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Abstract. Indonesia, one of the most populous countries, ranked fifth globally for climate-related hazards and disasters in the
past five years. This study aims to assess historical trends, future projections, and potential implications of climate-related
hazards in Indonesia. We synthesize literature, analyze historical datasets, and examine CMIP projections to assess the trend
of extreme climate events and their potential effects on climate hazards. Results show that current records and studies
predominantly highlight floods as the most common hazard in the tropical-humid region, followed by landslides, droughts,
extreme weather, and wildfires. Historical evidence indicates an increasing threat of flood by intensifying amplitude and
frequency of rainfall extremes by around 25%, especially in most northern parts of Indonesia (Kalimantan, northern Sumatera,
parts of Sulawesi, and Papua), while the drought amplified by 60% over the country across the dry regions from southern
Sumatera, Java to Nusa Tenggara. These trends are projected to persist under future climate scenarios (SSPs or RCPs). We
found that urban factors like land subsidence and landuse change, particularly in cities like Jakarta, may worsen flood impacts
in the future. Future studies should also examine rainfall-induced landslides and flash floods in other vulnerable areas, such as
steep areas. Additionally, drought, often overlooked in this country, requires comprehensive research given its unique slow
onset and its agricultural and societal effects. Global teleconnection mechanisms (ENSO, 10D, MJO) have intensified wet and
dry hazards in recent decades and must be considered. A more integrated approach, combining cascading process models,
impact assessments, early warning systems, and adaptive land-use practices, is essential to enhance resilience against climate

hazards in Indonesia.

1 Introduction

Natural hazards have induced unprecedented levels of damage and loss of life over the years. The scale of losses from typical

weather— and climate-related hazards and disasters has intensified over recent decades (IPCC, 2012). Between 2000 and 2023,

approximately 1.42 million people lost their lives, and global financial losses exceeded at least USD 107 billion per year.
1
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Disaster-related fatalities and economic losses as a proportion of GDP, in fact, tend to be higher in emerging economies (Botzen
et al., 2019; McGlade et al., 2019). Over the past two decades, 90% of disaster deaths occurred in low— and middle—income
countries (Chapagain et al., 2022; CRED, 2018). On the other hand, the rising trend in losses and damages over time could
partly be due to improved reporting (De Groeve et al., 2013). Other key factors include increased exposure from population
growth and higher assets at risk (IPCC, 2007; Peduzzi et al., 2009) and the growing impact of extreme weather and climate
changes linked to human-induced climate change (Alexander et al., 2006; Donat et al., 2013; Seneviratne et al., 2012).

Since around 1950, an increase in extreme weather and climate hazards have been linked to human-driven climate change
(IPCC, 2007, 2023), which is often associated with the rising impacts of climate-related disasters (Easterling et al., 2016;
Huggel et al., 2013). A recent study estimates that climate change-related extreme events cost an additional USD 143 billion
annually, with 63% of this attributed to human fatalities (Newman and Noy, 2023). With climate change, there is rising concern
that economic and other forms of losses will continue to increase. Several global initiatives, including the Sendai Framework
for Disaster Risk Reduction (2015-2030) (UNISDR, 2015), the Sustainable Development Goals, and the Paris Agreement on
Climate Change have proposed the interconnectedness of disaster reduction, sustainable development, and climate action.
Since disasters have repeatedly undermined poverty reduction efforts, particularly in developing nations, these countries are
likely to experience the greatest impact from increasing climate-related risks (Formetta and Feyen, 2019; Huggel et al., 2013).
Therefore, the latest framework emphasizes the need for coordinated policies and actions to mitigate disaster risks.

Disaster risk is a multifaceted concept that encompasses three key components (Hendrawan et al., 2023b; IPCC, 2007): i)
hazard, which refers to natural events that can lead to loss of life, health impacts, property damage, and environmental
degradation; ii) exposure, which includes human, economic, or environmental assets in hazard-prone areas; and iii)
vulnerability, which is the degree to which people, assets, and the environment are susceptible to the effects of hazards
(UNISDR, 2015). Disaster is the actual adverse outcome that occurs when the hazard interacts with exposed and vulnerable
people or assets, leading to significant loss or damage. The difference lies in the hazard being the potential threat and the
disaster being the realized consequence of that threat (Cutter, 2021). Research on hazard and disaster risks has expanded
significantly worldwide, emphasizing the need for a regular synthesis of trends, challenges, and innovative approaches to
disaster management, particularly in relation to climate and global changes, to ensure that vulnerable regions are not left behind
(Aitsi-Selmi et al., 2015).

Indonesia, located on the Pacific Ring of Fire and at the intersection of three major tectonic plates, is particularly vulnerable
to a wide range of natural hazards, including volcanic eruptions, earthquakes, and tsunamis (Kryspin-Watson et al., 2020).
Additionally, climate-related hazards such as flooding, landslides, and droughts pose significant threats. The annual monsoon
season brings frequent weather-related hazards, with large parts of the country affected each year (Djalante, 2018; Giannini et
al., 2007). On the other hand, during Indonesia’s dry season from May to October, around 18.8 million people were severely
affected by drought-related events. It placed the country first among the top 10 most drought-impacted globally and ranked

second globally in 2023 for disaster risk, following the Philippines (Auer Frege et al., 2023). Indonesia is also currently the

2



65

70

75

80

85

90

https://doi.org/10.5194/egusphere-2025-584
Preprint. Discussion started: 10 June 2025 EG U h
© Author(s) 2025. CC BY 4.0 License. spnere

world's fourth most populous country. Between 2019 and 2023, approximately 6.6 million people were impacted by climatic
hazards, including floods (68% of affected individuals), droughts (31%), and other extreme weather events (Indonesia Disaster
Data and Information, 2024a), since Indonesia was the fifth in the number of recorded climate-related disaster events during
the period, after the US, China, India, and the Philippines (EM-DAT: The Emergency Events Database).

Moreover, the ongoing urbanization and unmanaged land use change have been prominent factors increasing exposure and
vulnerability of the country to disasters. As of 2022, almost 58% of Indonesia's population resides in urban areas, which are
highly vulnerable to disaster threats. This figure is projected to rise to more than 70% by 2045 (Roberts et al., 2019). For
instance, in the Greater Jakarta Area, excessive land use conversion and groundwater extraction have worsened flood risks
since the area is crossed by 13 rivers and faces frequent riverbank overflow during the monsoon season. Rapid urban growth,
inadequate drainage systems, and unregulated land use have all contributed to the city's increased vulnerability to floods
(Budiyono et al., 2016; Januriyadi et al., 2018). A study analyzing inland water flooding in the suburban city of Tangerang
found that while 71% of flooding cases were explained by topographical conditions, 29% were influenced by human activities,
reinforcing the role of urban development in flood risk exacerbation (Djamres et al., 2021). These facts underscore the urgent
need for effective disaster risk reduction strategies in Indonesia.

This paper presents the latest understanding of climate change and its influence on hazards that can trigger natural disasters in
Indonesia. In addition to reviewing scientific literature on how climate change affects the risk of climate-related hazards in the
region, this study draws on historical datasets and the latest projections from the Intergovernmental Panel on Climate Change
(IPCC), particularly those based on studies using the current Coupled Model Intercomparison Project (CMIP) (IPCC, 2022).
Our focus is on extreme climate events related to precipitation and temperature anomalies and their implications, including
floods, droughts, extreme temperatures, storms, wildfires, and wet mass movements (i.e., landslides). Understanding climate
hazards is crucial for proactive risk management, as disaster characteristics remain highly dynamic and unpredictable over
time (Cutter, 2021).

Therefore, the objectives of this study are to (1) synthesize findings on climate hazards and their trends in Indonesia based on
previous studies and reports, (2) assess past climate-related hazards and disaster events, (3) examine trends in climate change—
induced hazards, and (4) delineate key climate hazards and identify regions likely to be exposed in the future to guide mitigation
and adaptation efforts. The findings of this study contribute to climate risk assessment, disaster preparedness, and
policymaking in Indonesia. By identifying trends and potential impacts, this research supports the development of effective

mitigation and adaptation strategies to enhance resilience against climate hazards.

2 Method

2.1 Literature review
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In this study, we review current studies focusing on historical trends and climate change projection or modeling and its effect
on natural hazards, especially hydro-meteorological hazards. First, for literature reviews, we adopted a protocol introduced by
(Moher et al., 2009), which is basically used to analyze literature systematically. The methodology includes several steps and
processes, illustrated in Fig. 1. Scopus was selected as the database because of its wide range of publications on construction
materials with a period limit of up to 5 November 2024. The systematic search query used was as follows: ("climate change"
OR "global warming” OR “climate model”) AND ("CMIP" OR "CMIP5" OR "CMIP6") AND ("natural disaster" OR
"disaster") AND ("hydrometeorology” OR "hydro—meteorology” OR "precipitation” OR "rainfall* OR "rain" OR "water")
AND ("impact" OR "loss" OR "losses" OR "damage" OR "risk" OR "hazard" OR "vulnerability" OR "capacity" OR
"exposure”) AND TITLE-ABS-KEY (Indonesia) AND (LIMIT-TO (LANGUAGE, “English"))

After identification through a search with the above query, the selection processes were conducted comprising two stages: 1)
screening and 2) eligibility. First, titles and abstracts were reviewed to exclude obviously irrelevant studies. The search yielded
93 papers published with no duplicates. Then we screened titles and abstracts for relevance, which led to the exclusion of 25
papers, then the total number of papers passing this screening was 68 papers. Afterward, the remaining articles underwent a
full-text review to determine their eligibility regarding the discussion inclusion based on the hazard types defined here (Table
1). This full-text review led to the exclusion of almost half of the previously sorted papers; thus, the final collection comprised
35 papers.

Then, we classified papers based on disaster topics based on EM-DAT (Emergency Events Database), as shown in Table 1
(EM-DAT: The Emergency Events Database). Figure 1 illustrates the relationship between various weather and climate hazard
triggers or climatic extreme events as well as their associated impacts, highlighting the role of climate change in amplifying
or mitigating these hazards. The climate drivers include extreme dry conditions, extreme temperature, extreme wind, and
extreme precipitation, each leading to specific hazards, namely drought, wildfires, storm surges, river floods, and landslides.
Notably, extreme precipitation contributes to both river flooding and rapid—onset events like flash floods and debris flows. In
terms of classification based on EMDAT, floods and wet mass movements (i.e., landslides) are classified as hydrological
disasters caused by water movement. Storm surges and storms are both hydrological and meteorological, as they arise from
atmospheric conditions like high winds, heavy rainfall, and sea level changes, often linked to severe weather systems. Droughts
and wildfires are climatological disasters driven by prolonged dry conditions or weather anomalies. Here, we include the
studies concerning more about the weather and climate hazard triggers which are mainly rooted in temperature and rainfall

extremes as the most common climatic impact driver (CID) in the current climate change assessment (IPCC, 2023).
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Figure 1 Weather and climate hazard triggers are influenced by climate change and the cascade hazards. These triggers result in
hazards such as drought, wildfire, storm surge, river flood, flash flood, debris flow, and landslides, with worsening or reducing
effects linked to climate change.

Table 1 Disaster types in this study and their EMDAT classification.

No. | Disaster Type
1 Flood Hydrological
2 Wet mass movement, Landslide Hydrological
3 Storm surge, Storm Hydrological, meteorological
4 Drought Climatological
5 Wildfire Climatological
6 Temperature and/or rainfall extremes 3
(T/R extremes)

2.2 Country climate hazard trend

We analyze trends in hazard occurrences across Indonesia from 2000 to 2024, focusing on selected climate-related hazard
types. The data were sourced from the national disaster database DIBI (Indonesia Disaster Data and Information, 2024b),
which includes detailed records such as location, data, and the impacts (fatality, number of people suffered, house affected,
etc.). We categorize the events by type, as shown in Table 1, including floods (including debris flows), landslides, droughts,
and coastal hazards like storm surges and tidal waves. Additionally, we also include extreme weather events comprising strong
winds, heavy rainfall, and extreme temperatures. We examine its temporal trends based on a number of recorded events,
fatalities, etc., to assess the frequency and severity of each hazard type accumulatively. The analysis also considers regional
variations by mapping the spatial distribution of selected disaster occurrences, highlighting some locations that have ever

experienced major disasters and showing their general vulnerability to specific types of hazards.
5
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2.3 Climatic extreme indices

The increasing frequency and intensity of natural hazards are intrinsically linked to future temperature projections and extreme
events (Moore et al., 2015; Seneviratne et al., 2012). For instance, rising temperatures, coupled with reduced precipitation in
certain regions, may escalate evapotranspiration rates, intensifying drought conditions. Meanwhile, increasing extreme rainfall
events may exacerbate flash floods, debris flows, and landslides. Areas with lower elevations may face compounded risks from
intensified river floods (fluvial floods), urban floods (pluvial floods), and coastal flooding due to sea—level rise and extreme
wind (e.g., storm surge). Furthermore, the combination of high temperatures and prolonged dry spells can trigger more frequent
and severe wildfires.

Based on the IPCC, future climate-related hazards can be approached using indices: extreme indices and climatic impact
drivers (CID) (IPCC, 2022). Extreme indices are rather representations of climatic hazards based on basic statistical
distribution parameters (frequency, percentile), such as that set by the Expert Team on Climate Change Detection, Monitoring
and Indices (ETCCDMI) (Zhang et al., 2011). CIDs are indices currently used in the latest IPCC reports (IPCC, 2023), defined
as physical climate parameters based on actual conditions that may have impacts on the elements of society or the environment
(Ruane et al., 2022). Previous studies have used both indices and can be used as a proxy for climate—related hazards that then
turn into disaster risks when they are combined with exposure and vulnerability (IPCC, 2007).

In this study, we used several extreme indices based on mean and extreme temperature and precipitation as adverse events that
drive impacts. The use of extreme indices is recommended by the World Meteorological Organization (WMO) and has been
used by previous studies, allowing comparison among results (Heim, 2015; Peterson et al., 2001). Here, we discuss trends in
historical and projected temperature extremes using parameters: annual mean temperature (T) and maximum daily maximum
temperature, while for the precipitation extreme, we use total precipitation (PR), maximum 1-day precipitation (day),
Consecutive Dry Days (CDD), and Standardized Precipitation Index (6—month aggregation) (McKee et al., 1993; Zhang et al.,

2011). Here, all indices are computed annually while some results may also discuss seasonal change and trend.

2.4 Historical trend and future projection

For the historical assessment, we observed both mean temperature (T) and total precipitation (PR) from CRU TS (version
4.04) (Harris et al., 2020) and the regional dataset available for Asia, APRODHITE (Yatagai et al., 2012) under IPCC database
(https://interactive-atlas.ipcc.ch/). CRU TS provides reliable and quality—controlled global gridded data over a long period,

while APHRODITE offers high—resolution precipitation data based on dense station networks over Asia. These datasets have
been widely used in previous studies and have been proven for their performance. We used the parameter of trend °C and
mm/day per decade, respectively, during 1980-2010 on an annual basis.

Moreover, we assessed several extreme indices as a proxy of future hazard impact drivers (Zhang et al., 2011). We used the
Maximum of maximum temperatures (TXXx) as a proxy of heat wave or warm spell events, while for precipitation, we assessed

total precipitation (PR), maximum 1-day precipitation (RX1day), and Consecutive Dry Days (CDD). Parameters of PR and

6
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CDD are basically used to represent the projected water resources availability and drought events, while RX1day represents
the extreme daily precipitation (Zhang et al., 2011). We employed an ensemble of the most available General Circulation
Models or GCMs (32 models) (see Supplementary Table S1) under CMIP6 and the downscaled regional climate model based
on the CORDEX Southeast Asia (CORDEX SEA) (Tangang et al., 2020) under the SSP5-8.5 scenario and RCP4.5,
respectively (Supplementary Table S2). We calculated relative changes of the parameters during the last decade, 2081-2100,
relative to the baseline period 1981-2010.

3 Results

3.1 Literature review

We have analyzed selected literature in terms of the trend of the topic and its number over time. Figure 2 of line and bar plots
depict the trend in publication output on the topic started from 2014 to 2024 that have been through the screening process (total
of 35 papers). The bar graph represents the number of papers published annually, showing a fluctuating pattern and a slightly
gradual rise beginning from the last current years by 2022 and 2023. The line graph shows the cumulative publication count,
which consistently rises, reflecting overall growth. It should be noted that the total number of accumulative papers was
recorded by the cutoff date used in this literature study. Thus, the current 2024 and the upcoming years are expected to be
increasing.

Moreover, the pie chart in Figure 2 shows the proportion of hazard types defined in Table 1. It indicates that predominant
papers dealt with temperature and rainfall (hereafter T/R extremes) (57% or 20 papers in total), followed by floods regardless
of the subtype of floods (17%), drought and wildfire (11%), and landslides (3%). The T/R extremes have basically discussed
the historical and future trends of extreme and mean temperature and rainfall indices. They used output from some historical
data and future projection simulation based on CORDEX Southeast Asia, CMIP5, and CMIP6 over several scenarios.
Meanwhile, the other remaining paper observed or simulated future floods, droughts, wildfires, and landslide hazards. In
addition, it is worth noting that one hazard type, which is storm surge or wave, was not found in the included papers in this
literature review. Yet, we discussed such coastal hazards in this paper according to other related studies (see results and
discussion). Moreover, the temporal growth of the topic and their topic distribution suggests research areas that have grown
their presence in academic discourse, punctuated by the relative rise of the whole topic discussed and their proportions. This

demonstrates the importance and need for future efforts to address the potential risks from such hazards.
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Figure 2 Number of published papers included in the literature review by year, along with a pie chart illustrating the proportion of
hazard types covered in the papers.

3.2 Country climate hazard trend

Figure 3 illustrates the trend of disaster occurrences across Indonesia from starting of the records in 2000 to 2024 by disaster
types: floods (including flash floods and debris flow), landslides, and droughts. Here, we also include extreme weather hazard
type based on the dataset as it includes strong winds, heavy rain, or extreme temperatures. Note that coastal hazards (e.g.,
storm surges, coastal abrasion, tidal waves) are only available through DIBI as of 2024; therefore, we do not include them in
this analysis. The graph reveals a significant increase in the frequency of recorded disasters, particularly floods and landslides,
in the past two decades. Floods dominate the recorded events, accounting for approximately 34.1% of all disasters, followed
by extreme weather (27.5%), landslides (20.3%), wildfires (11.3%), and droughts (6.7%). The trend is shown in Figure 3 partly
reflects improved reporting and awareness, it also highlights a real increase driven by factors such as climate change and land—
use changes.

Floods consistently represent a significant share of events throughout the period, with their frequency steadily increasing,
particularly after 2010. Extreme weather events exhibit a sharp rise in recent years, becoming one of the dominant hazard types
by 2023. Landslides emerge more prominently after 2010, showing rapid growth and contributing the largest proportion of
events in the later years. Wildfire events fluctuate but show an upward trend overall, with notable peaks in certain years.
Droughts remain relatively stable and contribute the smallest proportion compared to the other hazards. Droughts have had
more records, especially during strong El Nifio years, such as during the current 2023-2024. This data highlights the growing
dominance of floods, extreme weather, and landslides over time, reflecting changing environmental and climatic conditions as

well as varying regional vulnerabilities to these hazards.
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Figure 3 Trends in the annual number of recorded natural hazard events (2000-2023) categorized by hazard type (drought, extreme
weather, wildfire, flood, and landslides) obtained from the national disaster database DIBI (Indonesia Disaster Data and Information,
2024b). Coastal hazards (e.g., storm surge, abrasion, tidal waves) are only available in DIBI (2024) and are excluded from this
analysis. It should be noted that the increasing trend may reflect both actual increases in hazard occurrences and improved reporting
systems over time.

Figure 4 provides a map of Indonesia, marking selected major disaster hotspots and the locations of significant climate-related
events recorded in the current 15 years (2010-2024), derived from the national disaster database DIBI (Indonesia Disaster
Data and Information, 2024b). Notable events include the Sentani flash flood (2019), which caused 105 fatalities and damaged
1,804 houses, and the Wasior flash flood (2010), resulting in 107 fatalities and 987 houses affected, and Pesisir Selatan (2024,
25 fatalities, 32,000 houses affected). Indramayu (2014) experienced severe flooding, with 18 fatalities and 62,200 houses
affected, while East Kutai (2022) saw flooding impacting 48,700 homes. Additional significant floods include those in Rokan
Hilir (2023, 13,300 houses affected) and Kupang (2021, 13 fatalities, 12,000 houses affected). Droughts, such as in Sukabumi
(2023), caused a water deficit of 121,000 liters, and East Sumba (2023) damaged 5,925 hectares of crops. Wildfires in Jambi
(2015, 19,528 hectares) and West Aceh (2017, 3,053 hectares) highlight Indonesia’s susceptibility to fire-related hazards.
Landslides in Banjarnegara (2014, 99 fatalities) and Natuna (2023, 43 fatalities, 100 houses affected) further demonstrate the

region’s risk. Extreme storms in Bojonegoro (2019, 3,000 houses affected) add to the list of severe hazards.
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Figure 4 Spatial distribution of significant natural hazards in Indonesia (2010-2024) based on data from the DIBI database
240  (Indonesia Disaster Data and Information, 2024b). The elevation gradient in the background shows the elevation based on DEM from
HydroSHEDS (https://www.hydrosheds.org/).

Floods and landslides are among the most hazardous natural disasters in Indonesia, comprising 33.2% and 36.3% of the total
casualties, respectively (see Supplementary Figure S1). In particular, floods dominate the impacts with the most numbers of
people missing (73.6% of the total), injured (92.2%), displaced (97.2%), and houses damaged (69%). Among flood types, flash
245 floods are particularly catastrophic, likely resulting in the highest number of fatalities due to their sudden onset and intensity.
Moreover, drought mostly suffered societies 31.8% of total people suffered from natural hazards in the country. Droughts
primarily affect the southern regions of Indonesia, from Java to East Nusa Tenggara. Java, Indonesia’s agricultural heartland,
has faced drought-induced water stress during EI Nifio years (Supari et al., 2018). Wildfires are most common in Sumatra and
Kalimantan, frequently triggered by land—clearing activities. Meanwhile, extreme weather recorded mostly features a strong
250 wind with extreme storms impacting houses by 48.3% of total moderately damaged houses. Extreme weather events also mark
a significant number of records after the flood, with 27.5% of total events.
3.3 Extreme Indices based on IPCC

We summarize the possible impacts of various climate-related hazards triggered by rising temperatures and extreme weather

based on current reports and previous research aligned with IPCC (Table 2). Each entry outlines observed patterns, future
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255 projections, and associated consequences supported by the reviewed references. Further discussions are provided in the
subsequent sections.

Table 2 Overview of the associated climate-related hazards in Indonesia with temperature and rainfall extreme parameters and
key references used in this study. Note that storm surges are not specifically discussed in reviewed papers.

Triggered Hazards Cases and key findings Remarks References
_Increased rainfall intensity and _frequency observed Possible amplified flood
in northern Indonesia (e.g., Kalimantan, Sumatra). . . .
s : o S risks, particularly in
Projections under high—emission scenarios signify
’ northern parts, due to
. more extreme wet days and shorter return periods . e . (Anetal.,
Flood and landslides . intensification of rainfall i
for rainfall events. and climate 2023; Fan et
studies highlight that heavy rainfall-triggered teleconnection patterns al., 2022;
landslides are also common in steep and like MJO and EpNSO Hariadi et al.,
mountainous areas including in Java. ' 2023;
Southern regions (e.g., East Java, Bali, and Nusa Hendrawan et
Tenggara) show increasing consecutive dry days Drouaht risks are more al., 2024;
trends historically and into the future, especially ronc;qunced in the south Kurniadi et al.,
during dry seasons. Drying is intensified by gue to prolonded dr 2023; Liang et
negative ENSO phases. eriodspand rgducedy al., 2022;
Warming trends historically observed, with Eainfall intensit Meehl and
Drouaht and significant increases in maximum daily Increasin heatys.tress Tebaldi, 2004;
Wildf?re temperature (0.18-0.24 °C per decade) or wildfire r?sks and ' Mubarrok and
exceeding 30°C across most of Indonesia (under . - Jang, 2022;
impacts on agriculture .
SSP5-8.5). due to hiaher Ngai et al.,
Mean future warming projections range from 1°C eva otrar?s iration and 2017; O’Neill
(low emissions) to 5°C (high emissions) by 2100. extr%me Wa?rm spells in et al., 2016;
Warming trends may enhance the risks of wildfire, the regions P Supari et al.,
especially in drier regions and extensive land— glons. 2017, 2020;
clearing regions such as Sumatera and Kalimantan. Tangang et al.,
. . . . Increased the potential 2018;
Compound disasters Southern regions ShOW. mixed drylng_ and wetting drier in dry seasons and | Watterson,
patterns, with fewer rainy days but higher average - .
and other hazards . . . - . wetter in wet seasons in 2020)
daily rainfall during rainy days. Studies also
(e.g., extreme . . . the country and
emphasized the higher threat of compound risks of e
weather) hot and dry weather in the dry region hotspots amplified simultaneous
y yTeg POts. risk of hot—dry weather.

260

3.3.1 Precipitation extremes

Historical

In terms of precipitation extremes, the evidence for significant changes in heavy rainfall events is highly varied over regions.
It’s been robust that the variable trends across Indonesia show increases in some areas and decreases in others (Alexander et
al., 2006). Our analysis based on observational gridded data (CRU and APHRODITE) in Figure 5 shows a drying trend across
Indonesia from 1950 to 2014, indicated by decreasing total precipitation. This trend is most pronounced in the southern regions,
265 as also reported by previous studies based on both observations and GCMs (Hariadi et al., 2023; Tangang et al., 2018). In
particular, the increase in Consecutive Dry Days (CDD) and the decrease in annual total precipitation are profound in southern

regions, particularly in Java (East Java), as reported by (Hendrawan et al., 2024) and Nusa Tenggara, considered Indonesia's
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driest provinces. Rainfall patterns in southern Indonesia are closely linked to EI Nifio during the peak dry season from June to
August and the early rainy season from September to November (Aldrian and Dwi Susanto, 2003; Watterson, 2020). This
evidence emphasizes the recorded drought events across the hotspot regions, as previously discussed (Indonesia Disaster Data
and Information, 2024b).

On the other hand, a previous study (An et al., 2023) pointed out that Northern Indonesia, including regions such as northern
Sumatra and Kalimantan, shows a dominance of precipitation intensity, while southern regions exhibit a mixed influence of
intensity and frequency. A number of heavy rainfall days (R20mm) is more frequent (> 30 days) in the northern part of
Indonesia, such as northern Kalimantan, West and Central Java, and central Papua (Hariadi et al., 2023). Whereas, over the
archipelago, the change of total rainfall from extremely heavy precipitation days (> 95th percentile) (R95pTOT) ranges from
+15 to +25%. Higher R95pTOT values (20-25%) also appear in Nusa Tenggara and the southern and northern regions of
Papua. High SDII values indicating the average rainfall intensity on rainy days (around 12 mm) are seen in Java, Borneo, Nusa
Tenggara, and central Papua. For those regions, high SDII with low R95pTOT values correlates with more frequent heavy
rainfall events. Meanwhile, in Nusa Tenggara, high values of both SDII and R95pTOT result from a limited number of rainy
days, as expressed by high CDD (Kurniadi et al., 2023). These highlight regional variations in rainfall patterns across
Indonesia, with generally northern regions showing an increasing trend in rainfall intensity, while southern regions exhibit
both drying and wetting signals isolated in each season. These extremes have been shown to trigger significant floods, for

example, in Kalimantan, Sumatera, Papua, and parts of Java, and drought hazards in Nusa Tenggara during the current decade.

Mean temperature (T) [CRU TS

Mean temperature (T) [APHRODITE (Asia
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Trend (C per decade)

Total precipitation (PR) [CRU TS]

B°N
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T . : -
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o
15
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Figure 5 The trend of mean temperature (°C) and total precipitation (mm/day) per decade from CRU TS and APRHODITE

Observations (1980-2015, annual scale). Dot hatching highlights regions where at least two—thirds of models agree on the sign of the
trend, indicating statistically significant changes.
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Future projections

The future projection by previous studies (Ngai et al., 2022; Supari et al., 2020; Tangang et al., 2020) based on bias—corrected
CORDEX SEA simulations generally show similar patterns to that of the historical period simulations. Dry extremes, measured
by consecutive dry days (CDD), continue to increase in the south and decrease in the north during the wet season while showing
a nationwide increase during the dry season (Kurniadi et al., 2024), including the northern Kalimantan and Sumatera, may
experience increased Consecutive Dry Days throughout the year during winter monsoon (Dec—Feb) by up to 64%. These imply
the threat of drought in the prominent dry regions of southern Indonesia (i.e., Java, East Java in particular, Bali, and Nusa
Tenggara), which is also highly influenced by drying due to the negative phase of the El Nifio—Southern Oscillation (ENSO)
or the El Nino events (An et al., 2023).

In contrast, the study projected a consistent rise in wet extremes (R95pTOT and maximum 5-day total precipitation) during
the wet season across much of Indonesia (Ngai et al., 2022; Supari et al., 2020). The extreme wet days (R95pTOT) are projected
to be a slight increase in Papua and a slight decrease in the Indonesian region, especially Java. This signal is estimated to be
stronger during Boreal Summer (Jun—Aug), where during this drier season, the R95pTOT is expected to be decreasing,
especially in Java and Nusa Tenggara. Future scenarios suggest that the intensification of Climate Teleconnection Patterns
(CTPs), such as the Madden—Julian Oscillation (MJO) and ENSO, will likely shorten the return period for extreme rainfall
events, amplifying flood risks in already vulnerable regions, particularly in northern parts like Kalimantan and Sumatra under
high—emission scenarios (Liang et al., 2022; Mubarrok and Jang, 2022).
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Figure 6 Future projections of Total Precipitation, Maximum 5-day Precipitation, and Consecutive Dry Days for 2080-2100 relative
to the 1980-2010 baseline. (a) Results from Regional Climate Models (RCMs) under CORDEX Southeast Asia (10 models) and (b)
Global Climate Models (GCMs) under CMIP6 (33 models). Regions with statistically significant changes, where at least two-thirds
of models agree on the direction of the trend, are marked with dot hatching.

3.3.2 Temperature extremes
Historical

Continuous measurements from numerous meteorological stations in Indonesia provide strong evidence for a significant
warming trend recorded in the past five decades revealed from earlier IPCC studies (Alexander et al., 2006; Meehl and Tebaldi,
2004; Seneviratne et al., 2012). Higher populated regions, such as Java, Sumatra, and Kalimantan, have been experiencing
significant temperature extremes change (IPCC, 2023). A study (Supari et al., 2017) using 88 meteorological stations data over
Indonesia (1983-2012) reported that the annual mean and annual maximum daily maximum temperature (TXX) increased
significantly by 0.18-0.24 °C per decade, indicated by 90% of stations with increased maximum temperature (46% significant).
In addition, a local study (Sugianto et al., 2020) also evidenced that air temperature in Semarang City has increased by 0.2 °C
per decade over 48 years (1970-2017). Figure 5 shows another historical record based on two grided data (CRU and
APHRODITE) that demonstrates a distinct spatial pattern of temperature changes, except those in Java and other southern
Indonesian (e.g., Nusa Tenggara), which show more spatial coherence. Another study (Fan et al., 2022) based on Southeast
Asia gridded data (SA—OBSv2.0) generally agrees with the spatial pattern temperature change from APHRODITE data, which

shows a spatially uniform historical increase of TXx over most of Sumatera, Borneo, and Java during 1981-2017, while the
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eastern Papua and parts of Nusa Tenggara show insignificant changes (or slightly cooling). This steady rise in temperatures
mean and extreme aligns with broader projections of increasing warm spells across Indonesia and the region of Southeast Asia.
Future projections

In regard to the future projections, it is evident from the IPCC global climate models that the warming trend will persist in
future years. We analyzed the results of up to 29 models within Indonesia, indicating that Indonesia's average and extreme
temperature could rise by 1-5°C by 2100, as shown in Figure 7, varying due to scenarios and climate model estimates. We
observe that the future daily maximum temperature changes over 2090-2100 (median and 10t"— 90" percentile) are 1.08°C
(0.56°C-1.80°C), 1.90°C (1.30°C-2.60°C), and 3.55°C (2.53°C-5.17°C) for SSP1-2.6, SSP2-4.5, and SSP5-8.5,
respectively, compared to that during historical period of 1980-2100. In absolute values, these changes are equal to 29.91°C,
30.71°C, and 32.52°C for respectively each scenario compared to 28.80°C during the baseline period. Such pronounced
warming would inevitably increase the risk of warm spells, wildfire, and drought, particularly for agriculture (due to increasing
evapotranspiration). In terms of warm spells, most models have agreed on the increase in the frequency and/or duration of

warm spells on an annual timescale in Indonesia (Meehl and Tebaldi, 2004; O’Neill et al., 2016).

% Daily Mean Temperature Daily Maximum Temperature
Scenario Scenario
—— Historical —— Historical
344 —— SSP1-26 | — ssP1-26
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26

24

T T T T T T T T T T T T T T T T
1960 1980 2000 2020 2040 2060 2080 2100 1960 1980 2000 2020 2040 2060 2080 2100
Year Year

Figure 7 Projected average daily mean and maximum surface air temperatures for the historical period and future scenarios (SSP1-
2.6, SSP2-4.5, SSP3-8.5) from 1950 to 2100 over Indonesia. Estimates are based on CMIP6 simulations, utilizing ensembles of up to
29 General Circulation Models (GCMs), with the number of models varying depending on availability for each scenario.

3.4 Climate-related hazards trend in Indonesia

The prominent evidence of increasing climate extreme events driven by changes in both precipitation and temperature due to
climate change may have serious consequences to the amplified risks from natural hazards as evidenced in the reports,
especially in prone countries such as Indonesia (IPCC, 2007; Legg, 2021; Seneviratne et al., 2012). These shifts in climate

patterns have led to more frequent and severe adverse climate events. Here, based on the papers selected, we review such
15
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studies and cases to underscore the urgency of addressing the challenges in the future. Table 3 summarizes the key findings

from previous studies reviewed concerning the natural hazards and disaster trends to impact Indonesia under the influence of

climate change, highlighting relevant studies, their methodological approaches, and key findings. We will further discuss them

in detail in the subsequent sections.

Table 3 Overview of climate-related hazards in Indonesia obtained from literature reviews, including the methodological
approaches, key findings, and references highlighting uncertainties and risks associated with each hazard type.

Hazards Cases and key findings Remarks References

Flood Numerous studies using GCMs, SSPs, and RCPs Hazard projections (Budiyono et al.,
predict a rise in flood risks in Jakarta (180% to 402%) | remain highly uncertain | 2016; Farid et al.,
due to climate change, land subsidence, and urban due to complex 2023; Januriyadi et
development—significant uncertainties in projections interactions between al., 2018; Mishra et
of extreme precipitation and flood risk. Simulation future urban expansion, al., 2018;
studies for Java Island highlight future flood extents extreme precipitation Priyambodho et al.,
exceeding historical levels under high—emission patterns, and other urban | 2022; Willner et al.,
scenarios. development factors. 2018)

Landslide A projection estimated a 131%-137% rise in landslide | The increasing intensity | (Tunas et al., 2020;

casualty risks by 20312060, driven by extreme
precipitation and population exposure in Indonesia.
Past events highlight flash floods triggered by natural
dams collapsing due to landslides. Case studies include
among the deadliest hazards: Bahorok (2003),
Kalijompo (2006), and Palu earthquake cascade events
(2018).

of extreme precipitation,
combined with
Indonesia’s seismic
activity and steep terrain,
heightens the risk of
cascading hazards of
landslides and flash
floods.

Wang et al., 2023;
Zain et al., 2021)

Storm Surge,
Storm

ENSO-driven changes (EI Nino, La Nina) may
intensify wind patterns and wave heights in Indonesia.
Wave and storm surge dynamics remain understudied
under climate change scenarios, but ENSO events are
projected to increase in intensity, altering wave
generation and propagation.

Given the limited
research on storm surges
and wave dynamics,
further studies are
essential, particularly in
the context of rising sea
levels and increasing
coastal vulnerability.

(Odériz et al., 2024;
Semedo et al., 2013)

Drought (and
extreme
temperature)

Increasing drought risks are found in some regions,
such as the Solo and Barito River Basins, with
projections of over 50% high-risk areas by 2050. El
Nino events have historically caused 93% of droughts
in Indonesia, leading to significant rainfall deficits and
crop failures. Rain—fed agriculture remains highly
sensitive to rainfall variability, particularly during wet
seasons, highlighting the vulnerability of agricultural
systems to future droughts.

Studies highlight significant increases in air
temperature and heatwave frequency across Indonesia.
Projections under high—emission scenarios anticipate
heatwaves in the country, similar to Russia's 2010
event becoming biannual by century's end. Urban areas

Droughts are often
overlooked in Indonesia
due to their slow onset
and relatively low
immediate impact,
despite their long—term
consequences.

Extreme temperature:
Despite Indonesia’s
humid climate,
prolonged heat extremes
are becoming more
frequent, particularly in

(Barkey et al., 2019;
Farahnaz et al.,
2020; Ferijal and
Fauzi, 2024; Gusyev
et al., 2016;
Hasegawa et al.,
2016)

(Russo et al., 2014;
Setiawati et al.,
2021; Sunetal.,
2023)
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face exacerbated risks due to the UHI effect and rising
UTCI, demanding urgent adaptation measures.

urban areas, exacerbating
heat stress and energy
demands.

Wildfire Forest fires are driven by prolonged droughts and Wildfires are (Chen et al., 2016;
rising temperatures. ENSO is strongly linked to severe | increasingly Fernandes et al.,
fire events (1997, 2006, 2015). Future projections temperature—driven, 2017; Lamet al.,
show a 25% rise in severe droughts and high fire risks | highlighting the need for | 2024; Lestari et al.,
in Southern Sumatra and Borneo. Compounding effects | temperature—specific 2014; Rendana et al.,
of temperature—driven fire susceptibility even during management strategies, 2023)
wetter periods. even in non—-drought

years.
Compound Increasing compound hazards, e.g., simultaneous dry There is an urgent need (Heo et al., 2023;

disasters and
other hazards
(e.g., extreme

and wet extremes, are projected with higher global
warming scenarios. Machine learning predicts
significant risks of combined drought and forest fire
hazards, especially in Kalimantan.

for integrated hazard
modeling that accounts
for compound and multi-
faceted risks.

Vogel et al., 2020)

weather)

3.4.1 Flood
A previous study (Budiyono et al., 2016) projected a median increase in flood risk in Jakarta of 180%, driven by climate

change, land subsidence, and land use changes, with land subsidence contributing the most significantly to this rise. Based on
ensemble 40 GCMs-RCPs, the study found that climate change impacts on extreme 1-day precipitation up to 2050 are highly
uncertain in the basins of Jakarta. Median projections indicate around -19% (decrease), respectively, with minimal variation
across return periods, but a wide range and large percentile spread reveal significant uncertainty, even in the direction of
change. In terms of flood risk, this study suggested that within a “baseline + extreme precipitation” scenario alone, the percent
change of risk can even decrease —46% (—94% to +104% of the 595" percentile).

In contrast, a later study (Januriyadi et al., 2018) using a different approach to asset value estimates projected a 322-402%
increase in flood risk by 2050 under combined scenarios of climate change and urban development, suggesting a more dramatic
rise in flood risk in Jakarta (Mishra et al., 2018). This increase was partly due to a slight increase of daily extreme precipitation
(bias—corrected 8 GCM ensemble) by around 17% (median) with yet high uncertainty with a range of 5% within the decrease
sign. Another study (Farid et al., 2023) simulated flood hazards for Java Island based on six bias—corrected CMIP6 models
under SSP climate scenarios by the end of the century. Their study showed that future flood extents exceeded historical 100—
year return levels, especially in Jakarta and Central Java, whilst maintaining high uncertainties and higher emission scenarios
for far future periods. In addition, (Willner et al., 2018) also pointed out that Java is the region most impacted by future floods.
East Java (Jawa Timur) is projected to see a significant rise in affected population numbers up to 300,000 (199,000 to 705,000
of 16.7""— 83.3" percentile), highlighting a pressing need for enhanced adaptation measures.

The findings reveal significant uncertainty in flood risk projections for Jakarta due to inconclusive changes in extreme

precipitation over GCMs as well as observations (i.e., bias correction approach), leading to outcomes ranging from decreased
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to increased flood hazards. These uncertainties add to the complexities of risk assessments drawn from hazard estimation (data,
modeling, assumptions), exposure and vulnerability parameters (e.g., asset valuation, flood damage curves), and the feedback

of future urban development (Priyambodho et al., 2022).

3.4.2 Landslide
There is limited study on the topic related to landslides in this study’s review. Among limited studies, a projection global—

scale study (Wang et al., 2023) revealed that Indonesia is one of the fifth countries after China, Afghanistan, India, and the
Philippines, with high landslide casualty risks under climate change scenarios. The study estimated Indonesia may have an
average of 380 casualties annually during 2031-2060 and 370 during 2066-2095 under the SSP2-4.5 scenario, marking
increases of 137% and 131%, respectively, compared to the 1971-2000 period. This heightened risk is driven by Indonesia’s
mountainous terrain, frequent extreme precipitation, and high population exposure, all of which are expected to worsen due to
climate change. This finding is also suggested by another study (Hendrawan et al., 2024) that the potential of intensifying
landslides In Java as the increase of extreme daily rainfall in mountainous regions at the end of the century.

Landslides in Indonesia, triggered by extreme rainfall, often lead to flash floods by forming natural dams in rivers (Zain et al.,
2021). When these dams collapse under pressure, debris—laden floods rush downstream, causing severe erosion and widespread
destruction. Previous studies highlighted several disaster events, including Bahorok Catchment (2003), Kalijompo and
Kalipakis Catchments (2006), Wasior Catchment (2010), and Nasiri Catchment (2012) (Zain et al., 2021). A flash flood is
generally triggered by heavy rainfall (100-300 mm over three days) with the combination of steep slopes (>40°) and soil
movement causing landslides that block rivers. The fractured geological structure may weaken slope stability, resulting in
debris—laden floods. In addition, a study (Tunas et al., 2020) pointed out the impacts of the 2018 Palu earthquake (magnitude
7.5) on landslides and subsequent flash floods in the Bangga River Basin, Sulawesi, Indonesia.

These studies highlighted that Indonesia may face significant and escalating landslide risks driven by climate change (e.g.,
increasing extreme precipitation) as well as seismic activity. This also highlights an urgent need for comprehensive mitigation

strategies to address cascading hazards like flash floods and rising exposure due to land use change and increasing population.

3.4.3 Storm surge and wave
While the direct influence of climate change on storm surges and waves in Indonesia is complex, the increasing intensity and

frequency of ENSO events, exacerbated by climate change, potentially impact these phenomena (Semedo et al., 2013). Studies
have shown that a warming climate can intensify ENSO events, leading to more pronounced El Nifio and La Nifia phases (Cai
et al., 2015). During EI Nifio, for instance, Indonesia often experiences drier conditions and reduced rainfall, which can
indirectly affect ocean currents and wind patterns, influencing wave generation and propagation. Conversely, La Nifia events
can lead to increased rainfall and stronger winds, potentially contributing to larger waves and storm surges (Chang et al., 2020;
Supari et al., 2018). The findings of a previous study (Odériz et al., 2024) highlight the specific impact of ENSO on wind
patterns and wave conditions in Indonesia, particularly during the DJF season. These events lead to a concurrent increase in

wind, wind-sea, and swell from the east (E direction) by approximately +1%, +6%, and up to +7%, respectively. There is
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currently very limited research on the specific interactions between climate change and its impacts on storm surges and wave

dynamics in Indonesia, highlighting the need for further in—depth studies.

3.4.4 Drought
Several local studies projected drought risk in parts of Indonesia. The drought risk is expected to intensify, as well as impacting

rice production during critical growing seasons. From local river basin studies (Gusyev et al., 2016; Hasegawa et al., 2016), it
was indicated there would be an increase in meteorological to socioeconomic drought severity up to 16% of the dam inflow in
the Solo River basin during the end of the century (RCP8.5). Another basin—scale study (Farahnaz et al., 2020) projected a
significant increase in drought risk in the Barito River Basin by 2050. Drought—prone areas with medium and high-risk levels
are expected to cover more than 50% of the basin, with high—risk areas expanding compared to the earlier projection (2031
2035). Using the Keetch—Byram Drought Index (KBDI), the study highlights the strong relationship between prolonged dry
periods and wildfire occurrences, especially in southern Kalimantan.

The study (Hohl et al., 2021) also highlighted that extreme drought frequency and severity are projected to increase in the near
future (2016-2040) based on the Standardized Precipitation Index. They demonstrated a clear connection between rainfall
shortages and fluctuations in agricultural production, especially during the wet season (typically from January to April). In the
wet season, rain—fed irrigation supports most of the rice cultivation, making it highly sensitive to rainfall variability
(Hendrawan et al., 2023a; Irawan et al., 2023). Another study (Barkey et al., 2019) based on hydrological modeling projected
a significant increase in drought—prone areas by 2030 (under RCPs). The increase, particularly within the karst regions, which
are expected to face low water retention, adversely affects both agricultural lands and unique biodiversity in Bantimurung
Bulusaraung National Park. Another study (Ferijal and Fauzi, 2024) emphasized the role of seasonal patterns in exacerbating
drought in the Aceh region based on the observed historical period 1982-2022. They observed that total precipitation decreased
by 13% from March to August (dry period), with a slight increase in the dry day fraction, whereas annual rainfall during the
current period increased by 14% compared to the earlier period (1982—-2000). These increasing future droughts in several local
areas in Indonesia evidenced the vulnerability region’s economic activity (e.g., agriculture), underscoring the need for robust
drought management strategies in the country.

Historically, El Nifio has been associated with 93% of droughts in Indonesia (Quinn et al., 1987). Previous studies reported
that drought events in Indonesia were associated with EI Nino occurrences, especially in major El Nino events such as 1997-
1998, 2002-2003, and 2013-2014. These drought events also triggered crop yield drops over the years, such as El Nino 1973
and 1992, triggering average annual rainfall of only approximately 67% of the average, which caused a yield decline of around
half (Amien et al., 1996; Hendrawan et al., 2023a; Naylor et al., 2001)

3.4.5 Wildfire
In Indonesia, biomass burning, primarily from shifting cultivation practices, causes haze disasters that impact the country and

neighboring regions. The spread of forest fires, particularly evident in October in Sumatra, is largely driven by prolonged
droughts during the dry season (May to October) (Field et al., 2009). A previous study (Lestari et al., 2014) assessed fire
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hazards in both historical and future projections based on GCM simulations under CMIP5 in Indonesia. They found that current
anthropogenic warming has weakened the Walker Circulation associated with tropical ocean warming, increasing the
likelihood of severe drought over the past 50 years. This phenomenon is strongly linked to EI Nifio events, particularly the
Eastern Pacific EI Nifio, which contributed to severe wildfire events in southern Kalimantan (Borneo) and the surrounding
islands of Sumatra and Papua in 1997, 2006, and 2015 (Chen et al., 2016). The future projection shows a rise in severe drought
events by approximately 25% over 2001-2050 relative to 1951-2000. Another study (Rendana et al., 2023) using a
meteorological drought index also estimated an increase in high fire risk areas in Ogan Komering Ilir, Southern Sumatra, of
around 14% and 30% during 2021-2040 and 2041-2060, respectively.

Furthermore, in accordance with (Chen et al., 2016), previous studies (Lam et al., 2024) also suggested that warming eastern
Pacific SST anomalies, particularly during March—May, can predict drought conditions with a lead time of several months,
serving as an early warning trigger. ENSO remains a primary driver, and high—emission scenarios (e.g., SSP585) project an
intensified link between SST anomalies and drought, with drought indicators, such as the maximum number of consecutive
dry days, expected to increase significantly in Indonesian Borneo by 2061-2100 (Lam et al., 2024). Additionally, studies
highlight that rising temperatures are increasingly driving fire probability in Indonesia, even under wetter-than—average
conditions (Fernandes et al., 2017). While drought conditions are one of the primary drivers, wildfire risk can escalate during
wetter seasons with anomalously high temperatures. Higher evapotranspiration in warm, moist conditions accelerates soil
moisture depletion, intensifying fire susceptibility.

Despite increasing tropical mean rainfall north of the equator (Lestari et al., 2014), other regions of Indonesia may experience
drier conditions, especially during boreal summer (June—August), under various climate scenarios. Rising temperatures and
shifting El Nifio increase wildfire risk even in wetter years, with projections of more frequent droughts and raised wildfire
susceptibility. Together, these findings emphasize the need for fire management strategies that account for both drought and
temperature—related risks, underscoring a future compounding fire hazard across Indonesia. Wildfire management strategies

should also account for temperature—driven fire risks even in non—drought years (Fernandes et al., 2017).

3.4.6 Temperature extremes
By the end of the century, under high emission scenarios, warm spells as intense as Russia's 2010 summer heatwave may occur

in Indonesia as often as every two years (Russo et al., 2014). Such projections are reinforced by recent findings that under the
SSP1-2.6 scenario, the Maritime Continent, including much of Indonesia, experiences approximately 150 days of heatwaves,
with the longest lasting around 11 days. The SSP5-8.5 scenario projects an extreme increase, with heatwave frequency
surpassing 300 days and durations extending up to 90 days by the end of the 21st century (Sun et al., 2023). In urban areas,
this risk is further magnified by the urban heat island (UHI) effect. According to (Setiawati et al., 2021), projections for
Indonesian cities Medan, Surabaya, and Denpasar show a substantial increase in the Universal Thermal Climate Index (UTCI)
under future land—cover and climate change scenarios (RCP8.5). The UTCI in these cities could rise by up to 3.1 °C (during

2018-2042 compared to 1981-2015) without extensive greening measures, leading to exacerbated health risks, increased

20



475

480

485

490

495

500

505

https://doi.org/10.5194/egusphere-2025-584
Preprint. Discussion started: 10 June 2025 EG U h
© Author(s) 2025. CC BY 4.0 License. spnere

energy demands for cooling, and greater vulnerability to heat stress. These studies collectively highlight the urgent need for

climate adaptation and urban planning measures to mitigate rising temperatures in Indonesia.

3.4.7 Compound hazards
Based on the extreme percentile, a previous study (Vogel et al., 2020) projected Indonesia to face increasingly frequent and

intense compound dry and wet extremes. For instance, at +2°C, dry and wet extreme events could intensify, with up to three
occurrences in the same month every 20 years. At +3°C, Indonesia becomes a hotspot for extremes, experiencing up to 10
months of clustered hot and wet events per 20 years, along with more than four instances of these extremes co—occurring
within the same week. The study (Heo et al., 2023) based on a machine learning approach projected significant risks of drought
(22.6%) and forest fires (21.7%), with 2.6% of the compound drought and forest fire hazards. These risks are expected to rise
under both RCP-SSP2-4.5 and RCP-SSP5-8.5 scenarios. Among the five provinces studied, West Kalimantan had the highest
risk of forest fires (33.02%), while South Kalimantan faced the greatest risk of drought (67.3%) and the combined impact of
both hazards (7.1%). In the worst—case scenario (RCP—SSP5-8.5 in 2080), West Kalimantan’s Forest fire risk increases to
33.51%, South Kalimantan’s drought risk rises to 74.01%, and the combined risk escalates to 16.34%.

4 Discussion

This study provides a thorough of the current trend of climate—related hazards in Indonesia, demonstrating how extreme
weather events become more frequent and intense under current and future scenarios. We reveal significant increases in the
frequency and severity of climate—related hazards in Indonesia. Flood risk, for instance, is projected to rise dramatically in
urban areas such as Jakarta, up to ~400% by 2050 due to the combined effects of climate change and urban development
(Budiyono et al., 2016; Januriyadi et al., 2018). These projections are supported by climate model outputs showing intensified
extreme rainfall events and reduced return periods for significant precipitation (Farid et al., 2023; IPCC, 2023; Priyambodho
etal., 2022). Drought risks are expected to escalate, with projections indicating over 50% of high—risk areas in key river basins
in most populated regions (i.e., Java) by mid—century (Gusyev et al., 2016). Historical analyses reveal that 93% of drought
events in Indonesia are highly associated with EI Nino phases, underscoring the role of climate teleconnections in modulating
regional climate extremes (Quinn et al., 1987). Fire risk, amplified by rising temperatures and prolonged dry spells, is projected
to increase by 25% in southern Sumatra and Kalimantan (Chen et al., 2016; Rendana et al., 2023). The annual maximum daily
maximum temperature (TXXx) trends, increasing by 0.18-0.24°C per decade, reinforces the possible aggravating drought—heat
extremes, modulating substantial future impacts on agriculture and ecosystems.

This study aligned with regional and global findings but provided more granular insights into Indonesia’s unique setting. Here,
we emphasize several regions within the archipelago responding differently to climate changes in terms of hazard occurrences
based on the generated map using rainfall parameter projection in the future. Using K-means clustering, we classified regions
into three categories, as shown in Figure 8. Further details on the clustering methodology and parameters can be found in the

Extended Method (Supplementary). Figure 8 illustrates the clustered zones based on two layers: 1) projected changes in rainfall
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extremes and drought conditions across Indonesia for 2081-2100 under SSP5-8.5, relative to 1981-2010, based on CMIP6
model outputs for Consecutive Dry Days (CDD) and 2) the maximum 5-day precipitation (RX5day). Zone one (blue)
characterizes regions with expected increasing drought with relatively “no change” rainfall extremes, comprising drier regions
of southern Sumatera, Java, and small parts of Kalimantan and Sulawesi. Zone two (orange) indicates regions with at least no
change in drought risks yet rising rainfall extremes. This zone is expected to have more heavy rainfall in the future, triggering
wet hazards such as floods and landslides. Zone three (green) comprises the rest of the country, mostly islands in Maluku and

parts of northern Kalimantan and Papua. This zone is expected to have moderate climate hazards in the future, both extreme
rainfall and drought.
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Figure 8 Clustered regions in Indonesia based on projected changes in rainfall extremes and drought conditions for the period 2081—
2100 under SSP5-8.5, relative to 1981-2010. Data derived from CMIP6 projections (32 models) for Consecutive Dry Days (CDD)
and Maximum 5-day precipitation (RX5day). Positive (+), negative (), and neutral (=) signs indicate increase, decrease, and no
change, respectively. Please refer to the Extended Method (Supplementary) for the details of the clustering method.

The common extreme rainfall will be at least the same or increase over the archipelago (shown by all zones in Figure 8); we
emphasize the potentially exacerbated drying risks due to climate change in southern Sumatera, Java, and Nusa Tenggara,
especially Bali and West Nusa Tenggara (and small parts of southern Kalimantan and Sulawesi), where reduced rainfall is
expected to impact agriculture, the environment, and society disproportionately, which may be worsened by compounding
heat stress. The drying threats have been even more dangerous when coinciding with EI Nino, such as that in the 2023 drought,
which affected 18.75 million people between June to September in Indonesia (IFRC, 2023), and these are expected to heighten
in the future (Cai et al., 2015). The research regarding drought in the country is often underestimated, probably due to its

relative insignificance in terms of fatality and scale compared to other hazards, such as floods, earthquakes, and tsunamis,
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according to recent disaster records (Indonesia Disaster Data and Information, 2024b). In addition, its typical slow onset and
low magnitude given in the humid tropical country hinder its importance, especially given the dominance of wet farming (i.e.,
rice) across the rice bowl regions such as Java and Sumatera.

On the other hand, regarding the undeniable impact of the fatalities and damages caused by the flood, we figure out the complex
variability among the projections from numerous studies indicating the challenges of modelling complex flood hazard systems,
in particular under changing climate and dynamic urban development scenarios. For instance, a previous study reported that
land subsidence contributes the largest percentage (126%) to increasing flood risk in Jakarta by 2030, extremely surpassing
the effect of land use change, climate change, and sea level rise (out of 180% changes considering all factors) (Budiyono et
al., 2016). Another study (Takagi et al., 2016) even projected that without intervention, parts of North Jakarta could be
permanently inundated by 2050. In addition, previous studies and the IPCC reports determined that the increase of extreme
precipitation is more uncertain across regions and scenarios than that of temperature, not excluding Indonesia (IPCC, 2023),
making the attribution of extreme rainfall in amplifying the risk of flood much inconclusive. Furthermore, the differing
assumptions and methods also underscore the need for more studies and standardized approaches in future assessments.
Considering these gaps and the consequences of flooding in the country, many more historical flood attribution studies focus
on determining the role of different factors, such as climate change and urban developments, in influencing the occurrence and
severity of floods, compared to their natural variability. Once this understanding is established, future projections of flood
hazards can be more accurately assessed, enabling better preparedness and mitigation strategies.

Moreover, many disasters in Indonesia are strongly linked to precipitation extremes, including both excessive rainfalls leading
to floods and landslides, as well as prolonged dry spells contributing to drought and wildfires. The study (Aldrian and Djamil,
2008) identifies an increasing imbalance in the annual rainfall pattern, characterized by intensified wet—season precipitation
and prolonged dry spells. This shift has heightened the risk of extreme weather events, including floods during the wet season
and droughts during the dry season. The finding pattern aligns with the well-established climate change phenomenon, often
summarized as ‘dry gets drier, and wet gets wetter” (Trenberth, 2011). This study also underscores the crucial consideration
of the cascading climate risks, for example, the interplay among the global climate oscillation (ENSO, MJO, 10D) driving
temperature and rainfall anomaly, which induce drought, warm spells, storm surges to leading ranging impacts (Kurniadi et
al., 2021; Lam et al., 2024; Supari et al., 2018).

Furthermore, this study reveals that a critical but overlooked issue in disaster studies and databases in Indonesia is the
increasing threat posed by coastal hazards, i.e., storm surges, tidal waves, and sea level rise. These hazards are linked with the
fact that previous studies reported Jakarta has been recognized as one of the fastest-sinking cities globally, with land
subsidence rates reaching up to 280 mm/year between 1982 and 2010 (Abidin et al., 2011) and persisting at 20 mm/year in
some areas (Nicholls et al., 2021). This rapid land sinking may intensify coastal flooding risks much sooner than what sea
level rise projections alone would suggest. As sea levels continue to rise—estimated at 3.9 = 0.4 mm/year globally—low—

lying coastal cities experiencing subsidence will face compounded coastal hazards (Nicholls et al., 2021). Furthermore, Jakarta
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and other coastal cities in Indonesia are highly exposed to storm surges and tidal flooding, which are expected to worsen under
future climate change scenarios. Given these pressing challenges, this present study suggests that further research and more
comprehensive data collection on coastal hazards and land subsidence are urgently needed.

Developing predictive models for hazards is imperative to achieve disaster risk reduction by targeting more effective adaptation
and mitigation measures. This study implies that the other components of risk, namely vulnerability (i.e., resilience) and
exposure, play important roles in shaping disaster risks and impacts. For instance, according to disaster reports from 2000—
2024 (Indonesia Disaster Data and Information, 2024b), the fatality rate of flash floods and landslides per event is at 0.34 and
0.31, respectively, notably high, while extreme weather, wildfires, and droughts have much lower rates, below 0.05. This study
reveals that the trend of climatic drivers of flood and landslide disasters (i.e., rainfall extremes) is likely to increase over the
country, especially in Northern Sumatera, Kalimantan, Sulawesi, and Papua (An et al., 2023; Hariadi et al., 2023). A previous
study also stressed the expected increase of rainfall extremes in highland areas, signifying the intensifying risk of landslides
and flash floods in the future (Hendrawan et al., 2024). Additionally, more than 50% of Indonesia’s terrain is vulnerable to
landslides due to its mountainous landscape, high rainfall intensity, and ongoing land—use changes (Karnawati et al., 2013).
This gives a further urge to study related vulnerability and exposure trends, particularly for such fast onset hazards. Prioritizing
measures to address those frequent and disastrous hazards can significantly reduce overall disaster-related fatalities in the
country, thus minimizing economic losses and building more resilient communities, ultimately improving the effectiveness of
disaster risk reduction.

Lastly, future research should focus on refining these approaches by incorporating higher—resolution data and multi-scenario
ensembles. Integrating advanced modeling techniques to understand better mechanisms underlying floods, droughts,
landslides, storm surges, and urban heat while also addressing compound risks could mark substantial contributions to disaster
management. The use of machine learning for hazard prediction offers promising opportunities to enhance accuracy and early
warning capabilities. Furthermore, detailed longitudinal studies are needed to track the evolution of hazards and understand
cascading effects, such as floods triggering landslides or droughts exacerbating wildfires, which remain underexplored.
Building on these insights will be key to improving predictive models and informing adaptive strategies tailored to Indonesia’s
complex and dynamic risk landscape.

This study underscores the critical importance of adopting integrated strategies to address the compounding effects of natural
hazards and disasters in Indonesia. Adaptation measures such as enhancing early warning systems, improving land—use
practices, strengthening infrastructure, and fostering community—based disaster risk management are essential for reducing
vulnerabilities. Mitigation efforts, including sustainable environmental practices and disaster—resilient urban planning, are
equally critical for minimizing long—term risks. As the frequency and complexity of climate-related disasters increase,
fostering collaboration between researchers, policymakers, and communities will be vital. Together, these efforts can help

build a resilient Indonesia capable of effectively mitigating and adapting to future hazards.
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5 Conclusion

This study highlights Indonesia's exposure to intensifying climate hazards, with region-specific vulnerabilities under climate
projections. We highlight those northern areas covering major islands, such as Kalimantan, Sumatra, and Papua, are projected
to face more frequent extreme rainfall events, driving flood risks, while southern regions, including Java and Nusa Tenggara,
are increasingly susceptible to prolonged droughts due to higher consecutive dry days. We also provide clustering analysis of
rainfall extremes and drought metrics, revealing distinct zones of hazard overlap and emphasizing the need for tailored regional
adaptation strategies.

The findings underscore significant gaps in hazard modeling, particularly the high variability in flood projections driven by
uncertainties in extreme precipitation trends and urban dynamics. In urban areas like Jakarta, land subsidence remains a
dominant driver of flood risks, necessitating integrated approaches combining hydrological and socio-economic modeling.
Meanwhile, drought's underestimated impacts on water resources and agriculture highlight the urgency for improved
monitoring and adaptive water management in southern agricultural regions, particularly in the Indonesian rice bowl of Java.
Technical advancements are also needed in integrating teleconnections (e.g., ENSO, 10D, MJO) into climate projections to
better capture compound hazards and cascading risks. Future research should prioritize refining localized hazard assessments
and standardizing methodologies to address these uncertainties. Further studies may also address the most significant hazards
affecting most losses and damages in the country, such as flash floods and landslides, while adaptive measures, including
dynamic land-use planning and resilient infrastructure development, must be implemented urgently to mitigate the escalating
impacts.

6 Code availability

Code is available from the authors upon request.

7 Data availability

CRU, APHRODITE, CORDEX SEA, and CMIP6 on climate parameters and extreme indices are publicly available via
https://interactive-atlas.ipcc.ch/. Indonesian disaster dataset is available through Indonesian Disaster Data and Information
(DIBI) https://dibi.bnpb.go.id/.
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