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Jakarta, the biggest city in Indonesia, has one district that consists of hundreds of
islands that face severe climate hazards called the Seribu Islands complex. This
study explores the evidence of local climate trends, the potential impact, and its
policy intervention on Seribu Islands, which are classified as small island states and
widely recognized as being especially at risk from climate change, threatening
their economic and social growth. Long-term in-situ climate data, satellite data,
interviews with local stakeholders, and literature reviews were utilized to conduct
an exploratory descriptive analysis. The result revealed that Seribu Island
experienced a 2.2°C increase in minimum temperature from 1980 until 2021,
3.5-fold of the frequency of extreme temperature and precipitation, 4.17 mm/year
of sea level rise, and 10.8 ha land expansion in the densest island. Moreover, about
67% of the inhabitant’s islands were occupied by built-up areas that cover more
than 50% of the region. Further, under the worst-case SLR scenario, about 58.4%
of the area will be affected, and about 29 islands will disappear. This evidence was
also reinforced by every single local respondent’s viewpoint who felt that climate
change is occurring in the region. Even though the region faces a severe threat of
climate change, the issue of climate change adaptation has not been
mainstreamed yet into their local policy. Therefore, the urgency of a real-time
climate ground station, a real-time early warning system, and establishing a
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Regional Disaster Management Agency (BPBD) at the district level have yet to be
addressed. Furthermore, the knowledge gained from such case studies is outlined,
along with some scientific evidence that may assist small island states in better
fostering the opportunities provided by climate change adaptation.

KEYWORDS

Seribu islands, climate change, longterm climate data, anthropogenic pressure, climate
change adaptation, land expansion

1 Introduction

Climate change has been recognized as a severe concern,
threatening people’s lives by generated hazards and
environmental deterioration (Fujimori et al., 2019). Policies
regarding climate change are widely acknowledged as a viable
approach to address global warming, which includes a set of
rules or tactics developed by a nation or state/province (Meckling
and Allan, 2020). In the past few years, more nations have developed
applicable climate policies focused on their local or international
needs, aiming to create a resilient society for future generations.
Thus, various policy measures can be utilized to combat climate
change, including legislation, monetary interventions such as taxes
and levies, financial aid in subsidies, volunteerism strategies, and
educational initiatives (Zheng et al., 2023).

Various policy measures have multiple functions in addressing
the effects of climate change. Economic tools, for example, primarily
manage financial difficulties by providing funds, subsidies, tax
breaks, credits, and direct investment. Legislative instruments, on
the other hand, are focused on improving energy use efficiency and
increasing renewable energy generation by obligatory criteria like
norms, standards, and obligation schemes (Liu et al., 2019). While
the threat of climate change grows, policies have been reinforced and
improved. Yet, some nations are constrained by the present policy
combination. For example, Brazil employed mixed policies for
climate change adaptation, but instead of promoting sustainable
production and climate risk management, it frequently encourages
the accomplishment of societal vulnerability targets (Milhorance
et al., 2020). Another study revealed that most adaptation strategies
demonstrated “one-size-fits-all governance arrangements,” which
were mostly voluntary activities, lacked a coordination hub and
relied on sectoral self-interest, and those policies are insufficient to
tackle complex issues such as climate change (Clar and Steurer,
2019). Local conditions, a limited choice of policy tools, a lack of
robust supervisory procedures, poor awareness of environmental
protection, and a missing political will can all lead to policy setbacks
(Sokolowski and Heffron, 2022).

Indonesia is listed as one of the most vulnerable countries
regarding climate risk, with a high vulnerability to flooding and
extreme temperatures (Neumann et al., 2015). Moreover, recent
studies revealed that nine growing cities in Indonesia are exposed to
serious sea level rise (SLR) and floods (Nagu et al., 2016); for
instance, the SLR in Ternate City leads to sea salt intrusion of
groundwater and a decline in the supply of clean water (Gaborit,
2022). Another study also revealed that there is a 1.37% decline in
the number of foreign visitors to Indonesia for every 1% increase in
temperature and relative humidity (Susanto et al., 2020), which is a
significant loss for the country since six percent of Indonesia’s GDP

came from tourism (World Travel and Tourism Council, 2019).
Moreover, climate change also affects public health in the country,
whereas Sumatra has experienced an increase in respiratory illnesses
during the past 20 years due to the complex linkages of soil degradation,
deforestation, and climatic change (Gan et al., 2021). Also, the severity
of these threats is projected to increase in the future (The World Bank
Group and Asian Development Bank, 2021). In addition, by 2050,
Indonesia is projected to experience a loss of 8.6 billion USD, or 1.3% of
the current Indonesian GDP (USAID, 2016). Besides, without effective
adaptation, this country will face permanent flooding by 2070,
impacting millions of people (The World Bank Group and Asian
Development Bank, 2021). Therefore, addressing the climate change
impact becomes a severe issue.

Seribu Islands district is a group of small islands located in the
capital city of Indonesia, Jakarta. The territory consists of 116 islands
which are located 30 km away from the northern part of Jakarta. This
district has about 28 thousand inhabitants by 2021 who shared a total
land area of 8.7 km2 (BPS Seribu Islands, 2022). Its nominal Gross
Regional Domestic Product (GRDP) at Current Market Prices in
2021 was 0.5 billion USD which equals 0.28% of Jakarta’s GRDP.
Moreover, in the past 5 years, mining and quarrying (i.e., 77%) remain
the highest contributor to the GRDP in the region, followed by
agriculture, forestry, and fishing (5.4%) (BPS Seribu Islands, 2022).
Mining and quarrying mainly involved oil, gas, and geothermal in the
islands. In recent years, the hospitality industry has been developed,
with a total number of visitors in 2021 of 159 thousand people (BPS
Seribu Islands, 2022), but still, it is not the region’s primary revenue.

Even though the region is within the territory of Jakarta
Province, all of the population lived in the rural, remote islands.
Also, among five districts in Jakarta city, Seribu Islands has the
highest poverty rate (i.e., 15%) and the lowest human development
index (BPS DKI Jakarta, 2021). Therefore, like other small island
developing States, Seribu Islands are very vulnerable to the adverse
impact of climate change due to its geographic conditions and socio-
economic aspects (Enssle and Kabisch, 2020). Extreme weather
events such as drought, heat stress, ocean acidification, tropical
cyclones and related storm surge, shifting patterns of precipitation,
sea level rise, and coastal flooding endanger inhabitants’ livelihoods
and impact all economic sectors (Change, 2014). In other words,
climate change is an obstacle to economic and social development in
a region. Moreover, research conducted by ICCR (2010) stated that
Indonesia experienced SLR with an average rate of 6 mm/year, and it
is almost threefold than the global SLR rate (2.2 mm/year). Also, six
islands (i.e., Ubi Besar Island, Ubi Kecil Island, Salak Island,
Nyamuk Besar Island, Dakun Island, and Anyer Kecil) were
reported disappeared in the region due to the abrasion (Kompas,
2015). Consequently, appropriate mitigation and adaptation plans
are critical to human resilience and survival against climate change.
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Most of the studies in Seribu Islands focused on benthic
habitat and mangrove biodiversity (Johan et al., 2015;
Cahyarini et al., 2016; Draisma et al., 2018), marine pollution
and particular natural disasters (Lestari et al., 2022) in this region
and those topics were explored in separate issues. However,
almost no paper conducted integrated studies on the local
evidence of climate change and its related impact on the
communities in this area. Therefore, this research explores the
local realities of climate change evidence, potential impact, and
local preparedness in the Seribu Islands by utilizing climate
dataset, satellite imageries, literature review on policy
documents and deep interview with local stakeholders. This
type of research will assist policymakers in developing
development plans by incorporating scientific assessment
through a multidisciplinary approach.

2 Materials and methods

This study is an exploratory analysis that integrated four main
data sets; the time series climate data, satellite data, interview and
field survey and literature review (Figure 1). The climate data set
was used to determine the trend of temperature and rainfall
patterns over the 41 years period in the study area. We utilized
the climate dataset in Kemayoran Station (i.e., the longest and
closest climate data station near Jakarta Bay), Jakarta (Figure 2)
because there is no available long term in-situ climate dataset
within the Seribu Islands complex (i.e., the government just
installed the Automatic Weather System within the islands in
June 2020) (DKI Jakarta Government, 2023). The satellite data
set was used to analyze the possible impact of climate change and

anthropogenic pressure in the region. The literature review was
utilized to record the historical trend of climate-related hazard in
the area, to determine the potential impact on society, and to
identify the national and local policies of each hazard type in the
small islands. While interview with local stakeholders were used
as a validation for the finding and to explore more on their
personal experience on climate change along with their capacity
and adaptation effort. Moreover, field survey was conducted to
map the native land of the densest island by considering local
resident perception. Table 1 shows the list of the data set used in
this study.

2.1 Study area

Figure 2 shows the area coverage of the study area of the Seribu
Islands. This administrative map was obtained from Indonesian
Geospatial Agency in 2010. Based on the figure, Seribu Islands
consists of 106 islands with names and 8 islands without names. The
area of the islands ranged from 0.04 ha to 59.9 ha with an average area of
8.7 ha. Therefore, there are no rivers or springs on the Seribu Islands,
which are sources of surface hydrology.Despite the size of the island being
relatively small, most of this region was categorized as a low-lying area
where the elevation ranged from 0 to 31.88m with an average of 3.9 m
above sea level (DEMNAS, 2018). Since it is located in the tropical region
the temperature is almost similar throughout the year. The annual
average rainfall and wind speed were 1888.74mm and 4–10m/s,
respectively (BPS Seribu Islands, 2022). The highest precipitation rate
and wind speed mainly occurred during the West monsoon (November
to April), while dry condition occurs in the East Monsson (June to
September). The monsoon condition affects the daily life of local

FIGURE 1
Flow chart for research methodology. DEM and SLA stands for Digital Elevation Model and Sea level Anomaly.
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communities in the regions that mostly relies their job on natural
resources.

Seribu Islands has two main sub-districts: The North Seribu
Islands and The South Seribu Islands. The population in the North is
higher than in the South, but the population density in the South is
higher than in the North (BPS Seribu Islands, 2022). Moreover, the
population has increased by 30% from 2009 until 2021 (BPS DKI
Jakarta, 2022), which means the population will double by 2045.
This condition put heavy anthropogenic pressure on these small
islands, affecting the coastal ecosystem and local communities.

2.2 Climate analysis

This paper utilized long-term daily climate data sets such as
minimum temperature, average temperature, and maximum
temperature from the Kemayoran climate station in Jakarta
(Table 1). To visualize the trend of the air temperature in the
study area, we conducted a moving average analysis with three

types of time scales (i.e., monthly, 12-month scale, and 60-month
scales) and calculated the frequency of extreme temperature
(i.e., percentile 90 and percentile 99). Moreover, in order to
know the significant of the temperature trend, we utilized Mann-
Kendal (MK) Test. Detailed on how to calculate the MK test can
refer the equation from Kandya et al., 2021. This MK test is non-
parametric test that has been suggested by the world meteorological
organization (World Meteorological Organization, 2012b) due to its
data distribution and outlier consideration (Nashwan and Shahid.
2018).

Since the precipitation amount and pattern have seasonal
variation, we conducted the standardized precipitation Index
(SPI) under the WMO 2012a methodology (WMO, 2012a) and
the frequency of extreme precipitation (i.e., percentile 99) to
determine the wet and dry levels and the possible impact.
Moreover, we estimated the trend of sea level anomaly
(SLA), as an impact of the anthropogenic global warming,
around Seribu Islands by using satellite multi-mission
altimeter data from the E. U. Copernicus Marine and

FIGURE 2
Map of the study area at Seribu Islands Complex, Jakarta. Basemap of Seribu Islands Complex: Sentinel 2A- 24 April 2021 and Sentinel 2B-28 July
2021.
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Environment Monitoring Service (CMEMS) (Table 1). This
CMEMS dataset was recommended by Fenoglio-Marc et al.
(2012) following the validity of the SLA trend from the
dataset with the in-situ data from deep-water tide gauges
around western Maritime Continent. For the shallow-water
area, such as Seribu Islands, despite the overestimation of the
SLA trend by the satellite data over the tide-gauges’s, their range
of uncertainties remain overlapped (Nurmaulia et al., 2010).

2.3 Potentially affected area

In this paper, we used five SLR scenarios; 1 m, 2 m, 3 m, 4 m,
and 5 m, and utilized geographic information system (GIS)
software (ArcGIS 10.8.2) to extract the inundation zone
based on the DEM data set. We utilized this scenario because
it was previously applied by the world bank for a global impact
assessment report (Dasgupta et al., 2009; Pickering et al., 2017),
and it also was due to the variation of the elevation of the region
of interest. The dimension of the potentially affected area will be

the percentage of the affected area, number of populations, and
number of missing islands.

2.4 Land cover and land expansion analysis

In this paper land cover analysis and land expansion analysis
was conducted by digitizing the feature using Google Earth Pro. We
utilized the latest recorded image of Google earth time slider in order
to digitize the land cover (Detailed in Supplementary Table A6). The
land cover analysis was only conducted in the inhabitant islands (ten
islands), while land expansion analysis only was conducted in the
most-dense island in the region (Panggang Island). Meanwhile for
land expansion we did field survey for mapping the original land
area based on local communities’ perception (i.e., people who live
more than 30 years within the region) and we digitized in the Google
Earth Pro of the oldest very high-resolution image (2009) and the
newest high - resolution image in the targeted areas (2022) (Table 1).
Finally, all the dataset then converted to shapefile and proceed for
land calculation in the Arc. GIS 10.8.2.

TABLE 1 The detailed dataset used in this study.

No Category Parameter Time range Source

1 Climate data set at
Kemayoran station

Daily minimum temperature 1980–2021 Data online BMKG https://dataonline.bmkg.go.id/home

Daily average temperature

Daily maximum temperature

Daily precipitation

2 Satellite data set Digital elevation model (DEM): 8 m of spatial resolution 2018 DEM nasional (DEMNAS) https://tanahair.indonesia.go.
id/demnas/#/demnas

Sea Level Rise: 0.25 degree of spatial resolution, with the
specific area of (6S to 5S, 106E to 107E)

1993–2022 Copernicus marine environment monitoring service
(CMEMS) https://marine.copernicus.eu/

Land use: Google Earth time slider 2015–2022 Google Earth pro https://www.google.com/earth/versions/
Detail in Supplementary Table A6

Land Expansion in Panggang Island: Google Earth yime
slider

Dec 11, 2009 and
Mar 10, 2022

Google Earth pro https://www.google.com/earth/versions/

Base map study area sentinel 2B: 10 meters of spatial
resolution

July 28, 2021 Copernicus open access hub https://scihub.copernicus.eu/
dhus/#/home

Base map study area sentinel 2A: 10 meters of spatial
resolution

April 24, 2021

3 Original land area GPS data point of land area based on local community
knowledge

25-29 July 2023 Field survey using Handheld GPSMAP 86i-Garmin

4 Literature review Climate-related hazards 2015–2022 Supplementary Table A2 S1

National and local policy 2010–2023 Google search engine with the following keywords: RPJMD
DKI Jakarta, RPJMD Kepulauan Seribu, Reinstra DKI
Jakarta, Reinstra Kepulauan Seribu, Kebijakan Banjir rob,
Kebijakan Kebakaran Hutan, Kebijakan angin putting
beliung, Kebijakan abrasi, KLHK, Taman nasional,
mangrove, ekosistem pesisir (Table 3)

5 Interview -Discussion with the national and local authorities in the
Islands
-Interview with 21 local communities in four islands
(Pramuka Islands, Panggang Islands, Kelapa Island and
Pari Island)

July 23–29, 2023 Supplementary Table A5
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2.5 Policy analysis

For the policy study, an assessment of the literature was carried
out using the Google search engine. In this study, we didn’t use a

scientific internet search engine to find the grey literature since most
action plans usually exist in governmental development plan
documents, governmental regulations, or project reports.
Additionally, we limited our keyword searches to Bahasa

FIGURE 3
The minimum temperature (A), average temperature (B), and maximum temperature (C) trend from 1980 to 2021 in the study area.
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FIGURE 4
The frequency of annual extreme temperature in the study area. The extreme temperature was defined as the top 1% (P99) and top 10% (PP90) of the
hottest daily maximum temperature during the study period.

FIGURE 5
Standardized Precipitation Index (SPI) from 1980 to 2020 with 12-month scale (blue) and 60-month scale (red).
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Indonesia as the primary language since we focused on national and
local policy intervention in disaster risk reduction. The following
keywords were used in this study: RPJMD DKI Jakarta, RPJMD
Kepulauan Seribu, Reinstra DKI Jakarta, Reinstra Kepulauan Seribu,
Kebijakan Banjir rob, Kebijakan Kebakaran Hutan, Kebijakan angin
putting beliung, Kebijakan abrasi, KLHK, Taman nasional,
mangrove, ekosistem pesisir. Moreover, we also did a research
dissemination and discussion to three representative of
Kepulauan Seribu local authorities and one representative of the
national park and deep interviews with 21 local communities in four
islands (Panggang, Pramuka, Pari, and Kelapa Islands) from
23–29 July 2023 to qualitatively validate our climate hazard
analysis and to know what kind of local authorities/communities
action had been taken to tackle those disasters.

3 Results

3.1 Trends in temperature

Figure 3 shows the air temperature trend over 41 years period
within the study area. As shown in the figure, the annual minimum,
average, and maximum air temperature ranged from 23.9°C to
25.8°C, 26.1°C–29.9°C and 29°C–34.5°C, respectively. Morever,
based on the Man Kendall test, it can be inferred that the
minimum, average and maximum temperature over the study

period has statistically significant of increasing trend at 99%
confidence level Supplementary Table A3. Moreover, Based on
the linear regression of the 60-month scale of moving average
analysis, the minimum temperature (Figure 3A) and average
temperature (Figure 2B) have a strong tendency of an increasing
trend with a correlation coefficient of 0.97 and 0.84, respectively.
Meanwhile, the maximum temperature (Figure 3C) depicts a low
tendency of warming trend with a coefficient correlation of 0.53,
respectively. Also, the study area’s minimum and average
temperatures experienced an increasing trend of 0.05°C/year and
0.03°C/year. It means, from the initial year (1980) until 2021, the
study area experienced a 1.4°C increase in average temperature and
2.2°C in minimum temperature, respectively.

Figure 4 depicts the annual frequency of extreme temperatures
that occurred in Seribu Islands. The P99 and P90 define as the
frequency of the top one percent (i.e., ≥35.2°C) and 10% (≥34°C)
hottest temperature during the study period. Based on Figure 4,
almost every year, the study area experienced an extreme
temperature of P90 and P99 with an average of 36 times/year
and four times/year. However, the frequency of extreme
temperatures (P90 and P99) is more frequent after the year 2002,
with the peak occurrences in 2014 (i.e., P90 ~ 107 times/year and
P99~30 times/year). Moreover, compared with the period of
1980–2001, the millennium period shows 150% and 324% of
P90 and P99 more frequently, which means the frequency of
potential natural disasters might double/triple. Also, based on the

FIGURE 6
Monthly sea level anomaly (SLA) for the period of 1993–2022 from the CMEMS satellite altimeter dataset averaged around Seribu Islands area (6S to
5S, 106E to 107E). Red line is the long-term trend of the monthly SLA based on linear regression with its equation below it. The yearly trend is also
presented with its range of uncertainty at 95% confidence level. Sigma is the standard deviation of the detrended SLA.

TABLE 2 Impact of sea level rise (SLR) in the study area. The calculation based on DEMNAS dataset.

SLR scenario The affected area (%) Number of islands that 100% inundated People affected

Scenario 1 m 25.8 20 7285.92

Scenario 2 m 32.7 21 9234.48

Scenario 3 m 41.3 24 11663.12

Scenario 4 m 49.6 24 14007.04

Scenario 5 m 58.4 29 16492.16
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MK test depicted that the extreme temperature has statistically
increasing trend over 41 years in the study area at confidence
level of 95% (Supplementary Table A3).

3.2 Trends in Standardized Precipitation
Index

Figure 5 describes the wetness and the drought level in a certain
period in Seribu Islands. The range of 12-month scale of the SPI
index ranged from-3 to +3.5, which defined that the study area
experienced extreme dryness (≤-2) and extreme wetness (≥+2). The
annual extreme dry occurred in 1997/1998 and 2015/2016, while the
extreme wetness occurred in 2013/2014 and 2020/2021. Moreover,
the study area experienced a long-term wetness period (red color)
from 2007 to 2021, where from 2013 to 2021 experienced three
periods of extreme wetness. Meanwhile, from 1997 until 2013, the
region continuously experienced moderate to extreme dryness levels

(red color). Moreover, in the period between 1980 and 1996, the
study area depicts a normal condition (i.e., -1≤SPI≤1).

3.3 Sea level anomaly

Figure 6 shows SLA trend within the study area for 29 years
based on CMEMS dataset. The figure shows that the study area
experienced an increase of SLA of 4.17 ± 0.83 mm/year from
1993 to 2022 (Figure 6). The result generally indicated future
SLA increases and showed a slow-rising trend. Furthermore,
this research area has seen a rise in sea level of almost 150.8 mm
since 1993. This number looks very small, but when it occurs
during the spring tide or during the storm surge, the impact is
adverse for the local communities (i.e., it exceeds 250 mm).
Moreover, since the turn of the century, the global sea level has
risen by around 178 mm, and by the end of the century, SLR
may have risen by 0.3–1.8 m (Jevrejeva et al., 2016).

FIGURE 7
Simulation of inundation area from various SLR scenarios in Harapan dan Kelapa Islands. Basemap: DEMNAS 2018 with spatial resolution of 8 m
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3.4 Impact of sea level rise

Therefore, we simulated the potential impact using some worst-
case scenarios as introduced by Dasgupta et al., 2009; Pickering et al.,
2017. Table 2 depicts the summary of SLR impact in Seribu Islands,
and Figure 7 shows the simulations in three inhabitants islands
(i.e., Harapan, Kelapa, and Kelapa Dua Island) under five SLR
scenario. The result revealed that under a 1 m SLR scenario,
25.8% of the Seribu Islands area would be inundated, affecting
about seven thousand people. Moreover, under this scenario, about
20 islands will disappear within the study area. Additionally, under a
5 m SLR scenario, about 29 islands will disappear, with about
16.5 thousand people will be affected.

Figure 7 depicts a simulation of nine islands in the study area;
three have inhabitants. The blue color indicates the inundated area,
while the grey gradation color presents the basemap of DEM.
Among the three islands, Kelapa Islands has the highest
population, followed by Harapan Island and Kelapa Dua Islands.
In Kelapa Islands, under a 1 m SLR scenario, around 16.7% area will
be inundated. Meanwhile, under a 2 m SLR scenario, nearly 43% of
the site will be permanently inundated, which means about
2703 people would be severely affected. Moreover, in Harapan
Island and Kelapa Dua Island, nearly 83% and 93% of the areas
would be permanently inundated under the 3 m SLR scenario.

Kelapa, Kelapa Dua, and Harapan Islands were known as one of
the main tourist destinations, especially for domestic visitors around
Jakarta Capital City. For instance, in 2021, even during the
pandemic, domestic visitors reached 22,251 people in those
islands (BPS Seribu Islands 2022). Therefore, having permanent
inundation on that island would create a massive economic loss for
the coastal communities (i.e., major job losses, loss of properties, and
massive migration to the mainland). Moreover, under the worst-case
scenario (5 m), those three inhabitants’ islands would disappear, and the
condition would create the mainland of Jakarta city severely affected by
sea level rise, storm surge, and salt intrusion due to no natural
protection anymore.

3.5 Experience of local communities toward
climate change

Figure 8 shows the descriptive statistics on how local
communities experience the climate change along its capacity
to cope the problem within the Seribu Island Complex. Based on
the interview from 21 respondent from four different islands, all
the respondent experienced the change of climate whereas most
of them experience changing seasonality/unpredictable
weathers followed by extreme heat, erratic winds and

FIGURE 8
Personal experience of local communities towards climate change, climate hazards, adaptation effort, and its capacity to do the adaptation.
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frequent climate hazards. Moreover, tidal flooding and tornados
were the most common severe climate hazards faced by the local
inhabitants. Since the climate hazards were frequent hit the
islands, the local communities did the adaptation effort as
follows: pay attention with the movement of tornados,
evacuate in the safer place and modifying the house
structure. However, not all local communities are resilient of
climate severe climate hazards since 45% and 35% of the
respondent does not have saving and job alternative and 4%
responded did not have access to early warning system.
Furthermore, nearly half of respondent received the early
warning system from Whatssapp group followed by BMKG
information and Windy application.

3.6 National and local regulations on
minimizing the impact of climate hazards

Table 3 depicts the national and local policy/commitment on
mitigating the climate hazards within the study area. In this
study, the climate hazards was referred to threats posed by the
climate and weather condition such as tidal flooding, cyclone,
tornados, flooding, forest fires etc. (Setiawati et al., 2023a).
According to the Table 3, the regulation regarding specified
climate hazard preventing and mitigating program mostly
issued by the national government such as forest fire, tidal
flooding and extreme weather. In case of abrasion and tidal
flooding, the provincial government put an extra effort to

TABLE 3 Summary of the national and local policy of each hazard type in the Seribu Islands.

Scale Policy document Notes/Action program Type of climate hazard Source

National Government Regulation (PP) Number 64 of
2010

Disaster Mitigation in Coastal Areas and
Small Islands

Tidal flooding, tornados, landslides,
flooding, storm surge, abrasion, forest fire

Government Regulation
(2010)

National Perka BNPB No. 1 of 2012 General guidelines for disaster-resilient
villages

Tidal flooding, tornados, landslides,
flooding, storm surge, abrasion, forest fire

BNPB (2012)

National Ministry of Public Works And People’s
Housing Strategic Plan For 2020–2024

Mainly focused on the main island of the
northern part of Java. The small island has
not yet become a national target

Tidal Flooding PUPR (2020)

National Regulation of The Minister of Environment
and Forestry No. p.7/Menlhk/Setjen/Otl.0/
1/2016

The Seribu Islands National Park
Management Section is in charge of
controlling forest fires

Forest Fire KLHK (2016)

National Perka BMKG (Meteorological,
Climatological, and Geophysical Agency of
Republic of Indonesia) No. Kep. 009 of 2010

Standard operational procedures for
implementing early warning, reporting, and
dissemination of extreme weather
information

Tornados, cyclone, flash flood BMKG Regulation No.9
(2010)

Province Mid-term Development Plan (RPJMD) of
DKI Jakarta 2017–2022

Tidal flooding has become one of the
strategic issues for DKI Jakarta Province

Tidal Flooding Jakarta (2018a)

Extended the conservation of marine
ecosystem area by 2.5 Ha in Seribu Islands

Tidal Flooding, Tornados, abrasion,
storm surge

Province Mid-Term Development Plan (RPJMD) of
DKI Jakarta Province 2023–2028

Disaster resilience has become the top
strategic issue within DKI Jakarta Province

Tidal flooding, tornados, landslides,
flooding, storm surge, abrasion, forest fire

Jakarta (2018b)

In 2020, 31 Automatic Weather System
(AWS) was installed in DKI Jakarta,
including in the Seribu Islands

Tidal flooding, tornados, landslides,
flooding, storm surge

As of June 2021, Mangrove planting has
reached 54.28% or around 38,000 trees in
Seribu Islands

Tidal Flooding, Tornados, abrasion,
storm surge

The Seribu Islands serve as a center for
ecological conservation

Tidal Flooding, Tornados, abrasion,
storm surge

Biodiversity Management Program
(Kehati) in Seribu Islands
Indicator: Percentage of Green Open Space
Managed by District Administration)

Tidal Flooding, Tornados, abrasion,
storm surge

Preventing Coastal Abrasion in Seribu
Islands

Abrasion

Disaster mitigation program Tidal flooding, tornados, landslides,
flooding, storm surge, abrasion, forest fire

Regency Mid-term Strategic Plan (Reinstra) of Seribu
Islands Regency 2017–2022

Mitigation efforts in natural disaster Tidal flooding, tornados, landslides,
flooding, storm surge, abrasion, forest fire

Seribu Island
Government (2018)

Regency Mid-term Strategic Plan (Reinstra) of Seribu
Islands Regency 2023–2026

Mitigation efforts in natural disaster Tidal flooding, tornados, landslides,
flooding, storm surge, abrasion, forest fire

Seribu Island
Government (2023)
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FIGURE 9
The Land expansion of Panggang Island from 1992 to 2022. Basemap: ESRI and Maxar, Earthstar Geographics and GIS User Community.

TABLE 4 The built-up area coverage in the inhabitants (local communities and oil company) islands.

Island name Green space (Ha) Build up area (Ha) Built-up (%)

Pari 44.14 9.20 17.65

Lancang Besar 15.24 16.58 56.88

Untung Jawa 23.77 13.1 35.68

Tidung Besar 28.787 30.38 47.67

Pramuka 9.01 19.03 67.87

Kelapa and Harapan 13.53 36.93 73.19

Panggang 0.70 16.63 95.96

Payung Besar 27.59 1.33 4.6

Kelapa Dua 2.76 2.71 49.54

Pabelokan (oil company) 7.31 6.18 45.81
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tackle the problem within Seribu Islands complex; whereas
they put tidal flooding as the top priority issues and various
provincial government program to reduce the risk of those
hazards. However, at the district level development program,
they mainly worked on the general disaster management such
as providing the basic needs after the disaster, raising
awareness, cross-sectoral coordination during/after the
disaster, and conducting data collection. According to Mid-
term Strategic Plan (Reinstra) of Seribu Islands Regency
2023–2026, there is two main climate hazards that pose
severe impacts within the region; tornados and tidal
flooding. However, the specific national regulation or
provincial mid-term development program have not
addressed this issue yet.

4 Discussion

4.1 Increasing trend of air temperature

The primary objective of this study was to reveal the local
evidence of climate change and its potential impact on the Seribu
Islands. The study shows that these islands were exposed to a
significant increase in air temperatures and the frequency of
extreme temperatures during the study period (Figures 3, 4). The
IPCC, 2022 suggests limiting the warming temperature to below 2°C
by 2030. However, the study area experienced a warming
temperature of 2.2°C by 2021 (Figure 3A) and without any
significant policy change, the temperature will continue to
increase. This warming temperature also exist in other small
islands region in the tropical region, such as Bintan Island
(Setiawati et al., 2023b); Mauritius Island (Doorga, 2022);
Carribian SIDS (Taylor et al., 2018) and other small Island states
(Nurse et al., 2001). The study also revealed that the frequency of
extreme temperatures of P99 since 2002 was almost 3.5-fold more
often than in the year between 1980 and 2001 (Figure 4). This
condition implies that the pilot study will face more frequent and
severe climate-related hazards.

We also interviewed local communities in four islands
within the region, and 60% of the respondents said that it is
tough to live within the islands without air conditioner (AC)
(Figure 8). Also, the weather is getting hotter, even at night.
Moreover, 80% of Panggang and Kelapa Islands respondents
confirmed that the weather is getting hotter and uncomfortable
both day and night, which caused increasing electricity bills.
The increase in the minimum and the extreme temperatures
significantly contribute to heat stress. Obradovich et al. (2017)
stated that the increasing minimum temperature causes
insufficient sleep to the 765 thousand respondents of US
citizens. This sleep deprivation has an implication for lower
productivity at work (McKibben et al., 2010), increasing
Posttraumatic Stress Disorder (PTSD) severity (Brown et al.,
2011), and the mortality rate (Cappuccio, 2010). Moreover, a
recent study by Samaniego-Rascón et al. (2019) revealed that
compared to typical days, the extreme heat stress level could
accelerate the risk of death by 43%, where the elderly
population, people without education, and outdoor workers
are among the most vulnerable inhabitants. Considering the

socio-economic condition of the islands where 82.7% of
inappropriate roof types that were worsening the indoor
temperature environment (BPS Seribu Islands 2022), 94.7%
of outdoor workers (BPS Seribu Islands 2022), and 17% of
the vulnerable age group (BPS Seribu Islands., 2022), the
region has big exposure and sensitive demographic condition
toward thermal stress (Setiawati et al., 2023a).

4.2 Change in precipitation and mean sea
level

Despite the extreme heat stress, the study area is also vulnerable
to frequent coastal flooding, drought and tornados, as shown in
Supplementary Tables A2, A5. According to the SPI index of 60-
month scales, the study area experience long-term moderate to
extreme wetness from 2007 until 2021 and moderate to extreme
dryness from 1997 to 2004 (Figure 5). Previous study also revealed
that extreme precipitation significantly influences island countries
and is frequently linked to flooding and tropical storms (Khouaki
et al., 2017; IPCC 2018). This condition is also supported by the
Supplementary Table A1, which states that extreme precipitation is
more frequent from 2013 until 2021. Moreover, the study area also
faced a slow onset phenomenon called an increasing trend sea level
anomaly (Figure 6).

These conditions imply that the study area also faced frequent
climate-related hazards during recent years, particularly coastal
flooding and tornados (Supplementary Table A2). Moreover, all
respondents in the Pari Islands stated that they experienced frequent
coastal flooding (5–8 times a year) recently, with the worst flooding
in 2022, where the inundation depth ranged from 10 cm to 130 cm
(Supplementary Table A2). Also, nearly 80% respondents in Pari
Islands confirmed that there is massive abrasion of terrestrial land in
Pari Island due to the sea level rise (Supplementary Table A5). The
local respondent also stated that the sea level rise, abrasion and
coastal flooding in this island decreased the water quality for
freshwater supply, increased the cost for having the water
(i.e., purchasing reverse osmosis water and bottle water), and
killed the terrestrial plant. This condition also reported by
previous studies which states that the ratio of fresh water
availability and water demand decreased by 67%, while water
quality decreased significantly (Wulan et al., 2023).

On the other hand, in Kelapa Island, all the respondents
experienced tornados in recent years, whereas last year, they
experienced three times a year. Most of the respondents said that
in the past, there was no such frequent coastal flooding and tornados
on Pari Island and Kelapa Island, and they could predict the west
and east monsoon seasons. However, after 2000, they could not
expect the season anymore (Figure 8), so it is hard for them to plan
proper fishing activities, do home business for women, have more
risk to go to the sea for the fisherman, and increase fishing capital
costs. Increasing extreme condition, unpredictable season and slow
onset phenomenon (i.e., abrasion and sea level rise) also faced others
small island region such as Bintan Islands (Setiawati et al., 2023b),
Solomon Islands (Albert et al., 2016), Micronesia (Nunn et al., 2017),
Carribian Islands (Oberle et al., 2017).

Seribu Islands consist of 116 islands, but in this paper, we only
analyze 114 islands (Figure 2) due to data limitations of DEM
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dataset. The land area ranged from 0.05 ha to 59.9 ha, and
among 114 islands, only two islands have a land area larger than
50 ha, and only 10 islands have inhabitants. The small island
states are the most vulnerable to climate change considering
their size, elevation, and climate variability. As the SLR scenario
of 2 m (Table 2), the islands with inhabitants will mostly be
inundated since the average elevation of those islands is 2.4 m
above the sea level, and under the 3 m SLR scenario, all
inhabitant’s islands will be fully inundated (Figure 7). Since
those islands have low-land areas with mostly dense built-up
areas (Table 4), the area will face an economic loss due to
frequent coastal flooding or other related climate hazards.
Particularly, Panggang Island, Harapan Island, Kelapa Island,
Pramuka Island, Pabelokan Island, Tidung Besar, Lancang
Besar and Kelapa Dua face a serious impact of climate
change because the built-up area occupancy was over 45%,
respectively (Table 4). Those local communities not only
have an economic loss due to the direct impact but will also
face cascading effects such as waterborne diseases, respiratory
diseases, etc. (Setiawati et al., 2023a).

4.3 Adaptation measures by local authorities
and communities

As stated above, the Seribu Islands face a severe risk of
climate change (Figures 3–8; Tables 2, 4). Moreover, the mid-
term strategic plan document (Reinstra) for 2017–2022 and
Reinstra for 2023–2026 stated that climate-related hazards are
the primary challenge of the mid-term development plan
within the region (Seribu Island Government, 2018; Seribu
Island Government, 2023). Therefore, tackling climate-
related hazards was one of the main strategic issues in this
area. However, the association between the issue, policy
direction, and action to reduce natural disaster risk was not
coherent. That incoherency was clearly stated in the
performance indicators for each stated program/action
(Seribu Island Government, 2018; Seribu Island Government,
2023). For instance, the index of public satisfaction with public
services and the number of disaster victims who received fast
food are the main indicators for the disaster mitigation
program (Seribu Islands Government 2020), which is only
short-term problem-solving. Mainstreaming the issue of
natural disaster mitigation in the Reinstra is a good start,
but achieving resilient communities toward climate change
through those actions was not enough.

As a small island district with high exposure to climate
change hazards, this region should have its own Regional
Disaster Management Agency (BPBD) and not only rely on
BPBD Jakarta main island since Seribu Islands has different
geographic features and challenges. So, having its own BPBD is
necessary so that the region has its own local assessment of
potential risk due to the disaster and has good planning both for
prevention and mitigation of climate hazards as other small
island districts did in Indonesia (e.g., Bintan, Natuna, East
Flores, etc.). Moreover, in the Jakarta Midterm Development
Planning Agenda of 2017–2022 (RPJMD), the issue of climate-
related hazards only focused on the main island of Jakarta

Province, and the issue of climate change only focused on
mitigation (reducing greenhouse gasses emissions) without
considering the adaptation action (Jakarta., 2018a; Jakarta,
2018b). The neglect of adaptation issues can be seen from
the unavailability the long-term of in situ climate data
measurement stations within the island complex which can
record daily temperature, precipitation, wind speed, tide, and
humidity. This in-situ climate data is crucial since the area is an
archipelagic district that the communities have to commute on a
daily basis by vessel where accurate weather prediction is
necessary for safety reasons. Moreover, having local climate
data is also essential for developing an early warning system
for climatic hazards, which benefits local communities,
commercial entities, and tourists. Developing a proper early
warning system is highly suggested by the IPCC Working
Group 1 and II (Lal et al., 2012).

Despite the unavailability of the District level of BPBD, the
provincial government put a lot of effort into tackling the
climate change impact on the Seribu Islands in the current
RPJMD (Table 3), which includes hard infrastructure
(i.e., installed Automatic Weather System, coastal abrasion
program, tidal flood mitigation program), ecosystem-based
approach (i.e., mangrove planting, deciding the region as
center for ecological conservation) and soft technique
(i.e., rising awareness, strengthening the adaptive capacity for
local authorities). Seribu Islands have two main climate hazards:
tidal flooding and tornados (Seribu Island Government. 2023).
However, most of the effort from the local authorities was to
tackle tidal flooding and abrasion; this commitment was
reflected by the construction of concrete sea walls along the
inhabitant islands (Table 3), building a breakwater, constructing
infiltration wells, constructing water canals, constructing
rainwater tanks, creating portable pumps for tidal flood
defences, creating vertical drainage to handle local rainfall,
and creating floodgates to regulate tides (Supplementary
Table A5). However, national and local governments did not
pay serious attention to tornados that frequently hit the Seribu
Utara sub-district, even though this disaster caused severe
damage in 2008, 2012, 2014, 2016, 2017, and 2018
(Supplementary Table A2).

As mentioned above, the study area also experienced the abrasion
which indicated by the shoreline changes. For example, in Tidung Island,
the abrasion caused a 6.4 ha land mass loss from 1913 to 2007 (Farhan
and Lim, 2011). Moreover, in the Western and Eastern land area of Pari
Island was lost about 4.1 ha from 1999 to 2017 (Farhan and Lim, 2011).
Therefore, to overcome the problem the local authorities built the
concrete seawall and breakwater and national and local authorities as
well as local communities did massive mangrove planting in Pramuka
island, Rambut Island and Pari Island. Even the mangrove planting was
targeted by the local government in the RPJMD 2023–2026 and this is
part of ecosystem-based approach (EBA) to climate change adaptation.
This EBA is a sustainable way to minimize the risk of climate change and
increase the resilience of the local communities (Colls et al., 2009). A
proper mangrove planting is one of the ideal adaptation strategies since it
does not have no-regret strategies, a flexible approach (one program can
achieve multiple targets), involve local communities, multi-partner
strategy development, and apply an adaptive management approach
(Colls et al., 2009).
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4.4 Challenges on local adaptation

The Seribu Islands experienced abrasion and did land
expansion, particularly in the densely populated island
(i.e., Panggang Island). No residents want to migrate outside
the island, while population growth in these locations is high
with very dense area (Table 4). So, the local communities did
self-reclamation using organic rubbish and reef stone, which
has been taking place for over 30 years (Figure 9,
Supplementary Tables A4, A5). Therefore, the land area was
expanded nearly 165% from 1992 to 2022, as shown in Figure 9.
Before 2009, land reclamation was conducted on both sides
(West and East). Still, since 2009, they reclaimed the land
toward the east since the eastern side has yet to be built by
the seawall, and the depth of the beach is relatively shallow.
When the local government does not act decisively to stop the
reclamation, most of the benthic habitat around the area
(i.e., seagrass and coral reef) will disappear in the future and
be replaced by the built-up areas.

Moreover, the under-control self-reclamation sacrifices the ideal
marine ecosystem health in the region, which also influences the
surrounding island communities for their economic income. For
instance, the sand area (underwater) on Panggang Island was
reduced significantly and transformed into seagrass, followed by
deep sea water, and disappeared (Ningsih et al., 2021). Moreover,
since 2000, the seaweed cultivation business in Panggang and
Pramuka Island has entirely stopped because the yield has
decreased due to the poor quality of the environment (Bahri
et al., 2017) (Supplementary Table A5).

Due to the island’s small size, the high exposure to climate
hazards, and the locals’ unwillingness to leave the area, Seribu
Island residents have had to adapt intensively by maintaining or
expanding their islands to prevent them from being eroded by
sea waves. Pramuka Island and Pari Island are two islands that
decided to grow mangroves since 2004 to prevent abrasion and
retain silt (Supplementary Table A5). In contrast, Panggang
Island takes particularly active measures to complete its
reclamation (Figure 9, Supplementary Table A4). Also, locals
attempt to diversify their employment in the previously
dominated fishing industry service sector (Figure 8). Without
considering any consequences, the local community’s
adaptation is categorized as a reaction to incidental activity
(Shahid et al., 2021).

Local authorities put climate change as the severe challenge for
Seribu Islands in their mid-term development planning agenda.
However, there needed to be more consistency between the effort
taken and the severe climate hazard the local communities faced.
For instance, tornadoes in the Northern part of Seribu Island are
crucial hazards that need to be addressed to reduce the risk;
however, local authorities did not mention specific efforts in
their development planning agenda. Moreover, massive
mangrove planting that has been carried out since 2004 needs
to be evaluated. Some local communities complained they could
not see the sea scenery and enjoy the cool weather because dense
mangrove forests blocked it. Moreover, law enforcement on illegal
self-reclamation by reef stone must be realized since fringing reefs,
coral reefs, and seagrass are vital to reducing the force of waves and
currents around the coastal region.

5 Conclusion

This paper highlights the importance of understanding the
effects of climate change on small islands and identifying
appropriate local solutions. Based on the long-term climate
data and spatial analysis results, Seribu Island faces a severe
threat of climate change, such as accelerating air temperature,
frequent extreme events, increasing SLR, massive land expansion
in Panggang Island and under the worst-case scenarios one-
quarter of the islands complex will be fully inundated in the
future. The analysis of the significant threat of climate change
within the study area helps us to 1) identify the main climate
hazards faced by the local inhabitants in different islands and 2)
urge the need for real-time weather station within the islands
complex along with the real-time early warning system 3) urge the
need of having district-level BPBD 4) align local populations’
needs for additional land with those of natural capital, protect
natural ecosystems, and use their ecosystem services to face
climate change. A limitation of the present study was the
unavailability of a long-term climate data ground station
within the islands complex; therefore, we utilized the closest
station to the study area. Moreover, we only involved twenty-
one local communities who were spread over four islands, one
national authorities and three local authorities as our objective
was to obtain a thorough understanding of their individual
experiences of climate change and its capacity to cope with the
problem rather than to reach statistical significance. For future
research, it is necessary to have more quantitative analysis for
future projections of climate data sets and combine it with the
socio-economic vulnerability analysis. Then, an integrated risk
assessment that considers the role of natural capital, climate
change scenarios, and local communities within the study area
could be built for future studies.
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