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Abstract: Flooding in urban and semi-urban areas of Indonesia, particularly in Surabaya and
Gresik, has become an ongoing challenge, exacerbated by rapid urbanization and climate
change. This study explores the application of Sentinel-1 Dual-Polarization Water Index
(SDWI) and Normalized Difference Water Index (NDWI) derived from Sentinel-2 and Landsat
9 imagery to map flood extents during three major flood events in 2022, 2023 and 2024. The
analysis is conducted on a cloud-based Google Earth Engine (GEE) platform to enable near
real-time flood monitoring with significantly faster processing time. The results indicate that
NDWI is useful in detecting large-scale water bodies and coastal flooding, whereas SDWI
performs better in urban and vegetated environments, capturing inundation in built-up areas
that NDWI may overlook. The comparison of satellite-derived flood maps with ground-truth
data from news reports confirms that both indices can provide indicative flood assessments
where SDWI performs slightly better than NDWI. However, discrepancies between remote
sensing data and ground observations suggest the need for a hybrid approach combining
satellite data with ground-based observations to enhance flood mapping accuracy. The
integration of these indices on cloud-based platforms like Google Earth Engine (GEE) offers a
scalable solution for rapid flood mapping, supporting emergency response and disaster risk
reduction efforts in Indonesia, particularly in flood-prone regions.
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Introduction

Climate change has fundamentally altered global weather cycles, exacerbating
hydrometeorological disasters such as floods, especially in tropical and monsoon-affected
regions like Indonesia (Eccles et al., 2019; Hariadi et al., 2024). Rising global temperatures
plays a role to the intensification of precipitation regimes, increasing the occurrence and
severity of extreme rainfall events (Calvin et al., 2023). In Indonesia, a country with complex
river networks and rapid urban growth, these changes have led to high increase on
frequency and impact of flooding, exacerbating socioeconomic vulnerabilities and
infrastructural challenges (Hirabayashi et al., 2013; Loo et al., 2015). The unpredictability
of extreme weather events highlight the increasing need for advanced and rapid flood
monitoring and early warning systems, utilizing state-of-the-art technologies such as
remote sensing and cloud-based geospatial analytics to enhance disaster response and
mitigation strategies (Grimaldi et al., 2016; Munawar et al., 2022; Rahman & Di, 2017).

Historically, seasonal floods were largely driven by predictable monsoon cycles, but
in recent decades, anthropogenic factors such as deforestation, land-use change, and poorly
managed urban expansion have intensified flood risks (Djalante, 2018; Ward et al., 2013;
Yamamoto et al., 2021). Major cities such as Jakarta, Surabaya dan Semarang are
increasingly experiencing severe flood events, exacerbated by land subsidence and
inadequate drainage infrastructure (Abidin et al.,, 2008, 2013; Chaussard et al., 2013; Erkens
et al,, 2015). For example, the December 2021 floods in Gresik submerged key districts like
Driyorejo and Benjeng, blocking major roads and disrupting economic activity (Shofwan &
Prabhaswara, 2023; Siswanto & Puspaningtyas, 2023). The impact of these floods extends
beyond direct property damage, disrupting transportation networks, increasing disease
outbreaks, and leading to economic losses in key sectors (Marfai et al., 2015; Nasution et al,,
2022). Additionally, coastal areas face compounding threats from sea-level rise and storm
surges, further amplifying the frequency and severity of extreme flooding events (Cao et al.,
2021; Nicholls et al., 2021; Yin et al.,, 2020).

Recent advancements in satellite remote sensing and cloud-based computing have
revolutionized flood monitoring and disaster response. Traditional flood assessments
relied heavily on ground-based measurements and hydrodynamic models, which, while
accurate, were often time-consuming and limited in spatial coverage. The advent of high-
resolution Synthetic Aperture Radar (SAR) and optical satellite imagery—such as Sentinel-
1, Sentinel-2, Landsat-9 and MODIS—combined with real-time data processing on platforms
like Google Earth Engine (GEE) and NASA’s SERVIR, now enables near-instantaneous flood
mapping (Klemas, 2014; Rosser et al., 2017; Schumann & Moller, 2015; Simarmata et al,,
2023; Twele etal., 2016). These technologies allow for the rapid identification of inundated
areas, providing critical information for emergency response teams and policymakers.
Particularly in Indonesia, where floods can develop rapidly due to extreme rainfall events,
deforestation, and urbanization, there is a pressing need for fast and reliable flood mapping
solutions. Remote sensing methods, when integrated with cloud-based platforms, can offer
near real-time flood extent assessments, helping authorities make informed decisions on
resource allocation and evacuation strategies (Avila-Aceves et al.,, 2023; Luu et al.,, 2020;
Rehman etal., 2019). However, challenges such as cloud cover in optical imagery, SAR signal
distortions in urban environments, and the need for high-quality training datasets persist,
necessitating continued innovation in data processing techniques for improved flood
detection accuracy, especially in flood-prone areas on the tropics (Antunes da Silva et al,,
2024; Nguyen et al., 2022).

The Surabaya-Gresik region was selected for this study due to its high flood
susceptibility and significant socio-economic impact. Located in East Java, Indonesia, this
area experiences frequent coastal and riverine flooding, exacerbated by rapid urbanization,
land subsidence, and extreme rainfall events. Several studies have identified Surabaya and
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Gresik as flood-prone regions, with tidal flooding (locally known as rob) being a growing
concern due to rising sea levels and land subsidence (Aulady et al., 2022). For example, a
study in Gresik Regency utilizing the Analytical Hierarchy Process (AHP) and weighted
overlay methods identified Driyorejo, Wringinanom, and Benjeng sub-districts as highly
vulnerable to floods, with Driyorejo having 28.46 km? classified under high vulnerability
(Taslyanto & Deviantari, 2024). Another study employed the Random Forest machine
learning technique to assess flood vulnerability in Gresik, demonstrating the effectiveness
of data-driven approaches in flood risk assessment (Arlisa & Handayani, 2023).
Additionally, analysis of the Kali Lamong watershed, which spans Lamongan, Mojokerto,
Gresik, and Surabaya, revealed that flooding remains a significant issue in Gresik due to the
river's overflow (Santoso, 2013; Sholichin et al., 2024). These studies underscore the critical
need for advanced flood mapping and management strategies in the Surabaya-Gresik area
to mitigate the impact of recurrent flooding. This study employs two distinct methods for
flood mapping—one based on water detection using spectral indices (e.g., Normalized
Difference Water Index, NDWI) and another utilizing the backscatter of vegetation on the
near-infrared band (e.g., SAR coherence analysis). By comparing their performance and
accuracy, this research aims to provide insights into the most effective technique for rapid
flood mapping in Indonesia. This study aims to develop and evaluate a rapid flood mapping
framework that integrates remote sensing and cloud-based processing for near real-time
flood extent estimation. Specifically, it seeks to assess the accuracy of different flood
mapping methods and provide actionable flood extent information for disaster response
agencies. The novelty of this study lies in its application of a comparative dual-method
approach to a region with high flood variability while leveraging Google Earth Engine (GEE)
for large-scale cloud-based analysis (Aggarwal, 2016; Aubrecht et al, 2013). Unlike
previous studies that rely on a single flood mapping approach, this study evaluates the
strengths and limitations of two different techniques, offering a more robust assessment of
flood detection capabilities in Indonesia. The results of this research are expected to
contribute to Indonesia’s disaster management strategies by improving the speed and
accuracy of flood assessments, ultimately supporting better risk mitigation and emergency
response. Additionally, this study provides a methodological framework that can be
replicated in other flood-prone regions, enhancing the global knowledge base on rapid flood
mapping techniques.

Research Method

Study Area

This research focuses on the Surabaya-Gresik region in East Java as shown in Figure
1, an area highly vulnerable to seasonal and tidal flooding (rob). The location encompasses
Indonesia’s second-largest city, key economic hub and industrial port city. The research
location is intersected by several major rivers e.g., Kali Lamong, Kali Mas, and Kali Surabaya
as well as having recurrent tidal flooding on its coastal zones. This region serves as an
important case study for evaluating rapid flood mapping techniques using remote sensing,
as it represents a complex hydrological environment with urban, coastal, and riverine
interactions.

Data

This study utilizes multisource remote sensing and ancillary datasets to assess flood
dynamics in the Surabaya-Gresik region. These datasets include satellite imagery and
geospatial layers, enabling a comprehensive analysis of flood extent and its impacts on
infrastructure. The multi-temporal satellite data utilized for this study are from Sentinel-1
SAR satellite and from the optical sensor of Sentinel-2 and Landsat-9 satellite on the
research location in three dates after significant floods, listed in Table 1: 1) 6t of July 2022,

JURNAL WILAYAH DAN LINGKUNGAN, 14 (2), 197-219
https://doi.org/10.14710/jwl.14.2.197-219



https://doi.org/10.14710/jwl.14.2.197-219

200 Rapid Flood Mapping in Surabaya and Gresik Using SAR and Optical Satellites: Laveraging Google Farth
Engine for Timely Disaster Response

2) 7th of December 2023, and 3) 7t of February 2024. The SAR imageries consist of both VV
(vertical-vertical) and VH (vertical-horizontal) polarization as base bands so that it could
be treated further as multispectral satellite imagery while the optical imageries consist of
all available bands (red-green-blue, near-infrared, short-wavelength infrared and others).
These remote sensing datasets are used to detect flood extent, duration, and recurrence
patterns, allowing for comparative evaluation of flood mapping methods. Land cover
classifications, road network maps and building footprints are obtained from the
Indonesian Geospatial ~ Agency (BIG - Badan Informasi  Geospasial,
https://tanahair.indonesia.go.id/). The usage of geospatial layers stems from the fact that
floods in research location have been found to have severe consequences on critical
infrastructure (Cahyono et al., 2021; Sari et al., 2021), such as transportation disruption on
Cerme and Driyorejo on July 2022, disruption on economy due to flooded industrial zone
and Tanjung Perak Port on December 2023, disease outbreaks and electricity shutdowns in
Driyorejo, Wringinanom and Benjeng on July 2022, and damage on drainage system on
Surabaya’s coastal zones on February 2024.

Map of Study Area
Gresik-Surabaya Region, East Java
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Figure 1. Study Area
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Table 1. Observation Time and Explanation of Remotely sensed Data

Date of Flood Satellite Acquisition Date
Sentinel-1 7% of July 2022
th
6%of July 2022 g tinel2 7% of July 2022
Sentinel-1 9™ of December 2023
th
7% of December 2023 Landsat-9 7" of December 2023
ol th
71 of February 2024 Sentinel-1 7™ of February 2024

Landsat-9 9% of February 2024
Source: Author’s analysis, 2025

It should be noted that the satellite acquisition dates do not always coincide exactly
with the reported flood dates. The temporal gap between the reported flood occurrence and
the remotely sensed observations ranges from the same day to two days after the event. The
6 July 2022 flood was represented by Sentinel-1 and Sentinel-2 observations acquired on 7
July 2022; the 7 December 2023 flood was represented by Landsat-9 imagery acquired on
the same day and Sentinel-1 imagery acquired on 9 December 2023; while the 7 February
2024 flood was represented by Sentinel-1 imagery acquired on the same day and Landsat-
9 imagery acquired on 9 February 2024. Therefore, the mapped inundation should be
interpreted as post-event observable flood extent rather than the exact maximum flood
extent at the time of peak inundation. To reduce this temporal uncertainty, the satellite-
derived flood maps were compared with curated news reports that provided spatial
information on affected sub-districts, roads, settlements, and infrastructure around the
corresponding flood periods.

Methodology

This research employs a remote sensing-based flood mapping approach using
spectral indices and SAR-based analysis, integrated within a cloud-based computing
platform with news articles-based validation. The methodology consists of three main
stages as indicated on Figure 2: (1) Data Collection and Preprocessing, (2) Flood Mapping
using NDWI and SDWI (Sentinel-1 Dual-Polarized Water Index), and (3) Accuracy
Assessment by means of Confusion Matrix and Impact Analysis using waterbody and
flooded road as two main parameters.

Data Collection and
Preprocessing

Accuracy Assessment and

Flood Mapping Impact Analysis

« Imagery collection in GEE

« News Articles curation

« Radiometric and Geometric
correction for SAR imagery

« Cloud masking for optical
imagery

» Sentinel-1 Dual-Polarized
Water Index (SDWI)

« Normalized Difference Water
Index (NDWI)

« Water body identification
result check

« |[nundated roadway check
« Accuracy test based on
confusion matrix

Source: Authors, 2025
Figure 2. Research Flowchart

First step on the initial stage of data collection and preprocessing is to collect all
associated data on their respective sources, in addition to utilize Google Earth Engine
(https://earthengine.google.com/) as the platform to collect, filter and process the satellite
data, with the particular advantage that no download and upload are needed, simplifying
and speeding up the whole process. Meanwhile, several news articles on the topic of the
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flood in research area were curated and reviewed to get a robust validation dataset based
on the location mentioned on these articles.

Initial pre-processing on the SAR data was focused on the geometry correction,
started by computing look angle and elevation angle to adjust the orientation of the radar
antenna to be in-line with the Earth’s surface. Additionally, range resolution (represents the
ability to distinguish two different object parallel to the flight direction), azimuth resolution
(similar to range resolution but perpendicular to the flight direction) and range (distance
between radar antenna and the Earth’s surface) was computed to quantify the spatial
resolution of the data (Yu et al,, 2020; Zhu & Bamler, 2014). Due to SAR main disadvantage
of high error caused by atmosphere condition and topography effect on the radar beam
(commonly termed as layover or shadow effect), second step on SAR pre-processing was to
estimate two main parameters. The first one is called model geometry that represents the
topographical situation on the location while the second one is called volumetric model,
where the behavior and interaction between the radar pulse with the Earth’s surface was
computed. Both parameters were utilized to approximate the corrected radar pulse
feedback that describes the radar behavior on the flattened Earth’s surface. The third and
last step on the SAR pre-processing was to focus on the radiometry part, since the SAR data
tends to have salt and pepper-like pattern—commonly called speckle—on the image
because of the constructive and destructive nature of backscatter waves on identical target
with different arbitrary phase (Chen, 2020). A filter called focal-median that utilizes the
median value of a group of pixels in a circle, represented in Equation 1 (Castaneda et al,
2021) with g as noisy imagery, k as kernel circle size, § as de-noised image and i as the
index of pixel. This filter is more advantageous than others since it was relatively simple yet
robust in preserving the edges and relatively quick in processing time (Kupidura, 2016).

(g + [median(g, [2i — 1]?)]

flg.k)=g= 5 4+ ¢Y)

The performance of an optical remote sensing sensor is highly dependent on the
weather condition in the form of existence of cloud cover. Most datasets available on the
GEE provide dedicated band(s) for cloud identification and cloud masking, two of them are
Sentinel-2 Level 2A (cloud and cloud_shadow) and Landsat Collection 2 Top of Atmosphere
Data (cloud_confidence and cloud_shadow). These bands are utilized to mask the cloud out
of the multi-temporal optical imagery of respective dataset as the pre-processing step.

Flood mapping started with the estimation of SDWI on Sentinel-1 imagery. Sentinel-
1 itself consists of two polarizations (VV and VH) that differ in the backscatter intensity
pattern (Sun et al,, 2020). The VV is sensitive to identify water, while the VH is suitable to
detect build-up areas. This difference stems from the polarization axis, where both emitted
and reflected pulse is on vertical axis for VV while the reflected pulse of VH is on horizontal
axis (Xue et al., 2021). Additionally, the low radar reflectance of water compared to land
reflectance was utilized, as indicated in Equation 2 (Simarmata et al., 2023). SDWI ranges
between -1 to 1, with positive value indicates the existence of waterbody and negative value
represents land surface. Results of SDWI were then utilized as a binary mask (water or no
water; 1 or 0) to extract and highlight the location of waterbodies or inundated areas.

spwy = LV —VH) 2
- (VV +VH) )

Similarly, NDWI algorithm that estimates the occurrence of waterbody is utilized on
both Sentinel-2 and Landsat imagery. The NDWI itself was based on the difference on
reflectance of near-infrared (NIR) and green (G) band that is sensitive to waterbody, as
indicated on Equation 3 (Singh & Kansal, 2022). Then, to conduct a proper segmentation, a
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threshold value is adapted from (Ahmed & Akter, 2017) with value of 0 where it was based
on manual histogram thresholding on the NDWI results. As a comparison, the threshold on
SDWI result is adapted from (Guo et al., 2021; Ta et al., 2024) with value of 0.2 as the choice
after a definitive check and adjustment on the histogram.

nowi = &= NIR) 3
~ (G +NIR) ®

In order to evaluate the reliability and performance of both flood mapping methods
and data sources, an accuracy assessment is performed using confusion matrix-based
metrics (e.g., Overall Accuracy [OA], Producer’s, and User’s Accuracy) as shown in Equation
4 by comparing detected flood areas with reference data from curated news reports (Sadiq
et al., 2022; Schnebele & Cervone, 2013) with TP or Total Positive as number of correctly
classified intended positive class while TN or Total Negative as number of correctly
classified negative class. Furthermore, an impact analysis is conducted by overlaying flood
extent maps with infrastructure layers (roads, settlements, industrial zones) to assess
affected road networks, inundated settlement area and ability to detect persistent
waterbody in the area.

For the accuracy assessment, 44 validation points were selected for each flood event
using a purposive, spatially constrained sampling approach. The points were not generated
as purely random samples, because the validation relied on spatial information extracted
from curated news reports, visual interpretation of high-resolution basemap imagery, and
the availability of identifiable flooded and non-flooded locations. The validation points were
distributed across reported flood-affected and non-affected locations in Surabaya and
Gresik, including urban settlements, industrial areas, road corridors, bridge locations,
coastal zones, and river-adjacent areas along the Kali Lamong and Kali Mas floodplain.
Flooded points were assigned where news reports or visual interpretation indicated
inundation near the corresponding satellite acquisition period, while non-flooded points
were selected from nearby areas with no reported flooding and no visible inundation
signature. This procedure was designed to provide a practical event-based validation
dataset; however, it should be interpreted as a limited purposive validation sample rather
than a statistically representative probability sample.

—_TP+TN
0A = / Sample Size (4)

Results and Discussions

News articles-based curation of flood events

Flooding remains a persistent issue in Surabaya and Gresik, with significant events
occurring on 6 July 2022, 7 December 2023, and 7 February 2024. These floods resulted in
widespread infrastructure damage, particularly affecting transportation networks,
residential areas, and industrial zones. On 6 July 2022, severe rainfall overwhelmed
drainage systems, leading to the inundation of key roads in Tandes, Surabaya, and Sidayu
and Panceng in Gresik (Pusat Krisis Kesehatan, 2022), causing extensive traffic disruptions.
The 7 December 2023 event, exacerbated by high tides, led to severe flooding in
Balongpanggang, Benjeng and Cerme sub-districts in Gresik, with several bridges and local
markets submerged. Additionally, several sub-districts in Surabaya were flooded (e.g., Asem
Rowo, Benowo, Dukuh Pakis, Tandes, Wiyung, Wonokromo, Bubutan, Gubeng, Sawahan,
Simokerto, Sukomanunggal, Tegal Sari, Wonocolo) (Karnaji et al., 2024). Meanwhile, the 7
February 2024 flood was linked to the overflow of Kali Lamong and Kali Mas River, severely
impacting Gresik’s industrial zones and Surabaya’s settlement areas, where factories halted
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operations due to floodwater intrusion, highlighting the economic consequences of
recurring inundation. These events underscore the critical need for accurate and rapid flood
mapping to support emergency response and mitigation efforts, particularly in urban and
semi-urban areas where land-use changes and drainage capacity issues exacerbate flood
risks. The curation of news articles as validation sources has shown to be an effective means
of cross-verifying flood impacts reported in satellite-derived data (Rosser et al.,, 2017;
Yagoub et al,, 2020).

SDWI and NDWI Results and Impact Analysis on Settlements and Road Network

The application of Sentinel-1 Dual-Polarization Water Index (SDWI) and Normalized
Difference Water Index (NDWI) provides a detailed spatial assessment of flood extent in
Surabaya-Gresik across the three major flood events. NDWI, derived from Sentinel-2,
Landsat 8 and Landsat 9 MSI (multispectral) imagery, effectively identifies surface water
features by leveraging the contrast between near-infrared (NIR) and green band
reflectance. However, NDWI tends to overestimate flood extent due to the presence of built-
up areas and vegetation with high moisture content. In contrast, SDWI enhances flood
detection in complex environments, particularly urban and semi-urban areas where mixed
land covers complicate classification (Kuenzer et al,, 2013; Uddin et al., 2019).

The flood maps generated from NDWI and SDWI for (a) 6 July 2022, (b) 7 December
2023, and (c) 7 February 2024 as shown in Figure 3 and Figure 4, indicated similar spatial
patterns and inundated locations across the events and indices. These results indicate
persistent inundation occurred in low lying sub-districts of Surabaya (e.g. Asem Rowo,
Benowo, Tandes) as well as sub-districts in Gresik located on the Kali Lamong and Kali Mas
basin (such as Cerme, Benjeng, Menganti and Driyorejo). The February 2024 event
exhibited the most extensive flooding, with NDWI indicating an increase in surface water
cover by approximately 45% compared to dry-season baselines, while SDWI results
captured additional inundation in built-up and vegetated areas not detected by NDWTI alone.
All three flood occurrences, primarily driven by river overflow on the southwest Gresik part,
showed higher water depths along the Kali Lamong and Kali Mas basin, with NDWI and
SDWI confirming a southward flood progression towards industrial zones in Gresik as well
as port area in Surabaya (Aprillya & Chasanah, 2021; Fristyananda & Idajati, 2017; Triana
& Hidayah, 2020). Additionally, it could be seen that the distribution of inundated areas
from NDWI is denser than the SDWI, leading it to have significantly larger total inundated
areas (~4 to 5 times bigger), listed on Table 2. This overestimation by NDWI is particularly
pronounced in coastal and urban regions, where high moisture content in vegetation and
infrastructure may be misclassified as water. Conversely, SDWI provides a more
conservative flood estimate, which aligns more closely with observed flooding in industrial
and settlement areas. These results demonstrate the complementary nature of NDWI and
SDWI in flood mapping, with NDWI excelling in detecting open water bodies especially close
to the coast and SDWI improving detection in vegetated and urban regions. This approach
enhances the reliability of rapid flood assessments, which is crucial for supporting
emergency response strategies in high-risk urban flood zones like Surabaya-Gresik area.

The temporal gap between flood occurrence and satellite acquisition is an important
consideration in interpreting these results. For the July 2022 event, both Sentinel-1 and
Sentinel-2 were acquired one day after the reported flood date, suggesting that the detected
inundation represents residual floodwater that remained observable after the initial event.
For the December 2023 event, the Landsat-9 image was acquired on the same day as the
reported flood, while the Sentinel-1 image was acquired two days later; thus, the NDWI
resultis more likely to approximate the immediate flood condition, whereas the SDWI result
may reflect persistent inundation in low-lying or poorly drained areas. For the February
2024 event, Sentinel-1 was acquired on the same day, while Landsat-9 was acquired two
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days later, meaning that the SDWI result is temporally closer to the reported flood
occurrence, while the NDWI result may represent remaining inundation after partial
recession. The persistence of flooding is supported by the spatial agreement between the
satellite-derived inundation and curated news reports, particularly in repeatedly affected
areas. However, because floodwater can recede rapidly in urban drainage systems, these
maps should be interpreted as as satellite-observed inundation during the acquisition
windows.

Table 2. Inundated Area from NDWI and SDWI for the 3 flood events

Date of Flood NDWI Area (km?) SDWI Area (km?)
6" of July 2022 1.0947 1.0134

7" of December 2023 3.7427 0.7571

7% of February 2024 5.9957 1.2005

Source: Author’s analysis, 2025
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Figure 3. NDWI Map of (a) 6 July 2022, (b) 7 December 2023, and (c¢) 7 February 2024 flood
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Figure 4. SDWI Map of (a) 6 July 2022, (b) 7 December 2023, and (c¢) 7 February 2024 flood

The integration of NDWI and SDWI provides a robust methodology for identifying
flood-affected areas, particularly distinguishing permanent water bodies around dense
built-up areas in Surabaya-Gresik. Three permanent water bodies (Krembangan Viaduct,
Ngipik Pond and Bunder Reservoir) and two flood-prone bridges on Kali Lamong and Kali
Mas (Sembayat and Boboh Bridge) were the subject to a detailed analysis as shown in Table
3. NDWI maps clearly delineate Kali Mas and Kali Lamong, while SDWI enhances the
identification of standing body of water close to settlements and bridges, which are often
misclassified in NDWI due to urban infrastructure in the surroundings (Malinowski et al.,
2015; Martinis & Rieke, 2015). This misclassification could be exacerbated by the loss of
information due to the cloud masking preprocessing on the optical remote sensing data, one
of the disadvantage of the sensor compared to the SAR data (Nadzir et al., 2020).

The flood extent comparison with news-reported flood locations validates the
accuracy of satellite-derived flood mapping, as shown in Figure 5. It quantifies the
intersection between inundated areas with settlements land-use from the BIG using overlay
tool. For instance, the July 2022 flood was reported to have severely impacted on residential
zones in Sidayu and Panceng (Gresik) and industrial parks in Tandes, Surabaya, which
corresponds well with the inundation detected by SDWI and NDWI. The December 2023 as
well as February 2024 flood, which was primarily driven by river overflow, showed
extensive water spread along the Kali Lamong and Kali Mas floodplain, with both indices
confirming flooding in Benjeng, Cerme, and parts of western Surabaya. Additionally,
ground-level images from news reports and social media indicate water levels exceeding 50
cm in some residential areas, corroborating SDWI’s enhanced sensitivity to shallow water
bodies. The discrepancies between the satellite-derived and news-reported flood extents
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highlight both the strengths and limitations of each approach. While remote sensing enables
large-scale rapid mapping, ground reports provide crucial context regarding localized
inundation depth, infrastructure damage, and evacuation efforts. This emphasizes the need
for a hybrid approach that integrates satellite data, ground observations, and crowdsourced
flood information to improve flood response strategies in Indonesia (Assumpgdo et al,,
2018; See, 2019; Sy et al., 2019).

Table 3. Comparison between SDWI and NDWI on several features

Imagery Feature

Boboh Bridge

Sembayat Bridge
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Imagery Feature NDWI

i

Krembangan Viaduct

Ngipik Pond

Bunder Reservoir
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Imagery Feature

Source: Author’s analysis, 2025

Beyond assessing flood extent in settlements and industrial zones, the results also
highlight the impact on critical road networks in Surabaya and Gresik, as shown in Figure
6. Results show that despite the detailed visual check, no significant blockade was detected.
This was mainly due to the resolution of remote sensing imagery utilized in this study,
which are 10 meters for Sentinel-1 and 30 meters for Sentinel-2 and Landsat 9, while the
average road width on the research location was 3.5 meters.

Source: Authors, 2025

Figure 5. Inundated Settlement Map of (a) 6 July 2022, (b) 7 December 2023, and (c) 7 February
2024 flood
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Figure 6. Inundated Road Network Map of, (a and b) 7 December 2023, (c and d) 7 February 2024,
and (e and f) 6 July 2022 flood
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Accuracy Assessment and Implications for Rapid Flood Mapping in Indonesia

To evaluate the performance of NDWI and SDWI, a confusion matrix-based accuracy
assessment was conducted using ground-truth flood extent data derived from news reports
and visual interpretation of high-resolution imagery. The overall accuracy and kappa
coefficient were calculated to determine the agreement between the remote sensing-based
flood detection methods and independent reference data, shown in Table 4, Table 5 and
Table 6 for each flood event. Results indicate that SDWI slightly edges NDWI in identifying
inundated settlements for all three flood events (having better overall accuracy of 52.57%
compared to 50% in average), particularly in urban areas where mixed land cover types
often lead to misclassification in traditional water indices (Chini et al., 2017; Zhao et al,,
2024). NDWI, however, provided better delineation of large-scale waterbodies and on
coastal plain, making it useful for detecting major river overflow and extensive flood events
(Atefi & Miura, 2022; Farhadi et al., 2024, 2025). The confusion matrix analysis further
revealed higher commission errors in NDWI, particularly in areas with shallow flooding and
urban structures, whereas SDWI exhibited lower omission errors due to its sensitivity to
wet surfaces. In other words, the NDWI found to overestimate the flood extent while the
SDWI is more restrictive on identifying inundated areas. The December 2023 flood event,
for instance, saw NDWI miscalculating the extent of inundation in Gresik’s industrial zones,
while SDWI effectively captured these areas as flooded, aligning well with reported affected
infrastructure. However, NDWI remains crucial for detecting large-scale river overflow and
coastal flooding, as evidenced by the February 2024 flood event. Despite the advantages of
both indices, their accuracy remains moderate, with overall accuracy ranging from 36% to
52%. These findings suggest that a multi-index approach, integrating NDWI for large-scale
flood detection and SDWI for urban flood analysis, could significantly improve flood
mapping accuracy in complex environments (Muifioz et al., 2021; Soria-Ruiz et al., 2022;
Tanim et al., 2022). However, the accuracy results should be interpreted with caution
because the validation sample is relatively small and imbalanced, especially for the 2022
event, where only 3 of the 44 validation points were classified as flooded in the reference
data. This imbalance limits the reliability of class-specific accuracy estimates for the flooded
class and can cause overall accuracy to be dominated by the non-flooded class. The number
of validation points could not be substantially increased because the available news reports
did not consistently provide spatially precise flood information. Many reports described
flooding only at the administrative-unit level, such as sub-districts, villages, road names, or
general landmarks, without providing coordinates, flood boundaries, water depth
distribution, or clear distinction between flooded and non-flooded areas. Several reports
also referred to the same locations across different media outlets, resulting in duplicate
spatial information rather than additional independent validation points. In addition, some
reported locations could not be confidently matched to a specific pixel or spatial feature in
the satellite imagery because of ambiguity in place names, rapidly changing flood
conditions, or insufficient visual evidence. Therefore, only locations that could be spatially
identified with sufficient confidence from news descriptions, high-resolution basemap
interpretation, and proximity to reported flood impacts were retained as validation points.
This constraint is acknowledged as a major limitation of the validation design.

Table 4. Confusion Matrix of SDWI and NDWI for 2022 flood

Field

Classification Not Row Producer User Overall
Result Flooded Flooded Sum Accuracy Accuracy Accuracy
NDWI
Flooded 3 38 41 100.00% 7.32% 13.64%
Not Flooded 0 3 3 7.32% 100.00%
Column Sum 3 41 44
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Field

Classification Not Row Producer User Overall
Result Flooded Flooded Sum Accuracy Accuracy Accuracy
SDWI
Flooded 2 20 22 66.67% 9.09% 52.57%
Not Flooded 1 21 22 51.22% 95.45%
Column Sum 3 41 44

Source: Author’s analysis, 2025

Table 5. Confusion Matrix of SDWI and NDWI for 2023 flood

Field

Classification Not Row Producer User Overall
Result Flooded Flooded Sum Accuracy Accuracy Accuracy
NDWI
Flooded 15 27 42 93.75% 35.71% 36.36%
Not Flooded 1 1 2 3.57% 50.00% ’
Column Sum 16 28 44
SDWI
Flooded 7 18 25 43.75% 28.00% 38.64%
Not Flooded 9 10 19 35.71% 52.63%
Column Sum 16 28 44
Source: Author’s analysis, 2025
Table 6. Confusion Matrix of SDWI and NDWI for 2024 flood
Classification Field Not Row Producer User Overall
Result Flooded Flooode d Sum Accuracy Accuracy Accuracy
NDWI
Flooded 22 22 44 100.00% 50.00% 50.00%
Not Flooded 0 0 0 N/A N/A ’
Column Sum 22 22 44
SDWI
Flooded 12 11 23 54.55% 52.17% 52.27%
Not Flooded 10 11 21 50.00% 52.38%
Column Sum 22 22 44

Source: Author’s analysis, 2025

One limitation of this study is the temporal mismatch between reported flood
occurrence and satellite acquisition time. Although the acquisition gap was relatively short,
ranging from zero to two days, flood extent in urban and semi-urban environments can
change rapidly due to drainage, river discharge variation, tidal influence, and local pumping
or runoff conditions. As a result, the satellite-derived flood maps may underestimate areas
that were flooded during the peak event but had already receded before image acquisition,
or may emphasize areas where inundation persisted longer due to low topography and poor
drainage. In the absence of continuous hydrological gauge or water-level data for all affected
locations, curated news reports were used as the primary spatial validation source. This
approach provides valuable ground-context information, but it also introduces uncertainty
because news reports may be spatially incomplete, unevenly distributed, and biased toward
populated or highly impacted areas. Therefore, the results should be interpreted as rapid
post-event flood mapping products rather than complete reconstructions of maximum flood
extent.

The findings of this study have direct implications for disaster response and
mitigation in Indonesia. Given the frequency and severity of flooding in coastal and riverine
cities like Surabaya and Gresik, the integration of NDWI and SDWI on cloud-based platforms
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such as Google Earth Engine (GEE) offers a scalable and near real-time solution for rapid
flood mapping. This can enhance disaster preparedness efforts by providing emergency
responders with timely and accurate flood extent information (Kim et al., 2022; Li et al,,
2024). Moreover, the integration of remote sensing with news-based validation provides an
additional layer of ground-truthing, ensuring that flood maps reflect real conditions on the
ground. Ultimately, this research contributes to Indonesia’s broader disaster risk reduction
efforts, supporting data-driven decision-making in flood-prone regions and improving
resilience against climate-induced extreme events.

Conclusions

This study has demonstrated the effectiveness of Sentinel-1's Dual-Polarization
Water Index (SDWI) and Sentinel-2's and Landsat 9’s Normalized Difference Water Index
(NDWI) in mapping flood extents in Surabaya and Gresik, Indonesia, during three significant
flood events (6 July 2022, 7 December 2023, and 7 February 2024). The results highlight
the complementary strengths of both indices, where NDWI excels in detecting large water
bodies and coastal flooding, while SDWI enhances flood detection in urban and semi-urban
areas, particularly in built-up and vegetated environments. The comparison with ground-
truth data from news reports and high-resolution imagery confirms the utility of these
indices in providing timely and accurate flood mapping. However, discrepancies between
the flood maps and news-reported locations also suggest that combining satellite data with
ground-based observations and crowdsourced information is crucial for improving the
accuracy and reliability of flood mapping efforts. The integration of NDWI and SDWI offers
a robust framework for rapid flood assessment, supporting decision-making in flood-prone
regions like Surabaya and Gresik. The results also emphasize the importance of utilizing
cloud-based platforms such as Google Earth Engine (GEE) for near-real-time flood
monitoring, enhancing disaster response and mitigation strategies in Indonesia. In
conclusion, the study provides valuable insights into the potential of satellite-derived
indices for flood mapping and lays the foundation for future improvements in flood
monitoring systems in Indonesia.

Moving forward, the fusion of multiple indices such as NDWI and SDWI, along with
advanced machine learning techniques, holds great promise for improving flood mapping
accuracy. Further research is needed to refine thresholds for different land-cover types and
enhance the capabilities of these indices in urban flood assessments. Additionally,
integrating high-resolution imagery and crowdsourced data will strengthen the overall
flood monitoring framework in Indonesia, contributing to more resilient flood management
systems in the face of climate change-induced extreme events.
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