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 Background: Water inundation is a recurring environmental hazard in Semarang 
Regency that frequently affects settlements, agricultural land, and infrastructure. 
Mapping inundation recurrence is essential for improving flood risk management 
and supporting spatial planning. The availability of cloud-based geospatial 
platforms such as Google Earth Engine (GEE) enables efficient multitemporal 
analysis of satellite imagery for monitoring inundation dynamics. 
Aims: This study aims to identify and classify water inundation-prone areas in 
Semarang Regency by analyzing the spatial distribution and recurrence of 
inundation using Landsat observations acquired from 2020 to 2025. 
Methods: Landsat 8 and Landsat 9 surface reflectance imagery, the administrative 
boundary of Semarang Regency, and SRTM Digital Elevation Model (DEM) data 
were processed in the Google Earth Engine environment. The Modified Normalized 
Difference Water Index (MNDWI) was calculated from the green and shortwave 
infrared bands to produce annual water masks. Pixel-based inundation frequency 
was summarized over six years and classified into vulnerability categories.  
Results: Annual inundation extent fluctuated between 8.63 km² in 2020 and a 
maximum of 23.77 km² in 2021, before decreasing and increasing again to 15.16 
km² in 2025. Recurrently inundated areas were mainly concentrated around Rawa 
Pening and surrounding lowlands characterized by flat to gently sloping terrain and 
dominated by agricultural and settlement land cover.  
Conclusion: The proposed framework effectively integrates Landsat-derived 
MNDWI and Google Earth Engine to identify recurrent inundation patterns and 
produce spatially explicit vulnerability maps. The results provide valuable 
information for flood risk assessment, land-use planning, and disaster mitigation in 
Semarang Regency. 
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INTRODUCTION 

Water inundation remains a recurring hydrometeorological problem in many parts of Indonesia and 
has not been fully addressed. Inundation events are generally controlled by both natural and human-
related factors, including high rainfall intensity, relatively flat terrain, land-use conversion, and 
limited drainage capacity. These conditions may disrupt community activities, damage 
infrastructure, reduce environmental quality, increase flood exposure, and cause economic losses 
(Merz et al., 2010; Tellman et al., 2021).  
 
Semarang Regency in Central Java is one of the areas that is vulnerable to inundation. Its 
physiographic setting ranges from lowlands to hilly terrain, which influences surface runoff 
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pathways and water accumulation. Rapid settlement growth and land conversion in recent years 
have also increased the potential for inundation, especially in low-slope areas with poor infiltration 
capacity. Therefore, Semarang Regency requires spatial identification and mitigation efforts for areas 
that are prone to water inundation (Badan Nasional Penanggulangan Bencana, 2025; Badan 
Penanggulangan Bencana Daerah Kabupaten Semarang, 2025; Pusat Krisis Kesehatan Kementerian 
Kesehatan Republik Indonesia, 2025; Badan Pusat Statistik Kabupaten Semarang, 2025). 
 
Remote sensing has become an important approach in hydrological and disaster studies because it 
can provide spatially consistent observations over wide areas (Melesse et al., 2007; Huang et al., 
2018). Landsat imagery is particularly useful for regional inundation analysis because it provides 
calibrated, multitemporal observations, a long global archive, and open data access at a spatial 
resolution suitable for regency-scale analysis (Roy et al., 2014; Wulder et al., 2019; Wulder et al., 
2022; U.S. Geological Survey, 2025; Chander et al., 2009). 
 
Inundation extraction from satellite imagery is commonly performed using spectral water indices. 
The Normalized Difference Water Index (NDWI) was introduced to enhance open-water features 
(McFeeters, 1996), while the Modified Normalized Difference Water Index (MNDWI) replaces the 
near-infrared band with shortwave infrared to improve water discrimination in built-up and mixed 
land-cover environments (Xu, 2006). Other water-extraction indices and threshold-based 
approaches have also been developed to reduce confusion from shadows, dark surfaces, mixed pixels, 
and local surface conditions (Feyisa et al., 2014; Ji et al., 2009; Huang et al., 2018). Multitemporal 
Landsat analysis has demonstrated the value of repeated observations for describing surface-water 
persistence and change (Pekel et al., 2016; Donchyts et al., 2016; Mueller et al., 2016). 
 
Large-scale satellite processing requires adequate computational support. Google Earth Engine 
provides cloud-based access to global remote-sensing archives and high-performance geospatial 
processing (Gorelick et al., 2017; Kumar & Mutanga, 2018). Through this platform, Landsat images 
from 2020 to 2025 can be processed efficiently to examine the spatial and temporal frequency of 
inundation in Semarang Regency. 
 
Inundation studies at the regency scale still require methods that describe repeated occurrence 
rather than only a single event. Satellite observations have become increasingly important for 
documenting flood exposure and inundation extent (Tellman et al., 2021), while optical and 
microwave flood-mapping research has emphasized the complementary strengths and limitations of 
different sensors (Schumann & Moller, 2015; Twele et al., 2016; Martinis et al., 2009; Markert et al., 
2020; Kuenzer et al., 2013). Previous studies have also shown that terrain elevation, surface-water 
dynamics, and land-cover information can support the interpretation of flood-prone or inundation-
prone environments (Farr et al., 2007; Yamazaki et al., 2017; Tarboton, 1997; Brown et al., 2022; 
Zanaga et al., 2021; Buchhorn et al., 2020). However, a pixel-based frequency approach can provide 
clearer information on locations that recur across multiple annual observations and may therefore 
deserve greater planning attention. 
 
Inundation frequency analysis is important because it identifies locations with repeated surface-
water occurrence and can complement event-based mapping (Pekel et al., 2016; Donchyts et al., 
2016; Mueller et al., 2016; Tellman et al., 2021). The resulting information can support spatial 
planning, water-resource management, drainage improvement, and local disaster mitigation. Based 
on these needs, this study maps and classifies water inundation-prone areas in Semarang Regency 
using a six-year Landsat time series and Google Earth Engine (Gorelick et al., 2017; Kumar & 
Mutanga, 2018). 
 
Based on these considerations, this study addresses three research questions: (1) how water 
inundation is spatially distributed in Semarang Regency based on Landsat imagery from 2020 to 
2025; (2) how frequently inundation occurred during the observation period; and (3) which areas 
can be classified as prone to inundation based on frequency analysis. 
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The study aims to analyze the distribution of water inundation, calculate annual and multitemporal 
inundation frequency, and identify inundation-prone areas in Semarang Regency using Landsat 
imagery processed through Google Earth Engine. 
 

METHOD 
This study employed a descriptive quantitative research design based on remote sensing and spatial 
analysis to identify the spatial distribution, frequency, and vulnerability of water inundation in 
Semarang Regency. The study did not involve human participants or animals. 
The analytical units were Landsat image pixels located within the administrative boundary of 
Semarang Regency, Central Java, Indonesia. The observation period covered 2020 to 2025, and the 
image dataset consisted of Landsat 8 and Landsat 9 scenes that met the temporal and image-quality 
criteria required for annual inundation analysis. 
The primary data consisted of Landsat 8 and Landsat 9 imagery accessed and processed through 
Google Earth Engine (Roy et al., 2014; Wulder et al., 2019; Wulder et al., 2022; U.S. Geological Survey, 
2025; Gorelick et al., 2017; Kumar & Mutanga, 2018). Administrative boundary data for Semarang 
Regency were used to define and clip the study area, while the 30 m Shuttle Radar Topography 
Mission Digital Elevation Model (SRTM DEM) supported slope derivation and topographic 
interpretation (Farr et al., 2007; Yamazaki et al., 2017). Land-cover information and historical flood 
records were used as supporting data for spatial interpretation and validation (Brown et al., 2022; 
Zanaga et al., 2021; Buchhorn et al., 2020). 
Image preprocessing, spectral-index calculation, and spatial interpretation were conducted in Google 
Earth Engine following standard digital remote-sensing principles, including cloud masking, surface-
reflectance processing, and large-scale geospatial analysis (Chander et al., 2009; Zhu & Woodcock, 
2012; Gorelick et al., 2017; Kumar & Mutanga, 2018). The datasets, spatial or temporal resolutions, 
and analytical purposes used in this study are summarized in Table 1. 

 
Table 1. Research Data and Data Sources 

No Data Type Data Source Resolution/Scale Purpose 

1 Landsat 8 and 9 imagery 
(2020-2025) 

Google Earth 
Engine (USGS) 

30 m, 16-day 
temporal 
resolution 

Water-index analysis 
and inundation 
frequency mapping 

2 Administrative 
boundary of Semarang 
Regency 

Administrative 
boundary data 

Regency scale Study-area boundary 
and image clipping 

3 Digital Elevation Model 
(DEM) 

SRTM 30 m Interpretation of 
topographic conditions 

 
The research procedure consisted of several sequential stages. Landsat imagery from 2020 to 2025 
was collected, selected, cloud-masked, filtered, and composited annually. Surface-water features 
were then extracted using the Modified Normalized Difference Water Index (MNDWI), calculated 
from the green and shortwave-infrared bands (Xu, 2006; Huang et al., 2018). The resulting index 
values were classified into inundated and non-inundated pixels to generate annual inundation maps, 
considering that water-index thresholds can vary with mixed pixels and local surface conditions (Ji 
et al., 2009; Huang et al., 2018). Inundation area was calculated from the classified pixel area and 
converted into square kilometres and hectares. The overall analytical workflow is presented in 
Figure 1. 
For the multitemporal analysis, the six annual binary inundation maps were summed at the pixel 
level to determine how often each location was identified as inundated during the observation 
period. Occurrence values ranged from 0 to 6: 0 represented not inundated, while counts of 1, 2, 3, 4, 
5, and 6 were interpreted as very rarely inundated, rarely inundated, occasionally inundated, 
frequently inundated, very frequently inundated, and permanent water, respectively. The frequency 
results were spatially compared with slope, average MNDWI, and land-cover characteristics (Farr et 
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al., 2007; Yamazaki et al., 2017; Tarboton, 1997; Brown et al., 2022; Zanaga et al., 2021; Buchhorn et 
al., 2020). Areas with repeated inundation occurrences were then grouped into inundation-prone 
levels, and historical flood records were used as supporting information to assess the spatial 
consistency of the satellite-derived results (Badan Nasional Penanggulangan Bencana, 2025; Badan 
Penanggulangan Bencana Daerah Kabupaten Semarang, 2025; Pusat Krisis Kesehatan Kementerian 
Kesehatan Republik Indonesia, 2025). 
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Figure 1. Research Workflow 
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The methodology was limited to Semarang Regency and the 2020-2025 observation period. The use 
of Landsat imagery at 30 m spatial resolution may limit the detection of small or narrow inundated 
features, and optical imagery may be affected by cloud availability and mixed pixels (Zhu & 
Woodcock, 2012; Ji et al., 2009; Huang et al., 2018). In addition, the annual-composite approach does 
not represent the exact duration or peak timing of individual inundation events. MNDWI-based 
classification may also capture permanent water bodies or water-related surface features. Historical 
flood records were therefore used only as supporting validation because complete field-based 
inundation observations with consistent spatial and temporal coverage were not available (Badan 
Nasional Penanggulangan Bencana, 2025; Badan Penanggulangan Bencana Daerah Kabupaten 
Semarang, 2025; Pusat Krisis Kesehatan Kementerian Kesehatan Republik Indonesia, 2025). 

 
RESULTS AND DISCUSSION 

 
3.1 Spatial Distribution of Water Inundation in Semarang Regency During 2020-2025 
The spatial distribution of water inundation in Semarang Regency was obtained from annual Landsat 
classifications using MNDWI from 2020 to 2025 (Roy et al., 2014; Wulder et al., 2019; Wulder et al., 
2022; U.S. Geological Survey, 2025; Xu, 2006; Huang et al., 2018). The maps show areas identified as 
inundated in each observation year, allowing the spatial pattern of inundation to be examined over 
time. The results indicate that inundation was not evenly distributed across the regency but tended 
to concentrate in specific locations. 

 
Figure 2. Water Inundation Distribution Map of Semarang Regency in 2020 

 
Figure 2 shows that the identified inundation area in 2020 was relatively limited and appeared only 
in several localized sites. The distribution was fragmented and did not show extensive inundation, 
indicating that inundation during this year was mainly local in character. 
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Figure 3. Water Inundation Distribution Map of Semarang Regency in 2021 

 
Figure 3 shows that the inundation distribution increased in 2021 compared with the previous year. 
The inundated area became more concentrated and formed a main cluster in the central part of the 
study area, indicating stronger inundation occurrence in specific locations. 
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Figure 4. Water Inundation Distribution Map of Semarang Regency in 2022 

 
Figure 4 shows that the 2022 inundation pattern was relatively similar to that of 2021, with a clearer 
inundation extent concentrated in the same area. This repeated occurrence suggests that some 
locations experienced recurring inundation. 
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Figure 5. Water Inundation Distribution Map of Semarang Regency in 2023 

 
Figure 5 shows that, in 2023, water inundation remained concentrated in the same general area, with 
a relatively stable extent compared with the previous year. This pattern indicates that the inundation 
location did not shift substantially and continued to occur in the same zone. 
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Figure 6. Water Inundation Distribution Map of Semarang Regency in 2024 

 
Figure 6 shows an increase in inundation extent in 2024 within the main cluster in the central part 
of Semarang Regency. This indicates that inundation intensity in the area increased, although its 
spatial location remained broadly consistent. 
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Figure 7. Water Inundation Distribution Map of Semarang Regency in 2025 

 
Figure 7 shows that the 2025 inundation pattern remained spatially consistent with previous years. 
The repeated appearance of inundation in the same locations during 2020-2025 indicates the 
presence of areas with recurring inundation tendency, which became the basis for subsequent area 
and frequency analysis. 
 
3.2 Inundation Area in Semarang Regency During 2020-2025 
The inundation area in Semarang Regency was calculated from the annual Landsat-based inundation 
classifications. The number of inundated pixels was converted into area units, producing quantitative 
information on the inundated extent for each year from 2020 to 2025 (Roy et al., 2014; Wulder et al., 
2019; Wulder et al., 2022; U.S. Geological Survey, 2025; Xu, 2006). 
 

Table 2. Inundation Area in Semarang Regency during 2020-2025 

Year Area (km²) Area (ha) 

2020 8.63 863 

2021 23.77 2,377 

2022 17.96 1,796 

2023 13.08 1,308 

2024 12.80 1,280 

2025 15.16 1,516 
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Based on Table 2, the inundation area in Semarang Regency fluctuated during the observation period. 
The largest inundation area occurred in 2021, reaching 23.77 km² or approximately 2,377 ha, while 
the smallest occurred in 2020. After peaking in 2021, the inundation area generally decreased until 
2024 and then increased again in 2025. This pattern shows that inundation was dynamic and varied 
from year to year. 

 
Figure 8. Graph of Inundation Area in Semarang Regency during 2020-2025 

 
Figure 8 shows that annual changes in inundation area were not linear. Differences in inundation 
extent between years indicate that environmental conditions varied during the observation period. 
This area information is important for frequency analysis because annual variations help identify 
whether inundation was temporally dynamic and spatially concentrated during the observation 
period. 
 
3.3 Inundation Frequency in Semarang Regency During 2020-2025 
Inundation frequency was analyzed by combining annual inundation maps from 2020 to 2025 (Pekel 
et al., 2016; Donchyts et al., 2016; Mueller et al., 2016). This analysis was conducted to determine 
how often each location was identified as inundated during the six-year observation period. The 
frequency result represents the recurrence of inundation occurrence, not the final classification of 
inundation-prone areas. Each location was classified into several frequency categories, including not 
inundated, very rarely inundated, rarely inundated, occasionally inundated, frequently inundated, 
very frequently inundated, and permanent water. 
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Figure 9. Inundation Frequency Map of Semarang Regency during 2020-2025 

 
Figure 9 shows the spatial distribution of inundation frequency in Semarang Regency during 2020–
2025. Most parts of the study area were classified as not inundated or very rarely inundated, 
indicating that repeated inundation did not occur across the entire regency. Higher-frequency classes 
were spatially concentrated in specific locations, particularly in the central part of the study area. 
This pattern indicates that inundation recurrence was localized rather than evenly distributed. 

 
Figure 10. Graph of Inundation Area by Frequency Category during 2020-2025 

 
Figure 10 shows that the not-inundated category occupied the largest area, while the inundated 
frequency categories covered much smaller extents. Among the inundated categories, the very rarely 
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inundated class had the largest area, followed by rarely, occasionally, frequently, very frequently, and 
permanent-water classes. This result indicates that most inundation events were spatially limited, 
while repeated or persistent inundation occurred only in specific zones. Therefore, the frequency 
analysis provides an important basis for further interpretation of inundation-prone areas. 
 
3.4 Relationship Between Inundation and Physical Characteristics of the Area 
The frequency analysis indicates that inundation did not occur randomly but was concentrated in 
particular parts of Semarang Regency. This pattern suggests a relationship between inundation 
occurrence and physical land characteristics. To strengthen the interpretation, inundation patterns 
were compared with slope, average MNDWI values, and land cover (Farr et al., 2007; Yamazaki et al., 
2017; Tarboton, 1997; Brown et al., 2022; Zanaga et al., 2021; Buchhorn et al., 2020). 

 
Figure 11. Slope Classification Map of Semarang Regency 

 
Figure 11 shows that Semarang Regency consists of varied topography ranging from flat to very steep 
terrain. Inundated areas identified in the distribution and frequency maps tended to occur in flat to 
gently sloping areas. Low-slope areas generally have slower surface-water drainage, allowing water 
to accumulate and form inundation. In contrast, steep to very steep areas showed fewer inundation 
occurrences because water flows more rapidly downslope. 
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Figure 12. Average MNDWI Map of Semarang Regency during 2020-2025 

 
Figure 12 shows that high average MNDWI values were concentrated in the same locations as the 
inundated areas identified in the distribution and frequency maps. High MNDWI values indicate 
surfaces with stronger water-related spectral response, supporting the inundation classification 
results. This spatial agreement is consistent with the intended behavior of MNDWI in enhancing 
open-water features and suppressing built-up, vegetation, and soil signals (Zhu & Woodcock, 2012). 
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Figure 13. Land-Cover Map of Semarang Regency 

 
Figure 13 shows that Semarang Regency is dominated by forest, agricultural or paddy fields, 
settlements, and open land. Inundated areas tended to occur in agricultural land, settlements, and 
open land. In the study area, the co-location of recurrent inundation with low-slope agricultural and 
settlement zones suggests that topography and land-cover conditions jointly influence where water 
accumulates. Similar Indonesian flood-mapping studies have reported the usefulness of combining 
satellite-derived water information with land-cover and terrain characteristics (Schumann & Moller, 
2015; Twele et al., 2016; Kuenzer et al., 2013; Farr et al., 2007). 
Based on these relationships, inundation events in Semarang Regency during 2020-2025 were 
influenced by the combination of topography, surface-water characteristics, and land-cover 
conditions. This interpretation became the basis for determining water inundation-prone areas in 
the next section. 
 
3.5 Identification of Water Inundation-Prone Areas in Semarang Regency 
Water inundation-prone areas in Semarang Regency were identified by interpreting the inundation 
frequency results together with the physical characteristics of the study area. The interpretation was 
mainly based on the recurrence of inundation during 2020-2025 and was supported by slope, 
average MNDWI, land-cover characteristics, and historical flood records (Farr et al., 2007; Yamazaki 
et al., 2017; Tarboton, 1997; Brown et al., 2022; Zanaga et al., 2021; Buchhorn et al., 2020; Badan 
Nasional Penanggulangan Bencana, 2025; Badan Penanggulangan Bencana Daerah Kabupaten 
Semarang, 2025; Pusat Krisis Kesehatan Kementerian Kesehatan Republik Indonesia, 2025; Badan 
Pusat Statistik Kabupaten Semarang, 2025). Therefore, this section presents the final interpretation 
of inundation-prone areas based on the results shown in the previous frequency and physical-
characteristic analyses, rather than presenting a separate map with the same spatial output. 
The results indicate that areas with higher inundation susceptibility were mainly concentrated in the 
central part of Semarang Regency, particularly around Rawa Pening and adjacent lowland areas. 
These locations showed repeated inundation occurrence, high water-related spectral response, flat 
to gently sloping terrain, and land-cover characteristics dominated by agricultural areas, settlements, 
or open land. Such conditions allow surface water to accumulate more easily and increase the 
possibility of recurring inundation. 
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Moderately prone areas were generally found in transition zones between lowland areas and areas 
with slightly higher slopes. These locations did not experience inundation as consistently as the high-
prone zones, but they still showed inundation potential during the observation period. Meanwhile, 
low-prone areas were associated with locations that were rarely or very rarely identified as 
inundated. Areas with no inundation occurrence during 2020–2025 were not classified as 
inundation-prone areas. 
Overall, the identification of water inundation-prone areas shows that inundation susceptibility in 
Semarang Regency is spatially concentrated rather than evenly distributed. The most important 
zones for mitigation are areas that repeatedly showed inundation occurrence and were supported 
by physical conditions that allow water accumulation. These results can support local planning, 
drainage improvement, and disaster-mitigation efforts, especially in areas around Rawa Pening and 
nearby lowland settlements. 
 
3.6 Overall Discussion, Implications, and Study Limitations 
Overall, the six-year results show that inundation in Semarang Regency was spatially persistent but 
temporally variable. The annual extent peaked in 2021 and did not follow a linear trend, while the 
frequency map identified a stable concentration of repeated water occurrence around Rawa Pening 
and adjacent lowlands. This distinction between annual extent and recurrence is important: a year 
with a large inundated area describes event magnitude at the annual-composite scale, whereas a high 
frequency value identifies pixels that repeatedly exhibit a water signal. The findings are consistent 
with the broader use of Landsat water indices and multitemporal surface-water mapping for 
inundation detection (McFeeters, 1996; Xu, 2006; Feyisa et al., 2014; Ji et al., 2009; Huang et al., 2018; 
Pekel et al., 2016; Donchyts et al., 2016; Mueller et al., 2016) and with studies that combine remote 
sensing, terrain, and land-cover information to interpret flood-prone environments (Schumann & 
Moller, 2015; Twele et al., 2016; Martinis et al., 2009; Markert et al., 2020; Kuenzer et al., 2013; Farr 
et al., 2007; Yamazaki et al., 2017; Tarboton, 1997; Brown et al., 2022; Zanaga et al., 2021; Buchhorn 
et al., 2020). The concentration of high-prone zones on flat to gently sloping land and in agricultural 
or settlement areas also supports the interpretation that local surface conditions influence water 
retention. However, the permanent-water class around Rawa Pening must be distinguished 
conceptually from episodic flooding: it represents persistent surface water in the six annual 
observations and serves as a hydrological context for nearby recurrent inundation rather than direct 
evidence that the lake itself is a flood impact zone. 
The inundation-frequency map can be used as a first-level spatial screening product for Semarang 
Regency. High- and moderate-prone zones can be prioritized for drainage assessment, protection of 
water-retention pathways, control of land conversion in low-lying areas, and more detailed 
monitoring before and during the wet season. The results are especially relevant around Rawa 
Pening, where recurring water signals overlap with agricultural and settlement land cover. 
The main contribution of this study is a simple and reproducible regency-scale framework that 
converts annual Landsat water masks into pixel-level inundation-occurrence classes. By integrating 
six annual observations with slope, land-cover interpretation, and historical-event comparison, the 
analysis moves beyond a single-event map and provides a spatial representation of recurrence that 
is directly interpretable for local planning. 
This study has several limitations. The 30 m Landsat resolution may mix water and non-water 
features in narrow drainage channels, small ponds, and dense built-up areas. Optical observations 
are also constrained by cloud availability, and annual composites do not resolve event duration or 
peak timing. The study applied one consistent MNDWI classification rule, but threshold sensitivity 
and pixel-level classification accuracy were not evaluated using an independent field sample. 
Historical records were incomplete and therefore provided only supporting validation. 
Future studies should calibrate and test the water-classification threshold with independent 
reference samples, integrate rainfall and river-network information, and compare annual Landsat 
results with higher-resolution or higher-frequency observations (Ji et al., 2009; Huang et al., 2018). 
Sentinel-1 SAR is particularly relevant for cloud-prone flood periods because microwave 
observations can support all-weather inundation mapping (Schumann & Moller, 2015; Twele et al., 
2016; Martinis et al., 2009; Markert et al., 2020; Kuenzer et al., 2013). Sentinel-2 or finer DEM 
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products may also improve delineation of narrow or heterogeneous inundation zones (Yamazaki et 
al., 2017; Tarboton, 1997; Brown et al., 2022; Zanaga et al., 2021; Buchhorn et al., 2020). 
 

CONCLUSION 
Landsat observations processed in Google Earth Engine showed that water inundation in 

Semarang Regency during 2020-2025 was unevenly distributed and tended to concentrate in specific 
recurrent zones. The annual inundation extent fluctuated from 8.63 km² (863 ha) in 2020 to a 
maximum of 23.77 km² (2,377 ha) in 2021, then decreased through 2024 before increasing again to 
15.16 km² (1,516 ha) in 2025. Pixel-level frequency analysis indicated that most parts of the study 
area were classified as not inundated or very rarely inundated, while repeated water occurrence was 
concentrated around Rawa Pening and nearby lowland areas. The identified high-prone zones 
generally coincided with flat to gently sloping terrain and agricultural or settlement land cover. 
Comparison with available historical reports showed broad consistency with the 2021 flood period 
and renewed inundation conditions reported in 2025. Therefore, the six-year frequency framework 
provides a practical regional screening tool for spatial planning and inundation-risk mitigation, 
although further research should include field validation, rainfall and drainage data, and higher-
resolution optical or SAR imagery to improve event discrimination and local-scale accuracy. 
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