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Flood is the most frequent and destructive natural disaster, causing significant
negative impacts on humans and built and natural ecosystems. While it is extremely
challenging to prevent floods, their associated hazards can be mitigated through
well-planned and appropriate measures. The present study combined the analytical
hierarchy process (AHP) analysis and an ArcGIS-based multi-criteria decision-
making (MCDM) approach to assess, categorize, quantify, and map the flood-
prone areas in Khyber Pakhtunkhwa, Pakistan, a region particularly vulnerable
to recurrent flooding. Eight key factors including precipitation, rivers/streams,
slope, elevation, soil, normalized difference vegetation index, and land use were
used for flood susceptibility modeling. The weighted sum overlay tool in global
positioning system ArcGIS was utilized to give weightage to each raster layer,
based on the AHP ranking to produce a flood susceptibility map for the study
area. According to the AHP analysis, the most impactful factors defining the flood
susceptibility in our study area were streams (0.29%), precipitation (0.23%), slope
of the area (14%), and LST (10%). Our flood model achieved excellent accuracy,
with Area Under the Curve (AUC) value of 0.911. The model predicted that 9%
of the total area is classified as very high risk, while 14% is identified as high risk,
covering approximately 923,257 hectares and 1,419,480 hectares, respectively.
These high-risk zones are predominantly concentrated in the central and lower
northern, densely populated districts of the province. Our flood susceptibility
results would assist policymakers, concerned departments, and local communities
in assessing flood risk in a timely manner and designing effective mitigation and
response strategies.

KEYWORDS

flood susceptibility, AHP, MCDA, risk zones, management, Khyber Pakhtunkhwa,
Pakistan

Introduction

As the most prevalent and destructive natural disaster, floods negatively impact both
human populations and built and natural ecosystems (Kia et al., 2012; Mehravar et al., 2023;
Samanta et al., 2018). It causes a significant damage to human lives, agricultural lands,
infrastructure, properties, and the overall economy (Charlton et al., 2006; Dang and Kumar,
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2017; Scheuer et al., 2017). Alarming statistics revealed that floods
result in over 2000 human casualties annually, and affecting over 75
million people worldwide either directly or indirectly (Calil et al.,
2015; Gain et al.,, 2015). This catastrophe is the outcome of several
correlated natural “climate driven irregular rainfall and excessive
snowmelts” and human-caused events including rapid urbanization,
deforestation excessive use of greenhouse gases (Rao, 2001; Scheuer
etal., 2017; Xu et al., 2023).

As the risk of floods and associated damages have intensified
in recent decades (Alfieri et al., 2015; Arnell and Gosling, 20165
Zhao et al, 2022), effective flood susceptibility assessment
modeling is required to minimize the floods hazards (Jamali et al.,
2022; Otieno, 2004). Although floods are incredibly difficult to
prevent entirely, with well-planned strategies and implementation
of appropriate mitigation measures, the inherent risks related to
flooding can be significantly reduced. To address these risks and
enhance flood management, researchers have developed different
method to assess, map, and manage the flood susceptibility for an
area (Das and Gupta, 2021; Dou et al., 2018; Khosravi et al., 2016a).
Accurate flood susceptibility assessment needs a thorough
understanding of an area’s topographical and climatic variables, as
some parameters are detrimental in defining an area’s vulnerability
to flood hazards.

For instant, elevation is a major factor affecting the water depth
and flow direction (Gigovi¢ et al., 2017). Higher-elevation areas
having steep slopes are less vulnerable to floods in comparison to
lower-elevation and flat areas (Das, 2019; Kazakis et al., 2015; Liuzzo
et al., 2019). Similarly, the slope measures the extent to which an
object is inclined either steeply or obliquely in relation to a horizontal
plane and is considered one of the crucial variables in flooding
(Gigovi¢ et al,, 2017). The duration and water flow rate are greatly
impacted by the slope (Islam and Sado, 2000). Compared to steeper
terrains, flat surfaces are more flood-prone because the water flow is
slower and it accumulates there for longer periods of time (Gigovi¢
et al,, 2017; Rimba et al., 2017). Precipitation is also an important
factor, as intense and heavy rainfall over a short period could increase
the chances of flooding in an area (Gao et al., 2023; Santato et al,,
2013). Moreover, the rainfall-runoff process is determined directly by
the soil properties and type of the area, like the thickness, infiltration
rate, permeability, and wetness before the rainfall (Ouma and Tateishi,
2014; Zhiyu et al,, 2013). Different soil types have varying resistance
and absorption capacities of water (Ouma and Tateishi, 2014; Zhiyu
etal, 2013). Consequently, the water-holding capacity and infiltration
properties of different soils also influence flood susceptibility
(Sugianto et al., 2022; Hill et al., 2010; Shen and Chui, 2023). Many
flood hazard management experts highlighted the importance of land
use-land cover (LULC) in determining the rainfall-runoff process
(Fernandez and Lutz, 2010). Another variable that is a key indicator
of flood hazards and flood risk zones is the distance of a location from
streams and river (Fernandez and Lutz, 2010). Areas closer to
waterbodies like rivers and streams are more prone to flooding
compared to those located away from riverbeds. Similarly, normalized
difference of vegetation index (NDVT) is one of the crucial variables
to determine the flood susceptibility of an area (Ali et al., 2020). Dense
vegetation can reduce the effect of floods (Ali et al., 2020). Finally, land
surface temperature (LST) is a basic component of a regional climate
and impacts ecosystems both locally and globally. LST is the measure
and a good indicator of the thermal radiation emission from the land
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surface, which determine air flow temperature and its flow,
consequentially effecting floods (Xue et al., 2018).

Flood management is crucial component in understanding flood
and the formulation of risk-curtailing strategies to minimize the
associated threats (Abbaszadeh, 2016; Dandapat and Panda, 2017).
Numerous studies have highlighted the importance of identifying and
mapping flood-risk areas to lower flood-related losses (Calil et al.,
2015; Gain et al., 2015; Rao, 2001; Samanta et al., 2018; Zou et al.,
2013). Flood hazard mapping is a pivotal tool, as it plays a critical role
in planning, early warning systems, appropriate response efforts, and
risk mitigation (Gain et al., 2015; Siahkamari et al., 2018). Advanced
experimental and modeling analyses are crucial for the prediction and
monitoring of natural variables and their impacts on flood
susceptibility. For example, the use of UAV-acquired multispectral
images has been shown to effectively assess the biomass of riparian
plants and its influence on the hydrodynamics of vegetated streams
(Crimaldi and Lama, 2021). Moreover, understanding the flow
resistance of floodplain vegetation mixtures plays a significant role in
modeling river flows, with vegetation cover directly affecting water
movement and flood behavior (Box et al, 2021). Similarly, the
validation of global flow resistance models in experimental drainage
channels can improve predictions related to flow dynamics in
vegetated waterways (Errico et al., 2019). However, the significance of
flood hazard mapping cannot be overstated, as it encompasses crucial
elements such as flood awareness, early warning systems, and the
development of initiatives to reduce flood hazards (Dang and Kumar,
2017; Das and Gupta, 2021).

Innumerable attempts have been made to estimate and illustrate
the areas susceptible to flooding (Hong et al., 2018; Shafapour Tehrany
etal, 2017; Zhao et al,, 2018). A variety of techniques and statistical
models have been developed for a precise flood assessment
(Abbaszadeh, 2016; Dandapat and Panda, 2017; Naulin et al., 2013).
However, conventional flood hazard mapping techniques have various
shortcomings (Guo et al., 2014). Traditional flood hazard mapping
relies on historical flood records, simple hydrological models, or static
inundation maps, which fail to account for dynamic factors like
urbanization, deforestation, or climate change. While useful for
baseline data, these methods lack the precision and spatial accuracy
needed for detailed risk assessments, especially in rapidly changing
environments. They are also less effective in predicting extreme
weather or compound flood hazards, which require advanced, multi-
criteria decision-making models. Moreover, in developing countries
with limited resources, the traditional methods pose additional
obstacles due to their resource-intensive nature, thus making them
inappropriate in such regions.

Since traditional approaches may not provide an extensive
understanding of river and flood dynamics, this emphasizes the need
for alternative and innovative approaches (Mahmood and Ullah, 2016;
Ozdemir and Altural, 2013). In recent years, researchers have
developed various models and methods, often in combination with
geospatial technologies, to identify and delineate flood hazard areas
(Ali et al., 2020; Shafapour Tehrany et al., 2017; Yariyan et al., 2020).
This study integrates global positioning system ArcGIS 10.5 (hereafter
GIS), remote sensing, and multi-criteria decision analysis (MCDA)
using the analytical hierarchy process (AHP) analysis to model flood
susceptibility, due to the high accuracy, efficiency and convenience of
this approach (Ajibade et al., 20215 Allafta and Opp, 2021; Aydin and
Sevgi Birincioglu, 2022; Das and Gupta, 2021; Karymbalis et al., 2021).
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Recently, this method has been used in many studies to track down
and depict flood-prone zones (Ali et al., 2020; Hagos et al., 2022; Hong
et al., 2018; Khosravi et al., 2016b; Mahmood and Rahman, 2019;
Negese et al., 2022).

Pakistan has been impacted by floods on every front (Hussain et al.,
2020), experiencing 21 major floods between 1950 and 2011, averaging
one major flood every three years (Shah et al., 2017). These floods claimed
8,887 lives, caused an estimated economic loss of 19 billion US dollars,
and destroyed more than 100,000 villages (Ali, 2013). Prior to 2022 flood,
the country faced one of the biggest floods in 2010, which affected over
14-20 million people and caused 1,700 fatalities and caused economic
damage worth US$9.7 billion by effecting almost every sector of the
country (Floods, 2010). However, Pakistan was hit by an even more
catastrophic event in 2022, often referred to as the “monster” flood, which
simultaneously affected all four provinces (Nanditha et al., 2023). By
October 11,2022, a total of 94 districts of all four provinces of the country,
were proclaimed flood afflicted. Alone in Khyber Pakhtunkhwa (KP)
province, 17 districts were affected by the 2022 flood. It affected a
population of around 4,350,490, resulting in 306 human casualties [males
149 (49%), females 41 (13%), and children 116 (38%)] and 21,328
livestock losses. Furthermore, 91,463 households (HHs) were fully or
partially damaged due to the floods. Additionally, 107 bridges crumbled,
and 1,275 kilometers (km) of roads were damaged. Crops, being no
exception, as about 107,220 hectares of agricultural land was hit by the
2022 flood. Given KP’s vulnerability to recurring floods (Mahmood and
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Ullah, 2016; Ullah et al, 2018), this study focuses on assessing,
categorizing, mapping, and quantifying the flood susceptibility of the
province. The region’s complex topography and sensitive climate have
aggravated flood susceptibility (Rahman et al., 2023; Ullah et al,, 2018).
Moreover, the study area is the first impact zone for most of the flood
events in the country. This study aims to asses, categorize, map, and
quantify the flood susceptibility of the Khyber Pakhtunkhwa province.

Materials and methods
Study area

Our study area is the Pakistan’s northernmost province, Khyber
Pakhtunkhwa (KP) (34° 036.20 N, 71° 35'9.53E) (Figures 1A-D). It
spreads across 10,174,100 hectares with an elevation range of
149-7,371 meters above sea level (Figure 1C). According to the most
recent national census (https://www.pbs.gov.pk/), he province has
experienced a growth rate of 2.38% since 2017, bringing the total
population to 40.8 million (with a population density of 401.6 people/
km?). The majority of the population resides in the central and lower
northern regions of the province (Figure 1D). The KP is the third-most
populous province in Pakistan, yet smallest by land area and second-
most underdeveloped within the country (Zaidi et al., 2013). The
province’s terrain consists of landforms, ranging from forest-covered
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FIGURE 1
Location of the study area, (A) Location of Pakistan in the world, (B) Location of study area in Pakistan, (C) Elevation range of KP, (D) Human population
density and location of 2002 flood extent.
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and snow-capped mountain ranges in the north to undulating
submontane areas and plains surrounded by hills in the south. The
snow-caped northern mountains serve as a source of water for
different rivers and streams that emerge from these mountains and run
down toward the lower southern parts of the area. The climate of the
province generally changes with elevation. The province experiences
varying amounts of precipitation, with an average of 16 inches per year
with highest from January to April. During the winters, the northern
zone is snowy and cold and receives heavy rainfall, while the summer
season is pleasant with moderate rainfall, except in the capital
Peshawar, which is hot in the summer and has comparatively cold
winters with less rainfall. The northern parts receive heavy rains and
snowfall between the months of November and February as compared
to the southern parts, where rainfall is lower. A variety of wildlife fauna
is found in the province, including a few captivating wild mammals
like the snow leopard (Panthera uncia), common leopard (Panthera
pardus), Himalayan lynx (Lynx lynx isabellinus), Kashmir markhor
(Capra falconeri cashmiriensis), Himalayan ibex (Capra ibex sibirica),
and urial (Ovis vignei) (Molur, 2003; Roberts and Bernhard, 1977).

Data acquisition for flood susceptibility
map

In this study, the selection of eight factors—precipitation,
streams/rivers density, slope, elevation, soil type, land use/land cover
(LULC), NDVI, and LST—was based on their established relevance
to flood susceptibility in the region. These factors were identified
through a comprehensive literature review, which highlights their
significant influence on flood dynamics in similar topographical and
climatic settings (Khosravi et al., 2016a; Ali et al., 2020). Specifically,
precipitation and streams/rivers density directly impact flood events,
while slope and elevation influence water accumulation and flow.
NDVI and LULC assess land cover’s role in flood mitigation, and soil
type and LST provide insights into water retention and regional
climate variations that exacerbate flood risk. Eight factors including
streams/rivers, precipitation, slope, land surface temperature (LST),
soil, land use and land cover (LULC), elevation (DEM), and
normalized difference of vegetation index (NDVI) are expected to
be impactful in defining the flood susceptibility in the study area
(Figure 2; Table 1). These factors have been extensively used in
previous literature with similar objectives (Alarifi et al., 2022;
Almodayan, 2018; Ogato et al., 2020; Radwan et al., 2019). A detailed
description of the factors used in our study is given in Table 1, while
the complete methodological flowchart is shown in Figure 3.

Streams/rivers density of the area

The distance from the river/streams network is a key indicator of
flood hazards and flood risk (Fernandez and Lutz, 2010). Areas in close
proximity to rivers and streams, or those having higher density of
rivers and streams, are more vulnerable to flooding compared to areas
located farther from riverbeds, or with a lower density of waterbodies.
From the elevation range of the region, the river/streams density map
was made using GIS (Table 1; Figure 2A). The rivers/streams were
reclassified into 5 different categories (Supplementary Figure S1A;
Supplementary Table S2), with the index range from 2 to 10.
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Precipitation/rainfall of the area

The study area receives heaviest rains in the month of July (usually
called monsoon rains). We downloaded precipitation data for the said
month from WorldClim (Table 1; Figure 2B). The precipitation map was
generated with GIS. The precipitation of the area was reclassified into 5
classes considering the areas experiencing the heaviest rains have the
highest flood  susceptibility S1B;
Supplementary Table S2).

(Supplementary  Figure

Slope range

The slope raster layer was derived from the elevation layer (with a
10 meters resolution) using the surface tool in GIS (Table 1; Figure 2C).
The slope was reclassified into five classes (ranging from 2 to 10) using
the reclassify tool in GIS. Regions with the highest slope and the
lowest flood susceptibility were assigned value of 2, while areas with
the lowest slope and highest flood susceptibility were represented by
10 (Supplementary Figure S1C; Supplementary Table S2).

Elevation range of the area

For this study, we downloaded NASA SRTM raster layer with a
10-meter resolution to acquire elevation (Table 1; Figure 2D). Since the
lower elevation areas are more prone to flood hazards, the elevation of the
area was reclassified (Supplementary Figure S1A; Supplementary Table S2)
into five classes, where areas with the lowest risk of flooding (the highest
elevation) are represented by 2 and areas with the highest flood risk (the
lowest elevation) are represented by 10. GIS was used to prepare, present,
and reclassify the elevation layer of the area (Supplementary Figure S1D;
Supplementary Table S2).

Soil of the area

The rainfall-runoff process is directly influence by the soil properties
of the area, like the thickness, infiltration rate, permeability, and wetness
before the rainfall (Ouma and Tateishi, 2014; Zhiyu et al., 2013). Different
types of soil have varying resistance and absorption capacities of water
(Ouma and Tateishi, 2014; Zhiyu et al, 2013). This water holding
capacities and infiltration properties of different soil types effect the flood
susceptibility of a region (Sugianto et al., 2022). Generally, as compared to
sand, the runoft is greater and faster in loam and clay soils (Hill et al.,
2010). The soil data (in raster format) was obtained from FAQO, 2003
(Table 1; Figure 2E). The reclassification of soil is given in
Supplementary Figure S1E; Supplementary Table S2.

Land surface temperature of the area (LST)

Land surface temperature (LST) is a fundamental component
of climate and biology, influencing organisms and ecosystems
both locally and globally. LST is the measure and a good indicator
of the thermal radiation emission from the land surface.
Alternatively, LST describes how hot the land is to the touch. LST
(Table 1; Figure 2F) and air temperature (the temperature given
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FIGURE 2

and (H) Land use land cover (LULC).

Presentation and range of the variables used for flood hazard assessment. The figure includes different environmental and topographic factors:
(A) Precipitation, (B) Streams, (C) Slope, (D) Elevation, (E) Soil, (F) Land surface temperature (LST), (G) Normalized difference vegetation index (NDVI),

I
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in weather reports) are two different parameters because, as  being one of them (Xue et al., 2018). Built-up areas typically have
compared to air, land heats and cools faster. Varied environmental ~ higher LST compared to forests and vegetation-covered regions
irregularities can be caused by land surface temperature, flooding  (Supplementary Figure S1F; Supplementary Table 52).
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TABLE 1 Details of the factors used for flood susceptibility modeling.

10.3389/frwa.2025.1465505

S.No. Environmental variables and abbreviations Abbreviation Source
1 Precipitation Precipitation Millimeter https://www.worldclim.org/data/
worldclim21.html
2 Elevation above sea level Elevation Meter NASA (SRTM)
3 Slope of the area Slope Meter Created from SRTM DEM
4 Density of streams/rivers of the area Streams Created from SRTM DEM in GIS
5 Digital soil map of the world Soil FAO, 2003
6 Land use land cover LULC USGS: http://edcsns17.cr.usgs.gov/glcc
7 Normalized difference vegetation index NDVI USGS: http://edcsns17.cr.usgs.gov/glcc
8 Land surface temperature LST Degree Landsat 8 Collection 1 Tier 1 8-Day
TOA Reflectance Composite; using
google earth engine
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FIGURE 3
Stepwise methodological flowchart.

Normalized difference of vegetation index
(NDVI) of the area

NDVT is one of the crucial variables for flood susceptibility of an
area (Ali et al., 2020). Densely vegetated areas are less likely to
be impacted by flooding as compared to regions where there is less or
no vegetation (Ali et al., 2020). On map, the higher NDVI (Table 1;
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Figure 2G) values indicate a lower risk of flooding, while lower values
are an indicator of high flood susceptibility (Rehman et al., 2022;
Ullah and Zhang, 2020). Additionally, the elevated, snow-capped
northern regions are covered with sparse or unhealthy vegetation and
thus have the lowest NDVI values (Shrestha et al., 2020; Ziwei et al.,
2023). In short, flood susceptibility decreases with an increase in
vegetation (Supplementary Figure S1G; Supplementary Table S2).
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Land use and land cover (LULC)

Many flood hazard experts highlighted the role of land use-land
cover (LULC) in determining the rainfall-runoff process and flood
vulnerability (Ferndndez and Lutz, 2010). In our study, the LULC
(Table 1; Figure 2H) in raster format was obtained from USGS. The
LULC of the area was reclassified (Supplementary Figure S1H;
Supplementary Table S2) on the basis that the forest areas are less
likely to be affected by floods as compared to the buildup areas and
water bodies.

Flood susceptibility categorization,
quantification, and spatial distribution

The flood susceptibility model integrated each factor based on
its contribution to flood risk in Khyber Pakhtunkhwa (KP). We used
the Analytical Hierarchy Process (AHP) to assign weights through
expert judgment and empirical relevance. The AHP analysis ranked
streams/rivers density and precipitation as the most influential,
followed by slope and NDVI, validating the relevance and
significance of all factors in the modeling process. After
reclassification, relative weights for each factor were assigned using
the Analytical Hierarchy Process (AHP) model, a method also used
in similar studies across different countries (Ali et al., 2020; Allafta
and Opp, 2021; Aydin and Sevgi Birincioglu, 2022; Das and Gupta,
2021; Dash and Sar, 2020; Hadipour et al., 2020). The integration of
GIS-based MCDM and AHP outputs was employed to assess,
categorize, quantify, and map areas susceptible to flood hazards
across the study region. To develop the final flood susceptibility
map, the weighted sum overly tool in GIS was used to give
weight to each raster based on the AHP confusion matrix
(Supplementary Tables S3, S4; Supplementary Figure S5). The flood
susceptibility output map was then reclassified into five distinct
classes including very high-risk area, high-risk area, medium-risk
area, low-risk area, and no-risk area using GIS. To ensure the
robustness of the AHP weight assignment, we performed a
consistency check on pairwise comparisons, yielding a CR value of
0.05, well within the acceptable threshold of 0.10 (Khosravi et al.,
2016a; Ali et al., 2020). This confirms that the pairwise comparisons
were consistent and logically aligned. Additionally, expert validation
was crucial in confirming the relevance and accuracy of the factor
weightings, with local experts providing insights based on their
knowledge of regional flood dynamics, further supporting the
model’s reliability.

10.3389/frwa.2025.1465505

Flood model validation

Model accuracy and validation are crucial for ensuring the
model reflects real flood occurrences (Hagos et al., 2022; Mahmoud
and Gan, 2018; Ogato et al., 2020; Tadesse et al., 2022). This study
used the ROC technique to validate the model, a widely recognized
method for assessing flood susceptibility maps (Chung and Fabbri,
2003; Liuzzo et al,, 2019; Tehrany et al., 2013). The model validation
was based on flood occurrence points from the 2022 flood,
collected during field surveys in affected areas. While historical
data was also compiled, most points overlapped with the 2022 flood
zones. Given this, we focused the validation on the 2022 data,
ensuring its relevance and accuracy by cross-checking with
government records and satellite imagery. These validated points
were used to assess the model’s performance and validate the flood
susceptibility map. The flood occurrence data was converted into a
point shapefile using ArcCatalog 10.5, with training points used for
the success rate and testing points for the prediction rate (Tayyab
etal, 2021; Zhao et al., 2019). The ROC curve was generated using
ArcSDM in GIS, and cross-validation was employed to fine-tune
parameters and improve model accuracy. This iterative process
achieved the highest AUC value, verifying model performance. The
AUC (ranging from 0 to 1) indicated model accuracy, with values
closer to 1 representing better fit (Li et al., 2020; Swets, 1988;
Walden-Schreiner et al., 2017; Wang et al., 2020). Model
classification and performance details in

are provided

Supplementary Table S4.

Results
Analytical hierarchy process (AHP) results

The AHP analysis was conducted to assign relative weights to
each of the eight flood-influencing parameters. The pairwise
confusion matrix allowed for a systematic comparison, ranking the
parameters based on their contribution to flood susceptibility. The
ranking and weightage of the factors was determined by the
pairwise confusion matrix (Table 2). The ranking of factors ranged
from 1 (least influential) to 8 (most influential). According to the
AHP results the final criteria weight of factor is as follow: streams
(0.29%), the precipitation (0.23%), slope of the area (14%), LST
(10%), soil (0.047%), LULC (0.044%), DEM (0.044%), and NDVI
(0.042%) (Figure 4; Table 2). A total of 28 comparisons were made,

TABLE 2 Weights for the factors/parameters based on pairwise comparisons in AHP analysis (comparative importance of the factors with respect to one

another).
Factor/parameter Priority/contribution (weightage) Impact (+, -)
Streams 0.298 1 0.146
Precipitation 0.273 2 0.124
Slope 0.149 3 0.072
LST 0.104 4 0.042
Soil 0.047 5 0.016
LULC 0.044 6 0.011
DEM 0.044 7 0.007
NDVI 0.042 8 0.014
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with a consistency ratio (CR) of 0.05 and a principal eigenvalue of
8.493. The principal eigenvector and eigen value provide a way to
summarize the importance of each factor in the decision matrix.

Priority/Weightage/Contribution
Precep
30

DEM

LULC

FIGURE 4
Parameters/factors weightage based on the APH analysis.

10.3389/frwa.2025.1465505

The iterative solution with a small delta indicates that after six
iterations, the method used to find these values reached a
stable solution.

High-risk zone

The study shows that the very high-risk area is spread across
approximately 923,257 hectares which makes up 9% of the total area
(Figure 5; Table 3). This zone primarily includes the lower northern
and central districts, including Swat, Lower and Upper Dir, Swabi,
Noshehra, Abbottabad, Manshera, Shangla, Buner, Orakzai, Kurram,
Mohmand, and Khyber. A small patch in the very high-risk area
category was identified in the DIK district too (Figure 6). The high-
risk area, on the other hand, covers nearly 1,419,480 hectares (14% of
the total area) (Supplementary Table S5) and is spanning in the central
region of the study area.

Medium-risk area (vulnerable zone)

Covering a wide area of approximately 3,143,183 hectares, the
medium-risk areas account for 31% of the total area. These areas are
distributed across the entire study zone, with a higher concentration
observed in the southern parts.

Low-risk area and no-risk area (safe zone)
The low-risk areas span an area of 2,968,593 hectares (29%),
primarily covering the extreme northern and southern parts of the
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Model based flood susceptibility map of KP.
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TABLE 3 Flood susceptibility categorization, quantification and risk priority ranking.

Flood risk Area (hectares) Percent area (%) Priority ranking
No-Risk Area 1,719,586 17 Safe zone

Low-Risk Area 2,968,593 29

Medium-Risk Area 3,143,183 31 Vulnerable zone
High-Risk Area 1,419,480 14 Risk zone

Very High-Risk Area 923,257 9 High risk zone

True Positive Rate

e - = Random guess
.
2 — flood2MR3_Proj_Resam.tif (AUC = 0.911)
.

0.0

0.0 0.2 0.4 0.6 0.8 1.0

False Positive Rate

FIGURE 6

ROC curves and corresponding AUC values of the machine learning
model.

study region. The no-risk areas cover 1,719,586 hectares, which
account for 17% of the total area and are also predominantly located
in the extreme northern and southern sectors. According to our flood
model outputs, these areas are considered safe zones. Complete detail
and breakdown of flood categorization for all districts of KP is given
in Supplementary Table S6.

Model performance and accuracy

A valid robust model was produced by the flood hazard analysis
that combined GIS-based MCDM and the AHP analysis. To assess the
accuracy of the flood susceptibility map, we used the Receiver
Operating Characteristic (ROC) curve and Area Under the Curve
(AUC) metrics. The AUC value of 0.911, as calculated from the 131
flood observation points, demonstrated the model’s excellent
predictive performance (Figure 6).

Discussion

In this study, we used GIS-based MCDM and AHP analysis to
map flood-prone areas across Khyber Pakhtunkhwa, the country’s first
impact zone for floods. This method has been widely employed in
previous studies to identify and map flood-susceptible regions (Ali
etal., 2020; Hagos et al., 2022). Due to its efficacy and precision, this
technique, along with other contributing factors, has been widely used
in various studies to assess and map flood-vulnerable areas
(Abdelkarim et al., 2020; Ali et al., 2020; Allafta and Opp, 2021; Aydin
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and Sevgi Birincioglu, 2022; Das and Gupta, 2021; Karymbalis
etal., 2021).

In our case this method proved its efficiency, reliability and
accuracy, as the AUC value was 0.911, indicating that the model
performance was excellent (Sharif et al., 2016; Wang et al., 2023). To
assess our model’s performance, we compared its AUC value (0.911)
with other commonly applied models, such as those by Hagos et al.
(2022) and Mahmoud and Gan (2018), which reported AUC values
of 0.85 and 0.88, respectively. The higher AUC value indicates that
our model, incorporating AHP and expert validation, more
accurately captures the complex flood dynamics of Khyber
Pakhtunkhwa. Additionally, the model’s integration of local
knowledge and adaptability to dynamic environmental factors
further enhances its reliability in predicting flood susceptibility in
this rapidly changing region. A complete understanding of the flood
hazards susceptibility for the area is provided by the flood
susceptibility model categorization that are derived from the AHP
analysis. The resulting map and classifications would be helpful for
timely decision-making and efficient flood risk management.
Understanding the probability and extent of flood occurrences
provides the basis for effective management of flood hazards (Binns,
2022). Flood-prone area maps are vital for managing and mitigating
flood hazards, providing key information to residents and
stakeholders (Abdelkarim et al., 2020; Rahmati et al., 2016). Recently,
sensitivity analysis and natural resource monitoring have gained
importance in flood risk mitigation, particularly for ecohydrological
systems and vegetated waterways (Lama and Crimaldi, 2021).
Remote sensing techniques like NDVI and dNBR are effective for
monitoring environmental changes that influence flood susceptibility
(Mohammad et al., 2023). Additionally, flood-mitigation reservoir
designs, with varied configurations, can significantly reduce peak
discharge during floods (Pirone et al., 2024). These advanced
methods enhance flood hazard understanding and improve
mitigation strategies.

According to AHP analysis, four factors—rivers/streams,
precipitation, slope, and LST—contribute 82% to the flood susceptibility
map. Precipitation is particularly critical as heavy rainfall causes river
overflow, leading to floods. Similar results were registered by Shahabi
etal. (2021). Precipitation is a key factor that triggers flood occurrences,
as heavy or prolonged rainfalls leads to large volumes of runoff water
entering streams and rivers, causing flood inundation (Allafta and Opp,
2021; Feng et al., 2023; Xu et al., 2023).

Like the volume of water, its velocity, which is greatly influenced
by slope, also determines the flood susceptibility of an area. Generally,
water flows more slowly in areas with lower slope, causing water
accumulation in lowlands or flatlands, thereby increasing the risk of
flooding. In contrast, steeper slopes mountainous regions prevent
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FIGURE 7
Spatial distribution of high-risk zone and human population density across KP.

water from accumulating (Das and Gupta, 2021; Mujib et al., 2021;
Wang et al., 2015; Zzaman et al., 2021). Our findings showed a clear
pattern: the extreme northern edges of the area, which are
characterized by steep mountain ranges, correspond with the safe
zone identified in our flood susceptibility results. The results have
clearly shown that plain areas with a minimum slope are more
vulnerable to floods compared to areas with steeper slope (Shahabi
et al., 2021). The findings of this criterion are consistent with the
findings of Khosravi et al. (2016b).

In addition to rainfall and slope, the occurrence, density, length,
and proximity of streams and rivers also play an important role in
influencing flooding. The flood vulnerability is higher in the areas that
are near the streams or with a higher density of the streams than the
areas situated away from the rivers and streams since heavy rainfall
results in overbank flows, which cause flooding of adjoining lowland
areas (Mahmoud and Gan, 2018; Termeh et al., 2018). Moreover,
usually areas away from the rivers are at the higher elevation, which
also adds to low flood risks (Kia et al., 2012; Lee and Rezaie, 2022;
Zzaman et al., 2021). Our study’s results align with these findings,
showing that areas nearer to rivers and streams indicate a greater
susceptibility to flood hazards (Abdelkarim et al., 2020; Das and
Gupta, 2021; Lee and Rezaie, 2022; Mahmoud and Gan, 2018; Zzaman
etal., 2021).

Studies have also revealed an association between LST and
flooding. The global warming and climate change are the reasons
for an increase in the LST, causing ice caps in the Himalayan region
to melt rapidly, leading rivers to flood (Jain et al., 2023). The
relationship between rise in LST and flooding is indirect, as many
studies have shown that LST varies considerably with the LULC and
vegetation cover. With an increase in urban cover and barren land
the LST values also increases while it decreases in areas with higher
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vegetation (Achmad and Muftiadi, 2019; Jamali et al., 2022;
Rahaman and Shermin, 2022). Many studies have established a
correlation between higher NDVI and lower flood vulnerability
(Das, 2018; Tehrany et al., 2013). Vegetation cover affects climate
and land surface fluxes both regionally and globally, while climate
also plays a significant role in determining vegetation cover
(Hussain et al., 2023). A positive relationship between the La Nifia
events and temperature has been established by depicting higher
land surface temperatures with an increase in La Nifia events (Eboy
and Kemarau, 2023; Yan et al., 2020).

The intense monsoon rains in Pakistan were linked to strong La
Nina events (Ju and Slingo, 1995; Safdar et al., 2019). Abnormally
high temperatures during the spring and summer of 2022 enhanced
a deep depression from the Arabian Sea, resulting in heavy rainfall
across the country (Mallapaty, 2022; Otto et al., 2023). Temperatures
rose to more than 50°C in few parts of the country in the months
of March and April 2022, which is an atypical time of year to witness
severe heat. The rise in temperature speeds up the melting of
Pakistan’s around 7,000 glaciers in the northern parts, that feed the
country’s rivers. Recent studies have highlighted that climate
induced fluctuations in temperature and rainfall are the driving
forces of repeated floods (Mahmood and Ullah, 2016; Qi et al.,
2024; Ullah et al.,, 2018). Simultaneously, changes in land use
pattern and excessive urbanization leads to an increase in
impervious surfaces and a consequent increase in flow velocity
(Sugianto et al., 2022) triggers flood disasters within a specific
locale (Charlton et al., 2006). Pakistan is located in the south Asian
monsoon region (Ahmed et al., 2019). Northern parts of Pakistan
often receive heavy rainfall from June to September and
approximately, about half a million people are affected by flooding
every year (Baqir et al., 2012).
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This study used raster layers with consistent spatial resolution
and projection, a best practice for geospatial modeling (Hong et al.,
2018; Khosravi et al.,, 2016a), ensuring spatial consistency and
minimizing errors in flood susceptibility modeling (Zhao et al.,
2022). The integration of GIS-based MCDM and AHP provides a
robust framework for assigning weights to variables, which is widely
recognized as reliable for flood assessments (Aydin and Sevgi
Birincioglu, 2022; Hagos et al., 2022). If these considerations—
consistent data resolution, appropriate projection, and the use of
MCDM with AHP—had not been addressed, model accuracy would
have been compromised, undermining the results’ reliability in
capturing flood risk dynamics in Khyber Pakhtunkhwa (Ali et al.,
2020; Aydin and Sevgi Birincioglu, 2022).

Flood management implication

Pakistan is experiencing climate disasters, despite

contributing less than 1% to the f global carbon emissions. In the

10.3389/frwa.2025.1465505

recent past, rapid and heavy rains in Pakistan have triggered
severe flooding, submerging one-third of Pakistan. In August
2022, Pakistan received 192.7 mm heavy rains against its normal
of 56.2 mm causing the most devastation flood in the country’s
history. The overall estimated damage due to the floods amounts
to 14.9 billion US dollars. The housing sector incurred a
substantial damage of 5.6 billion US dollars, while the agriculture
and livestock were also adversely affected, resulting in a combine
damage of 3.7 billion US dollars. The transportation and
communications sectors also faced a damage of 3.3 billion US
dollars. One of the major contributors to Pakistan’s flood
susceptibility is the inadequate capacity of locals to respond
effectively to disaster risks (Shah et al, 2022a). Poor
socioeconomic conditions, absence of flood warning system, and
low confidence in the local government institutions present
significant challenges to effective flood warning and mitigation
strategies (Rana et al., 2021). Climate change and increasing
temperature would increase and occurrence and intensity of
floods (Hall et al., 2014; Qi et al., 2024; Santato et al., 2013).

1: Heavy
monsoon rains

Flood Hazards
1.Human lives
2.Properties
3.Houses
4 Agriculture
S.Livestock
6.Railwaysand roads
7.Bridges

| 8Diseases
9.Food and drinking water
10.Educational institutes
11 Wildlife and fisheries

(

A. Monitoring rivers level

Water levelsin the main rivers at different impact points
and collecting and analyzing rainfall data

Gauge boards and telemetry system on the water course
helps to monitor flood condition and actas early waming
system

E: Communities capacity buildings
Edumtion the wuinerable communities
about flood mitigation responses and their
role

B: Scaling precipitation intensity

Our study area receive high intensity reins during the
monsoon season. Acquiring current data and comparing
it with the past rainfall data can provide valuable
insights for anticipating increases in river levels and the
potential for flooding. In 2022 the area received
unprecedented rainfall that caused flooding in the rivers
and mainstreams

A. Early warning system
A mechanism to inform the wuinerable communities about flood
lo@tion and severity. For this purpose government should install
proper early warning system. Incase of our study area loudspeakers
of mosques could. Sodal media like Facebook could also be used
forthe samepurpose

X '

C. Building flood
barriers, dams to
store  water and

proper storm water
drainage system in
urban area

D:Flood waming signs A
Signs at sensitive points should be installed cautioning
people about the flood susceptibility

FIGURE 8

Proposed flood management strategies for the study area derived from the study results.

B. Flood rescue teams

Deploying rescue teams to the high-risk 2one
areas. (Heartbreoking trogedy struck in 2022 as
five brothers lost their lives during the
devastating fioods. Despite their desperate wait
for assistance, heip was painfully delayed for
hours, underscoring the stork reality of
insufficient rescue focilities in the area. The
incident serves as a poignant reminder of the
urgent need for improved disaster response and
rescue  infrostructure to prevent such
heartbreaking iosses in the future)
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Based on our findings and the highly flood-prone nature of
the study area, we recommend initiating an Early warning system
(EWS), particularly in rural areas. As shown in our study area,
northern rural areas are first to be hit by floods. In rural areas,
people are usually not familiar with the early warning system,
which makes it more difficult for them to deal with flood hazards
(Mustafa et al., 2015; Shah et al.,, 2022b). EWS is helpful in
providing substantial information for effective disaster
management that enables people to protect their lives and
property (Sufri et al., 2020). Social media is also a very valuable
medium to disseminate flood related updates and information
with the people (Jamali et al., 2022). We identified four hotspot
areas that fall in the very high-risk category (Figure 7) by relating
the spatial distribution of very high flood susceptibility areas and
human population density across the study area. Two of those
areas are vulnerable to urban flooding, including the districts of
Abbottabad, Swabi, Nowshera, Peshawar (to some extent),
Hazara, and Mansehra, while districts Swat, Lower and Upper
Dir, Khyber, Buner, Mohmand, Shangla, and Orakzai are prone
to rural flooding. Climate change and rapid urbanization would
intensify the rate of urban flooding (Qi et al., 2024). Apart from
this, the upper areas of Kohistan, Tank, and DIK are also
susceptible to flooding. These districts were severely affected
during the 2022 flood, and they have been consistently impacted
during every minor and major flooding (Hamidi et al., 2022;
Hussain et al., 2021; Khan et al., 2023; Nazeer and Bork, 2021;
Qasim et al., 2017; Rana and Routray, 2018). Building upon the
findings of this study and on ground experience, we have
formulated few mitigation strategies aimed at reducing the flood
hazards (Figure 8). This method has been successfully applied
worldwide, with adjustments made for local topography, climate,
and data availability (Ali et al., 2020; Hagos et al., 2022). Several
studies in diverse regions further demonstrate the method’s
versatility and replicability (Abdelkarim et al., 20205 Ali, 2013;
Allafta and Opp, 2021; Aydin and Sevgi Birincioglu, 2022; Das
and Gupta, 2021; Karymbealis et al., 2021).

Conclusion

This study assessed, quantify, and map flood prone areas in the
Khyber Pakhtunkhwa (KP), Pakistan, which is one of the most
vulnerable and first impact points of floods in the country. The
study concluded that 9% of the KP province fell into the very high-
risk area, spanning over an area of 923,257 hectares while 14%
(1,419,480 hectares) was categorized as high-risk area. These high-
risk zones are predominantly concentrated in the lower northern,
and central densely populated districts of the study area. Based on
our results, we recommend strengthening the flood risk mitigation
policies, focusing primarily on the high-risk zones. Additionally, an
early warning system is needed to be established across the study
area, which will help minimize economic loss, injuries, and deaths
due to the floods. The findings of this study will be valuable to
policymakers, concern departments, and local communities in
implementing safety measures and developing effective flood risk
mitigation strategies.
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