pakistan flood event is a stark example of the risks posed by
compounded hazards in Asia and highlights the necessity to enhance
our understanding and management of such events (Otto et al., 2023).
However, studies on compound hazards in Asia are still severely
limited. In alignment with the Kigali Declaration, this concept paper
addresses the imperative of understanding compound extremes in the
Asian context.

Our objectives are threefold:

1 To analyse key typologies of compound events relevant to Asia.
Specifically, we focus on three typologies: (1) compound
flooding events, (2) compound heatwave-drought events, and
(3) compound marine extremes. We discuss each of them by
means of event(s) representative of that typology, as well as the
precursors, processes, and teleconnections that tend to
precondition and sustain them;
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2 To identify prevailing knowledge gaps that impede our ability
to forecast these events; and

3 To propose strategies to address these knowledge gaps, towards
improving forecasting and risk management.

The paper is structured as follows. Section 1.1 discusses major
features of Asia’s climate and synthesizes key assessments, such as
the ARG, pertaining to regional changes in extremes. Section 2
focuses on the Asian region, discussing the three typologies of
compounded extremes (Sections 2.1 to 2.3) and identifying
knowledge gaps. Section 3 offers recommendations aimed at
bridging these gaps and improving assessments of impacts
and risk.

1.1 Key features of regional climate and
climate change in Asia

Asia exhibits a complex climate system profoundly influenced by
its unique physical geography and strong interactions among the land,
atmosphere, biosphere, ocean, and cryosphere. The Himalayan
topography, regional mountain ranges together with the elevated
Tibetan Plateau and surrounding oceanic regions exert dominant
control on the South and East Asian monsoons—which are key
components of the global climate system (Yanai et al., 1992; Yanai and
Li, 1994; Boos and Kuang, 2010; Krishnan et al., 2019, 2020). However,
significant portions of the continent, such as Central Asia and Siberia,
which lie outside the monsoon region exhibit markedly different
climatic conditions, ranging from the arid climates of vast deserts to
the permafrost regions of Siberia (see Sharma et al., 2019; Bolch et al.,
2019). Interannual and decadal scale variations in the South and East
Asian monsoon rainfall are known to have links to modes of climate
variability, such as El Nifio Southern Oscillation (ENSO) and the
Indian Ocean Dipole (IOD), Pacific Decadal Variability (PDV; [PCC
ARG, 2021, Technical Annex).

From the perspective of climate change, the IPCC AR6 has
assessed that the mean surface temperature and heat extremes have
increased across Asia, as have marine heatwaves in the surrounding
oceanic regions. The AR6 also assessed that the tendency for an
increase in monsoon precipitation over South and East Asia due to
warming from GHG emissions has been counteracted by
anthropogenic aerosol cooling during the twentieth century (Masson-
Delmotte et al, 2021). With continued warming, monsoon
precipitation over South Asia and East Asia is projected to increase
during the 21" century, with increased variability (see Wang et al.,
2021; Masson-Delmotte et al., 2021).

Daily precipitation extremes have increased in parts of East Asia,
leading to more frequent and intense landslides in some mountain
areas. South East Asia has been affected by fewer but more extreme
tropical cyclones (Wang et al., 2021; IPCC AR6, 2021).

Interactions with the cryosphere are particularly pronounced in
Asia, where extensive glaciers play a vital role (Bolch et al., 2019). The
meltwater from these cryospheric reserves feeds many of Asia’s major
river systems, particularly in West Asia (Scott et al., 2019). The albedo
associated with snow and ice cover exerts strong influence on regional
energy balance, with climate change markedly impacting the
Himalayan cryosphere and subsequently affecting the discharge in
surrounding river systems and basins (Bolch et al., 2019).
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Several areas in the Hindukush-Karakoram-Himalayas have
exhibited a decline in snowfall and retreating glaciers in recent
decades (Sabin et al., 2020; IPCC AR6, 2021), but parts of the high-
elevation Karakoram Himalayas have experienced increased
wintertime precipitation (see Kapnick et al., 2014; Forsythe et al,
2017; Bolch et al., 2019; Krishnan et al., 2019; Farinotti et al., 2020; and
references therein).

Glacial retreat and permafrost thawing are evident across the
Tibetan Plateau and North Asia. Concurrently, relative sea levels
around Asia are rising faster than the global average, leading to losses
in coastal areas (Bolch et al., 2019; IPCC AR6, 2021).

2 Compound events with focus on
Asia

Most weather- and climate-related events are not isolated but
strongly coupled. For instance, droughts and heat waves often
co-occur. In June 2023, anomalously high temperatures were
witnessed in parts of India, when monsoon precipitation was
substantially lower than the long-term average (IMD, 2023). Rainfall
deficits lead to dry soils, which impede evaporative cooling of the
surface and cause increased warming (Chiang et al., 2018). Thus, the
co-occurrence of heatwaves and droughts can be termed a
compound event.

Chapter 11 of the IPCC AR6 WG broadly defined compound
events as the combination of multiple drivers and/or hazards
contributing to societal or environmental risk based on Zscheischler
etal. (2020). In this context, “drivers” refer to meteorological processes
or variables that initiate climatic events. “Hazards” are the direct
physical phenomena that result from these drivers, including floods
and heatwaves, which act as immediate precursors to potentially
negative impacts on society and the environment.

Compound events have been classified into preconditioned
events, where a weather-driven or climate-driven precondition
aggravates the impacts of a hazard; multivariate events, where multiple
drivers and/or hazards lead to an impact; temporally compounding
events, where a succession of hazards leads to an impact; and spatially
compounding events, where hazards in multiple connected locations
cause an aggregated impact (Zscheischler et al., 2020). The effective
impacts of compound or concatenated extremes, whether causally
related or not, can be much higher than the sum of individual
extremes alone.

Extreme and especially compound extreme events pose severe
risks across the board—food, water, the economy, infrastructure, and
energy (Portner et al., 2022b). For example, a prolonged heatwave
compounded by drought conditions could devastate agriculture
(Tripathy and Mishra, 2023; Dhara and Koll, 2023) and ecosystems
(Allen et al., 2010). Water scarcity not only threatens drinking water
supplies but also has ramifications for hydropower energy generation
(Eyer and Wichman, 2018). Similarly, the compounded effects of
heavy rainfall and landslides could damage critical infrastructure like
roads and bridges, hindering emergency responses and long-term
recovery efforts (Haque et al., 2019; Dave etal., 2021; Zhu et al.,, 2021).
This can also disrupt supply chains, leading to economic losses and
impacting jobs (Becker et al., 2018).

Developing countries face a greater risk from weather and climate
extremes because of higher exposure and vulnerability (Portner et al,
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2022b). According to the ARG, the largest absolute number of people
displaced by extreme weather each year occurs in South, Southeast
and East Asia (Portner et al., 2022a). South Asia, in particular, is
assessed as one of the hotspots of high human vulnerability (Portner
et al., 2022b).

Given the complexity of compound events, we have adopted the
strategy of focusing on three typologies of compound extreme events
in Asia. In each case, we identify potential meteorological / climate
drivers of an observed impact and the interactions between them.
Finally, we identify knowledge gaps that must be addressed to improve
future forecasting.

2.1 Compound flooding

In this section, we discuss the typology of compound flooding
in Asia caused by the cascading impacts of climate change. Physical
processes driving compound flooding are inherently complex and
vary widely across events. The purpose of this discussion, however,
is not to give an exhaustive list of such events in Asia. Instead,
we give a detailed account of one specific high impact event in Asia
to highlight how compound flooding in this region can emerge
from complex interactions among Earth system components.
We then briefly discuss similar events in the wider Asian context
before turning to the key knowledge gaps that hinder our
understanding of the processes involved, and our ability to predict
these events.

The case study we analyze is the extreme flooding that occurred
in Pakistan in August 2022, which was one of the largest disasters of
recent years.

2.1.1 The 2022 Pakistan floods as a compound
event

The proximate cause of the 2022 Pakistan floods was the extreme
rainfall in August 2022 (Nanditha et al., 2023; Annamalai, 2024;
https://cdpc.pmd.gov.pk). However, subsequent analysis has revealed
a more nuanced picture of how multiple interactive drivers and
hazards exacerbated this disaster (Otto et al., 2023).

2.1.1.1 Local preconditioning

Intense summer heatwaves during March-May significantly
elevated temperatures across Pakistan, accelerating glacial melt in the
northern mountainous region and increasing streamflow in the
upper tributaries of the Indus river basin (Mallapaty, 2022).
Concurrently, intense land surface heating appears to have promoted
low-pressure development over Pakistan (Otto et al., 2023) while
unusually warm north Arabian Sea SSTs led to moisture build-up
over the region (Doi et al.,, 2024; Luo et al, 2024). In addition,
extraordinarily high vapor transport over the Arabian Sea during
2022 favored the intensification and lifespan of westward propagating
monsoon low pressure systems (You et al., 2024; Otto et al,, 2023).
These drivers combined to induce early, heavy, and extreme episodes
of monsoon rainfall.

Furthermore, prolonged rainfall over several weeks caused soil
moisture to saturate, markedly increasing runoff and the likelihood of
subsequent flooding (Nanditha et al., 2023; see also Wasko and
Nathan, 2019). In other words, these events preconditioned flooding
in response to extreme rainfall.
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2.1.1.2 Temporal and spatial compounding

A sequence of drivers and hazards occurred in close succession in
and around the Pakistan region between March and August 2022 and
amplified the subsequent impacts. Prolonged heatwaves during
March-May, enhanced glacier melt in subsequent months, sustained
rainfall in July-August, followed by extreme rainfall during August
16-24 comprised temporally compounding events (Mallapaty, 2022;
Hong et al., 2023). Furthermore, the widespread nature of precipitation
concurrently affected multiple provinces such as Sindh and
Balochistan, and resulted in aggregated impacts. Therefore, the
temporal compounding involving multiple drivers/hazards in
succession was accompanied by spatial compounding of the same
hazard (sustained rainfall) experienced simultaneously by vast
regions. When extreme rainfall events occurred during 16-24 August
2022, driven by large moisture transport from the Arabian Sea, much
of it fell on already saturated soils, severely magnifying the subsequent
flooding (Nanditha et al., 2023).

2.1.1.3 Remote influence

Extreme rainfall events in the Asian monsoon region are known
to have links to global atmospheric teleconnection patterns through
dynamical tropical-extratropical couplings (Boers et al., 2019). Here,
it is worth mentioning that several major flood events in Pakistan
including the 2010 and 2022 events, have coincided with La Nifia
conditions in the tropical Pacific (see Mujumdar et al., 2012).
Persistent large-scale atmospheric circulation anomalies during La
Nina episodes characterized by westward shifts in the West Pacific
Subtropical High and atmospheric blocking in the mid-latitude jet
stream over Europe and Russia (Mujumdar et al.,, 2012; Lau and Kim,
2012; Martius et al., 2013; Ullah and Shouting, 2013; Otto et al., 2023;
Hong et al., 2023; Zhang et al., 2024). The large-scale atmospheric
circulation anomalies together with warm SST anomalies in the
tropical West Pacific and Indian Oceans during La Nifa events
enhance northward and westward transport of moisture fluxes into
the Indo-Pak region and promote deep moist convection and
increased rainfall (Priya et al., 2015; Hong et al., 2023).

2.1.1.4 Cascading impacts in remote regions

Intense rainfall events over South and West Asia can potentially
trigger multiple disasters in other parts of Asia, through a series of
interconnected drivers that can amplify the severity of disasters (Malik
etal., 2012; Tang et al., 2023; Hong et al., 2023; Zhang et al., 2024). For
example, the record-breaking heatwaves in the Yangtze River Valley
in July and August 2022 appear to have emerged from modifications
in the large-scale atmospheric circulation and the downstream Rossby
wave train, which were induced by latent heating associated with the
extreme rainfall in the Indus basin (Tang et al., 2023; Hong et al., 2023;
Zhang et al., 2024). Additionally, these studies have suggested that the
triple-dip La Nina (2020-2022) played a role in setting up these
conditions by forcing a westward extension of the Western Pacific
Subtropical High and reinforcing the atmospheric circulation patterns
that led to the extreme heatwaves. In short, compound drivers can
produce multiple impacts in widely separated regions through strong
dynamical interactions. The frequency and intensity of such cascading
events are expected to amplify in a warming world (Seneviratne et al.,
2021). Tt is therefore essential to develop effective multi-hazard early
warning systems to mitigate the increasing risk from future compound
extreme events (UNISDR, 2015; see also Sec. 3.1.5).
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The major processes, interactions, feedbacks and teleconnections ~ (Zhang Q. et al., 2023), and in Seoul, South Korea in August 2022
that played a role in the Indus River Valley compound flooding and ~ (Park et al., 2024), and in Beijing of China around 31 July 2023 (Li
the Yangtze River valley heatwave-drought events are schematically et al., 2024) have concluded that these events emerged from multi-
illustrated in Figure 1. scale dynamical processes. These highlight that, as with the 2022

Pakistan event, extreme precipitation events in East Asia emerge from

2.1.2 The wider Asian context a confluence of multiple drivers, both local and remote.
Surface measurements show that extreme precipitation events
2.1.2.1 East Asia have become more frequent and intense over the past 60 years (Do

The far-field effects of the Indo-Pacific SST anomalies on monsoon et al., 2023). There is no question that the increase in extreme
precipitation are not limited to South Asia, but extend to areas in the ~ precipitation in East Asia is due to anthropogenic warming.
Far East. For example, precipitation associated with the Meiyu in ~ However, it cannot be explained simply by increasing moisture in a
China, Baiu in Japan, and Changma in Korea, all of which are =~ warming climate, because extreme precipitation in the tropics and
important constituents of the East Asian Summer Monsoon, were ~ monsoon regions is tied to the organization of mesoscale convective
substantially enhanced during June and July 2020 (Park et al,, 2021a).  systems, embedded in synoptic and large-scale atmospheric
Heavy precipitation events also occurred in South Korea as they were  circulations (Houze, 2004; Liu, 20115 Roca et al., 2014; Roca and
associated with an enhanced and prolonged East Asian summer Fiolleau, 2020; Ayantika et al., 2024; Krishnan et al., 2024). This
monsoon (Park et al., 2021b). While persistent La Nifia conditions =~ multiscale nature makes quantitative attribution of long-term
prevailed from 2020 through 2022, the prolonged enhancement of the  precipitation trends difficult.

East Asian summer monsoon rainfall during June and July 2020 was

also influenced by the Indian Ocean SST distribution, which causeda  2.1.2.2 High Mountain Asia

southwestward extension of the subtropical high and enhanced The discussion on extreme precipitation and compound flooding
moisture transport (Takaya et al., 2020). In fact, the triple-dip La Nifia  in Asia is incomplete without considering the unique hazards posed
from 2020 through 2022 (Li et al., 2023) was preceded by an extreme by Glacial Lake Outburst Floods (GLOFs) in the unique and fragile
positive Indian Ocean Dipole (IOD) in 2019 (Ratna et al., 2021) that ~ High Mountain regions of Asia. GLOFs represent a significant threat
caused record-breaking extreme precipitation over the Kyushu Island  in mountainous regions, where increased melt from glaciers due to
in Japan in July 2020 (Horinouchi et al., 2021), as well as extreme  warming leads to the formation and expansion of glacial lakes
monsoon precipitation over western India (Ayantika et al., 2024;  (ICIMOD, 2023). The resulting GLOFs can have devastating impacts
Krishnan et al., 2024) that lasted for several days over both locations. ~ on downstream populations.

The long-lasting nature of precipitation over the Kyushu Island during Formation of glacial lakes due to increased melting of glaciers in
2019 resulted from the combined effects of the overall shift of the Baiu ~ a warming climate and their subsequent expansion represents a major
subtropical front and a particular phase of the wave train of the Silk-  flooding hazard that can result from GLOFs, threatening large
road teleconnection (Horinouchi et al., 2021). These studies suggest ~ populations in High Mountains Asia (HMA; Bajracharya et al.,, 2007;
that the heavy precipitation events in East Asia can result from  Taylor et al., 2023; Zhang T. et al., 2023; Shrestha et al., 2023; Dubey
temporally compounded events across multiple spatial scales. etal., 2024). For example, the breaching of the South Lhonak Glacial

Studies of other major events such as the catastrophic precipitation ~ lake in Sikkim, India, in early October 2023 killed more than 40
event in Zhengzhou City, Henan Province of China, in July 2021  people and left 75 reported missing, while washing away many bridges

Intensified Walker circulation

{ e
e MO!sgure transport

=P ). > - | § v, n
_Negative 1003 b R N B

FIGURE 1

Schematic of the 2022 Pakistan flood event: local pre-conditioning, remote influence and its cascading impacts. The inset shows the local processes,
glacier melt (thick blue-white arrow) from Northwest Himalaya, heavy rainfall, and moist soil (dark green shading) causing floods over Pakistan (white
contour). The large-scale features include intense moisture transport (black arrows) from Tropical Pacific and Arabian Sea induced by an intense La
Nifia, a negative IOD, and an unusually warm Arabian Sea. Westward propagating low pressure system (magenta circle with “L") further aided the
moisture influx. "H" indicates upper level high associated with the atmospheric teleconnection pattern causing heatwaves over Europe, and China
during the same period.

Frontiers in Climate 05 frontiersin.org


https://doi.org/10.3389/fclim.2024.1504475
https://www.frontiersin.org/journals/climate
https://www.frontiersin.org

Krishnan et al.

and roads (Chettri, 2023). GLOF risk is expected to increase in the
future (ICIMOD,
transboundary events with cross-border impacts, e.g., a glacial lake

2023), also increasing the potential for

may lie within the borders of one country, but the main impact of a
GLOF event may be across the border in another country. For
example, the 2016 GLOF in the Bhote Koshi River that occurred when
a moraine-dammed lake burst in the Zhangzangbo River basin, a
primary tributary of the Poiqu/Bhote Koshi River in China that
substantially damaged the 45 MW Upper Bhote Koshi Hydropower
project in Nepal (Bruen et al., 2017). Detailed investigations are
needed to understand the mechanisms that cause breaches in glacial
lakes, which can help in developing early warning systems (Sattar
etal, 2019) particularly in transboundary basins.

The Melamchi disaster in Nepal’s Sindhupalchowk district in June
2021 illustrates the complex, cascading nature of such events. High
rainfall, GLOFs, landslides, and landslide dam outburst floods
combined to amplify the disaster’s scale, killing at least five people,
with 20 people reported missing, and also causing substantial
economic losses (Maharjan et al., 2021; Adhikari et al., 2023). These
complex cascading disasters are becoming more common in the
Hindu Kush Himalayan region (Zhang T. et al., 2023). It is crucial to
integrate the study of GLOFs into the broader context of extreme
precipitation and events

compound  flooding to develop

comprehensive mitigation strategies.

2.1.3 Key knowledge gaps
Some of the key knowledge gaps pertaining to climate change
induced compound flooding in the Asian region are presented below.

2.1.3.1 Challenges in modeling and attributing extreme
precipitation/flooding events to climate change

Extreme event attribution aims to elucidate the link between
global climate change, extreme weather events, and loss and damage
due to anthropogenic climate change; this allows disentangling natural
drivers of extreme weather from human-induced climate change (see
Clarke et al., 2022). However, several challenges hinder our ability to
attribute specific extreme events to anthropogenic climate change.

A significant challenge is the lack of high-quality, high-resolution
historical and real-time data for soil moisture, precipitation, and other
variables in many parts of Asia. The lack of high-quality data and long-
term climate records in many parts of Asia hinders accurate
assessment of past extreme events, climate model validation, and the
ability to distinguish natural variability from human-induced changes
(Clarke et al., 2022; Otto, 2017).

Another challenge is the limitations of climate models. A study by
Doi et al. (2024) on the failure of models to forecast the extreme
Pakistan rainfall events in 2022 found that one of the reasons for the
failure was that models did not correctly simulate the anomalously
high Arabian Sea SSTs that persisted during the summer. In addition,
current climate models face major challenges in accurately simulating
the magnitude, location and timing of extremely heavy precipitation
events, especially convective systems critical in monsoon regions
(Stevens et al., 2024).

2.1.3.2 Challenges related to the complex spatial and
temporal variability of the Asian monsoon

A major source of uncertainty in the attribution of extreme
precipitation events in the Asian monsoon region is that these events
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are strongly influenced both by internal dynamics, and by large-scale
teleconnections (Boers et al., 2019). The Asian monsoon rainfall
exhibits complex spatial and temporal variability due to strong links
with modes of natural variability like ENSO and IOD (IPCC ARe6,
2021, Technical Annex). On the one hand, these linkages contribute
significant interannual variability to monsoon precipitation, with El
Nifio events generally leading to weaker monsoon rainfall and La Nifa
events enhancing it. This temporal variability is further influenced by
the Pacific Decadal Variability (PDV), which affects the monsoon’s
strength and precipitation patterns over decadal timescales.

On the other hand, a deeper question that arises is how these
modes of variability might themselves respond to climate change—a
scientific issue that is not well understood. Several state-of-the-art
climate models show a weakening of the Pacific Walker circulation
and a El Nifno-like SST response to global warming (Vecchi and
Soden, 2007; Collins et al., 2013). However, more recent studies
suggest that the response of the mean state of the tropical ocean-
atmosphere coupled system to global warming is more likely to
produce a La Nifa-like regime in the Pacific with stronger zonal SST
gradient (i.e., warmer west and colder east) and intensified
atmospheric Walker circulation (Seager et al., 2019; Douville et al.,
20215 Kalik et al., 2024). This, in turn, raises the question about the
role of climate change in shaping the evolution of specific La Nifia
events such as 2010, 2022 and subsequently their impacts on extreme
monsoon precipitation events over the Asian region.

Uncertainty also persists in historical trends in midlatitude
circulation patterns and the relative influence of forced and natural
variability (Francis et al., 2017; Francis, 2017; Cohen et al., 2020)
posing challenges to projecting future circulation change (Shepherd,
2014; Kornhuber and Tamarin-Brodsky, 2021).

2.1.3.3 Challenges due to inadequate data coverage

Sparse historical data collection in remote regions, such as the
Himalayan ranges, limits the ability to understand the complex
processes driving extreme events. Large observational spread,
particularly in in-situ, satellite, and gridded precipitation datasets over
the Third Pole and Pakistan region, impedes the evaluation of
km-scale model simulations thus limiting advancements in
understanding the hydroclimate of this critical region (Collier et al.,
2024). Additionally, there is a paucity of in situ observations over
many regions due to sparse station network (Shrestha et al., 2015),
which hampers the understanding and prediction of extremes. High-
resolution, real-time precipitation, and soil moisture datasets are
essential for accurate forecasting and risk management but are
unavailable in many regions of Asia. There is also a lack of functional
early warning systems in transboundary basins.

2.2 Compound heatwave-drought events

Heatwaves are another class of climate extremes pertinent to Asia.
In 2018, East Asia experienced an unusually hot summer (Tao and
Zhang, 2019; Shimpo et al., 2019; Ha et al., 2020). Daily temperatures
reached 37.3°C in Shenyang, Northeast China; 41.1°C in Kumagaya,
north of Tokyo, Japan; and 41.0°C in Hongcheon, South Korea. The
heatwave in South Korea broke the country’s historical record,
resulting in 4,526 heat-related illnesses and 48 heat-related deaths (Ha
et al., 2020). The heatwave in eastern Japan, which followed heavy
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rainfall in the western part of the country, also set the highest
temperature record (Shimpo et al., 2019).

Similar heatwaves have also been observed in South Asia, affecting
millions in the region (Aadhar and Mishra, 2023 and references
therein). In the 2022 pre-monsoon season, a highly anomalous
heatwave occurred as described in section 2.1.1 (Aadhar and Mishra,
2023). It affected about 60% of South Asia over a five-week period
from late February to April 2022, with temperatures nearly 4°C above
normal over a wide area (Aadhar and Mishra, 2023).

In Southeast Asia, observations from the 1980s to 2010s indicate
significant upward trends in the frequency and duration of heatwaves
over most areas, as regional temperatures have increased and
influenced by El Nifio events (Dong et al., 2021; Li, 2020; Li et al,,
2022). Furthermore, heatwaves defined by daily minimum
temperatures have high increasing trends, which can have serious
impacts on mortality rates (Li, 2020; Li et al., 2022).

2.2.1 Compound heatwave-drought: trends and
projections

Heatwaves often occur concurrently with droughts, leading to
compound heatwave-drought events (CHDEs). The CHDEs are more
disastrous than standalone heatwave events (Wang et al., 2020;
Zscheischler et al., 2020). For instance, they can contribute to the
onset of wildfires and rapidly developing droughts, exacerbating the
impacts on ecosystems, agriculture, and water resources.

Wang et al. (2020) performed an attribution study to conclude
that the rise in anthropogenic greenhouse gas emission has
significantly driven the frequency and intensity of summertime
compound hot extremes across the Northern Hemisphere from 1960
to 2012. They further projected an approximate eightfold increase in
the frequency and a threefold increase in the intensity of these
extremes by 2,100 under unabated greenhouse gas emissions. This
increase in compound hot extremes has profound implications for
future population exposure, with a four to eightfold increase in
exposure projected by the end of the century. Asia has also witnessed
a rising trend in compound dry extremes with East, South, and
Southeast Asia identified as hotspots (Abella and Ahn, 2024).

2.2.1.1 East Asia

CHDE:s in East Asia have become more frequent during the last
few decades, especially over northern East Asia (Kong et al., 2020; Yu
and Zhai, 20205 Seo and Ha, 2022). Kong et al. (2020) highlighted a
significant increase in the frequency of concurrent drought and
heatwave events in Eastern China, particularly noting that these
events are more common in the north and south of the region. The
positive dependence between droughts and heatwaves has exacerbated
the occurrence of these compound events, primarily driven by the
increase in heatwave occurrences. Yu and Zhai (2020) reported that
CHDEs in northern East Asia have become more frequent,
widespread, and persistent since the 1990s. Seo and Ha (2022)
attributed the rising CHDE occurrences to enhanced land-atmosphere
interactions through strengthened soil moisture-temperature
coupling. They found that persistent soil moisture deficits have
amplified surface warming and intensified heatwaves, particularly
over the past two decades.

Reconstructions of heatwaves and soil moisture for the past
260 years by Zhang et al. (2020) showed an abrupt climate shift
towards a hotter and drier climate over inner East Asia in the 1990s.
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They suggested that the magnitude of recent CHDEs is unprecedented
over the past quarter of a millennium, highlighting the severity of the
current climate crisis.

These findings collectively highlight the critical need for enhanced
understanding and proactive management of CHDEs to mitigate their
adverse impacts on agriculture, ecosystems, and human health in
the region.

2.2.1.2 South Asia

In the South Asian context, CHDEs have also shown an increasing
trend in India. Sharma and Mujumdar (2017) have identified an
alarming increase in the concurrent occurrence of meteorological
droughts and heatwaves across India, particularly since the 1980s.
Guntu and Agarwal (2021) revealed that the frequency of CHDEs in
India has increased by 1-3 events per decade from 1977 to 2019
compared to the base period of 1951-1976. This increase is particularly
notable in north-central India, western India, north-eastern India, and
along the south-eastern coastlines. A study by Ganguli (2023) has
found that urban areas across India have witnessed a significant
increase in compound hot and dry spells, with a median 6-fold
amplification in their joint frequencies relative to the expected annual
number of local (univariate) 50-year severe heatwave episodes.

Mishra et al. (2020) analysed climate projections under the high-
emission scenario and reported a 1.5-fold increase in the frequency of
concurrent hot and dry extremes in India by the end of the 21st
century, despite an overall increase in projected precipitation Mishra
etal. (2020). However, this paradoxical increase in CHDEs, despite the
projected precipitation rise, is not well understood. For example,
Ganeshi et al. (2023) analysed the impact of soil moisture
perturbations on temperature extremes over India for the historical
period (1951-2010) and future (2051-2100) under a 4 K warming
scenario and reported that more than 70% area of the Indian landmass
experienced significant changes in the characteristics of temperature
extremes due to soil moisture perturbations. Ganeshi et al. (2023)
noted that the impact of soil moisture perturbations is particularly
large over north-central India, a regional hotspot for strong soil
moisture -temperature coupling, where precipitation and soil moisture
anomalies can significantly revamp the frequency, duration and
intensity of extreme temperatures by modulating surface energy
partitioning, evapotranspiration and soil moisture memory. Clearly
further studies are warranted to better understand the future
behaviour of CHDEs over the South Asian region, especially in view
of the projected increase in the regional monsoon precipitation during
the 21* century, with increased variability (Wang et al., 2021; Masson-
Delmotte et al., 2021).

2.2.1.3 Southeast Asia

Global-scale analysis has identified Southeast Asia, among other
regions in Asia, where warm season CHDEs have become more severe
and more frequent, associated with a significant increase in
temperature (Hao et al., 2018; Hao et al., 2022). However, there is
currently very limited regional-scale analysis of CHDEs in this area.
Abella and Ahn (2024) estimate an approximate return period of less
than 2 years for CHDE over mainland Southeast Asia.

2.2.2 Drivers and mechanisms of CHDEs

The mechanisms behind the occurrence and change in CHDEs
over the Asian continent are still not fully understood. East Asian
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CHDE:s are often influenced by the anticyclonic circulation anomalies
which are modulated by zonally propagating Rossby waves originating
from Eurasia, such as the Silk Road pattern (Zhang and Zhou, 2015;
Noh et al., 2021). In addition to large-scale atmospheric circulation
patterns, local SST and soil moisture anomalies also play a role in the
development of CHDEs (Ni et al., 2024, and references therein).

As addressed above, and in other studies on CHDEs (Schumacher
et al, 2022; Hao and Singh, 2020), the role of soil moisture-
temperature coupling has been identified as an important driver of
CHDEs over India (Rajeev and Mishra, 2022; Guntu et al., 2023;
Ganeshi et al,, 2023) and northern East Asia (Seo and Ha, 2022). Soil
moisture depletion—pre-conditioned by precipitation deficits—
reduces evaporative cooling, creating a feedback loop that amplifies
both hot and dry conditions. Guntu and Agarwal (2023) reported that
low soil moisture is responsible for 55-65% of CHDE occurrences
in India.

Studies have emphasized the key role of land-atmosphere
feedbacks in the intensification and propagation of CHDEs (Miralles
etal, 2019; Wang et al., 2020). Miralles et al. (2019) highlighted that
the surface energy partitioning shifts towards sensible heat flux as soil
moisture decreases, leading to higher temperatures. In addition, they
point to ecosystem-specific responses to drought and heatwaves.
Forests, for instance, may initially buffer against extreme temperatures
due to their deeper root systems and higher water use efficiency, but
they can also contribute to prolonged drought conditions by
maintaining high transpiration rates until soil moisture is severely
depleted. This complex interplay between different land cover types
and their respective feedbacks on the atmosphere is crucial for
understanding the full dynamics of CHDEs. The interaction of these
feedbacks with large-scale atmospheric patterns and local anomalies
forms a complex system that is still being unravelled.

2.2.3 Key knowledge gaps

Given that climate extremes in East Asian and South Asian
countries share common characteristics, regional collaborations are
Such
collaborations require unrestricted access to regional datasets across

essential for effectively addressing these challenges.
borders. As highlighted by Zhang Q. et al. (2023), only a few percent
of surface observations are currently shared with the global system.
This limited data sharing hinders the ability of researchers to fully
understand the mechanisms underpinning CHDE occurrence, and
their trends in the region.

One of the primary data gaps is the lack of high-resolution in-situ
observations, which are crucial for capturing the detailed spatio-
temporal evolution of localized temperature and precipitation
extremes (Li et al., 2022). High-resolution gridded datasets, such as
APHRODITE (Asian Precipitation—Highly-Resolved Observational
Data Integration Towards Evaluation; Yatagai et al., 2012), need to
be updated and extended to provide more comprehensive coverage.
Furthermore, there is a significant need for long-term temperature,
precipitation, and soil moisture data to improve the monitoring and
prediction of CHDEs. Unrestricted access to satellite datasets is
also essential.

Several scientific gaps also need to be addressed to improve our
understanding and prediction of CHDEs. The driving mechanisms of
CHDEs are still not well understood, and models often fail to
accurately represent the complex land-atmosphere feedbacks that
drive these extremes (Miralles et al, 2019). For instance, the
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representation of vegetation responses to drought conditions, such as
stomatal conductance and root depth variability, is often oversimplified
in models (Kala et al., 2016). This would limit the efficacy of models,
for instance, in capturing the implications of land-use change, such as
deforestation and urbanization, for CHDE occurrence. Future changes
in East and South Asian compound extreme events remain uncertain,
adding to the complexity of preparing for these events. Moreover,
current operational models struggle to predict extreme events
accurately on subseasonal-to-seasonal timescales (Kong et al., 20205
Domeisen et al., 2022).

Miralles et al. (2019) also highlight the importance of
understanding “teleconnected land-atmospheric feedbacks” and event
self-propagation, in which extremes in one region can trigger extremes
in another region through atmospheric interactions. This concept of
self-propagation adds another layer of complexity to predicting and
managing CHDEs, as it requires a comprehensive understanding of
both local and remote feedback mechanisms. For example, the drying
of soil and vegetation in one region can reduce moisture availability
for downwind areas, leading to drought conditions in those regions.
This is another example of “cascading impacts in remote regions”
alluded to in Section 2.1.

These limitations in observations and models highlight the need
for integrated and enhanced observational and modeling approaches
that can improve understanding of processes underpinning CHDEs,
and capture the full spatial and temporal extent of these extreme events.

2.3 Compound ocean events

Compound ocean events emerging from interactions between
long term warming, marine heatwaves (MHW), tropical cyclones
(TC), and extreme sea levels (ESL) are becoming increasingly
common in the tropical Indian Ocean, threatening marine ecosystems
and coastal communities.

In May 2020, a strong MHW, with sea surface temperature
anomalies >2.5°C, occurred in the Bay of Bengal, facilitating the rapid
intensification of the tropical cyclone Amphan (Rathore et al., 2022).
The cyclone-induced storm surges led to extreme sea levels and
extreme precipitation, resulting in a compound flooding event,
inundating the coastal districts of India and Bangladesh, causing
deaths and displacement along with widespread environmental and
agricultural damages (Basheer Ahammed and Pandey, 2021).
Understanding these compound ocean extremes is therefore crucial
for predicting and mitigating the risks associated with climate change.

2.3.1 Context: changes in the ocean state

The tropical Indian Ocean, due to its geographic configuration
and the influence of seasonally reversing monsoon winds, is one of the
fastest-warming ocean basins globally, with a basin-wide surface
warming rate of 0.12°C per decade since 1950 (Alory and Meyers,
2009; Swapna et al., 20205 Roxy et al., 2020, 2024). This accelerated
warming has amplified multiple hazards, including extreme monsoon
rainfall (Krishnan et al., 2015; Roxy et al., 2017), severe tropical
cyclones, and extreme sea levels. In addition, marine heatwaves
(MHWs), which are periods of hot oceanic temperatures above the
90" percentile for at least 5 days, in the tropical Indian Ocean are
amplifying the intensity of tropical cyclones, resulting in devastating
impacts in coastal areas (Rathore et al., 2022).
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A consequence of the accelerated warming of the tropical Indian
Ocean is the rapid increase in thermosteric sea level in the basin
(Srinivasu et al., 2017; Swapna et al., 2017), which is estimated to have
risen at a rate of about 5.5 mm yr.”! between 2013 and 2020 (Sreeraj
etal., 2022)—about 15% higher than the rate of global mean sea level
rise (WMO, 2022).

Sea level variations in the Indian Ocean are modulated by modes
of climate variability like El Nifio Southern Oscillation (ENSO),
Pacific Decadal Oscillation (PDO), Indian Ocean Dipole (IOD), and
also decadal variability in the strength of monsoon winds and
associated ocean heat transport, etc. (Swapna et al., 2017, 20205 Jyoti
et al., 2019). Global and Indian Ocean sea levels are projected to
increase further with continued ocean warming (Fox-Kemper
etal., 2021).

2.3.2 Compound events associated with marine
extremes

The rapid warming of the Indian Ocean has resulted in several
cascading and compound extremes. The combined effects of rapid
ocean warming and increase in MHWs in the tropical Indian Ocean
during the past four decades (Saranya et al., 2022; Chatterjee et al.,
2022) have resulted in compounding impacts on coral bleaching and
marine ecosystems (Collins et al., 2019; Smith et al, 2023),
modulation of the seasonal monsoon rainfall (Saranya et al., 2022),
and intensification of TCs (Murakami et al., 2017; Swapna et al,,
2017, 2022; Balaji et al., 2018; Deshpande et al., 2021), which are
experiencing rapid intensification in recent times (Singh et al., 2021;
Rathore et al., 2022). These trends are projected to persist with future
warming, with TC intensity, including wind speeds, rainfall rates,
and storm surge, projected to amplify (Masson-Delmotte
etal., 2021).

Mawren and Hermes (2022) found that, over the southwest Indian
Ocean, a high percentage of pre-existing MHWSs help strengthen
tropical cyclones as they pass over the MHW region but an even
higher percentage of the cyclones tend to weaken or end the MHW s
after they both co-occur. In the western North Pacific and the Atlantic
basins, Choi et al. (2024) found that the maximum lifetime intensity
of tropical cyclones formed during MHW's was 35.4% stronger, and
also that enhanced latent heat flux during MHWs led to higher
precipitation. Interactions between MHWSs and TCs are, therefore,
complex and can be classified as multivariate compound events, where
the combination of drivers results in greater risks than would occur
from individual hazards alone (Zscheischler et al., 2020).

Storm surges associated with intense TCs in combination with sea
level rise and astronomical tides, can generate extreme sea levels
(ESL)—a form of compounded ocean events that can exacerbate the
severity of coastal flooding. For example, storm surge of the extremely
severe cyclonic storm Tauktae in the Arabian Sea in 2021 led to ESL
conditions along India’s west coast (Sreeraj et al., 2022). Studies have
reported increased frequency and intensity of ESL globally
(Vousdoukas et al., 2018; Kirezci et al., 2020; Tebaldi and Debeire,
2021). In the Indian Ocean context, Sreeraj et al. (2022) found that
there has been a 2-3 fold increase in ESL occurrence since 1970, with
higher risk along the Arabian Sea coastline and the Indian Ocean
Islands, which is primarily attributable to rising mean sea level. The
IPCC ARG has assessed that ESL events that previously occurred once
in 100 years could occur annually or more frequently by the end of
this century under all scenarios.
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TCs can also be associated with other forms of compounded events
such as compound precipitation-wind extremes and compound
flooding. Rajeev and Mishra (2023) analysed 94 TCs making landfall
over India between 1981 and 2021 and found an increase in TCs
exhibiting compound extremes during the most recent decade (2011-
2021). Additionally, they found that the spatial extent of regions affected
by these extremes has expanded significantly, heightening the risk to
coastal infrastructure and human lives. Another study has highlighted
higher flood risk from cyclones during the post-monsoon season in
India, when soil moisture levels are higher (Rajeev and Mishra, 2022),
representing a preconditioned compound event, where the antecedent
soil moisture conditions amplify the flooding impact of the TC.

2.3.3 Key knowledge gaps

Despite advances in our understanding of individual marine
extremes, the interactions between MHWS , tropical cyclones, and ESL
events remain understudied. Forecasting of compound ocean
extremes is still at a nascent stage.

2.3.3.1 Challenges in process-understanding and
modeling

Cyclone track forecasts have improved remarkably in past decades
(Zhao et al, 2017), however, the forecast of their intensity,
intensification rates, and maximum intensity remains a big challenge
with slow progress during the past few decades. Models are also
significantly limited in their ability to simulate local convection and
mesoscale convective systems (Ridder et al., 2021).

There is sparse research on the impacts of MHW:S in the Indian
Ocean (Saranya et al., 2022), and comprehensive studies are needed
to better understand their interactions with TCs. The representation
of complex topography and ocean dynamics along the Indian Ocean
coastline is not well captured in models posing challenges to studies
of coastal sea level rise.

2.3.3.2 Challenges due to inadequate data coverage

While observing and understanding the state of the Indian Ocean
and its influence on climate and maritime resources is of critical
importance to the populous nations that rim its border, major gaps
in the Indian Ocean Observing System have affected the monitoring
and forecasting of regional climate in recent times (Sprintall et al.,
2024). Moreover, the lack of long-term, high-frequency data on
marine physical and biogeochemical variables has been a major
limitation for quantifying heat exchange and ecosystem processes in
the Indian Ocean and associated compound extremes (Talley et al.,
2016; Roemmich et al., 2019; Sprintall et al., 2024).

3 Recommendations

Given the
recommendations need to consider both (1) strategies to advance the

challenges posed by compound events,
science of compound events (i.e., for addressing deficiencies in data
and understanding), and (2) strategies for enhancing the practice of
science toward the goal of translating cutting-edge science and
technology towards useful and robust climate information to underpin
more effective risk management interventions.

We elaborate on our key recommendations below, with a

summary given in Figure 2.
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3.1 Advancing scientific understanding

In an important paper, Emanuel (2020) suggested the need for a
balanced approach of using models, observations and theory in order
to advance research in atmospheres, oceans and climate. This concept
paper recognizes and appreciates the value of the aforementioned
approach, and asserts that an integrated Earth System approach is
necessary towards addressing the key knowledge gaps pertaining to
compound weather and climate extremes. With this perspective, it is
essential to develop a strategy for monitoring, quantifying, and
forecasting compound extremes in the Asian context. Recent
recommendations from the climate modeling community (Stammer
etal., 2024) emphasize the need for integrated approaches combining
Earth system modeling, data assimilation (DA), and machine learning
(ML) to improve our understanding of complex climate processes.

The first step would be to prepare a list of Essential Climate
Variables (ECVs) relevant to this region. In this connection, there are
already ongoing efforts to develop ECV inventories for the globe, and
across Asia, using satellite measurements and in-situ observations.
For example, https://gcos.wmo.int/en/essential-climate-variables/
table, https://nices.nrsc.gov.in/ecv/ecv.php, https://earth.jaxa.jp/en/
carthview/2020/11/30/2961/index.html. Monitoring ECVs and
improving forecasts will require several advances in data collection
and sharing, process understanding, and model improvement as
we detail below.

10.3389/fclim.2024.1504475

3.1.1 Enhance observational networks
To improve our understanding of compound events, it is crucial
and enhance observational networks

to expand across

various domains.

3.1.1.1 Asian land region

In High Mountain Asia, it is essential to improve earth system
observations by enhancing real-time monitoring of glacier mass
balance, glacier lakes, surface temperature, precipitation, mesoscale
convective systems, atmospheric and land surface variables, river
flows, and water availability.

Continuous monitoring of the spatio-temporal evolution of
precipitation, surface temperature, soil moisture, glaciers and
mesoscale convective systems, etc., using satellites, radars and ground-
based observational networks together with high resolution weather
and climate models are critical for improving forecasts of compound
flood and drought events.

In order to improve the predictability of the Asian
hydroclimatological system, it is essential to understand the
physical processes, land-atmosphere interactions, and multiscale
interactions associated with the diverse hydroclimatic conditions
of the Asian continent through field campaigns, satellite
observations, and high resolution model experiments (Terao
et al., 2023).
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3.1.1.2 Oceanic region

Enhancement of observational networks in the ocean context
includes the following: (1) Continuous monitoring of sea level along
the Indian Ocean coastline with increased density of GPS co-located
tide gauges for accurate and high-resolution measurements of mean
and extreme sea levels (2) Augmenting and strengthening the network
of in situ moorings such as the Research Moored Array for African-
Asian-Australian Monsoon Analysis and Prediction (RAMA) and
Ocean Moored buoy Network for the Northern Indian Ocean
(OMNI), needed to continuously monitor the ocean subsurface and
evolution of marine heatwaves (MHWs) at high temporal resolution
in the Indian Ocean. This observing system should include deploying
more subsurface floats and autonomous vehicles equipped with
temperature, salinity, and current sensors. (3) Continuous monitoring
of ocean biogeochemistry, coastal circulation, hydrology and
freshwater fluxes from land in order to assess the impacts of
compound extremes on ocean and coastal ecosystems.

The implementation of low-cost buoy technology, as described by
Liu et al. (2022), may dramatically reduce the cost of ocean
observation. Lastly, there is a need to expand hazard data collection
and real-time access across all domains to support comprehensive
monitoring and early warning systems.

3.1.2 Advances in theory

Advancing theoretical understanding of compound events is
crucial for improving our ability to predict and mitigate their impacts.
In particular, it is essential to develop a hierarchy of models of varying
complexities that can facilitate predictive understanding of how global
climate change can alter the atmosphere-ocean-land-cryosphere
coupled system, particularly the large-scale tropical Walker and Hadley
circulations, the Asian monsoon circulation, large-scale SST gradients
and organization of tropical convective systems, which are central to
monsoon precipitation extremes over Asia (Held, 2005; Seager et al.,
2019; Douville et al., 2021; Kalik et al., 2024; Krishnan et al., 2024).

Moreover, focused research on the mechanisms driving
compound events, including interactions between MHWs,
tropical cyclones, and extreme sea levels, is necessary in the Asian
region. Increased research efforts are needed to develop a
mechanistic understanding of compound events, focusing on the
interactions between different climate processes and drivers, such
as tropical-extratropical interactions, soil moisture-temperature
feedbacks, and atmosphere-cryosphere interactions in the Third
Pole (see Figure 1).

A key area requiring attention is the understanding of wave effects
on air-sea fluxes and their role in the intensification of tropical
cyclones (e.g., Zhao et al,, 2017, 2022). Air-sea fluxes are turbulent
processes that play a crucial role in the forecasting and prediction of
weather and climate extremes. However, our scientific understanding
of air-sea fluxes is quite limited. Scientific experiments and
improvements in physical process-based parametrizations are needed
to address this knowledge gap.

3.1.3 Improve modeling capabilities

Advancing modeling capabilities is crucial for better understanding
and predicting compound events. Current generation climate models
can represent extreme weather and climate events at large to regional
scales, but capturing extremes at highly local scales remains a challenge
(Ummenhofer and Meehl, 2017; Williams et al., 2024). High resolution
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climate models with improved representation of moisture fluxes and
diurnally varying SST can significantly improve large-scale circulation
and extremes (Haarsma et al., 20165 Bao et al., 2020; Li et al., 2024;
Song et al,, 2024) and have been shown to reduce systematic biases in
climate models (Moreno-Chamarro et al., 2022).

Over the Asian region, increasing model resolution improves the
spatial distribution and intensity of monsoon rainfall (Sabin et al.,
2013; Krishnan et al., 2015; You and Ting, 2023). As moist physical
processes play a major role in modulating tropical climate, a realistic
representation of interactions between clouds and large-scale
circulation is necessary to accurately predict and project
hydroclimatic extremes over South and East Asia. This can
be achieved through climate simulations using global storm-
resolving/K-scale climate models (Bony et al., 2015; Satoh et al., 2019;
Takahashi et al., 2020).

Recent studies have shown that K-scale models that resolve small-
scale orography and cloud processes can generate realistic simulations of
circulation, ITCZ, equatorial waves, Asian monsoon, tropical cyclones,
intense precipitation characteristics, meso-scale eddies and Arctic sea ice
leads (van Niekerk et al., 2018; Judt and Rios-Berrios, 2021; Rackow
etal, 2024; Takasuka et al., 2024). Greenhouse gas warming simulations
using storm-resolving models provide enhanced regional information
on projected changes in tropical cyclones, extremes, and hydroclimatic
teleconnection patterns (Moon et al., 2024).

Approaches to understand and project compound extremes over
the Asian region should include climate-scale simulations using ultra-
high resolution models for present and future climatic states. Projects
like Horizon 2020 Next Generation Earth Modelling Systems
(nextGEMS), Flagship Pilot Study (CORDEX-FPS) Convection-
Permitting Third Pole (CPTP; Prein et al., 2023), “Ocean to climate
Seamless forecasting System (OSF)” under UN Ocean Decade, and
Earth Visualization Engine (Stevens et al., 2024) can reliably quantify
how climate will change on a global to local scale and transform our
understanding of local hazards and their impacts.

In addition to high-resolution simulations, there is a need to
enhance hydrological models to accurately represent the interactions
between different components of the water cycle, which are critical for
predicting compound flooding events. Ocean models, particularly for
improving MHW predictions, also require enhancement.

The development of new generation tropical cyclone models with
improved air-sea flux representations is crucial. Coupling surface
waves into Tropical Cyclone Models can pave a new way to improve
the forecasting ability of TCs (Zhao et al., 2022; Babanin, 2023).
Creating integrated models that couple atmospheric, oceanic, surface
wave, and land surface processes will better simulate compound
events. This includes improving the representation of soil moisture-
temperature coupling and air-sea fluxes in models.

To better quantify uncertainties and improve the predictability of
compound events, increased use of large ensemble simulations is
recommended. This approach helps in understanding the range of
possible future outcomes under different climate scenarios. Improving
subseasonal-to-seasonal forecasting capabilities for extreme events is
also crucial, involving the development of better initialization
techniques and data assimilation methods to enhance model accuracy.

Accelerating efforts towards generating Earth System Reanalysis
datasets, including energy, water, carbon, and biogeochemical cycles, will
also help support Earth system model improvement (Stammer
etal., 2024).
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3.1.4 Use of AI/ML

Artificial Intelligence (AI) and Machine Learning (ML) methods
offer transformative potential in understanding and predicting
compound extreme events. These advanced computational techniques
can process vast amounts of high-resolution data from various sources
to identify patterns that might go unnoticed with traditional methods
(McGovern et al., 2017). By leveraging these capabilities, Al and ML
can potentially help create more accurate forecasting models for
anticipating the occurrence and impact of compound extreme events
(Huntingford et al., 2019; Kochkov et al., 2024).

AI/ML techniques excel at integrating diverse datasets—ranging
from satellite imagery and reanalysis, to historical climate records—
making them ideal for tackling the complex, interconnected nature of
compound extremes (Karpatne et al., 2019). This holistic approach
allows for the identification of correlations and interactions between
different climate variables, providing a deeper understanding of the
triggers and propagation of extreme events (Zscheischler et al., 2018).

The application of AI in climate science also enables the
development of more sophisticated early warning systems. These
systems can help provide timely alerts to communities and decision-
makers, potentially saving lives and reducing economic losses (Shi
etal, 2015). Furthermore, Al-driven simulations can help in scenario
planning, allowing policymakers to explore the potential outcomes of
different climate adaptation strategies and their effectiveness in
mitigating the impacts of compound extremes (Ise and Oba, 2019).

However, the success of AI/ML applications in this field heavily
depends on the quality and quantity of available data. Policymakers
should prioritize investments in high-resolution data collection
systems, particularly for soil moisture, oceanographic conditions, and
atmospheric variables (AghaKouchak et al, 2020). This data
infrastructure is crucial for training robust AI models and improving
the accuracy of predictions.

In conclusion, the integration of AI and ML techniques into
climate science represents a significant opportunity to enhance our
understanding and prediction of compound extreme events.
Policymakers can leverage these insights to craft more comprehensive
climate action plans, emphasizing the importance of data availability
and technological innovation in improving preparedness strategies
and building resilience against the growing threats posed by climate
change (ECMWE, 2021).

3.1.5 Early warning systems with multi-hazard
impact based forecasts

Strengthening early warning systems (EWS) for compound
events is critical for effective disaster risk reduction, particularly in
regions frequently affected by multiple hazards such as those in
Asia (e.g., Sahoo and Bhaskaran, 2018). To achieve this, it is
essential to strengthen Multi-Hazard Early Warning Systems
(MHEWS) at both national and regional levels. This involves
enhancing cross-border data sharing and technical cooperation
through regional initiatives like the Regional Integrated Multi-
Hazard Early Warning System for Africa and Asia (RIMES), which
supports member countries in establishing and maintaining robust
MHEWS (UNDRR and WMO, 2023). In the Asian context,
Bangladesh’s Cyclone Preparedness Programme (Haque et al., 2022)
and Japan’s J-Alert emergency broadcast system are examples of
successfully implemented EWS.

Impact-Based Forecasting can provide more actionable warnings,
going beyond traditional hazard predictions by forecasting potential
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impacts, enabling decision-makers and communities to take
preemptive actions (UNDRR and WMO, 2023; van den Hurk et al,,
2023). Integrating “compound thinking, i.e., the awareness,
consideration, and improved representation of compound impact-
drivers, into impact-based forecasting models can significantly
improve risk assessments and preparedness strategies (van den Hurk
et al., 2023; Stalhandske et al., 2024).

Making early warning systems more people-centered, and
embedding community-based disaster preparedness activities within
MHEWS, can empower local populations to respond swiftly and
effectively to early warnings (Aguirre-Ayerbe et al., 2020; Trogrli¢
et al., 2022). This entails ensuring that warning messages are
communicated in clear, understandable terms in the local language,
tailored to local contexts and engaging local stakeholders in the
design and implementation of EWS (Shrestha et al., 2021).

Expanding the use of advanced technology and data sharing is
also crucial. Leveraging satellite technology, mobile networks, and
internet-based platforms can enhance real-time hazard data
dissemination and early warning delivery, reaching even the most
remote areas (UNDRR and WMO, 2023). Integrating high-resolution
observational data with advanced statistical, dynamical, and machine-
learning-based modeling techniques can improve the accuracy and
lead time of forecasts, making early warnings more reliable and
actionable (Guntu and Agarwal, 2023).

Furthermore, to ensure the effectiveness and sustainability of
MHEWS, it is important to develop strong risk governance mechanisms
to facilitate better integration and management of MHEWS, enhancing
their coverage and functionality (UNDRR and WMO, 2023).

Investing in capacity-building and education is reccommended to
enhance the understanding and utilization of EWS. Training
personnel in modern hazard detection and forecasting tools,
alongside educating the public on appropriate responses to warnings,
ensures that EWS are effectively used and maintained. Practitioners
should also be trained to manage compound events, improving their
ability to interpret complex, multi-hazard scenarios (UNDRR and
WMO, 2023; van den Hurk et al., 2023).

3.2 Strategies for enhancing the practice of
science

Strategies to enhance the practice of science span initiatives within
and across the scientific community, as well as innovations that reach
beyond the traditional boundaries of the scientific community. Examples
of the former include transboundary data-sharing and collaborations,
and cross-disciplinal capacity building. Examples of the latter involve
stakeholder engagement and inclusive decision-making, which includes
the design and implementation of multi-hazard early warning systems,
and risk assessment and management of compound events.

3.2.1 Improve data sharing and access

Promote open data policies to facilitate the sharing of high-
resolution datasets across borders, particularly in Asia. This includes
encouraging countries to contribute their observational data to global
repositories. For instance, access of hydrographic data over coastal
regions, particularly the Exclusive Economic Zones (EEZ), where data
is not currently shared, is important for understanding coastal
compound extremes. Regional collaborative platforms can also
be developed, e.g., through meteorological and oceanic agencies, to
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enable this transboundary data-sharing and cooperation. These
platforms should include data from surface observations, radar,
satellite, and other remote sensing technologies. In this way,
researchers can better collaborate on the causes, impacts, and potential
solutions to increasing compound events, including transboundary
impacts due to teleconnected feedbacks leading to propagating or
cascading compound events. This enhanced cooperation will
ultimately lead to more effective strategies for mitigating climate risks.

An example of a regional platform is HiRisk,' a consortium of
researchers mainly from Mountain Asia working on the specific
challenges of the region, including producing and evaluating open
access datasets relevant to risk assessment. A publication arising from
this consortium that is relevant to compound events is that of Zhong
etal. (2024) on the cascading process of rock and ice avalanches. This
consortium framework can be reviewed and potentially adapted for
other parts of Asia.

3.2.2 Regional collaborations

We need to explore mechanisms to better initiate, cultivate and
sustain joint or collaborative research projects among Asian countries
to study compound events. These projects should focus on data
sharing, model development, and capacity building. Regional
workshops and conferences can play a vital role in facilitating
knowledge exchange and networking among scientists, policymakers,
and practitioners. These events should also aim to identify research
priorities and promote best practices for addressing compound events.

3.2.3 Interdisciplinary capacity-building

Training programs for researchers, meteorologists, and disaster
management professionals need to be more deliberately developed to
enhance their understanding of compound events and improve their
technical skills (Dhara and Krishnan, 2022). These programs should
cover advanced climate modeling techniques, data analysis, and early
warning system implementation. A key feature would be the
orientation of researchers in other relevant fields on the nexus of
compounding events which might be beyond the boundaries of their
respective specializations. As seen in the earlier case studies, compound
events require an interdisciplinary approach—e.g., collaboration
among meteorologists, oceanographers, hydrologists, climatologists,
earth scientists—given that it is the interaction of hazards in space and/
or time which enhances the potential for harm rather than the nature
of the individual events (Ridder et al., 2022). The Kigali Declaration
calls on the research community to invest in long-term education and
skills development across Asia, which should promote “equal visibility,
voice, and access to opportunity to early career scientists, marginalized
scientists, and historically disadvantaged scientific communities
(Section 2; World Climate Reserach Programme (WCRP), 2024)”

3.2.4 Transdisciplinary capacity-building and risk
assessment

Beyond capacity-building and collaboration within the research
community, a key concern is how to evolve and institutionalize
mechanisms to effectively engage policy-makers, other sectoral
representatives and the broader public in the co-design and
co-production of research and actionable knowledge (Kigali

1 https://hirisk.org;
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Declaration, Section 2). A transdisciplinary approach brings together
these diverse actors to co-create knowledge and develop solutions that
are relevant to the local context. Collaboration and communication
with these various actors are essential in effectively integrating
perspectives, co-creating knowledge and implementing solutions
(Alcantara-Ayala et al., 2024). In the case of compound extremes, an
immediate potential application, as mentioned previously, is in
strengthening multi-hazard early warning systems. However, research
(e.g., the work by Ponce de Leon, 2020, 2021a, 2021b, 2023 on
Typhoon Haiyan) has shown that improved science is not enough—
leaders, decision-makers and other stakeholders receive, perceive and
hence act on hazard and risk information in different ways. Hence,
cooperation is necessary on different fronts, and with different
stakeholders, to advance more holistic responses to mitigate the risks
of compound extremes.

Recent research with European stakeholders has identified key
challenges in implementing multi-hazard risk assessment and
management (Trogrli¢ et al., 2024). These include governance issues
(fragmented responsibilities, lack of coordination), knowledge gaps
about multi-hazard interactions, limitations in existing risk
management approaches, difficulties in translating science to practice,
and data scarcity. The study highlights that these challenges are
interconnected and cannot be tackled in isolation, and emphasizes the
importance of engaging stakeholders early in the process to
understand local contexts and constraints, while developing
approaches that can bridge science-policy-practice divides. As an
example of an ongoing initiative, the Coordinated Regional Climate
Downscaling Experiment (CORDEX) Southeast Asia, a collaborative
regional network of climate researchers, aims to increase engagement
with local stakeholders in their current project, “Climatic hazard
Assessment to enhance Resilience against climate Extremes for
Southeast Asian megacities (CARE for SEA megacities),” funded by
the Asia-Pacific Network for Global Change Research (APN). Priority
hazards were identified in consultation with the local stakeholders at
the beginning of the project to ideally increase the usefulness and
relevance of the climate information that will be produced.”

Developing cooperation among stakeholders will require building
capacities for transdisciplinary paradigms and approaches on all sides.
In the case of compound events, information from the ground—e.g.,
structures and infrastructures that influence the cascade or
co-occurrence of hazards, drivers of vulnerability—are vital for
determining acceptable risk thresholds. On the one hand, scientists and
researchers need to learn how to facilitate meaningful community
inputs into the research process, and build long-term relationships with
communities they serve. This will enable the provision of context-
relevant information (Section 3, Kigali Declaration). On the other hand,
practitioners, professionals and other community members need to
articulate their experiences of events on the ground, and subsequently,
their needs and priorities, desired information, and decision-making
paradigms (i.e., their criteria for what makes information actionable in
the context of multi-hazard and/or compound hazard risk assessments).
Initiatives such as the My Climate Risk Lighthouse Activity’® precisely
encourage a bottom-up approach which starts with the exploration and

2 https://cordex.org/2024/01/16/
cordex-south-east-asia-inception-workshop-and-stakeholder-consultation/

3 https://www.wcrp-climate.org/my-climate-risk
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characterization of the decision-making context and hence,
corresponding modeling and data needs, complementary to the typical
top-down approach of constructing climate information and
downscaling to the local level. Policy-makers need to facilitate
mechanisms to bring marginalized and vulnerable groups to the table,
to meaningfully influence decision-making and planning discussions
and processes. For example, community-based early warning systems,
such as those promoted by ICIMOD," espouse a “people-centered
approach” with tools and plans “managed by and for communities”

Most existing risk assessment frameworks or methods, including
those conducted at a local level, e.g., as part of climate action plans,
consider the impact of one hazard at a time (AghaKouchak et al,,
2020) given its associated exposure and vulnerability factors. Thus, the
consideration of compound events will require investigation into
potential interactions of vulnerability drivers as well in the overall
assessment of risk. Simpson et al. (2021), for example, propose new
frameworks for increasing complexities of risk, such as with multiple
interacting drivers within determinants of risk, appropriate for
compound events, and interacting risks. Such approaches need to
be piloted and made more mainstream in the Asian region.

In the Asian context, there are examples of risk assessments such
as vulnerability assessment for the Indian coasts which have
experienced multiple stresses from global climate change and human
intervention (Sudha Rani et al., 2015). In particular, the stresses due
to sea-level rise, coastal erosion, frequent extreme events and saltwater
encroachment in the Indian coasts, have necessitated the development
of coastal risk assessments which are essential for developing strategies
to reduce coastal risks, protect coastal ecosystems and livelihoods and
also improve management of coastal resources (Sudha Rani et al.,
2015). While current methodologies for developing coastal
vulnerability assessments are based on satellite remote sensing data,
conventional data from ground observations and field reconnaissance
survey and geographical information systems (GIS; Sudha Rani et al,,
2015), the use of high-resolution observations, ML and Earth System
reanalysis (Stammer et al., 2024) offers a promising opportunity to
enhance risk assessments at local scales with increased granularity.

In addition, risk analysis in the context of compound events will need
to consider policy and development decisions that not only influence
vulnerability but may aggravate the hazard, e.g., urbanization, which
enhances flooding during compound rainfall and storm surge events (due
to increased impermeable surfaces that decrease soil drainage), and which
enhances the severity of heat waves (due to the urban heat island effect).
Innovative risk management approaches are needed to guard against
potentially maladaptive responses to enhanced extremes, such as in the
case of larger dams built to address potential droughts but which lead to
wide-scale land use/land cover change affecting local climate, in addition
to GHG emissions from the construction process and loss of terrestrial
carbon sinks (AghaKouchak et al,, 2020).

The potential feedback mechanisms between anthropogenic factors
and the evolution of risk due to compound events require a systems
approach, integrating improvements in modeling with bottom-up
mechanisms and sources of knowledge (Rodrigues and Shepherd,
2022). A transdisciplinary approach (e.g., through co-production
strategies) that engages stakeholders on the ground across all sectors is

4 https://www.icimod.org/mountain/cbfews/
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required to better understand the experience of hazards and the drivers
of risk at a community level (Kigali Declaration, Section 3). Given the
diverse cultures and contexts in the Asian region, coupled with the
limits of model resolution, a grassroots or bottom-up approach, drawing
from traditional local or indigenous knowledge (Petzold et al., 2020),
can complement the “top-down” / high-level science, and help address
the challenges brought about by heterogeneity of the Asian region.
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