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NOISIAI

the steep, data-sparse basins of Khyber Pakhtunkhwa (KPK). The 2022 monsoon
produced catastrophic damage in the Swat Valley, disrupting transport, irrigation, and
housing. This article demonstrates an Unmanned Aerial Vehicle (UAV) workflow for rapid,

I Vloods is among the most destructive hydrological hazards in Pakistan, patticulatly across

high-resolution flood mapping, damage quantification, and risk zonation in the Barwai Khwar
sub-watershed of the Swat River Basin. Pre-event context was assembled from Google Earth
Pro imagery (12 June 2022), and post-event aerial surveys were flown using a DJI Phantom 4
Pro (v2.0) with GNSS-supported Ground Control Points (GCPs). Imagery was processed in
Agi soft Meta shape to generate Ortho mosaics and surface products, then analyzed in a GIS
to delineate inundation, channel widening, structural damage, and agricultural losses. The
floodplain width locally expanded from approximately 7 m to 76 m; damaged linear
infrastructure includes ~2.18 km of retaining walls and 39 m of bridges. Surface impacts
include ~6,271 m? of residential area and ~22.56 ha of cropland affected. The approach
provided near-centimeter spatial detail, enabling precise polygonal accounting for recovery
planning and identification of high-risk margins where unprotected construction coincides
with steep banks and tight meanders. Findings confirm the value of UAV photogrammetry as
a fast, replicable, and cost-effective complement to satellite-based disaster assessment in
Pakistan’s mountain valleys, supporting preparedness, reconstruction, and resilient land-use
decisions.

Keywords: Flood Assessment; UAV Imagery; Swat Basin; Aerial Photogrammetry; GNSS;
GIS; Disaster Management
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Introduction:
Flooding ranks among the most devastating natural hazards, leading to significant loss
of life, property damage, and environmental disruption worldwide. In Pakistan, irregular
monsoon rainfall, deforestation, and rapid urban expansion within floodplains have intensified
flood impacts over the past decades [1]|2]. The Swat River Basin in Khyber Pakhtunkhwa
(KPK) is among the most vulnerable regions, where heavy rainfall and steep slopes generate
flash floods that devastate agricultural land, infrastructure, and local livelihoods [3].
Conventional ground surveys are often time-consuming and difficult to conduct in
mountainous terrain, limiting their usefulness for timely disaster assessment. Recent advances
in remote sensing, particularly high-resolution aerial imagery from Unmanned Aerial Vehicles
(UAVs), have transformed flood assessment by providing precise, near-real-time data on
damage extent and landscape change [4][5]. Integration of UAV imagery with Geographic
Information System (GIS) platforms enables accurate mapping of inundation, erosion, and
infrastructure damage, supporting evidence-based recovery planning [4]. Numerous studies
worldwide have demonstrated the effectiveness of UAVs in post-disaster evaluation. For
example, Zawadzka et al. (2021) [6] applied object-oriented classification to UAV imagery to
identify flood-induced damage in residential areas, while Hashemi-Beni et al. (2018) [7]
assessed the utility of UAV-derived DEMs for mapping flood extents in North Carolina, USA.
In data-scarce regions, Wouters et al. (2021) [8] combined UAV segmentation with machine
learning to estimate flood impacts in southern Malawi. These examples confirm that UAV-
based photogrammetry offers a rapid, cost-effective, and high-resolution method for flood
damage assessment, particularly where traditional satellite or field surveys face limitations.
However, in Pakistan, especially within steep and remote basins such as Swat, UAV-based
flood mapping remains underexplored. The Barwai Khwar sub-watershed, therefore, provides
an opportunity to evaluate the precision and applicability of UAV photogrammetry for
localized disaster assessment. This study presents one of the first comprehensive UAV-based
flood assessments conducted in northern Pakistan. Unlike conventional post-disaster surveys,
it integrates centimeter-level UAV orthomosaics with GIS analytics to develop a spatially
detailed inventory of flood-induced damage. The proposed workflow enables reproducible,
high-accuracy mapping suitable for emergency response, rehabilitation, and future resilience
planning in mountainous environments.
Obijectives:

This study aims to develop a high-resolution, UAV GIS-based workflow for rapid
flood damage assessment in Harnai Khawar, Swat, Khyber Pakhtunkhwa. The main objectives
are:

To quantify flood-induced damage to built-up areas, retaining walls, agricultural land,
and bridges through pre- and post-event UAV imagery comparison and GIS-based spatial
analysis.

To evaluate geomorphic and infrastructural changes in the Harnai Khawar sub-basin,
providing actionable information for post-flood rehabilitation and resilience planning. This
research introduces one of the first UAV-based, centimeter-scale flood assessment
frameworks applied in a mountainous valley of northern Pakistan. The integration of high-
overlap UAV orthomosaics with geospatial analytics allows accurate measurement of channel
widening, structural losses, and land-cover changes in complex topography where
conventional satellite or field surveys are limited. The proposed approach demonstrates a
replicable, cost-effective method for localized disaster assessment and climate resilience
mapping in data-scarce mountain environments.
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Material and Methods:
Study Area:

Harnai Khawar (35° 11' 45" N, 72° 33' 22" E), a region located in the picturesque Swat
valley of Khyber Pakhtunkhwa (KPK), Pakistan, has been a historically significant area with
diverse landscapes and cultural heritage. However, similar to many areas in Khyber
Pakhtunkhwa (KPK), Harnai Khawar is highly susceptible to multiple natural hazards such as
floods, landslides, and earthquakes. Among these, floods stand out as the most frequent and
destructive, posing severe risks to human lives, infrastructure, and the surrounding
environment. This case study focuses on Harnai Khawar to examine the flood-related
challenges confronting the area and to evaluate the potential of high-resolution aerial imagery
for effective flood damage assessment and disaster management. Harnai Khawar is situated in
the upper reaches of the Swat Valley, approximately 30 kilometers northeast of the district
capital, Mingora. It is surrounded by majestic mountains, including the Hindukush and
Karakoram ranges, making the region susceptible to rapid runoff during heavy rainfall events.
The area is characterized by its fertile plains, which have supported agricultural activities for
generations, forming the backbone of the local economy. Numerous small streams and rivulets
traverse the region, eventually converging into the Swat River, which flows through the heart
of the valley. The proximity of Harnai Khawar to the river and its tributaries exposes it to the
risk of frequent floods, particularly during the monsoon season. During monsoons, the region
experiences intense and prolonged rainfall, leading to a significant increase in water levels in
the streams and the Swat River [9]. The mountainous terrain and the impermeable nature of
the soil in some areas further contribute to rapid runoff, exacerbating the flood risk. The
combination of heavy rainfall, steep topography, and inadequate drainage systems can result
in flash floods and inundation of low-lying areas [10]. Such floods can have severe impacts on
the community, causing extensive damage to crops, infrastructure, and property, while also
posing significant risks to human lives [11].

Mitigating the effects of these frequent floods requires local authorities and
communities to establish and enforce effective flood preparedness and response measures.
These may include early warning systems, improved drainage infrastructure, land-use planning,
and awareness campaigns to ensure the safety and resilience of Harnai Khawar and its
inhabitants during monsoon seasons.

Approach and Methodology:

The workflow integrated pre- and post-flood data collection, UAV-based
photogrammetry, image processing, and GIS analysis to spatially map the impacts of the 2022
flood in Harnai Khawar, Swat. The approach enabled comparison between pre-flood
conditions and post-flood landscape transformation (Figure 1).

Data Collection:
Pre-Flood Dataset:

Pre-flood conditions were established using high-resolution satellite imagery from
Google Earth Pro (12 June 2022). These images provided a reliable baseline of land cover,
agricultural fields, and infrastructure before inundation. Although Google Earth imagery
offers moderate spatial resolution compared to UAV data, it remains a valuable open-source
resource for pre-event reference in regions where dedicated aerial or satellite acquisitions are
unavailable. The dataset was georeferenced and corrected in ArcGIS Pro to ensure accurate
spatial alighment with the UAV-derived orthomosaics.

Post-Flood UAV Survey:

Post-event mapping was performed using a DJI Phantom 4 Pro (v2.0) UAV equipped
with a 20 MP 1-inch CMOS sensor and Global Navigation Satellite System GNSS-based
autopilot. The quadcopter captured between 150 and 170 overlapping images per flight at an
altitude of 150 meters, with 80% forward and 70% side overlap. Ground Control Points
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(GCPs) were surveyed using Global Navigation Satellite System (GNSS) to ensure precise
spatial accuracy. Equipped with obstacle-avoidance and stability features, the UAV enabled
safe and detailed mapping of the flood-affected valley. The post-flood aerial survey comprised
four separate flight missions conducted over two consecutive days in early September 2022.
Each flight covered approximately 0.9 to 1.2 km? of the valley floor with an average duration
of 18 to 22 minutes, corresponding to a single battery cycle of the DJI Phantom 4 Pro v2.0.
The UAV was operated between 10:00 a.m. and 3:00 p.m. under clear to partly cloudy
conditions, with average surface temperatutes of 28 to 30 °C, wind speeds below 4 m s™*, and
no measurable precipitation. Low wind velocity and stable illumination ensured optimal
overlap consistency and minimized motion blur in captured images. Weather information was
verified using the Pakistan Meteorological Department (PMD) station data for Mingora, Swat,
confirming calm conditions during both survey days.

The combination of short flight intervals, stable atmospheric conditions, and high
image overlap produced sharp, distortion-free photographs suitable for precise orthomosaic
generation in Agisoft Metashape.

Image Processing and Rectification:

The collected images were processed in Agisoft Metashape Professional following a
standard photogrammetric workflow. The procedure involved image alignment and dense
point-cloud generation, followed by mesh reconstruction and orthomosaic creation. Manual
masking was applied to remove background noise, and final orthorectification was performed
using interior and exterior orientation parameters with GCP-based correction to ensure
geometric accuracy. Each image was rectified to an orthogonal projection to maintain uniform
scale and geometric accuracy. The final orthomosaic was exported in GeoTIFF format for
GIS analysis.

Approach &
Methodology

Pre-Flood . . Post-Flood
(Satellite Imagery) Collection of Data | (UAV Imagery)
Selection of Pre-Flood Analvsis of Data | Discussion with Industry
Imagery b Experts

Preparation of Different Digitization of Pre & Preparation of Different
Features of Pre-Flood Post Flood Data Features of Post-Flood
Comparison of Digitized Quantification & Comparison of Digitized
Layers of Post-Flood Damage Assessment Layers of Post-Flood

Preparation of Maps &
Tables

Analysis & Conclusion

Figure 1. Workflow of UAV data acquisition, image processing, and GIS-based flood
assessment applied in the Harnai Khawar study.
Digitization of Ground Features:

Pre- and post-flood datasets were digitized in ArcGIS Pro to identify major landscape
elements, including roads, bridges, built-up areas, agricultural fields, retaining walls, active and
dry river channels, and community structures such as mosques and water tanks. Manual
digitization ensured precision in delineating small structures and enabled a clear and accurate
comparison between pre- and post-event conditions. Manual digitization ensured precision
for small structures and allowed clear pre- and post-event comparison.
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Quantification and Damage Assessment:

The pre- and post-flood datasets were overlaid in ArcGIS Pro to quantify the spatial
extent of structural and agricultural damage in Harnai Khawar. Vector layers representing
built-up areas, agricultural land, bridges, and retaining walls were compared to calculate
changes in area and perimeter. Each feature polygon was examined for displacement,
deformation, or inundation relative to its pre-flood footprint.

To standardize the evaluation, all mapped features were classified into three categories
based on the degree of physical alteration visible in the post-flood UAV orthomosaics. Fully
affected structures included buildings or retaining walls that were destroyed, displaced, or
submerged, showing total loss of roof or wall integrity with no remaining usable footprint.
Partially affected structures exhibited partial roof collapse, wall breaches, or debris deposition
but retained more than half of their original footprint. Minimally affected structures displayed
only superficial signs of flooding, such as water marks, sediment accumulation, or slight
erosion around the foundation, without significant structural deformation. These classification
criteria were established through a detailed side-by-side comparison of pre- and post-flood
imagery in ArnGIS Pro, ensuring objective differentiation between the varying degrees of
impact observed across the study area.

Preliminary Analysis and Interpretation:

Preliminary analysis revealed widespread channel widening, structural wall failures, and
significant crop losses across the floodplain. The orthomosaics highlighted extensive damage
to retaining walls and the inundation of agricultural terraces along the active Khwar.
Agricultural land showed strong reflectance changes due to sediment deposition and erosion.
Built-up areas near the channel margins experienced partial or total structural damage.

These patterns confirm that UAV-based data combined with GIS offers rapid,
accurate, and spatially detailed evidence of flood impacts, enabling informed planning for
reconstruction and risk mitigation.

PRE FLOOD POST FLOOD

Legend
*  Localities Retaining Walls Active River Craek Agriculture Land
. GCP Nullah [ under Constrution Boundary
—— Water Tank Masjid Houses
—— Road DyNulah [ | Bridge ANALYSIS OF PRE AND POST FLOOD DATA

Figure 2. Pre- and post-flood comparison for Barwai Khwar (Swat, KPK). Left: Pre-flood
Google Earth imagery (12 June 2022) with agricultural parcels (A—B) outlined in green.
Right: Post-flood UAV orthomosaic showing digitized layers, roads (red), retaining walls
(orange), active river (dark blue), dry nullah (light blue), bridges, houses (pink), and
agricultural boundaries (green), illustrating channel widening and overbank inundation.
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Results and Findings:
Overview of Damage Assessment:

The UAV and GIS-based analysis revealed extensive structural and agricultural losses
along the Barwai Khwar floodplain. Using orthomosaics and digitized layers, four primary
categories of damage were identified: retaining walls, residential structures, agricultural land,
and bridges. Each feature was mapped, measured, and tabulated using spatial statistics derived
from the pre- and post-flood imagery (Tables 1-4).

Retaining Walls:

Fifteen retaining walls were identified as damaged or destroyed (Table 1). The total
measured length of affected walls reached approximately 2,184 m, ranging from 59 m to 283
m per segment. These walls failed primarily at narrow bends and sections where the flood
energy concentrated, reflecting hydraulic undercutting and inadequate structural
reinforcement.

This observation aligns with studies from mountainous regions where retaining wall
collapse is strongly linked with slope instability and high unit stream power. The spatial
clustering of failures along outer bends also supports the fluvial geomorphic theory of lateral
erosion under peak discharge conditions.

PRE FLOOD 25 POST FLOOD ®

0 825 125 250 375 D?wamrs
Legend
+  Locaities Relaining Walls Active River Creek Agriculture Land
+ GcP Nullah [ under Constrution Boundary
——— Water Tank Masjid Houses
— Road Ory Nutan [ Briage ANALYSIS OF PRE AND POST FLOOD DATA

Figure 3. Examples of retaining-wall failures and eroded channel margins captured from
UAV orthomosaic after the 2022 flood.
Table 1. Summary of damage length of retaining walls in Barwai Khwar.
Sr. No Built-up Type | Location (Longitude, Latitude) | Perimeter (m)
1-15 Retaining Walls | 72°28'-72°23'E, 35°4'-35°5'N 59-283
Residential Structures:
Thirteen residential structures were mapped as damaged, covering a combined area of
06,271 m? and a total perimeter of 1,075 m (Table 2). The largest destroyed structure (1,438 m?)
was located near 35°04'46" N, 72°23'54" E, a low-lying settlement adjacent to the main
channel.

These losses mirror findings by [4], who noted that floodplain dwellings near active
channels face a disproportionate risk of collapse due to scouring and poor foundation design.
Table 2. Summary of damaged residential structures.

Sr. No | Built-up Type | Location (Longitude, Latitude) | Area (m?)
1-13 Houses 72°23'-72°28'E, 35°4-35°6'N | 87-1,438
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Figure 4. UAV orthomosaic overlay highlighting flood-inundated housing clusters and
damaged building footprints in Barwai Khwar.
Agricultural Land:

Agricultural zones suffered the most extensive impact, with 37 parcels affected and a
combined damaged area of approximately 22.56 ha (approximately 225,612 m?) (Table 3).
Individual plot losses had ranged from 0.1 to 8.5 acres, depending on their proximity to the
main channel. The greatest concentration of damage was observed near 35°4'30"N, where
floodwaters had deposited thick sediment and destroyed field boundaries. UAV-based
observation provided precise parcel-level data, which is critical for estimating compensation
and guiding soil rehabilitation.

Table 3. Summary of flood-damaged agricultural land.
Sr. No Feature No. of Parcels | Total Area | Perimeter Range
1-37 Agricultural Land 37 22.56 ha 171-866 m

PRE FLOOGD POST FLOOD

625 125 250 375 500

Legend
*  Localities Retaining Walls —— Active River Creek Agriculture Land
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—— Road —— DryNulah [ | Bridge ANALYSIS OF PRE AND POST FLOOD DATA

Figure 5. UAV-derived map showing agricultural parcels affected by floodwater inundation
and sediment deposition.
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Bridges and Linear Infrastructure:

Two bridges suffered severe structural damage, with a total affected length estimated
at 39 m (Table 4). The bridge collapse was associated with local scour and heavy debris
accumulation at piers, similar to the mechanisms identified by [12]. These localized failures
disrupted connectivity between villages and delayed emergency access, emphasizing the need
for hydrologically informed bridge design in high-flow mountain basins.

Table 4. Damage length of bridges in Barwai Khwar.

International Journal of Innovations in Science & Technology

St. No

Built-up Type

Location (Longitude, Latitude)

Length (m)

1-2

Bridges

72°27'—72°26'F, 35°4'N

15.4 —23.6

The total mapped length of the Barwai Khwar nullah was 11,378 m (Figure 6). The
active channel width increased from 6.97 m (minimum) to 75.9 m (maximum), representing
more than a tenfold expansion at certain locations. This dramatic widening is attributed to
lateral erosion and bank collapse under high discharge.

Such fluvial adjustment processes are well-documented in flash-flood environments
where unconsolidated alluvial banks fail rapidly. UAV-derived channel metrics thus serve as
valuable indicators of hydrodynamic energy and erosion risk.

PRE FLOOD , POST FLOOD

Legend

Active River Creek

[] under constrution

Houses

Bridge

«  Localities
« GeP

Relaining Walls
Nutlah

Water Tank Masjid

Road Dry Nullah

Agriculture Land

Boundary

ANALYSIS OF PRE AND POST FLOOD DATA

Figure 6. Post-flood UAV imagery showing collapsed bridge deck and bank scour along
Barwai Khwar 4.6 Nullah Morphology
Table 5. Variation in the nullah width before and after flood.

Sr. No | Location (Longitude, Latitude) Width Remarks
1 72°23'46"E, 35°6'17"N 75.9 m (max) | Severe widening
2 72°25'1"E, 35°4'29"N 0.97 m (min) | Confined reach
Interpretation:

The results demonstrate that the 2022 flood substantially modified both the physical
landscape and human infrastructure within Barwai Khwar. The UAV analysis revealed that the
active channel width of Harnai Khawar expanded from approximately 7 m to 76 m,
accompanied by the collapse of multiple retaining walls and the loss of about 22 ha of
agricultural land. These changes occurred primarily along outer bends and high-energy flow
zones identified in the post-flood orthomosaic. The integrated UAV—GIS assessment precisely
quantified the extent of each damage type, providing measurable indicators of flood impact
for recovery and mitigation planning in the study area.
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Figure 7. Comparison of pre- and post-flood channel width derived from UAV
orthomosaic.
Discussion:

These findings are consistent with agricultural flood studies in other South Asian
basins, where sedimentation and erosion jointly reduce land productivity [13]. The UAV-GIS
analysis of the 2022 flood in Harnai Khawar revealed substantial geomorphic and
infrastructural transformations across the valley, including channel widening, retaining wall
failures, and extensive damage to agricultural terraces and built-up zones. The observed
increase in channel width from approximately 7 m to neatly 76 m indicates severe lateral
erosion driven by high stream power and sediment transport, characteristics typical of flash
floods in steep mountain basins of northern Pakistan [3][9]. These findings are consistent with
previous studies conducted in similar mountainous environments. Elkhrachy [14] identified
the same mechanisms of slope instability and hydraulic undercutting as major contributors to
retaining wall failures in Najran City, Saudi Arabia. Likewise, Voogt and White [12]
documented concentrated damage along outer meander bends during the 2013 Alberta floods,
demonstrating that localized energy gradients amplify geomorphic instability. The similarity
between these outcomes and those observed in Harnai Khawar underscores that steep
gradients and unreinforced slopes remain critical determinants of structural vulnerability.

The loss of agricultural land, estimated at approximately 22 ha, is comparable to
findings from other South Asian floodplains, where sediment deposition and topsoil removal
have been shown to degrade agricultural productivity [13]. Long et al. used synthetic aperture
radar (SAR) data to map flood extents in Namibia and similarly concluded that sediment
accumulation and erosion jointly diminish soil fertility. The parcel-level detail achievable
through UAV-based mapping in this study, however, offers finer spatial accuracy than
conventional satellite-based approaches, enabling more precise quantification of crop losses
for rehabilitation planning. Structural damage to bridges and transport infrastructure observed
in Harnai Khawar also aligns with earlier research. Emphasized that debris accumulation at
bridge piers is a major factor leading to collapse under high discharge, consistent with the
localized failures recorded during this event. Demonstrated through UAV mapping after
Hurricane Matthew that bridge scour and abutment erosion are direct outcomes of
concentrated hydraulic pressure, a condition similarly detected in this valley. The application
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of UAV-derived orthomosaics and photogrammetry demonstrated higher spatial fidelity than
satellite or field surveys commonly used in Pakistani studies [1][9]. While past research
primarily focused on large-scale basin analyses such as the Indus or Chenab, the present work
introduces a scalable, high-resolution workflow for smaller tributaries where topographic
complexity limits traditional assessment techniques. Comparable advances have been reported
by Hashemi-Beni et al. [7] and Zawadzka et al. [6], who both demonstrated that UAV-based
digital elevation models and object-oriented classifications yield centimeter-scale insights
critical for urban and fluvial flood assessments.

Furthermore, this study extends the regional understanding of monsoon-driven
geomorphology in the Hindu Kush, Karakoram, and Himalayan (HKH) domain. Recent work
by Bazai et al. [10] and Khan et al. [11] emphasized the intensification of hydrometeorological
hazards in Swat due to increased rainfall variability and deforestation. The spatial evidence
from Harnai Khawar corroborates their observations, illustrating that unregulated slope
modification and encroachment onto floodplains exacerbate the destructive potential of
extreme rainfall events. Overall, the results validate that UAV-based photogrammetry
integrated with GIS analytics provides a reliable, rapid, and cost-effective solution for post-
flood damage assessment. It complements regional hydrological and hazard models by adding
detailed spatial data essential for localized risk management. The workflow presented here
bridges the gap between large-scale remote sensing studies and on-ground disaster assessment,
contributing to Pakistan’s growing need for operational geospatial solutions in mountainous
terrains.

Conclusion:

The 2022 flood in Harnai Khawar, Swat, caused major geomorphic and infrastructural
transformations across the valley. UAV and GIS analysis showed widespread losses in
agricultural land, retaining walls, residential buildings, and linear infrastructure. The river
channel widened from about 7 m to nearly 76 m in several reaches, eroding terraces and
destroying flood-protection structures. Agricultural land suffered the highest impact, followed
by housing clusters near the river margins and retaining walls along outer bends. Two bridges
were completely damaged, cutting off access between nearby settlements. These observations
highlight how strong monsoon flows can quickly reshape valley morphology and threaten
livelihoods in steep basins such as Swat.

The study confirms the effectiveness of UAV-based remote sensing for rapid, precise,
and low-cost flood assessment in mountainous regions. High-resolution imagery provided
fine-scale evidence of flood impacts and supported accurate mapping of damaged assets. The
integrated UAV-GIS workflow demonstrated here can serve as a replicable framework for
disaster monitoring, risk evaluation, and reconstruction planning in other flood-prone areas
of Pakistan.

Recommendations:

Rapid recovery and rehabilitation efforts should be prioritized to rebuild damaged
bridges, retaining walls, and road networks in order to restore connectivity and stability for the
affected communities. Strengthening flood resilience requires the use of flood-resistant
construction materials, improved drainage systems, and slope protection measures, while
afforestation and vegetative buffers can effectively reduce surface runoff and soil erosion.
Establishing community-based early warning systems, conducting regular drills, and
maintaining efficient communication networks are essential for minimizing losses during
extreme flood events. Sustainable land-use planning must also be adopted to restrict
construction within active floodplains and to promote agricultural practices that adapt to
evolving hydrological conditions. In parallel, public awareness and capacity-building programs
should be implemented to educate residents on flood preparedness, empowering them to take
preventive measures and respond effectively to future disasters. Finally, collaborative
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governance between local authorities, provincial institutions, and NGOs is crucial for ensuring

coordinated flood management, informed decision-making, and sustainable recovery across

the region.
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