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Abstract: Bantul and Yogyakarta are regions with earthquake-hazard risks in Indonesia.
The earthquake that occurred in 2006 produced deaths, high economic losses,
and significant damages to the housing and infrastructure. This research aimed
to assess the urban growth in the earthquake-hazard zone in Bantul and Yogya-
karta. The study used the remote sensing method of nighttime light (NTL), zon-
al statistics, and ClockBoard zone analysis. The combination of these analysis
techniques for linking urban growth and earthquake hazards has not been wide-
ly discussed by previous studies. The earthquake-hazard data was retrieved
from the United States Geological Survey website; meanwhile, the NTL data
was based on the Visible Infrared Imaging Radiometer Suite (VIIRS) satellite.
The results indicated that those zone segments at very high earthquake-hazard
levels were also areas with night-light intensities of more than ten units (mean-
ing increasing urban growth). Based on these facts, local governments should
evaluate spatial planning to limit the density of built-up areas in earthquake-
hazard areas and ensure the effective implementation of urban sustainability
and resilience.
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1. Introduction

An earthquake is one of the most significant urban disasters; it can produce
many impacts in a city or region, including physical, social and economic as-
pects [1-3]. The occurrences of earthquakes are often not predicted; however, miti-
gation efforts for earthquake risk should remain implemented. One of the mitigation
efforts that should be implemented is to assess the existence of earthquake-hazard
risk toward the spatial and land-use patterns that are related to urban (built-up area)
growth and expansion. Settlements and built-up regions that develop without ref-
erence to earthquake risks can increase the risks of material damages and casualties
when earthquakes occur [4-6]. Identifying the high risk of being affected by earth-
quakes can be used as a reference in spatial planning. A comprehensive understand-
ing of earthquake risk in urban and regional planning is fundamental for ensuring
urban and regional sustainability [7-12]. An understanding of earthquake risk in
spatial planning could be done through analyses to assess the relationship between
the earthquake-hazard levels and urban growth/expansion. Spatial planning that
considers earthquake risks becomes essential for disaster-risk reduction. The neg-
ative impacts of deaths and material and immaterial losses can be minimized in an
earthquake because of proper land-use planning and management.

Generally, the evaluations of the impact of earthquakes in a city or region
have been predominantly based on comparisons between earthquake hazards and
urban growth and existing land uses; these have been analyzed by satellite imag-
ery [13-16]. Nowadays, urban development can be identified by the technology of
nighttime light data [17-20]. Nighttime light data can produce an understanding
of human well-being and urban activities and monitor disasters in more detail than
other satellite imagery can [21, 22]. Understanding nighttime light data can identify
the direction and the centers of urban growth in a city or region.

In the context of earthquake-disaster risk, the utilization of nighttime light data
can be compared to the existence of an earthquake hazard to support the proper
spatial planning. Recent studies have demonstrated the relationship between earth-
quake hazards and the utilization of nighttime light data [23-28]. Our research seeks
to support the comprehension of nighttime light data for directing spatial planning,
thus accommodating the mitigation efforts for earthquake-risk impacts in Indonesia.
Furthermore, our research developed a particular analysis method that combined
the utilization of the remote-sensing method of nighttime light and the zonal statis-
tics method (which was ClockBoard zone analysis). In general, zonal statistics were
used to analyze the zoning and landscape system in a city or region [29, 30]. In our
research, the zonal statistics were focused on the earthquake-hazard-impacted areas.

Indonesia is an archipelagic country that is situated at the meeting place of active
tectonic plates (including the Eurasian Plate, the Indo-Australian Plate, and the Pacif-
ic Plate) as well as being in the Ring of Fire in the volcano line; this results in a high
risk of earthquake disasters [31-35]. The natural movements of the tectonic plates
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cause sudden shifts in the rock layers in the Earth’s crust, which cause earthquakes
in the region of Indonesia. Based on Indonesian Disaster Information Data (DIBI),
earthquakes occurred at 18 location points in 2023; of these, 8 locations were locat-
ed on the Island of Java. One of the largest earthquakes ever in Indonesia was the
earthquake in 2006 on Java Island; this had a significant impact on Daerah Istimewa
Yogyakarta (DIY)/Special Region of Yogyakarta Province. After this occurrence, the
municipalities and the national government (including the central and provincial
governments) carried out various disaster-recovery efforts through the reconstruc-
tions of settlements and regional infrastructures. Furthermore, a resettlement pro-
cess occurred [36, 37], and urban growth and expansion also occurred until recently.

By synthesizing the challenges that were discussed above, our research exam-
ined the urban growth in DIY Province toward earthquake-hazard risks. This re-
search was conducted to ensure that the development paid attention to disaster-risk-
mitigation measures.

2. Study Area

DIY Province is one of the provinces of Java; it is located in the southern part
of the island. It includes one city (namely, Yogyakarta) and four regencies (Sleman,
Gunung Kidul, Bantul, and Kulon Progo). Chosen as case studies, Yogyakarta and
Bantul have rapidly grown the built-up areas; on the other hand, these regions are at
high risk of earthquake-hazard areas. Bantul Regency and Yogyakarta City were the
most-impacted areas by the earthquake in 2006.

Yogyakarta City is the capital of DIY Province; it had 375,699 inhabitants in 2023,
and its total area was about 3,282 hectares [38]. The average density of the population
was about 11,447 people per hectare. Nevertheless, the average population growth
rate of Yogyakarta City was 0.38 per cent each year from 2010 through 2020 [39].
While Bantul is a regency in DIY Province (with 1,013,170 inhabitants in 2022),
its total area was about 50,685 ha [40]. The average density of the population was
about 1998 people per hectare. In comparison, the average population growth rate
of Bantul Regency was 0.76 per cent each year from 2010 through 2020. Based on
a 2022 report of disaster-risk assessment in Yogyakarta, it is known that 57.5% of the
Yogyakarta area is an impacted area of earthquake-hazard risk [41].

The earthquake occurred on May 27, 2006, with a magnitude of 6.3-6.4 on
the Richter scale (Mw); it caused death and damage to various infrastructures and
settlements. According to the Bantul Disaster Management Agency, this earth-
quake lasted 57 seconds and had aftershocks that were 750-fold, resulting in 6,234
fatalities and 36,299 severe and minor injuries; housing damages reached more
than 616,458 units, and 1.5 million people lost their residences [42, 43]. The earth-
quake risk was caused by the movement of the Opak Fault [44]. The earthquake’s
epicenter in 2006 was located about 5-10 km from the Opak Fault [45] (see Fig. 1).
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Fig. 1. Location of DIY Province, Opak Fault, and earthquake’s epicenter in 2006:
a) position of the study area in a regional and tectonic context;
b) map of Java Island with the study area indicated (red rectangle);
c) enlargement of the area marked in panel b

Source: modification from [46] and [47]

3. Materials and Methods

The data and information of this research was mainly secondary data from eli-
gible institutions. The earthquake-hazard data was obtained from the United States
Geological Survey (USGS) (https://www.usgs.gov/). This data covered the Yogya-
karta and Bantul areas that were impacted by the earthquake in 2006. Meanwhile,
spatial urban growth was identified by the remote-sensing method using nighttime
light (NTL) data. Residential and built-up activities can be identified by looking
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at lighting at night [48]. This method uses a satellite’s artificial lighting data at night
to measure the intensity of human activity and urbanization. The use of nighttime
lights has a higher level of accuracy than other traditional remote-sensing methods
regarding urbanization dynamics [49].

To analyze the city’s growth, the nighttime light data can be analyzed using
map-overlay techniques with other data that was related to the research (in this case,
earthquake-hazard risk). The nighttime light data that was used in this research was
from the Visible Infrared Imaging Radiometer Suite (VIIRS). This is a remote-sensing
instrument on the Suomi National Polar-orbiting Partnership (S-NPP) satellite that was
launched by Vandenberg Air Force Base, California, in 2011; its data produces high-
quality images and is collected by the National Aeronautics and Space Administration/
National Oceanic and Atmospheric Administration NASA/NOAA [50-53]. VIIRS data
is divided into sensor data records (SDRs), which includes temperature data and noc-
turnal visible and near-infrared light data, and environmental data records (EDRs),
such as land and ocean surface properties to cloud and aerosol properties [54-58].
The VIIRS data that was used in this research was retrieved from light pollution map
(https://www lightpollutionmap.info/); nighttime images were captured from the Vis-
ible Infrared Imaging Radiometer Suite (VIIRS) satellite. Artificial lights raise night sky
luminance, creating the most visible effect of light pollution; they also provide data on
climate change, environmental monitoring, and energy on a global scale [59-61]. This
research used VIIRS data from 2013 through 2023. The initial year of the data was based
on the first data that was provided by NOAA. During the last decade, the research
has analyzed and compared the land-use changed in earthquake-hazard-risk areas.

The research used the quantitative method. The spatial analysis of the geo-
graphic information system (GIS) was used to analyze the information concerning
the nighttime light data and the urban growth in the impacted earthquake risk ar-
eas. Quantum GIS (QGIS) was used to support the spatial analysis; this is a simple
GIS process that can be used to visualize spatial patterns of importance to a variety
of fields (including natural resources, agriculture, and urban planning) as well as in-
formation and communication technologies (ICTs) [62, 63]. One of the main features
of QGIS is zonal statistics, which played an essential role in evaluating the light-
pollution data in the research area [64, 65]. This feature helps to calculate specific
statistics for a defined zone based on raster data, which is the light-pollution data.
The nighttime light data was analyzed using the ClockBoard analysis technique and
overlaid into the urban growth to determine the evaluation of nighttime light de-
scribing the urban development toward the impacted area of earthquake risk identi-
fied by the occurrence of an earthquake with a high impact level in 2006. ClockBoard
analysis is a tool for zoning systems to assess a city or a region based on the building
blocks for mono-centric and clockwise patterns [66, 67]. This research was support-
ed by the website of ClockBoard Zone Generator (https://zonebuilders.github.io/
zonebuilder-rust/) to determine the form of concentric zones used for zonal statistics
in QGIS as well as the area typologies of earthquake-hazard risk and nighttime light.
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4. Results

4.1. Earthquake Hazard in Yogyakarta and Bantul

The earthquake in Yogyakarta and Bantul in 2006 was caused by the movement
of the Opak Fault (located in the eastern part of Bantul Regency). This situation
makes the eastern part of Bantul more hazardous than the western part of Bantul. In
the area of the Opak Fault, a severe level of hazard occurs. Most of the eastern region
has an extreme earthquake-hazard level. In comparison, most of the western areas
have strong earthquake-hazard levels (the further away from the Opak Fault, the
safer). Some western Bantul regions have a moderate earthquake-hazard levels.

Yogyakarta, which borders the northern part of Bantul, has an extreme
earthquake-hazard level in its southeastern part. Meanwhile, most of the western
and northern parts of Yogyakarta have substantial earthquake-hazard levels. The
levels of the earthquake hazards in Yogyakarta and Bantul are shown in Figure 2.

Bantul

N
3 15 0 3 Miles

N
Impact of the 2006 Opak fault earthquake
V (Moderate)
VI (Strong)
VIl (Very Strong)
VIII (Severe)

Fig. 2. Map of impacts of 2006 Opak Fault earthquake in Yogyakarta and Bantul Regency
Source: Data from USGS elaborated by authors, 2024

Based on the earthquake-impact map that is shown in Figure 2, the eastern part
of Bantul was the most-impacted area compared to the surrounding areas. More than
half of the Bantul area is included in those areas with high to very high hazards — es-
pecially in the eastern part that is situated on the Opak Fault. A more detailed picture
can be seen in the overlay of the ClockBoard map and its hazards (as follows).
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Fig. 3. Earthquake-hazard overlay map and ClockBoard zone in Yogyakarta and Bantul

With the overlay of the earthquake-hazard and ClockBoard zones shown
above (Fig. 3), Table 1 can be prepared to indicate which areas or segments have
specific earthquake-hazard levels. This analysis was implemented in the Bantul and
Yogyakarta cases.

Table 1. Distribution of earthquake-prone areas in each zone segment
in Yogyakarta City and Bantul Regency

Hazard Level
Municipality
Medium High Very High
Yogyakarta B01, B18, B19, B20 A, B02-B17, C1-C9, C20 -

C01, C14, C15, C16, C17,
C18, C19, D01, D13,
D14, D15, D16, D18,
D19, D20, E12, E13

A, B01-B20, C02-C13, D02,
D03, D05-D11, E02, E05, E07,
E08, E09, E11

D04, E03, E04, EO6, F04,

Bantul F05, F06

4.2. Nighttime Light in Yogyakarta and Bantul

Nighttime light data were used in the advanced stage of the distribution of
earthquake-prone areas in Yogyakarta and Bantul. This was carried out to analyze the
development trend or growth of the built-up areas using nighttime light (NTL) data.
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Based on Figure 4, Yogyakarta had the highest light intensities from 2013 to 2023;
this was because it is the provincial capital and the center of regional activities. The
surrounding areas tended to develop following the main roads connecting the mu-
nicipalities. This data was then further processed using a Zonal Statistics analysis to
find the average value of each ClockBoard zone segment through the QGIS applica-
tion for each area to describe the growth of the built-up land per segment.

a)

™ High : 61.3

0 15 3 6 9 .Low:o

™ High : 64.9

(A)2023

S 3 s 3 ) .Low:o

Fig. 4. Maps of nighttime light levels of Yogyakarta and Bantul in 2013 (a) and 2023 (b)

Based on Figure 5, which described the zonal statistics for nighttime light in
Yogyakarta and Bantul, it is known that Yogyakarta tended to have a high night light
intensity of more than 15 in 2013. For ten years, most of the zones that experienced
an increase were Zone B (around the city center) and a small part of the suburbs.
Only 6 out of the 20 zone segments in Zone B still have light intensities at 15-23 lev-
els. Meanwhile, Bantul’s nighttime light data indicated the average light intensity
values in each ClockBoard zone segment.
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Fig. 5. Zonal statistics nighttime light levels in Yogyakarta and Bantul
in 2013 (a, ¢) and 2023 (b, d)

4.3. Urban Growth Toward Earthquake-Prone Zones

By overlaying earthquake hazards and nighttime light intensity, the growth of
Yogyakarta can be detailed in each zone segment through Table 2.
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Table 2. Average night light intensity of each zone segment of Yogyakarta City

Segment 2013 2023 Segment 2013 2023
A 35.04 44.89 B18 19.38 27.60
BO1 33.45 45.30 B19 24.35 32.88
B02 31.68 45.50 B20 33.63 43.60
B03 24.57 34.69 C01 17.87 30.27
B04 21.83 30.42 C02 18.02 28.87
B05 24.26 33.64 C03 18.54 28.67
B06 18.83 27.22 C04 16.30 25.94
BO7 21.28 27.76 C05 11.74 21.61
B08 19.92 25.92 C06 11.33 20.41
B09 21.43 28.70 Co7 13.09 20.40
B10 20.17 26.65 C08 10.62 18.32
B11 17.83 23.80 C09 712 14.52
B12 14.53 21.25 C10 8.38 13.99
B13 15.40 21.96 C11 7.97 12.89
B14 13.55 20.85 C12 6.07 11.19
B15 14.37 21.35 C18 8.78 14.70
B16 12.38 19.52 C19 7.71 13.57
B17 14.40 22.14 C20 15.13 2413

Based on the Table 2, the following findings regarding the relationship to the

earthquake-hazard level in Yogyakarta City were obtained:

— In those areas with moderate earthquake vulnerabilities (B1, B18, B19,
and B20), all of the zone segments experienced high increases in night light
intensity (greater than 5 units); even in the Bl segment, the increase reached
11.85. This segment is located in the northern part of the city center (Zone A).

— All of the segments in areas with high earthquake vulnerabilities experienced
high increases (greater than 5 units); there were even five zone segments with
more than ten (namely, Segments B2, B3, C1, C2, and C3). Due to the increas-
ing trends in several of the zone segments, policies should be prioritized to
prevent and overcome earthquake disasters (such as establishing policies re-
garding the density and limits on the number of building floors).
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From 2013 to 2023, most of the areas of Bantul experienced increases in their
intensities of night light. The northern part bordering Yogyakarta experienced the
highest intensity increase, as it is a buffer area with the dominant use of residential
land and service trade following Bantul’s spatial planning. The western and south-
eastern parts also experienced increases in night light intensity (although not as high
as in the north); this was due to their designation as agricultural lands and planta-
tions. Meanwhile, the eastern part did not observe an increase in light intensity, as it
is the location of the Opak Fault and is designated as a cultural heritage and tourism
area; so, land use transfer activities have been limited. Table 3 presents a detailed
comparison of the average intensity of each segment in 2013 and 2023.

Table 3. Average night light intensity of each zone segment of Bantul Regency

Segment 2013 2023 Segment 2013 2023
A 5.91 14.26 B18 2.98 8.08

BO1 3.84 9.19 B19 4.40 10.12
B02 3.98 8.72 B20 3.96 10.97
B03 4.82 9.53 Co1 6.07 10.27
B04 3.52 8.15 Co02 491 9.25
BO05 3.40 8.43 Co3 3.34 8.69
BO06 3.46 8.58 Co4 3.26 7.27
B07 4.37 8.96 Co05 2.50 6.62
BO8 4.64 8.54 Co06 2.35 6.68
B09 3.23 7.03 Co7 2.73 6.54
B10 3.10 7.06 Co8 1.93 5.25
B11 2.65 6.27 C09 2.18 517
B12 3.13 6.53 C10 2.02 478
B13 4.22 8.76 C11 1.92 4.61
B14 4.07 8.94 C12 2.16 473
B15 3.50 8.39 C13 1.95 5.07
Bl6 4.40 10.48 C14 1.81 5.79
B17 3.96 10.46 C15 1.44 4.48
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Table 3 cont.

Segment 2013 2023 Segment 2013 2023
Cl6 1.61 4.09 E03 5.00 10.87
c17 1.59 4.26 E04 1.57 4.48
C18 1.73 4.88 E05 0.79 2.52
C19 2.76 6.25 E06 0.55 1.84
C20 4.68 8.98 E07 0.46 1.51
D01 16.10 22.36 E08 0.11 1.17
D02 11.97 19.29 E09 0.29 1.18
D03 5.27 12.04 E10 0.92 222
D04 3.00 8.01 E11 0.95 2.80
D05 1.58 4.77 E12 1.03 3.07
D06 1.02 3.46 E13 1.25 3.04
D07 1.23 3.64 E14 1.12 2.51
D08 1.20 3.86 El6 1.38 3.54
D09 1.07 3.54 E17 1.90 4.08
D10 1.51 4.43 E18 2.34 5.44
D11 1.91 4.56 E19 3.74 7.59
D12 1.57 3.74 E20 8.47 14.54
D13 1.65 4.02 F03 3.30 7.24
D14 1.09 2.56 Fo4 1.56 3.92
D15 0.94 242 F05 0.54 1.46
D16 0.97 2.48 F06 0.44 1.51
D17 1.13 2.59 F07 0.11 0.75
D18 2.00 4.99 F10 0.08 0.41
D19 4.53 9.18 F12 0.01 0.12
D20 8.37 15.00 F13 0.24 0.66
E02 14.28 23.07 G04 0.95 2.08
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Table 3 was made in such a way that it could be used to compare the average
growth of night light intensity against the level of hazard in each segment. Based on
the above table, the following observation results were obtained:

— In those areas with moderate earthquake hazard levels in Bantul, sever-
al segments experienced an increase in high night light intensity (greater
than 5 units) compared to those segments with the same hazard level (name-
ly, the D1 and D20 segments, which increased by 6.26 and 6.63, respectively).
These locations were in the northern part of a dense urban residential area.

— In those areas with high hazard levels, the segments with increased intensity
of high night light (greater than 5 units) were more numerous than in those
regions with medium vulnerabilities (namely, as many as 12 segments with
details of segments A, B1, B5, B6, B16, B17, B18, B19, B20, C3, D3, and E2).
Most of the segments that experienced this increase were in the center of Ban-
tul and its surroundings. This needs to be considered and acted upon further,
such as providing regulations regarding building densities and the numbers
of building floors in order to minimize the losses that will be incurred in the
event of an earthquake disaster in the future.

— In those areas with very high earthquake hazard levels, two segments expe-
rienced increases in high night light intensity (greater than 5 units); namely,
Segments D4 and E3. Responding to this, the local government must take firm
action to divert the existing built-up land in the area. These two segments are
in the northern part of Bantul Regency (bordering Yogyakarta and Sleman).

5. Discussion

5.1. Role of Zonal Statistics
in Earthquake-Hazard-Level Identification

The zonal statistics with the ClockBoard system can play a role in describ-
ing the structural characteristics of earthquake-hazard zonation; it can explain the
earthquake-hazard levels in impacted areas in detail. In the cases of Yogyakarta
and Bantul, it can identify those areas with medium, high, and very high levels of
earthquake hazard. Furthermore, it can help describe the spatial configurations
of earthquake-hazard levels (which is essential for assessing mitigation efforts) —
particularly through spatial planning. From this case, it is known that the urban cen-
ters of Yogyakarta and Bantul are situated in high earthquake-hazard levels. Mean-
while, a very high earthquake-hazard level occurs around the Opak Fault, which is
located in the hinterland area. This situation indicates that the spatial planning in
both municipalities needs to pay attention to earthquake hazards. The urban devel-
opment and extension are expected to avoid those areas with a high levels of earth-
quake hazard [68-70].
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The spatial analysis that was supported by the zonal statistics in this research
demonstrated that structural and non-structural mitigation efforts could be done
based on the zonation of earthquake-hazard levels. However, the assessment of
earthquake hazards based on zonal statistics has a limitation: it is based on only one
center point (urban center) of the zonal statistics analysis. It is probable that in a city
has several center points. Based on this constraint, the results of zonal statistics for
earthquake-hazard levels should be combined with another spatial analysis such as
kernel-density estimation [71, 72].

5.2. Utilization of Nighttime Light Data
in Urban Growth Analysis

Nighttime light data is a valuable tool for analyzing urban growth. Our research
revealed that utilizing nighttime light data could describe the changes in the urban
development in the case study areas. The intensity of the light could clarify the ur-
ban centers in the research area. In addition, it could show the changes in the degrees
of urbanization. So far, this advantage has not been utilized by any other satellite imag-
ery. By tracking changes in nighttime lighting over one decade in our research, it was
known that the increase in urbanization degree generally occurred in our study area.
The nighttime light data also showed that the extension of the urban regions tended
to take place in the surrounding areas of the urban centers. The surrounding area of
the fault, which was the source of the earthquake occurrence, tended to grow slowly.
Our research also demonstrated that bright light in the nighttime light data was cor-
related with the existence of urban centers (such as commercial zones). The case study
showed that Yogyakarta (as the capital of DIY Province) experienced an increase in
its degree of urbanization. Our research also indicated that nighttime light data was
a valuable tool for predicting urban growth and could be used for spatial planning.
Nevertheless, our research proved that the existing nighttime light data could only be
used for large-scale applications (such as regions) [73, 74]. This constraint was due to
the resolution of nighttime light data not being used for small scales of space (such as
a city or town). The utilization of nighttime light data should be combined with other
satellite data imagery to produce more-detailed results of spatial analysis.

5.3. Linking Urban Growth, Earthquake-Hazard Level,
and Spatial Planning

The comparison between the earthquake-hazard level and the urban growth
through the zoning system showed that the urban development in Yogyakarta and
Bantul occurred in high earthquake-hazard areas during the last decade. The urban
growth occurred the most in the severe earthquake-hazard areas, thus increasing
the earthquake risks. Indeed, urban development was linked to the increased den-
sities in built-up regions [75-79]. This situation indicated that the spatial planning
and management did not align with earthquake-risk reductions. Recently, efforts
in earthquake-risk management have been approached by emergency response
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preparedness and the development of resistant buildings in several settlement loca-
tions as well as urban and public facilities (such as hospitals and universities) with
high earthquake-hazard levels [80-82]. Therefore, spatial planning and manage-
ment is essential considering the earthquake-hazard levels in the reviews of Bantul’s
and Yogyakarta’s spatial planning. As the high and significant subduction process of
the earthquake in the western and southern parts of Indonesia [83-87], the issue
of megathrust should be considered in spatial planning and management.

Spatial-planning strategies for earthquake-risk reduction are to minimize the
high density of built-up areas in the high regions that are impacted by earthquake-
hazard risks. These areas should be planned as conservation spaces, such as green
areas, parks, and forests. Furthermore, the development of built-up areas such as
residential areas, commercial areas, and public spaces should be supported by build-
ings that are resistant from earthquakes and the implementations of building codes
that accommodate the earthquake risks in the moderate regions that are impact-
ed by earthquake-hazard risks. However, the existing buildings in the settlements
and public spaces should be led to develop resistant buildings when renovating
buildings. Highly built-up areas should be created in the low-impacted regions of
earthquake-hazard risk. Urban expansion led to these regions.

An earthquake-hazard-risk map should be well-informed in Bantul and Yogya-
karta. The communities should know the existence of earthquake hazards — partic-
ularly the people who live around the high-impact regions of earthquake hazards.
The community awareness of earthquake risk should be increased through the col-
laboration of urban stakeholders in Bantul and Yogyakarta. Furthermore, assess-
ing early warning systems, routes, and evacuation facilities is essential for reducing
the impacts of earthquake occurrences (which are sometimes unpredictable). These
mitigation strategies should be integrated into the spatial planning of Yogyakarta
and Bantul.

6. Conclusions

Mapping earthquake-risk areas and controlling the growth of built-up land
are steps to mitigate the risks of earthquake disasters. The identification of earth-
quake-hazard levels that is supported by zonal statistics and ClockBoard analysis
could make a zonation of earthquake-hazard level in detail. The growth trend of
the built-up area can be determined using the nighttime light (NTL) remote-sensing
method, zonal statistics, and ClockBoard zone analysis. Nevertheless, limitations of
the analysis occurred due to the zonal statistics that only used one center point (ur-
ban center area); in reality, it is possible that there are several urban center areas to
consider. Furthermore, nighttime light data only covers a large scale of space (such
as aregion), so there is a limitation of the analysis in the small scales of space (such as
a city or town).
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However, our research revealed that Yogyakarta and Bantul (zone segments
at very high levels of disaster hazard) experienced increases in night light intensity
of more than ten units. The local government needs to develop a policy regarding
limiting the density and growth of the built-up areas in the impacted area of each
earthquake hazard (particularly the high and very high levels) as well as to provide
the assessment and implementation of an early warning system, evacuation routes,
and facilities for anticipating earthquake occurrences. Spatial planning that accom-
modates the earthquake-hazard level is needed to ensure sustainable and resilient
urban growth and expansion. Spatial planning should be included in the policy-
formulation process to prevent the development of land being built in inappropriate
locations and minimize losses caused by earthquake disasters in the future. Com-
munity awareness concerning earthquake-hazard areas in Bantul and Yogyakarta
must also improve to create comprehensive mitigation efforts for earthquake and
megathrust risks.
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yogyakarta.bps.go.id/en/statistics-table/1/MTY4IzE=/growth-rate-of-population-
by-regency-municipality--1971-2020--persen-year-.html.

Bantul Regency in Figures 2023 available at https://bantulkab.bps.go.id/
en/publication/2023/02/28/e90ab2b5613a5bd94{524fcb/kabupaten-bantul-
dalam-angka-2023.html.

Disaster risk assessment of Yogyakarta city for 2022-2026 available at https://
bpbd.jogjakota.go.id/assets/instansi/bpbd/files/dokmen-kajian-risiko-
bencana-kota-yogyakarta-2022-2026-13325.pdf.

Grief from the land of Projotamansari: Archive of the victims of the 2006 earth-
quake in Bantul available at https://perpusda.bantulkab.go.id/pc/59323#pablo.
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