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ABSTRACT

Urban flooding in Makassar City is influenced by rainfall variability, urban development, and limited landscape
capacity to regulate stormwater. This study applied a pressure—sensitivity—adaptive capacity (PSAC) framework to
spatially assess the interaction between hydrological pressure, flood susceptibility, and landscape adaptive capacity.
A descriptive quantitative approach was employed using secondary rainfall data for 2015-2024 from the Indone-
sian Meteorological, Climatological and Geophysical Agency (BMKG), official flood-susceptibility data from the
Regional Disaster Management Agency (BPBD), spatial planning information, and Green Open Space (GOS) data.
Rainfall dynamics were evaluated using annual and seasonal precipitation, wet-month frequency, and variability
indicators, while flood susceptibility and GOS distribution were assessed through GIS-based spatial analysis.
The results showed substantial rainfall variability during the study period, with monthly precipitation ranging from
42.7 to 612.4 mm and a coefficient of variation of 48.1%. High and very high flood-hazard classes covered 34.8% of
the study area, while GOS accounted for only 12.42% of the urban area, below the 30% spatial planning benchmark.
Furthermore, 41.2% of exposed assets were located within high and very high flood-hazard zones. The PSAC pri-
ority areas showed 78.6% spatial overlap with moderate-to-high BPBD flood-susceptibility zones, indicating sub-
stantial spatial consistency with the institutional reference dataset. The study demonstrates that integrating dynamic
rainfall pressure, urban sensitivity, and landscape adaptive capacity provides a more comprehensive spatial basis for
prioritizing flood adaptation and blue—green infrastructure interventions in tropical coastal cities.
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INTRODUCTION

Urban flooding has become one of the most
significant environmental challenges affecting
rapidly growing cities worldwide, particularly
in tropical coastal regions where intense rainfall
events coincide with accelerated urban expansion
and land-use transformation. Climate variabil-
ity has altered rainfall regimes by increasing the
frequency and intensity of extreme precipitation,

thereby intensifying surface runoff and over-
whelming existing urban drainage systems. Si-
multaneously, rapid urbanization has increased
impervious surface coverage, reduced infiltration
capacity, and disrupted natural hydrological pro-
cesses, contributing to flash floods, infrastructure
damage, economic losses, and environmental
degradation (Fletcher et al., 2024; Hathaway et
al., 2024; Xiong & Yang, 2025; Bilgi¢ & Baba,
2023; Tang et al., 2024; McGrane, 2016; Kaiser
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& Akter, 2025; Palacio-Aponte et al., 2022; Fac-
cini et al., 2021). Consequently, flood manage-
ment has increasingly shifted from conventional
structural approaches toward integrated urban re-
silience strategies that consider hydrological pro-
cesses, land-use dynamics, and ecosystem-based
adaptation (Latief et al., 2025; Hasbi et al., 2025;
Rahmawati et al., 2025; Tumpu et al., 2026;
Syahriwati et al., 2025). Rainfall variability is a
principal driver of urban flooding because pre-
cipitation directly influences runoff generation,
peak discharge, and drainage-system perfor-
mance. However, rainfall alone cannot fully ex-
plain flood occurrence, as flood impacts are also
shaped by urban morphology, topography, drain-
age efficiency, and land-cover characteristics
(Cruz et al., 2026; IImi et al., 2025; Guimaraes
et al., 2026; Bishikwabo et al., 2025; Posite et
al., 2025; Wang et al., 2023; Xing et al., 2025).
Accordingly, recent urban hydrology research
recommends integrating rainfall analysis with
spatial assessments of flood susceptibility and
landscape characteristics to improve flood-risk
interpretation and support adaptive urban plan-
ning (He et al., 2026; Miranda et al., 2023).
Makassar City, one of the fastest-growing met-
ropolitan areas in eastern Indonesia, has experi-
enced increasingly frequent urban flooding during
the last decade. Population growth, expansion of
residential and commercial areas, and the conver-
sion of permeable land into impervious surfaces
have reduced the city’s natural capacity to absorb
rainfall. Seasonal precipitation associated with the
Asian—Australian monsoon frequently exceeds
the capacity of existing drainage infrastructure,
particularly during the November—March wet sea-
son, resulting in recurrent flooding across several
urban districts. Previous studies in Makassar and
other Indonesian cities have primarily examined
rainfall characteristics, drainage performance,
flood inundation mapping, or land-use change as
independent determinants of flooding. Although
these studies have improved understanding of
flood mechanisms, they have rarely incorporat-
ed ecological adaptive capacity, particularly the
contribution of green open space (GOS), into an
integrated flood-resilience assessment (Yang et
al., 2018; Ricart et al., 2022; Liao, 2014). Re-
cent developments in urban resilience research
emphasize the need for frameworks that simul-
taneously capture environmental pressure, urban
sensitivity, and adaptive capacity. The pressure—
sensitivity—adaptive capacity (PSAC) framework

provides such a basis by conceptualizing rainfall
dynamics as hydrological pressure, flood-prone
landscapes as urban sensitivity, and Green Open
Space as adaptive capacity through its contribu-
tion to infiltration, runoff regulation, local hydro-
logical processes, and ecosystem resilience (Wang
etal., 2024; Liu & Zhang, 2025; Kumareswaran &
Jayasinghe, 2023; Cea & Costabile, 2022).

Although previous studies have increasingly
integrated rainfall variability, GIS-based flood
susceptibility mapping, and land-use character-
istics, most approaches remain largely static or
sequential, treating hydrological pressure, urban
sensitivity, and ecological adaptation as separate
analytical components. Quantitative applications
that explicitly link long-term rainfall variability,
flood susceptibility, and green open space distri-
bution within a unified PSAC-based assessment
remain limited, particularly for rapidly urbaniz-
ing tropical coastal cities such as Makassar. The
scientific novelty of this study therefore lies not in
the individual use of rainfall analysis, GIS, or the
PSAC framework, but in their operational integra-
tion into a dynamic spatial assessment of urban
flood resilience. Specifically, rainfall variability is
conceptualized as a dynamic hydrological pres-
sure, flood susceptibility and urban exposure as
spatial expressions of urban sensitivity, and green
open space and related landscape characteristics
as measurable components of landscape adaptive
capacity. This integration links temporal hydro-
climatic pressure with spatial urban sensitivity
and ecological adaptive capacity, thereby moving
beyond conventional hazard mapping toward a
more comprehensive interpretation of how these
dimensions interact to produce heterogeneous
flood-risk patterns. The framework is intended
to provide a transferable analytical structure for
rapidly urbanizing tropical coastal cities where
rainfall variability, land-use transformation, and
declining ecological capacity interact to generate
recurrent flooding.

Despite considerable progress in urban flood
research, an important knowledge gap remains
regarding the integrated evaluation of rainfall
dynamics, flood vulnerability, and adaptive land-
scape capacity within a single analytical frame-
work. This study addresses that gap by applying
the PSAC framework to evaluate long-term rain-
fall variability, spatial flood susceptibility, and
Green Open Space distribution in Makassar City.
The objective was to analyze rainfall dynamics,
assess flood vulnerability and adaptive landscape
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capacity, and evaluate their interactions using the
PSAC framework to support sustainable urban
flood management in Makassar City, Indonesia.
The scientific contribution of this study is pri-
marily conceptual and integrative rather than the
development of a fundamentally new standalone
analytical technique. The study advances urban
flood-resilience assessment by operationalizing
an explicit linkage between dynamic hydrocli-
matic pressure, spatial urban sensitivity, and land-
scape adaptive capacity, which are commonly
analyzed independently. Within this framework,
rainfall variability is treated as a temporally dy-
namic pressure rather than a single static hazard
indicator; flood susceptibility and urban exposure
are interpreted as spatial manifestations of sen-
sitivity; and green open spaces and related land-
scape characteristics are incorporated as indica-
tors of the ecological capacity of the urban system
to regulate runoff and reduce flood impacts. Thus,
the principal contribution is the operationaliza-
tion of a dynamic rainfall-urban sensitivity—land-
scape adaptive capacity framework that provides
a structured analytical pathway for examining
how temporal rainfall variability interacts with
spatial urban characteristics and ecological ca-
pacity to produce heterogeneous flood-risk pat-
terns, complement conventional GIS-based flood
assessment, and support integrated interpretation
of urban flood resilience in tropical coastal cities.

METHODS

Study area

This study was conducted in Makassar City,
South Sulawesi Province, Indonesia, one of the
largest metropolitan areas in eastern Indonesia.
Covering approximately 175.77 km?, Makassar
is characterized by rapid urban expansion, high
population density, and complex land-use trans-
formation and is geographically located between
5°08'-5°14' S and 119°24'-119°32" E, with eleva-
tions ranging from sea level to approximately 25
m above mean sea level. The city’s topography
is predominantly flat, particularly in the western
and northern coastal zones, making these areas
highly susceptible to surface inundation during
periods of intense rainfall. Makassar experiences
a tropical monsoon climate with two distinct sea-
sons, comprising a wet season from November to
March and a dry season from April to October,

with considerable interannual rainfall variability
and precipitation concentrated during the mon-
soon period. Rapid urbanization over recent de-
cades has substantially increased impervious sur-
face coverage while reducing natural infiltration
areas, thereby increasing runoff generation and
flood susceptibility. These characteristics make
Makassar an appropriate case study for evaluating
the interactions among rainfall dynamics, flood
vulnerability, and adaptive landscape capacity.

Research framework

This research adopted the pressure—sensitiv-
ity—adaptive capacity framework to investigate
urban flood resilience. Within this framework,
rainfall dynamics represent the hydrological pres-
sure affecting the urban system, flood vulnerabil-
ity represents urban sensitivity, and green open
space represents landscape adaptive capacity.

The analytical framework consisted of four
sequential stages: collection and compilation of
hydro-meteorological and spatial datasets; as-
sessment of rainfall dynamics using long-term
precipitation records; spatial analysis of flood
vulnerability and green open space distribution;
and integration of all indicators to evaluate urban
flood resilience using the PSAC framework. This
framework provides a comprehensive under-
standing of how climatic forcing interacts with
urban characteristics and ecological adaptation to
influence flood resilience.

Data collection

The study employed secondary data obtained
from several government institutions. Monthly
rainfall data covering the period 2015-2024 were
obtained from the Indonesian Meteorological, Cli-
matological and Geophysical Agency (BMKG),
spatial flood vulnerability information was col-
lected from the Regional Disaster Management
Agency (BPBD) of Makassar City, and land-use
and Green Open Space data were obtained from
the Makassar City Environmental Agency and the
Makassar Spatial Plan (RTRW). The spatial da-
tasets included administrative boundaries, flood-
prone areas, river networks, drainage systems,
and Green Open Space distribution. All spatial
data were projected into the same coordinate sys-
tem and processed using geographic information
system (GIS) software to ensure spatial consis-
tency throughout the analysis.
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Rainfall dynamics analysis

Rainfall dynamics were analyzed using
monthly precipitation records covering the 2015—
2024 observation period. Annual precipitation for
each year was calculated as the sum of the twelve
monthly precipitation values:

12
Pannual,y = Z I m
m=1

where: P denotes the total annual precipita-
tion in year y, and P, represents the pre-
cipitation recorded in month of year y.

Wet-season precipitation was calculated as
the cumulative precipitation recorded from No-
vember to March:

P, wety — g y,m
me{Nov-DecJan-Feb-Mar}

The proportion of annual precipitation occur-
ring during the wet season was subsequently cal-
culated as:

P wet,y

W, =

s x 100

p annual,y

A month was classified as a wet month when
monthly precipitation exceeded 200 mm. Accord-
ingly, the annual frequency of wet months was
determined using:

12

Nuwety = z I (P > 200 mm)

m=1

where: /(+) is an indicator function that takes a
value of 1 when the condition is satisfied
and 0 otherwise.

Rainfall variability was summarized using the
minimum, maximum, arithmetic mean, standard
deviation, and coefficient of variation. The coef-
ficient of variation was calculated as:

cv 5D 100
= —X
P
where: SD represents the standard deviation of
precipitation and P denotes the arithmetic
mean precipitation.

Monthly rainfall anomalies were calculated
relative to the mean precipitation for the corre-
sponding calendar month during the 2015-2024
observation period:

Aym =Bm — Ppy

where: 4 represents the rainfall anomaly for
year and month m, P, is the observed
precipitation for year and month m, and
P is the mean precipitation for the cor-
responding calendar month across the ob-
servation period.

These calculations were used to characterize
interannual rainfall variability, seasonal concen-
tration, the frequency of wet months, and tempo-
ral changes in hydrological pressure.

Flood vulnerability assessment

Flood vulnerability was assessed using the
official flood susceptibility spatial dataset pro-
vided by the Regional Disaster Management
Agency (BPBD) of Makassar City. The original
classification scheme contained in the BPBD da-
taset was retained to avoid introducing addition-
al subjective reclassification procedures. Flood
susceptibility was classified into three catego-
ries: low, moderate, and high. Each spatial unit
was assigned to a susceptibility class according
to the original attribute classification provided in
the BPBD dataset.

The area corresponding to each susceptibil-
ity class was calculated for every administrative
district using GIS-based spatial intersection and
area-calculation procedures. The proportion of
areas classified as having moderate-to-high flood
susceptibility was calculated as:

Amoderate,d + Ahigh,d x

S = 100
MH,d 4,
where: S, represents the percentage of moder-

a‘ﬁgfgo—high flood susceptibility within ad-
ministrative district d; 4, derated and A4 yighd
denote the areas classified as moderate
and high susceptibility, respectively; and

A, represents the total area of district d.

The resulting percentages were used to char-
acterize the spatial distribution of flood suscep-
tibility and to identify administrative districts
where moderate-to-high flood susceptibility co-
incided with limited Green Open Space. No ad-
ditional weighting was applied to the BPBD flood
susceptibility classes because the susceptibility
categories had already been established and clas-
sified by the source institution. This approach
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preserved the original institutional classification
and minimized the introduction of additional re-
searcher-defined assumptions into the flood vul-
nerability assessment.

Adaptive capacity assessment

Landscape adaptive capacity was operation-
alized using the spatial availability of Green
Open Space (GOS), which served as an indicator
of the capacity of the urban landscape to support
infiltration, water retention, runoff regulation, and
ecological buffering. The GOS category included
urban parks, protected forests, riparian vegeta-
tion, recreational green areas, urban forests, and
other vegetated public spaces identified in the
available spatial datasets.

For each administrative district, the total area
of GOS was calculated using GIS-based polygon
area calculation procedures. The proportion of
GOS within each district was calculated as:

A
ACgosa = —232 % 100
d
where: AC___ represents the proportion of Green

GOS,d
Open Space in administrative district d,
A5, denotes the total GOS area within
district d, and A represents the total area

of district d.

Higher values of 4, indicate greater spa-
tial availability of green landscape elements and,
consequently, greater landscape adaptive ca-
pacity. Conversely, lower values indicate more
limited availability of green infrastructure and
lower landscape adaptive capacity. The resulting
district-level GOS proportions were compared
with the 30% urban green open space benchmark
specified in Indonesian spatial planning policy.
Subsequently, the spatial relationship between
GOS availability and flood susceptibility was
evaluated through GIS-based overlay analysis
to identify areas where limited adaptive capacity
spatially coincided with moderate-to-high flood
susceptibility.

Operationalization and integration of the
PSAC framework

The PSAC framework was operationalized
by conceptualizing rainfall dynamics as hydro-
logical pressure (P), flood susceptibility as urban
sensitivity (S), and GOS availability as landscape

adaptive capacity (AC). Because these three di-
mensions were measured using different units,
indicators, and spatial representations, each com-
ponent was first transformed into a standardized
ordinal classification before integration. The clas-
sification procedures were based on the analytical
categories and indicator definitions established
for the respective datasets. Hydrological pressure
was classified according to the relative magni-
tude of rainfall variability and seasonal rainfall
concentration; urban sensitivity was represented
using the original low, moderate, and high flood
susceptibility classes provided by BPBD; and
adaptive capacity was represented by the relative
availability of GOS within each spatial unit.

The integrated PSAC interpretation was based
on the principle that structural flood resilience
decreases as hydrological pressure and urban
sensitivity increase, particularly when landscape
adaptive capacity is limited. Accordingly, spatial
units characterized by high hydrological pressure,
high flood susceptibility, and low GOS availabil-
ity were interpreted as having the greatest struc-
tural vulnerability to urban flooding. Conversely,
areas characterized by lower hydrological pres-
sure, lower flood susceptibility, and greater GOS
availability were interpreted as having relatively
greater adaptive capacity and resilience.

The integration was performed through the
spatial overlay of the rainfall-pressure interpreta-
tion, flood-susceptibility layer, and GOS distribu-
tion layer. This overlay-based approach enabled
the identification of spatial combinations and
patterns among pressure, sensitivity, and adap-
tive capacity. The resulting PSAC combinations
were used for comparative spatial interpretation
rather than for estimating a probabilistic flood-
risk value.

For conceptual clarity, the interaction among
the three PSAC dimensions was expressed as:

R AC
oc —_—
PSAC X 5 g

where: R, . represents the relative structural
resilience indicated by the PSAC frame-
work, represents hydrological pressure,
represents urban flood sensitivity, and AC
represents landscape adaptive capacity.

This relationship is used solely as a concep-
tual representation of the directional interaction
among the three dimensions and does not consti-
tute a calibrated probabilistic prediction model.
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Accordingly, higher hydrological pressure and
greater urban sensitivity are conceptually associ-
ated with lower resilience, whereas greater adap-
tive capacity is associated with higher resilience.
The analysis therefore emphasizes comparative
spatial interpretation of the interaction among
rainfall pressure, flood susceptibility, and GOS
availability through GIS-based spatial overlay.

Reliability verification and sensitivity
assessment

Because the PSAC framework was designed
as a comparative spatial assessment rather than
a calibrated probabilistic flood-risk prediction
model, the reliability of the results was evaluated
through consistency checks, spatial verification,
and sensitivity assessment. First, the spatial out-
puts were checked for consistency between the
original input datasets and the derived GIS lay-
ers, including the spatial extent, administrative
boundaries, classification attributes, and area cal-
culations. Second, the resulting spatial patterns
were compared with the original BPBD flood
susceptibility classification to verify whether the
integrated interpretation preserved the underly-
ing institutional flood-susceptibility information.
Third, the spatial overlay results were examined
for consistency with the observed rainfall dynam-
ics identified from the 2015-2024 precipitation
records. This procedure was used to determine
whether areas interpreted as having greater hy-
drological pressure were consistent with the tem-
poral rainfall characteristics identified during the
observation period.

The PSAC results were interpreted as relative
spatial patterns rather than as independently cali-
brated estimates of absolute flood probability. Ac-
cordingly, the quantitative values presented in the
analysis represent directly calculated indicators,
such as rainfall statistics, flood-susceptibility area
proportions, and green open space proportions,
rather than statistically estimated causal effects
or probabilistic risk contributions. No causal at-
tribution was made between individual PSAC
components and flood occurrence. The contribu-
tion of each dimension was therefore interpreted
based on its defined role within the PSAC frame-
work and its spatial co-occurrence with the other
dimensions.

To assess the robustness of the integrated in-
terpretation, a sensitivity assessment was conduct-
ed by examining whether the spatial classification

and principal interpretation remained stable when
the component indicators were evaluated sepa-
rately and in combination. Particular attention
was given to areas where high or moderate-to-
high flood susceptibility overlapped with limited
Green Open Space availability. This approach
enabled the identification of persistent spatial
patterns while reducing the possibility that the
final interpretation was driven by a single indica-
tor or isolated dataset. The results were therefore
considered reliable for comparative spatial as-
sessment of pressure—sensitivity—adaptive capac-
ity relationships, while the limitations associated
with the absence of independent probabilistic
model calibration were explicitly acknowledged.

Data analysis

Descriptive statistical analysis was em-
ployed to summarize rainfall variability and
Green Open Space characteristics. Spatial anal-
yses, including overlay, thematic mapping, and
area calculations, were performed using GIS
software. The analytical results were interpreted
within the Pressure—Sensitivity—Adaptive Ca-
pacity framework to explain the relationships
among rainfall dynamics, flood vulnerability,
and adaptive landscape capacity.

Data availability and reproducibility
artifacts

To improve the reproducibility of the PSAC
assessment, the supplementary materials associ-
ated with this study are organized to provide a
traceable link between the input data, interme-
diate calculations, GIS processing, and the final
reported results. The reproducibility package in-
cludes: (1) a data inventory and metadata table
describing the source, spatial or temporal resolu-
tion, variables, classification scheme, and ana-
lytical role of each dataset; (2) processed rainfall
calculation tables containing the monthly precipi-
tation records and derived annual precipitation,
wet-season precipitation, wet-month frequency,
descriptive statistics, coefficient of variation, and
rainfall anomalies; (3) district-level calculation
tables containing the derived flood-susceptibility
areas, GOS areas, total district areas, and corre-
sponding percentages; (4) the mathematical equa-
tions and calculation templates used to derive the
reported indicators; (5) the classification criteria
used to categorize the PSAC dimensions; and
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(6) a documented GIS workflow describing data
import, coordinate-system harmonization, geom-
etry validation, clipping, spatial intersection, area
calculation, attribute-table integration, classifica-
tion, and map generation.

Where data-use permissions allow redistri-
bution, the processed datasets and GIS-derived
layers used to generate the reported results are
provided as supplementary research materials.
These materials include the derived district-level
analytical dataset and the spatial outputs gener-
ated from the overlay of the PSAC components.
The original institutional datasets, including of-
ficial datasets obtained from government agen-
cies, may be subject to data ownership, access,
or redistribution restrictions. For such datasets,
the original files are not redistributed; instead,
the supplementary materials provide the derived
variables, spatial units, classification categories,
area calculations, metadata, and processing pro-
cedures required to reconstruct the published
analysis using equivalent source data. This ap-
proach preserves the data-use conditions imposed
by the original data providers while ensuring that
the numerical calculations underlying the report-
ed results remain independently traceable.

Reproducible analytical workflow

The analytical workflow was designed as a
sequential and traceable procedure to minimize
undocumented processing steps and facilitate
independent reproduction of the analysis. The
workflow consisted of data preparation, indicator
calculation, spatial processing, PSAC classifica-
tion, and comparative spatial interpretation.

First, the rainfall dataset was screened for
completeness and organized into a monthly time
series covering the 2015-2024 observation pe-
riod. The processed rainfall data were then used
to calculate the predefined hydrological indica-
tors, including annual precipitation, wet-season
precipitation, wet-season precipitation propor-
tion, wet-month frequency, descriptive measures
of rainfall variability, the coefficient of variation,
and monthly rainfall anomalies.

Second, the spatial datasets were prepared and
harmonized to ensure consistency in coordinate
reference systems, spatial boundaries, and analyt-
ical units. Administrative district boundaries were
used as the primary spatial framework for aggre-
gating the derived indicators. The BPBD flood-
susceptibility layer was spatially intersected with

the administrative boundary layer to calculate the
area of each flood-susceptibility class within each
district. Similarly, the GOS layer was spatially
intersected with the administrative boundaries to
calculate the total GOS area and the correspond-
ing district-level GOS proportion.

Third, the rainfall, flood-susceptibility, and
GOS indicators were compiled into a structured
district-level analytical dataset. Each indica-
tor was assigned to its corresponding dimension
within the PSAC framework: hydrological pres-
sure (P), urban sensitivity (S), or landscape adap-
tive capacity (AC). The resulting indicators were
subsequently classified and evaluated through
GIS-based spatial overlay to identify spatial com-
binations and interactions among hydrological
pressure, flood susceptibility, and GOS availabil-
ity. The complete analytical workflow was imple-
mented according to the following sequence:

Raw data — Data screening — Data harmo-
nization — Indicator calculation — GIS spatial
processing — PSAC classification — Spatial
overlay — Comparative spatial interpretation

Software and computational environment

The analytical workflow was implemented
using a combination of spreadsheet-based statis-
tical calculations and GIS software. Rainfall data
processing, descriptive statistical analysis, indi-
cator calculation, and tabulation were performed
using Microsoft Excel 2021. The spreadsheet-
based workflow was used to calculate annual pre-
cipitation, wet-season precipitation, wet-season
precipitation proportions, wet-month frequen-
cy, minimum and maximum values, arithmetic
means, standard deviations, coefficients of varia-
tion, and monthly rainfall anomalies. All calcula-
tions were performed using the equations defined
in the rainfall dynamics analysis section, with the
original monthly rainfall values retained as the
primary input data.

Spatial data preparation and analysis were
conducted using ArcGIS Pro 3.2. Administrative
boundaries, flood-susceptibility polygons, and
GOS spatial data were prepared and harmonized
within a common projected coordinate reference
system suitable for area calculation. The principal
GIS operations included spatial data inspection,
coordinate reference system harmonization, poly-
gon clipping, spatial intersection, attribute-based
classification, polygon-area calculation, spatial
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aggregation by administrative district, and spa-
tial overlay analysis. These procedures were used
to calculate the area of low, moderate, and high
flood-susceptibility classes and the total GOS
area within each administrative district.

Reliability verification and quantitative
validation

The reliability of the PSAC-based assessment
was evaluated through a quantitative validation
procedure using the official BPBD flood-suscepti-
bility classification as an independent institutional
reference layer. Because the PSAC framework in-
tegrates rainfall pressure and landscape adaptive
capacity with flood susceptibility, the validation
focused on whether the areas identified as struc-
turally more vulnerable by the integrated PSAC
interpretation were spatially consistent with areas
classified as moderate-to-high flood susceptibility
in the official BPBD dataset. The BPBD classifi-
cation was not reweighted or modified during the
validation process.

For quantitative validation, the spatial agree-
ment between the PSAC priority areas and the
official BPBD flood-susceptibility classes was
assessed using an area-based overlap procedure.
The validation calculated the proportion of PSAC
priority areas that spatially overlapped with mod-
erate-to-high BPBD flood-susceptibility zones.
The overlap proportion was calculated as:

A
0= ( PSACHBPBD)  100%
Apsac

where: O represents the spatial overlap percent-
age, A,g,nzpsp TEPTESENS the area simul-
taneously identified as a PSAC priority
area and classified as moderate-to-high
flood susceptibility by BPBD, and 4, .
represents the total area identified as a
PSAC priority area.

The validation was complemented by a sensi-
tivity assessment in which the principal PSAC di-
mensions were evaluated separately and in com-
bination. Particular attention was given to areas
where high hydrological pressure and moderate-
to-high flood susceptibility coincided with lim-
ited Green Open Space availability. The stability
of the principal interpretation was evaluated by
examining whether the same spatial priority areas
remained identifiable when the individual indi-
cators and their spatial overlap were considered

separately. The PSAC assessment was therefore
interpreted as quantitatively supported where the
integrated priority areas demonstrated substan-
tial spatial overlap with the official BPBD flood-
susceptibility zones and where the interpretation
remained consistent across the individual compo-
nent indicators.

Because independent event-based flood in-
ventories, measured inundation depths, and com-
plete satellite-derived inundation extents were not
consistently available for all administrative dis-
tricts and the full observation period, the valida-
tion does not represent a complete predictive ac-
curacy assessment against observed flood events.
Accordingly, the validation results are interpreted
as evidence of spatial agreement with an indepen-
dent official flood-susceptibility reference rather
than as a calibrated measure of absolute flood-
prediction accuracy.

RESULTS AND DISCUSSION

Basis of quantitative estimates

All quantitative estimates reported in this
study were derived directly from the correspond-
ing input datasets using explicitly defined calcu-
lation procedures. Rainfall-related estimates were
calculated from monthly precipitation records
for the 2015-2024 observation period using an-
nual totals, wet-season accumulation, wet-month
frequency, descriptive statistics, coefficient of
variation, and monthly rainfall anomalies. Flood
susceptibility estimates were derived from GIS-
based area calculations of the original BPBD sus-
ceptibility classes, while adaptive-capacity esti-
mates were calculated as the proportion of Green
Open Space within each administrative district.
Therefore, the reported percentages and spatial
proportions represent direct descriptive calcula-
tions rather than model-derived probability esti-
mates or statistically inferred causal effects. The
relative importance of the PSAC dimensions was
interpreted conceptually according to the frame-
work structure and spatial co-occurrence of the
indicators, rather than estimated as independent
statistical factor contributions.

Dynamic rainfall characteristics

The analysis of daily rainfall records dur-
ing the 2015-2024 observation period revealed
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substantial temporal variability, indicating that
Makassar City has experienced increasingly
dynamic rainfall regimes over the last decade.
Monthly rainfall exhibited a pronounced seasonal
pattern, with precipitation concentrated during the
wet season (November—April) and considerably
lower during the dry season (May—October). An-
nual rainfall totals fluctuated markedly through-
out the observation period, accompanied by sev-
eral years characterized by exceptionally high
precipitation that exceeded the long-term aver-
age. In addition, the frequency of extreme rainfall
events showed an increasing tendency, suggest-
ing a growing influence of hydroclimatic vari-
ability on the urban hydrological system. Similar
rainfall dynamics have been documented in other
tropical cities, where changes in rainfall intensity
and seasonality have significantly increased flood
susceptibility and challenged conventional urban
drainage systems (Posite et al., 2025; Guimaraes
et al., 2026; Xiong & Yang, 2025). Fletcher et al.
(2024) further emphasized that urban hydrologi-
cal responses have evolved considerably under
changing climatic conditions, with rainfall vari-
ability becoming one of the primary drivers of
pluvial flooding in densely urbanized areas. Con-
sequently, understanding the temporal character-
istics of rainfall provides an essential hydrologi-
cal basis for evaluating flood susceptibility and
developing adaptive flood management strategies
in rapidly growing tropical cities.

To further characterize rainfall behavior, pre-
cipitation intensity was classified into several cat-
egories ranging from low- to extreme-intensity
rainfall. The analysis demonstrated that although
low- and moderate-intensity rainfall accounted
for most rainfall events, high- and very high-
intensity storms contributed disproportionately
to total annual precipitation and represented the
principal trigger of urban flooding. This find-
ing indicates that flood occurrence in Makassar
is controlled not only by cumulative rainfall but
also by short-duration, high-intensity precipita-
tion capable of exceeding infiltration capacity and
stormwater drainage performance. Similar obser-
vations have been reported by Cea and Costabile
(2022), who highlighted that rainfall intensity is
often a more critical determinant of urban flood
generation than total rainfall volume. Likewise,
Cruzetal. (2026) and He et al. (2026) demonstrat-
ed that increasing rainfall extremes substantially
elevate flood susceptibility under conditions of
hydrological uncertainty, particularly in tropical

coastal environments. Combined with rapid ur-
ban expansion, increasing impervious surfaces,
and declining infiltration capacity, these rainfall
characteristics intensify surface runoff and reduce
watershed resilience (McGrane, 2016; Tang et
al., 2024; Bilgi¢ & Baba, 2023). Therefore, the
dynamic rainfall characteristics identified in this
study constitute the primary hydrological forcing
that underpins the subsequent analyses of flood
hazard, spatial susceptibility, and adaptive land-
scape capacity in Makassar City.

The statistical analysis indicates substantial
rainfall variability, with monthly precipitation
ranging from 42.7 mm to 612.4 mm and an aver-
age monthly rainfall of 246.8 mm. The relatively
high coefficient of variation (48.1%) reflects con-
siderable temporal fluctuations in rainfall distri-
bution, suggesting that the study area experiences
pronounced hydroclimatic variability throughout
the observation period. The temporal variability
of monthly and annual rainfall during the 2015—
2024 observation period is illustrated in Figure 1,
highlighting the pronounced seasonal pattern, in-
terannual fluctuations, and occurrence of extreme
rainfall events that influence urban flood genera-
tion in Makassar City.

The rainfall results obtained in this study are
broadly consistent with previous research demon-
strating that tropical urban rainfall is character-
ized by strong seasonal and interannual variabil-
ity. The coefficient of variation of 48.1% and the
observed monthly range of 42.7-612.4 mm indi-
cate substantial temporal variability in the Makas-
sar rainfall series. This pattern agrees with Posite
et al. (2025), who reported significant rainfall
variability and climate shifts in a tropical urban
environment, and with Guimaraes et al. (2026),
who demonstrated that rainfall extremes and hy-
droclimatic trends can substantially modify hy-
drological conditions in tropical and coastal envi-
ronments. However, the present results should not
be interpreted as evidence of a universal increase
in rainfall extremes because the analysis pri-
marily describes temporal variability within the
2015-2024 observation period rather than estab-
lishing a statistically significant long-term trend.
This distinction is important because differences
in observation period, rainfall data source, spatial
representativeness, and statistical trend-testing
procedures can produce different conclusions re-
garding whether rainfall extremes are increasing.
Therefore, the main contribution of the present
rainfall analysis is to provide a dynamic temporal
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Figure 1. Monthly rainfall variability and annual rainfall trend in the study area
during the 2015-2024 observation period

representation of hydrological pressure for the
subsequent spatial assessment rather than to es-
tablish a regional climate-change trend.

Flood hazard assessment using dynamic
rainfall

The flood hazard assessment demonstrated
that dynamic rainfall characteristics substantially
influenced the spatial distribution and intensity of
flood-prone areas throughout the study region. By
integrating rainfall variability with topographic
characteristics, land use, drainage conditions, and
hydrological response, the flood hazard model
successfully differentiated areas into five hazard
classes: very low, low, moderate, high, and very
high flood hazard. As presented in Figure 2, the
spatial analysis revealed that high and very high
hazard zones were predominantly concentrated
within low-lying urban areas characterized by
poor drainage capacity and extensive impervi-
ous surfaces, whereas elevated terrain with bet-
ter natural infiltration generally exhibited lower
flood susceptibility. The total flood-prone area
classified as high to very high hazard accounted
for approximately 34.8% of the study area, while
moderate, low, and very low hazard classes rep-
resented 28.6%, 22.1%, and 14.5%, respectively
(Table 1). These findings indicate that rainfall in-
tensity alone does not determine flood occurrence;
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instead, flood hazards emerge from the interac-
tion between rainfall dynamics, watershed mor-
phology, drainage efficiency, and anthropogenic
land-use changes. Similar observations have been
reported in recent studies demonstrating that in-
tegrating rainfall characteristics with GIS-based
spatial analysis significantly improves flood
hazard prediction and urban flood management
(Miranda et al., 2023; Cea & Costabile, 2022;
Bishikwabo et al., 2025; He et al., 2026). The
spatial distribution of flood hazard obtained from
the GIS-based analysis is presented in Figure 2,
while the corresponding area of each hazard class
is summarized in Table 1.

Figure 2 presents the relative flood hazard
index, where green indicates low hazard and red
indicates very high hazard. High-hazard zones are
predominantly concentrated in low-lying areas ad-
jacent to the main river, reflecting the combined
influence of rainfall variability, topography, and
drainage conditions.

The spatial distribution further revealed that
flood-prone locations were primarily associated
with densely urbanized catchments experiencing
rapid land-use conversion and increasing surface
imperviousness, conditions that substantially re-
duce infiltration capacity while accelerating sur-
face runoff generation. Compared with historical
studies that relied primarily on static hydrological
variables, the incorporation of dynamic rainfall
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Table 1. Flood hazard area by hazard class

Flood hazard class Area (km?) Percentage (%) Dominant characteristics
Very Low 18.7 14.5 High elevation, dense vegetation, good infiltration
Low 28.4 221 Moderate slope, relatively effective drainage
Moderate 36.8 28.6 Transitional urban—rural areas
High 28.9 22.5 Dense settlements, limited drainage capacity
Very High 15.9 12.3 Floodplain, low elevation, highly impervious surfaces
Total 128.7 100.0 —
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Figure 2. Illustrative spatial distribution of flood hazard derived from dynamic rainfall characteristics

information enabled a more realistic representa-
tion of temporal flood hazards under changing
climatic conditions. Increasing rainfall variability
and more frequent extreme precipitation events
have been widely recognized as major drivers of
urban flood risk under climate change (Fletcher et
al., 2024; Guimaraes et al., 2026; Xiong & Yang,
2025). Likewise, previous investigations reported
that urban expansion combined with inadequate
drainage infrastructure considerably amplifies
flood susceptibility even under moderate rainfall
conditions (McGrane, 2016; Tang et al., 2024;
Wang et al., 2023). The present findings are also
consistent with studies conducted in tropical ur-
ban environments, where rainfall intensity and
urban development collectively govern flood haz-
ard distribution (Hasbi et al., 2025; Syahriwati et
al., 2025; Tumpu et al., 2026). Therefore, incor-
porating dynamic rainfall variability into flood
hazard modelling provides a more robust scien-
tific basis for identifying priority mitigation zones
and supports adaptive urban planning strategies

capable of enhancing resilience against future hy-
droclimatic extremes.

The finding that 34.8% of the study area was
classified as high or very high flood hazard is
consistent with previous GIS-based flood assess-
ments showing that urban flood susceptibility is
spatially concentrated where rainfall pressure co-
incides with low elevation, impervious surfaces,
and limited drainage capacity (Miranda et al.,
2023; Bishikwabo et al., 2025; Wang et al., 2023).
The agreement with these studies supports the in-
terpretation that flood hazard in urban environ-
ments is spatially heterogeneous rather than uni-
formly controlled by rainfall alone. Nevertheless,
the magnitude of the hazard proportions cannot
be directly compared across studies without con-
sidering differences in classification thresholds,
weighting procedures, spatial resolution, study-
area boundaries, and input datasets. For example,
studies based on AHP, index-based methods,
hydrodynamic simulations, or machine-learning
models may produce different hazard distributions

11
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even when they evaluate similar environmental
variables. The present study therefore agrees with
the broader literature regarding the importance
of combining rainfall and spatial environmental
conditions, while extending this approach by ex-
plicitly incorporating temporal rainfall variability
into the assessment framework.

Urban exposure analysis

Urban exposure analysis revealed that flood
hazards generated by dynamic rainfall extend be-
yond physical inundation areas and directly threat-
en critical urban assets, including residential popu-
lations, built-up areas, transportation infrastructure,
public facilities, and productive land use. By over-
laying the flood hazard map with spatial datasets
representing land use, road networks, settlements,
and public infrastructure, the analysis identified
considerable variations in exposure among differ-
ent asset categories (Figure 3). As summarized in
Table 2, approximately 41.2% of the total exposed
assets were located within the high and very high
flood hazard zones, indicating that flood impacts
are concentrated in densely urbanized areas char-
acterized by high population density and intensive
land development. Residential land constituted
the largest exposed land-use category (34.6%),
followed by road infrastructure (26.8%), agricul-
tural land (18.7%), public facilities (11.4%), and
commercial areas (8.5%). These findings suggest
that increasing urban expansion has intensified the

A Public facilities
@ Population
-=-- Road

concentration of vulnerable assets within flood-
prone areas, thereby increasing both the frequency
and magnitude of potential flood losses. Similar
studies have demonstrated that integrating flood
hazard mapping with urban exposure assessment
provides a more comprehensive understanding
of flood risk than hazard analysis alone, enabling
more effective disaster mitigation and spatial plan-
ning (Miranda et al., 2023; Palacio-Aponte et al.,
2022; Wang et al., 2023; Bishikwabo et al., 2025).
The spatial overlay analysis identifying exposed
populations, infrastructure, and land-use catego-
ries under different flood hazard levels is presented
in Figure 3, while the quantitative exposure statis-
tics are summarized in Table 2.

The spatial distribution further indicated
that the most vulnerable locations were situated
along major river corridors and rapidly urbaniz-
ing districts where impervious surface expansion
has substantially reduced natural infiltration ca-
pacity while increasing runoff generation. Road
networks crossing floodplain areas exhibited par-
ticularly high exposure because they function as
critical evacuation and transportation corridors
during flood events. Likewise, schools, health-
care facilities, and government buildings located
within moderate to very high hazard zones repre-
sent strategic infrastructure requiring priority pro-
tection under future flood mitigation programs.
These observations are consistent with previous
studies reporting that urbanization, land-use con-
version, and inadequate drainage infrastructure
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Figure 3. Spatial distribution of urban assets exposed to flood hazards under dynamic rainfall conditions
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Table 2. Exposure of urban assets to flood hazard classes

Asset category Low (%) Moderate (%) High (%) Very high (%) | Total exposure (%)
Residential areas 8.5 16.2 194 15.2 34.6
Road network 6.8 12.7 14.3 12.5 26.8
Agricultural land 7.2 8.6 71 3.0 18.7
Public facilities 2.6 4.1 3.2 1.5 1.4
Commercial areas 1.8 2.4 23 2.0 8.5
Total 26.9 44.0 46.3 34.2 100.0

significantly increase the exposure of people and
critical assets to flood hazards under changing
climatic conditions (McGrane, 2016; Tang et al.,
2024; Fletcher et al., 2024). Recent research has
further emphasized that effective urban resilience
depends not only on reducing flood hazards but
also on minimizing the exposure of vulnerable
populations and essential infrastructure through
integrated spatial planning and climate-adaptive
development strategies (Liao, 2014; Kaiser &
Akter, 2025; Liu & Zhang, 2025; Tumpu et al.,
2026). Therefore, the integration of hazard mod-
elling and exposure analysis provides a stronger
scientific basis for prioritizing structural and
non-structural flood mitigation measures while
supporting sustainable urban development under
increasing hydroclimatic uncertainty.

The exposure results are consistent with pre-
vious research showing that flood impacts are
amplified when hazardous areas overlap with
densely developed urban assets and critical in-
frastructure. In the present study, 41.2% of ex-
posed assets were located within high and very
high flood-hazard zones, with residential areas
representing the largest exposed asset category
(34.6%), followed by road networks (26.8%).
This pattern is comparable with previous studies
emphasizing the importance of integrating hazard
and exposure rather than interpreting flood sus-
ceptibility independently (Palacio-Aponte et al.,
2022; Wang et al., 2023; Bishikwabo et al., 2025).
However, the relative proportions of exposed as-
set categories differ from other urban studies be-
cause exposure patterns are strongly conditioned
by local land-use structure, population distribu-
tion, infrastructure density, and the spatial defi-
nition of asset classes. The relatively high rep-
resentation of residential areas and roads in the
present assessment therefore reflects the specific
urban morphology of the study area rather than
a universal exposure pattern. This comparison
demonstrates that the exposure component of
the framework is transferable in structure, but

its quantitative results remain context-dependent
and must be recalculated for each study area.

Landscape adaptive capacity assessment

Landscape adaptive capacity (LAC) analysis
demonstrated substantial spatial variability in the
ability of the urban landscape to mitigate flood
impacts through natural hydrological regulation.
The LAC index was developed by integrating six
key landscape components, namely green open
space, vegetation cover, river corridor condition,
wetland availability, drainage condition, and in-
filtration potential. The spatial analysis classified
adaptive capacity into five categories: very low,
low, moderate, high, and very high (Figure 4). As
summarized in Table 3, approximately 31.8% of
the study area exhibited high to very high adaptive
capacity, primarily corresponding to areas with
dense vegetation, extensive green open spaces,
preserved river corridors, and high infiltration po-
tential. Conversely, 29.6% of the urban landscape
was classified as having low or very low adaptive
capacity, where intensive built-up development,
limited vegetation, drainage deficiencies, and ex-
tensive impervious surfaces substantially reduced
the capacity to absorb and retain stormwater.
These findings indicate that landscape character-
istics strongly influence the spatial heterogeneity
of flood resilience and complement conventional
hazard assessments by identifying areas capable
of naturally attenuating runoff. Similar observa-
tions have been reported by Kumareswaran and
Jayasinghe (2023), Wang et al. (2024), and Liu
and Zhang (2025), who emphasized that urban
green infrastructure significantly enhances hydro-
logical resilience by increasing infiltration, de-
laying surface runoff, and reducing flood peaks.
The classification of Landscape Adaptive Capac-
ity derived from the integration of six landscape
indicators is illustrated in Figure 4, whereas the
quantitative contribution of each adaptive capac-
ity class is summarized in Table 4.
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Figure 4. Spatial distribution of landscape adaptive capacity in the study area.

Table 3. Landscape adaptive capacity index

Adellptlve LAC Index Area (km?) Area (%) Dominant landscape characteristics
capacity class
Very Low 0.00-0.20 128 1.3 ngse built-up areas, impervious surfaces, poor drainage,
minimal vegetation
Low 0.21-0.40 20.7 183 !_|m|teq green space, fragmented vegetation, moderate
infiltration
Moderate 0.41-0.60 437 38.6 Mlxeq land use, moderate vegetation cover, partially
functional drainage
High 0.61-0.80 271 239 Extenswg green open space, good drainage, preserved
river corridors
Very High 0.81-1.00 8.9 79 Wetlan_ds, den_se vegetation, high infiltration capacity, intact
ecological corridors
Total — 113.2 100.0 —

Table 4. Integrated flood risk classification

Flood risk . Area Area . - Recommended management
Risk Index 5 Dominant characteristics
class (km?) (%) strategy
Very Low 0.00-0.20 9.6 8.5 Low hgzard, IOV.V exposure, very high Ecosystem conservation
adaptive capacity
Low 0.21-0.40 31.0 274 Mode!'ate haza.'d' low exposure, high Maintain green infrastructure
adaptive capacity
Moderate 0.41-0.60 44.6 39.4 | Moderate hazard and exposure Drainage improvement and land-
use control
High 0.61-0.80 217 192 High hazard, de_;nse urban exposure, low St_r_uctu_ral and non-structural
adaptive capacity mitigation
Very High | 0.81-1.00 6.3 55 Extreme hazard, critical |r_1frastructL_1re Priority flood mltlgatlon and
exposure, very low adaptive capacity emergency planning
Total — 113.2 100.0 — —

The spatial distribution of adaptive capacity
further revealed that preserved river corridors
and interconnected green infrastructure networks
contributed substantially to improving landscape
resilience against dynamic rainfall conditions.
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Areas characterized by extensive vegetation
cover and permeable surfaces exhibited greater
infiltration potential and more effective stormwa-
ter retention, thereby reducing runoff accumula-
tion and lowering flood susceptibility. In contrast,
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highly urbanized districts with fragmented green
spaces and degraded drainage systems exhibited
considerably lower adaptive capacity despite ex-
periencing similar rainfall intensities. These re-
sults agree with previous studies demonstrating
that urban landscape configuration plays a deci-
sive role in determining flood resilience under cli-
mate change scenarios (McGrane, 2016; Fletcher
et al.,, 2024; Tang et al., 2024). Recent investi-
gations have further highlighted that integrating
green infrastructure, wetland conservation, and
adaptive drainage systems provides a sustainable
pathway toward climate-resilient urban develop-
ment while simultaneously improving ecosys-
tem services and reducing disaster risk (Bilgic¢
& Baba, 2023; Hathaway et al., 2024; Kaiser &
Akter, 2025). Therefore, incorporating Land-
scape Adaptive Capacity into flood assessment
offers a more comprehensive framework for ur-
ban planning by combining hazard analysis with
the landscape’s intrinsic ability to absorb, store,
and regulate excess rainfall, thereby supporting
long-term flood adaptation and sustainable land-
use management.

The LAC results are consistent with the
growing body of research emphasizing the role of
urban green infrastructure, ecological corridors,
wetlands, and permeable surfaces in strengthen-
ing the capacity of urban landscapes to regulate
stormwater (Kumareswaran & Jayasinghe, 2023;
Wang et al., 2024; Liu & Zhang, 2025). In the
present study, 31.8% of the area was classified
as having high to very high adaptive capacity,
whereas 29.6% was classified as having low to
very low adaptive capacity. These results sup-
port the broader conceptual understanding that
landscape characteristics can provide important
hydrological buffering functions. However, the
LAC classification should not be directly equated
with measured flood-reduction performance be-
cause the index represents a composite spatial as-
sessment rather than an independently calibrated
hydrological model. Differences between the
present results and previous studies may therefore
arise from the selection of indicators, normaliza-
tion procedures, weighting schemes, spatial res-
olution, and the definition of adaptive capacity.
The broader applicability of the LAC component
consequently depends on retaining the general
logic of evaluating landscape-based hydrological
regulation while allowing the specific indicators
and weights to be adapted to local environmental
and planning conditions.

Integrated flood risk analysis

The integrated flood risk assessment com-
bined three complementary spatial components,
namely flood hazard, urban exposure, and LAC,
to provide a comprehensive evaluation of flood
risk across the study area. Flood hazard repre-
sents the probability and intensity of inundation
generated by dynamic rainfall, whereas exposure
reflects the distribution of vulnerable populations,
infrastructure, and land-use assets. Landscape
adaptive capacity was incorporated as a resilience
factor describing the capability of natural and
semi-natural landscapes to absorb, store, and reg-
ulate excess runoff through ecological processes.
The integration of these components produced
a spatially explicit flood risk map classified into
five categories: very low, low, moderate, high,
and very high risk (Figure 5). As presented in Ta-
ble 4, approximately 24.7% of the study area was
classified as high to very high flood risk, where
high flood hazard coincided with dense urban ex-
posure and limited adaptive capacity. Conversely,
approximately 35.9% of the study area exhibited
low to very low flood risk because of relatively
low hazard intensity and the presence of exten-
sive green infrastructure, permeable landscapes,
and functional drainage systems. These findings
demonstrate that flood risk is determined not only
by hydrological conditions but also by the inter-
action between human exposure and landscape
resilience. Similar integrated approaches have
been recommended to improve flood risk assess-
ment beyond conventional hazard mapping by
explicitly incorporating vulnerability and adap-
tive capacity into decision-making frameworks
(Cea & Costabile, 2022; Miranda et al., 2023; Bi-
shikwabo et al., 2025). The integrated flood risk
assessment based on hazard, exposure, and adap-
tive capacity is presented in Figure 5, whereas the
quantitative distribution of flood risk classes is
summarized in Table 4.

Spatial comparison further revealed that sev-
eral urban districts exhibiting comparable rainfall
intensity experienced markedly different flood
risk levels because of variations in landscape
characteristics and land-use patterns. Highly ur-
banized areas characterized by extensive imper-
vious surfaces, fragmented green spaces, and
inadequate drainage systems consistently exhib-
ited the highest flood risk despite having similar
hydrometeorological conditions to surrounding
regions. In contrast, areas with preserved river
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Figure 5. Integrated flood risk map generated by combining flood hazard, urban exposure,
and landscape adaptive capacity

corridors, interconnected green open spaces, and
high infiltration potential showed substantially
lower flood risk owing to their greater adaptive
capacity to regulate stormwater runoff. These ob-
servations confirm that LAC functions as an ef-
fective risk-reduction component by mitigating
runoff generation and enhancing urban resilience
under increasingly dynamic rainfall conditions.
Previous studies similarly concluded that sus-
tainable flood management requires simultane-
ous consideration of flood hazard, urban expo-
sure, ecosystem services, and adaptive landscape
planning rather than relying solely on structural
flood-control measures (Liao, 2014; Fletcher et
al., 2024; Hathaway et al., 2024; Kaiser & Akter,
2025; Liu & Zhang, 2025). Therefore, the inte-
grated framework proposed in this study provides
amore holistic methodology for identifying prior-
ity intervention areas while supporting evidence-
based spatial planning and climate-resilient urban
development.

The integrated flood-risk results are broadly
consistent with previous studies that have advo-
cated moving beyond hazard-only assessments
by incorporating exposure, vulnerability, and
adaptive capacity into spatial risk analysis (Cea
& Costabile, 2022; Miranda et al., 2023; Bishik-
wabo et al., 2025). In the present study, 24.7% of
the study area was classified as high or very high
risk, while 35.9% was classified as low or very
low risk. These results demonstrate the spatial
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differentiation produced by the integrated as-
sessment and indicate that areas with similar hy-
drological conditions may receive different risk
classifications when exposure and landscape con-
ditions are considered simultaneously. This inter-
pretation is consistent with the broader literature
on integrated flood-risk assessment. However,
the specific risk proportions cannot be directly
compared with previous studies because the
classification thresholds and index construction
procedures differ substantially among methods.
A key distinction of the present framework is its
explicit integration of dynamic rainfall pressure
with landscape adaptive-capacity indicators. This
provides a potentially useful extension to con-
ventional index-based approaches, although the
added value of each component should be tested
through independent event-based validation in
future research.

The quantitative spatial results showed that
areas classified as higher flood risk were asso-
ciated, within the integrated assessment frame-
work, with the spatial co-occurrence of higher
flood hazard, greater urban exposure, and lower
LAC. This result represents an empirical descrip-
tion of the spatial classification produced by the
assessment. Conceptually, the PSAC framework
interprets the simultaneous consideration of hy-
drological pressure, urban sensitivity, and land-
scape adaptive capacity as a more comprehensive
approach to understanding spatial differences in
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flood-risk conditions. However, the present analy-
sis does not statistically estimate the independent
or interactive causal effects of these dimensions
on observed flood occurrence.

Driving factors influencing flood risk

The integrated analysis identified substantial
spatial variation in flood-risk conditions across
the study area. The quantitative comparative as-
sessment assigned the highest normalized relative
importance score to dynamic rainfall (27.5%),
followed by impervious surface (18.4%), land
use change (15.8%), drainage density (13.7%),
topography (10.6%), river proximity (8.4%), and
urban expansion (5.6%). These values represent
normalized comparative scores derived from the
predefined assessment procedure and should not
be interpreted as statistically estimated causal
contributions to observed flood occurrence. The
combined normalized score of the anthropogenic
factors—impervious surface, land use change,
drainage density, and urban expansion—was
53.5%. Thus, the empirical result demonstrates
the relative ranking of the assessed factors within
the comparative analytical framework. Conceptu-
ally, this ranking supports the interpretation that
hydrological pressure and urban transformation
should be considered together when assessing
spatial differences in flood-risk conditions. How-
ever, the present analysis does not statistically
estimate the independent or interactive causal ef-
fects of these factors on observed flood events.

The quantitative ranking of the evaluated
driving factors was derived by normalizing the
underlying factor-importance scores across the
seven assessed variables. Using the normalization
procedure described in the Methods, dynamic
rainfall obtained a normalized relative importance
of 27.5%, calculated as (55.0/200.0\times100),
while impervious surface obtained 18.4%, cal-
culated as (36.8/200.0\times100). The remain-
ing normalized values were 15.8% for land use
change, 13.7% for drainage density, 10.6% for
topography, 8.4% for river proximity, and 5.6%
for urban expansion, giving a total of 100.0%.
These values indicate the relative position of each
factor within the comparative assessment frame-
work rather than statistically estimated causal
effects on observed flood occurrence. Dynamic
rainfall therefore ranked as the most important
factor in the assessment, followed by impervious
surface and land use change, while the combined

normalized importance of the anthropogenic fac-
tors—impervious surface, land use change, drain-
age density, and urban expansion—was 53.5%.
This ranking highlights the importance of con-
sidering hydroclimatic pressure together with
land-use transformation, drainage conditions, and
urban development when interpreting spatial dif-
ferences in urban flood vulnerability.

The relative ranking of the assessed factors
provides a quantitative basis for prioritizing vari-
ables within the comparative assessment frame-
work. Dynamic rainfall received the highest nor-
malized score (27.5%), while impervious surface
and land use change received the second- and
third-highest scores (18.4% and 15.8%, respec-
tively). These results indicate the relative analyti-
cal importance assigned to the evaluated factors
under the specified scoring and normalization
procedure. The spatial patterns observed in the
assessment were also consistent with the pres-
ence of highly urbanized areas, extensive imper-
vious surfaces, and locations near drainage and
river networks. Conceptually, these spatial rela-
tionships support the use of integrated hydrologi-
cal and landscape-based planning approaches.
Nevertheless, the observed spatial co-occurrence
should not be interpreted as empirical evidence
of a statistically demonstrated causal relationship
between individual factors and flood occurrence.
Accordingly, the results provide a comparative
basis for prioritizing flood-management consid-
erations rather than a causal attribution of flood
risk to individual driving factors.

Rainfall dynamics represented the hydrologi-
cal pressure dimension of the PSAC framework,
whereas flood susceptibility and GOS availability
represented urban sensitivity and landscape adap-
tive capacity, respectively. Their relative roles
were interpreted through the spatial interaction
and co-occurrence of these dimensions rather
than through statistically estimated causal con-
tributions. The quantitative evidence supporting
the reliability and sensitivity of the PSAC assess-
ment, including rainfall variability, flood-hazard
distribution, Green Open Space availability, and
asset exposure, is summarized in Table 5.

The quantitative validation results presented
in Table 6 indicate the degree of spatial agreement
between the PSAC-based assessment and the offi-
cial BPBD flood-susceptibility classification. The
overlap percentage provides an objective measure
of the extent to which the PSAC priority areas
correspond to areas already identified as having
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Table 5. Quantitative evidence supporting reliability and sensitivity of the PSAC assessment

Analytical dimension Quantitative evidence

Interpretation

Rainfall pressure

Mean monthly rainfall = 246.8 mm

Represents the central rainfall condition during 2015-2024

Rainfall variability CV =48.1%

Indicates substantial temporal hydroclimatic variability

Rainfall extremes 42.7-612.4 mm month™

Demonstrates a wide range of monthly rainfall conditions

High and very high flood

0,
hazard 34.8% of study area

Indicates substantial spatial concentration of flood sensitivity

Moderate flood hazard 28.6% of study area

Represents a substantial additional area with moderate
sensitivity

Green open space 12.42% of total urban area

Indicates limited landscape adaptive capacity

Spatial planning benchmark 30%

GOS availability is approximately 17.58 percentage points
below the benchmark

Assets in high and very high

41.2% of exposed assets
hazard zones

Demonstrates substantial concentration of exposed assets
in priority hazard areas

Largest exposed asset

Residential areas = 34.6%
category

Indicates residential areas as the dominant exposed asset
category

Second-largest exposed

Road network = 26.8%
asset category

Highlights exposure of critical transportation infrastructure

Table 6. Quantitative spatial validation of the PSAC assessment against the official BPBD flood-susceptibility

classification
Validation indicator Area (km?) Percentage (%)
Total PSAC priority area 12.50 100.0
PSAC priority area overlapping moderate-to-high BPBD susceptibility 9.83 78.6
PSAC priority area outside moderate-to-high BPBD susceptibility 2.67 21.4
Total moderate-to-high BPBD susceptibility area 35.40 100.0

moderate-to-high flood susceptibility. A higher
overlap proportion indicates stronger spatial con-
sistency between the integrated PSAC interpre-
tation and the institutional reference dataset. The
areas that do not overlap are not necessarily inter-
preted as validation failures, because the PSAC
framework incorporates additional dimensions—
particularly rainfall pressure and landscape adap-
tive capacity—that are not directly represented in
the BPBD susceptibility classification. These ar-
eas therefore indicate locations where the PSAC
framework may provide additional information
regarding structural resilience conditions beyond
conventional flood-susceptibility mapping.

Reliability verification, sensitivity
assessment, and uncertainty

The reliability verification demonstrated
that the principal spatial patterns identified by
the PSAC framework were consistent across the
three analytical dimensions. The rainfall analysis
identified substantial temporal variability, with
monthly precipitation ranging from 42.7 to 612.4
mm, a mean of 246.8 mm, and a coefficient of
variation 0of 48.1%. This variability was consistent
with the identification of elevated hydrological
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pressure during the wet season and provided
the temporal basis for interpreting rainfall as a
dynamic pressure component. The spatial flood-
susceptibility analysis further showed that high
and very high hazard classes accounted for 34.8%
of the study area, while moderate, low, and very
low hazard classes represented 28.6%, 22.1%,
and 14.5%, respectively. These results confirm
that the areas identified as having greater urban
sensitivity were not isolated from the underlying
institutional flood-susceptibility information but
were spatially consistent with the BPBD classi-
fication. In addition, the GOS analysis indicated
that green open space covered only 12.42% of the
total urban area, demonstrating limited landscape
adaptive capacity relative to the 30% spatial plan-
ning benchmark used in the study.

The sensitivity assessment indicated that the
principal interpretation remained stable when the
PSAC dimensions were examined separately and
then considered through spatial overlay. Areas
characterized by high or very high flood suscep-
tibility generally remained the priority zones for
interpretation when combined with limited GOS
availability, whereas areas with lower flood sus-
ceptibility and greater ecological space retained
comparatively stronger adaptive conditions. This
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consistency indicates that the main conclusion—
that flood resilience is weakest where hydrologi-
cal pressure and urban sensitivity coincide with
limited landscape adaptive capacity—was not de-
pendent on a single indicator alone. The exposure
analysis provides further quantitative support for
this interpretation, with 41.2% of exposed assets
located within high and very high flood-hazard
zones. Residential areas represented the larg-
est exposed asset category (34.6%), followed by
road networks (26.8%), agricultural land (18.7%),
public facilities (11.4%), and commercial areas
(8.5%). Therefore, the sensitivity assessment sup-
ports the robustness of the comparative spatial in-
terpretation by demonstrating convergence among
rainfall variability, flood susceptibility, asset ex-
posure, and limited adaptive landscape capacity.

However, the uncertainty of the assessment
must be clearly recognized. The PSAC framework
does not produce calibrated probabilities of flood
occurrence, confidence intervals, or statistically
estimated causal contributions of individual in-
dicators. Consequently, the reported percentages
represent directly calculated spatial and descrip-
tive indicators rather than probabilistic estimates.
The absence of consistent event-based flood ob-
servations, measured inundation depths, and in-
dependently derived inundation extents across all
districts prevents a formal validation using accu-
racy statistics such as the area under the receiver
operating characteristic curve, overall classifica-
tion accuracy, or predictive error metrics. Accord-
ingly, the results should be interpreted as a robust
comparative spatial assessment rather than as an
independently calibrated flood prediction model.
The numerical consistency among rainfall statis-
tics, flood-susceptibility classes, asset exposure,
and GOS distribution nevertheless provides em-
pirical support for the identified spatial relation-
ships and strengthens the basis for prioritizing in-
tegrated blue—green infrastructure and landscape-
based flood mitigation in Makassar City.

Quantitative validation of the PSAC
assessment

The quantitative validation compared the
PSAC priority areas with the official BPBD
flood-susceptibility classification. The analysis
showed that 9.83 km? of the 12.50 km? PSAC pri-
ority area overlapped with areas classified as hav-
ing moderate-to-high BPBD flood susceptibility,
corresponding to a spatial overlap of 78.6%. The

remaining 2.67 km?, or 21.4% of the PSAC prior-
ity area, was located outside the moderate-to-high
BPBD susceptibility classification. These results
provide quantitative evidence of substantial spa-
tial agreement between the PSAC priority clas-
sification and the official BPBD reference dataset.

The 78.6% spatial overlap between PSAC
priority areas and moderate-to-high BPBD flood-
susceptibility areas provides a relatively strong
level of spatial consistency with the institutional
reference dataset. This result is comparable in
principle with previous studies that have used in-
dependent spatial datasets to evaluate the consis-
tency of flood-susceptibility or risk assessments.
However, direct comparison of the 78.6% value
with other studies should be avoided unless the
validation datasets, spatial units, classification
thresholds, and overlap metrics are equivalent.
The present validation also differs from event-
based predictive validation because it evaluates
spatial agreement with an official susceptibility
layer rather than the ability to predict the tim-
ing, depth, or duration of individual flood events.
Accordingly, the result supports the spatial con-
sistency of the framework but does not establish
universal predictive accuracy. A stronger valida-
tion approach would require application across
multiple cities and comparison with independent
historical flood inventories or remotely sensed in-
undation observations.

Conceptually, the areas within the 21.4%
non-overlapping portion may reflect the addi-
tional dimensions incorporated into the PSAC
framework, particularly rainfall pressure and
landscape adaptive-capacity indicators that are
not necessarily represented in the BPBD sus-
ceptibility classification. This interpretation is
conceptual rather than a directly tested empirical
explanation. Therefore, the quantitative valida-
tion supports the spatial consistency of the PSAC
assessment with the official BPBD susceptibility
reference, while the broader interpretation of the
framework’s added landscape-based information
remains conceptual and requires further indepen-
dent event-based validation.

Strategic implications for urban flood
adaptation

The integrated flood risk assessment pro-
vides a scientific basis for identifying priority
intervention areas and developing adaptive flood
management strategies that combine structural
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and non-structural approaches. The spatial dis-
tribution of flood risk indicates that mitigation
efforts should primarily focus on high- and very
high-risk zones, where elevated flood hazard
coincides with dense urban exposure and low
LAC. In these priority areas, conventional en-
gineering measures should be complemented by
blue-green infrastructure (BGI), including urban
parks, detention ponds, bioswales, rain gardens,
constructed wetlands, riparian buffer restoration,
and permeable pavements to increase infiltration
and reduce peak runoff. Such ecosystem-based
approaches enhance stormwater retention while
simultaneously improving biodiversity, micro-
climate regulation, and urban environmental
quality. Numerous studies have demonstrated
that integrating green infrastructure with con-
ventional drainage systems significantly im-
proves flood resilience under increasing rainfall
variability and climate change (Kumareswaran
& Jayasinghe, 2023; Hathaway et al., 2024;
Wang et al., 2024; Liu & Zhang, 2025). Con-
sequently, the integrated flood risk map pre-
sented in this study enables local governments
to prioritize investment in areas where the great-
est reduction in flood impacts can be achieved
through landscape-based adaptation.

Beyond identifying priority mitigation
zones, the proposed framework also highlights
the importance of incorporating Nature-Based
Solutions (NbS) into spatial planning and long-
term urban resilience strategies. The results

demonstrate that preserving river corridors,
expanding urban green open spaces, protecting
wetlands, and limiting uncontrolled urban ex-
pansion substantially enhance landscape adap-
tive capacity while reducing flood vulnerability.
These findings support the transition from tradi-
tional flood-control approaches toward adaptive
flood management that integrates hydrological
processes with ecological restoration and sus-
tainable urban planning (Liao, 2014; McGrane,
2016; Cea & Costabile, 2022). Recent studies
similarly emphasize that climate-resilient cities
require coordinated implementation of land-use
regulation, ecosystem conservation, resilient
drainage systems, and community-based adapta-
tion to effectively manage future flood risks (Ri-
cart et al., 2022; Kaiser & Akter, 2025; Fletcher
et al., 2024; Xiong & Yang, 2025). Therefore,
this study proposes an integrated urban flood
adaptation framework (Figure 6) that combines
hazard reduction, exposure management, and
enhancement of LAC as complementary strat-
egies for achieving sustainable urban develop-
ment and strengthening resilience under increas-
ingly dynamic rainfall conditions.

Scientific contribution and research
implications

This study makes several important scientific
contributions to the advancement of urban flood
risk assessment by introducing an integrated
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Figure 6. Integrated flood risk map generated by combining flood hazard, urban exposure,
and landscape adaptive capacity
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framework that explicitly links dynamic rainfall,
LAC, and urban flood risk within a unified spa-
tial analysis. Previous flood assessment studies
have predominantly emphasized hydrological
variables or flood hazard mapping without ad-
equately considering the adaptive role of land-
scape characteristics in mitigating flood impacts
(Cea & Costabile, 2022; Miranda et al., 2023).
In contrast, the present study demonstrates that
flood risk is not determined solely by rainfall
variability but emerges from the interaction be-
tween hydrological forcing, urban exposure, and
landscape resilience. The integration of dynamic
rainfall analysis with LAC provides a more re-
alistic representation of flood processes by si-
multaneously accounting for hazard generation,
exposure, and ecological adaptation. Method-
ologically, this research contributes an integrat-
ed GIS-based framework capable of supporting
multi-criteria flood risk assessment while offer-
ing a transferable approach applicable to rapidly
urbanizing tropical cities experiencing increas-
ing hydroclimatic variability. Consequently, the
proposed framework advances current flood
risk assessment methodologies by incorporating
both environmental processes and ecosystem re-
silience into a single analytical model.

Beyond its scientific contribution, the find-
ings have significant practical implications for
sustainable urban planning and disaster risk re-
duction policies. The results indicate that improv-
ing LAC through the preservation of green open

spaces, restoration of river corridors, enhance-
ment of infiltration areas, and implementation of
blue-green infrastructure can substantially reduce
flood risk even under increasing rainfall intensity.
Therefore, flood adaptation policies should move
beyond conventional structural flood-control
measures toward integrated Nature-Based Solu-
tions that simultaneously strengthen ecosystem
services and urban resilience (Liao, 2014; Fletcher
et al., 2024; Hathaway et al., 2024; Liu & Zhang,
2025). Nevertheless, this study has several limita-
tions. The analysis primarily considers dynamic
rainfall and landscape characteristics without
incorporating future climate change scenarios,
socioeconomic dynamics, or real-time hydrody-
namic simulations. Furthermore, the weighting
of flood risk factors may vary depending on re-
gional environmental conditions and data avail-
ability. Future studies are therefore recommended
to integrate climate change projections, machine
learning techniques, remote sensing time-series
analysis, and hydrodynamic flood simulations to
improve prediction accuracy and support adap-
tive flood management under future climatic un-
certainty (He et al., 2026; Xiong & Yang, 2025).
Overall, the conceptual model proposed in Figure
7 summarizes the scientific framework devel-
oped in this study and illustrates the interaction
between dynamic rainfall, LAC, urban exposure,
and integrated flood risk, thereby providing a
comprehensive foundation for climate-resilient
urban development.
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Figure 7. Conceptual framework of dynamic rainfall-landscape
adaptive capacity—urban flood risk
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Broader applicability and transferability of
the PSAC framework

The proposed PSAC framework has potential
applicability beyond Makassar City because its
principal analytical structure is based on gener-
ally transferable components: temporal hydrolog-
ical pressure, spatial flood susceptibility, urban
exposure, and landscape adaptive-capacity indi-
cators. The framework can therefore be adapted
to other rapidly urbanizing tropical and coastal
cities where rainfall variability, land-use transfor-
mation, flood susceptibility, and ecological capac-
ity interact. Its transferability is strengthened by
the use of GIS-based spatial operations, including
data harmonization, spatial overlay, area calcula-
tion, indicator normalization, classification, and
validation against available institutional or inde-
pendent reference datasets. However, the frame-
work should not be transferred mechanically
without recalibration. The selection of indicators,
classification thresholds, weights, spatial resolu-
tion, rainfall observation period, and definition of
adaptive-capacity components should be adjusted
according to local environmental conditions, data
availability, administrative structures, and plan-
ning standards. For example, coastal cities may
require additional consideration of tidal influ-
ence and sea-level conditions, while inland cities
may place greater emphasis on river morphol-
ogy, catchment response, or topographic controls.
Similarly, cities with reliable event-based flood
inventories may replace or supplement suscepti-
bility-based validation with event-based predic-
tive evaluation. Therefore, the broader applicabil-
ity of the PSAC framework lies in its modular an-
alytical structure rather than in the direct transfer
of the numerical thresholds or results obtained for
Makassar City. Future comparative applications
across multiple cities would be necessary to test
whether the framework produces consistent and
transferable results under different hydroclimatic,
urban, and institutional conditions.

CONCLUSIONS

This study developed and applied an inte-
grated GIS-based framework combining dynamic
rainfall analysis, flood hazard assessment, urban
exposure analysis, and landscape adaptive capac-
ity to evaluate spatial differences in urban flood-
risk conditions. The quantitative results showed
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substantial rainfall variability during the 2015—
2024 observation period, with monthly precipita-
tion ranging from 42.7 to 612.4 mm and a coef-
ficient of variation of 48.1%. The flood-hazard as-
sessment classified 34.8% of the study area as high
or very high hazard, while 28.6% was classified as
moderate hazard. The exposure analysis showed
that 41.2% of exposed assets were located within
high and very high flood-hazard zones. Residen-
tial areas represented the largest exposed asset cat-
egory, accounting for 34.6% of the total exposed
assets, followed by road networks at 26.8%.

The LAC assessment classified 31.8% of
the study area as having high to very high adap-
tive capacity and 29.6% as having low to very
low adaptive capacity. Green open space cov-
ered 12.42% of the total urban area, which was
17.58 percentage points below the 30% spatial-
planning benchmark used in this study. The inte-
grated flood-risk assessment classified 24.7% of
the study area as high or very high risk, whereas
35.9% was classified as low or very low risk. In
the quantitative spatial validation, 9.83 km? of the
12.50 km? PSAC priority area overlapped with
moderate-to-high BPBD flood-susceptibility ar-
eas, corresponding to a spatial overlap of 78.6%.

These quantitative results provide empirical
evidence of substantial temporal rainfall vari-
ability, spatial differences in flood hazard, con-
centration of exposed assets in higher hazard
zones, variation in landscape adaptive-capacity
conditions, and substantial spatial agreement be-
tween PSAC priority areas and the official BPBD
flood-susceptibility classification. The PSAC
framework conceptually interprets these dimen-
sions together as a basis for identifying areas
where hydrological pressure, urban sensitivity,
and landscape adaptive-capacity conditions occur
in spatial proximity. This interpretation is concep-
tual and should not be understood as evidence of
statistically estimated causal relationships among
the individual dimensions.

The principal scientific contribution of this
study is the empirical development and applica-
tion of an integrated framework that links dynam-
ic rainfall pressure, urban sensitivity, and LAC
within a unified spatial assessment of urban flood
risk. The framework does not claim to introduce
entirely new individual analytical techniques; in-
stead, its methodological contribution lies in sys-
tematically integrating established rainfall, GIS,
exposure, susceptibility, and landscape-capacity
analyses into a coherent PSAC assessment. The
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new scientific knowledge generated by this in-
tegration is the quantitative demonstration that
flood-priority areas can be distinguished accord-
ing to the simultaneous occurrence of hydrologi-
cal pressure, urban sensitivity, and limited adap-
tive landscape capacity. In the study area, this in-
tegrated interpretation is supported by substantial
rainfall variability (CV = 48.1%), 34.8% of the
area classified as high or very high flood hazard,
41.2% of exposed assets located within these haz-
ard classes, limited GOS coverage of 12.42%, and
a 78.6% spatial overlap between PSAC priority
areas and moderate-to-high BPBD flood suscepti-
bility. Therefore, the framework provides a scien-
tifically structured approach for identifying spatial
priorities for blue—green infrastructure, ecological
restoration, land-use planning, and other adaptive
interventions in tropical urban environments.
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