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Abstract

Accurate flood modelling is crucial for effective disaster management. This study inves-
tigated the impact of different Digital Elevation Model (DEM) resolutions (1 m UAV, 10
m InSAR, and 30 m SRTM) on flood modelling within the Shiroro floodplain, Nigeria.
Using the Shallow Water Equations (SWE) implemented in MATLAB to assess flood
levels along 12 river channels within the study area, the findings demonstrated that the
UAV-derived 1 m DEM provided the most accurate flood predictions, exhibiting lower
RMSE values (0.249 m) compared to InSAR (0.352 m) and SRTM (0.455 m). The higher
resolution of the UAV DEM captured topographic details more effectively, leading to
more accurate flood predictions, in contrast to the low resolution of InNSAR and SRTM,
which resulted in an overestimation of flood risk due to the smoothing and generalization
of topographic features. These results highlight the critical importance of using high-reso-
Iution DEMs, particularly those derived from UAV imagery, for accurate flood modelling
and effective flood risk management, as these high-resolution datasets can significantly
improve flood forecasting, refine flood hazard maps, and inform targeted flood mitigation
measures, ultimately enhancing disaster preparedness and response within the Shiroro
floodplain and beyond.
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1 Introduction

Flooding is a significant global challenge, causing substantial economic and social disrup-
tion worldwide (Sridhar et al. 2019; Moustakis et al. 2021). As climate change intensifies,
the frequency and severity of flood events increase, necessitating robust and accurate flood
prediction and mitigation strategies (Sridhar et al. 2021). Hydrological and hydraulic mod-
els are essential for assessing flood risk, guiding decision-making, and facilitating effective
flood management (Kemp and Daniell 2020). These models rely heavily on Digital Eleva-
tion Models (DEMs) to represent the terrain and drive the water flow simulation (Gu et al.
2019; Fang et al. 2020). However, the spatial resolution of DEMs significantly influences
the accuracy and reliability of modelling outcomes (Pedrozo-Acuna et al. 2015; Savage et
al. 2016; Ajayi 2023).

Hydrological models simulate the hydrologic cycle and predict flood events by analysing
water flow within the river and stream systems (Dang et al. 2020). These models consider
land use, topography, soil moisture, evaporation, and precipitation. They are crucial for
flood modelling as they identify flow characteristics, provide data for hydraulic analysis,
pinpoint high-risk flood areas, and inform emergency response planning and flood risk
reduction strategies (Kim et al. 2020; Sahu et al. 2023). A variety of hydrological model-
ling approaches exist, including conceptual models (e.g., HBV, HYMOD), lumped rain-
fall-runoff models (e.g., GR4 J, SMAP, MGB-IPH), hybrid models, and distributed models
(Jayanthi et al. 2022; Nageswara et al., 2022). However, limitations include simplification
and approximation errors, parameter uncertainty, limited representation of hydrological pro-
cesses, high computational requirements, and the need for extensive data and calibration.

Previous studies consistently demonstrate the significant impact of DEM resolution on
hydrological modelling outcomes, with higher resolutions (e.g., 5—10 m) generally improv-
ing topographic representation, enhancing streamflow simulation accuracy, and improv-
ing flood-prone area identification compared to lower resolution DEMs (e.g., 30—1000 m)
(Saksena and Merwade 2015; Talchabhadel et al. 2021). The optimal DEM resolution varies
depending on the application, study area, and model requirements, with higher resolutions
often necessary for detailed flood modelling studies and lower resolutions potentially suf-
ficient for larger-scale hydrological assessments (Mukherjee et al. 2013; Talchabhadel et al.
2021). This impact has been extensively investigated, with studies focusing on the influence
of DEM resolutions on watershed physical characteristics (Da Costa et al., 2019), enhanced
streamflow simulations using varying resolutions (Massazza et al. 2019; Zhang et al. 2019),
and the influence of different resolutions on SWAT model predictions for water availability
(Utlu and Ozdemir, 2020). These studies, along with others (Cook and Merwade 2009;
Coveney and Fotheringham 2011), collectively demonstrate the significant impact of DEM
resolution on hydrological modelling outcomes, with higher resolutions generally leading
to improved model performance and accuracy.

However, while previous studies have investigated the impact of DEM resolution on
hydrological modelling in various contexts, such as those conducted in temperate climates
and smaller catchments (Simpson et al. 2016; Schuman and Bates 2020), limited studies
have specifically examined its influence within the unique topographic and hydrological
characteristics of the Shiroro Dam watershed in Nigeria. This region, crucial for Nigeria’s
energy production and water supply, lacks adequate hydrological studies, and the influence
of DEM resolution on modelling outcomes remains largely unknown. This study investi-
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gates the impact of DEM spatial resolution on hydrological and hydraulic modelling within
the Shiroro Dam watershed. Specifically, it will evaluate the effect of DEM resolution on
streamflow simulation, assess the impact of DEM resolution on water yield estimation, and
compare the performance of different DEM resolutions to identify the optimal resolution
for achieving the most accurate and reliable results within the study area. This study con-
tributes to the existing literature by examining the influence of DEM resolution within a
tropical environment, specifically the Shiroro Dam watershed in Nigeria, characterised by
distinct hydrological regimes and complex topography. Furthermore, it provides valuable
insights for improving flood risk assessment, informing early warning systems, and sup-
porting sustainable water resource management in the Shiroro Dam watershed and other
similar contexts.

2 Materials and Methods
2.1 Materials

The study used various data types to achieve its objectives, including secondary data from
existing literature and primary data collected directly from the field. It also employed tools,
software, and equipment to obtain and process this data. Table 1 provides detailed informa-
tion on the specific data sources and the resources utilised in this study. Figure 1 presents the
methodological workflow of the study.

2.2 Study Area

Shiroro Dam floodplain, which is in the Shiroro Local Government Area of Niger State,
Nigeria was used as the study area. It lies between Latitudes 09° 44’ 00 and 10° 11° 30”N
and longitudes 6° 27 00”* to 7° 05° 30”E and located 550.364 m downstream from where
the Rivers Kaduna and Dinya converge, with the Shiroro hamlet being a significant point
of attraction.

The Rivers Dinya, Sarkin Pawa, Guni, Erena, and Muyi are among the tributaries that
make up the Shiroro basin, and all contribute to the flow of the River Kaduna. Northwest-
to-southeast and north-to-south flow patterns are present in the drainage pattern, which effi-
ciently drains the low-lying area with a few small hills scattered throughout. The study
area’s land use is mostly a combination of agricultural and residential uses, which reflects
the socioeconomic makeup of the study area. The Shiroro Dam, designed for hydroelectric
power generation, significantly influences the hydrological dynamics of the studied area.
The region’s notable elevation variations make it more vulnerable to flood damage, which
puts infrastructure and nearby residents in serious danger.

A tropical monsoonal environment with distinct wet and dry seasons prevails in the
research area. The rainy season lasts 162—-200 days annually, beginning in April (Anzaku et
al. 2019). According to Suleiman (2014), the average yearly temperature falls between 27
°C and 35 °C. The region frequently experiences flooding yearly, especially during the rainy
season, with significant flooding occurrences recorded between 1990 and 2023 (NEMA,
2024). The alleged cause of these floods is the controlled water release through the dam
flood control outlets, which reduces the amount of water and avoids possible dam failure
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Table 1 Details of the materials data used for the study

Primary Source Instrument ~ Process-  Spatial Data acquisi-  Ac-
Data ing resolution tion date cu-
software racy
UAV-De- Field mission UAV Trimble Im 2024 0.1
rived DEM Trimble Business m
UX5 Center
Photo-
gram-
metry
Module
applica-
tion
(version
3.30)
River Field mission Dual-fre- ArcGIS - 2024 -
channel quency GPS  10.4
bathymetry receiver
and Hi-
Target DH
Light Echo
Sounder
Secondary  Source Instrument  Process- Spatial Date of data Ac-
data ing resolution acquisition cu-
software racy
InSAR 10 m https://scihub.copernicus. N/A Sentinel 10 m 2022 Im
DEM eu/dhus/#/home. Applica-
tions
Platform
(SNAP)
version
8.0
SRTM 30 m http://earthexplorer.usgs. N/A ArcGIS 30m 2022 34
DEM gov 10.4 m
Settlements NSEMA N/A N/A - 2022 -
flooded
Settlement ~ NIGIS N/A N/A - 2022 -
data for the
study area
Water level, Shiroro Dam Authority N/A N/A - 2020 -
rainfall, (hydrological data)
inflow,
temperature,
and outflow

(Usman and Ifabiyi 2012; Abayomi et al. 2015). Although this regulated discharge for dam
safety, it may make flooding downstream worse.

An overview of the study area’s geography and salient characteristics is presented in
Figure 2. Understanding flood dynamics and how DEM resolution affects flood modelling
accuracy requires this spatial context.
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Fig. 1 The methodological workflow of the study

2.3 Data and Methods
2.3.1 Data Acquisition and Processing

Field surveys and historical documents were utilised in this study to collect vital hydro-
logical, topographical, meteorological, and bathymetric data for the Shiroro floodplain.
Rainfall, temperature, inflow, water level, and outflow (water discharge) were among the
hydrological and meteorological indicators acquired through the Shiroro Dam Authority
between 2001 and 2020 (Shiroro Dam Authority 2020). This historical dataset was a start-
ing point for comprehending the hydrological regime’s long-term trends and variability in
the area.

In 2022, a detailed bathymetric survey mapping the river channel downstream of Shiroro
Dam accurately depicted the study area’s form and configuration of the bed. About 955 data
points were collected at random intervals, ensuring a spatially representative dataset. The
bar-check method was employed to calibrate the Hi-Target DH Light Echo Sounder used
for depth measurements. This technique enhances the accuracy of the echo sounder data by
comparing the measured depth to the actual depth and adjusting the sound velocity accord-
ingly (Lurton 2010).
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Fig.2 Map of the study area

With its dual-frequency GPS receiver, the echo sounder made it easier to pinpoint the
vessel’s location and speed, which was essential for exact spatial reference of the bathy-
metric data. The instrument was standardized using parameters such as draft, ellipsoidal
coordinates, time/date, frequency, velocity, and zone. The reference frame was based on the
World Geodetic System (WGS 84) as the horizontal datum.

2.3.2 Generation of the DEMs

To evaluate the effect of resolution on flood modelling, this study utilised three distinct
Digital Elevation Model (DEM) datasets: (i) a high-resolution (1 m) UAV-derived DEM, (ii)
a 10 m resolution InNSAR-generated DEM, and (iii) a 30 m SRTM DEM.

A 1 m Digital Elevation Model (DEM) was generated from UAV-captured images using
a Trimble UXS aerial imaging device and processed with the Trimble Business Centre Pho-
togrammetry Module (Version 3.30). High positional accuracy was achieved through pre-
cise georeferencing, utilising 46 Ground Control Points (GCPs) (Ajayi et al. 2017). Table 2
presents the UAV mission’s flight planning parameters, which clarify the data collection
plan. Outlining the procedures for obtaining the topographic data from SAR interferometry.

The 10 m InSAR-derived DEM was generated using Sentinel Applications Platform
(SNAP) version 8.0. The processing followed a standard workflow, which included data
preprocessing, co-registration, interferogram generation, phase unwrapping, and geocod-
ing. The approach was in line with accepted practices for processing InSAR data, making it
easier to provide topographic data (Rosen et al. 2000). Figure 3 shows the data processing
workflow for INSAR DEM creation.
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Table 2 Flight planning param- Parameter Value

eters for the UAV mission Flying height 200m
Flight speed 12-15 m/s
Forward lap 70%
Side lap 65%
Camera focal length 24 mm
Flight time is approximately (Per flight) 15 min
Battery capacity 5350 mAH
Capacity of each image 6 megabytes
Number of GCPs 106 points
Number of GCPs used for georeferenced 60 points

Number of GCPs used for the adjustment of Tie points 46 points

“ Data Pre-Processing I }_. Co-registration and

Il Phase unwrapping ]l
l resampling

Products

“ Geocodi H’ Computation of Interferometric
cocoding I w

Fig. 3 InSAR data processing stage (Okeke 2006)

The 30 m SRTM data was obtained from the US Geological Survey website with a preci-
sion of 1 to 3 arc seconds, a worldwide accessible dataset produced using Spaceborne Imag-
ing Radar-C technology. Although the relatively acceptable vertical accuracy of SRTM data
on flat terrain makes it potentially useful for flood modelling, it also has drawbacks, such
as invalid areas and, in the representation of a Digital Surface Model (DSM) rather than a
bare-earth DEM (Farr et al. 2007; Slater et al. 2006). Since DSM representation includes
vegetation and built-up characteristics, it may overestimate surface roughness and change
flow path errors in flood modelling.

2.4 Methods

This study employed a methodology that integrated hydraulic analysis and topographic
modelling to examine the interactions between river flow dynamics, surface topography,
and climatic factors within the Shiroro floodplain. It created complex 3D flood simulations
using Digital Elevation Models (DEMs) produced by various sources, including optical
stereo imaging, aerial photography, and SAR interferometry. A two-dimensional hydrody-
namic model was selected due to the inherent limitations of one-dimensional models in
accurately representing flow across complex terrain. This model has proven to be much
more effective at simulating flow patterns across the vast floodplain, which is in line with the
results of earlier studies that emphasized the benefits of 2D models for floodplain simula-
tion (Bates and De Roo 2000; Horritt and Bates 2002). River outflow and flow rates using
Shallow Water Equations (SWEs) were first applied in MATLAB and then incorporated
into flood simulations in ArcScene (ArcGIS 10.4). The considerable literature on hydrau-
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lic modelling supports SWEs, a widely accepted method for simulating free-surface flows
(Chaudhry 2008; Toro 2001).

The impact of DEM resolution on hydrological and hydraulic modelling was evaluated
using the three different DEM datasets: SRTM 30 m, InSAR 10 m, and UAV-derived 1 m.
To understand surface water flow dynamics within the catchment, early hydrological assess-
ments concentrated on determining basic hydrological characteristics, such as flow direc-
tion, flow accumulation, and watershed delineation. These hydrological characteristics are
commonly used in flood modelling and watershed study (Maidment 2002; Tarboton 1997).

The SWEs is (Eqgs. (1-6) were then implemented in MATLAB to model river discharge
and flow velocity. Important input data, such as rainfall data, Manning coefficients, river
channel bathymetric data, and the corresponding DEM datasets, were included in this appli-
cation to improve the simulations’ realism and accuracy. Several studies have shown that
successful hydraulic modelling requires combining bathymetric data with Manning coeffi-
cients, which describe channel roughness (Chow 1959; French 1985). A strong and scientifi-
cally sound framework for evaluating flood risk within the Shiroro floodplain was achieved
through this multifaceted methodological approach, which integrated various DEM sources
and used hydraulic modelling techniques. This approach conformed with best practices in
flood hazard assessment (Pappenberger et al. 2007; Werner et al. 2005).

5Q 9 [Q*\ 9 hy
W+ % <A = ngSergASof gAan (1)

where
@ = discharge
A = cross-sectional area
rate of discharge for time

2
<%) = rate of discharge with respect to cross-sectional area

d

g = acceleration due to gravity

Sy= frictional slope

S, = reference slope

ho = is a typical length characteristic of the height of the flow

%’;f’ = channel bed-topography

@ can be computed as:

Q=24 R3 st )

where
R =Hydraulic radius
n =Manning coefficient of roughness
A = Cross-sectional area
S = Channel slope in the direction of flow,

%’;f’ is obtained from the bathymetric observation

@ Springer



Evaluating the Impact of the Spatial Resolution of Digital Elevation...

A is measured from satellite imagery (width) and some points validated on the ground

Sy and S, are deduced from the digital elevation model, and

@ is computed using Eq. (2)

Thus, the simultaneous substitution of the computed value of @ from Eq. (2) into Eq. (3)
allows the calculation of the actual flow rate % in Eq. (1).

Again, Eq. (3) is used to compute the stream flow rate:

Ohgy Ax L xC
B <8x>_T )

where

F,. = flow rate

A =cross-sectional area.

L =length of reach

C = coefficient or correction factor to accommodate for the drag due to sediments and
channel disturbance.

T = Time in seconds

Combining the water channel discharge capacity ( Q) with the discharge rate ( %—?) and
stream flow rate, the flooding potentials of the water channel was simulated using Egs. (4),
(5) and (6).

0Q
Wr= — x F, 4
T s @
where
W; = water flux

% = discharge rate
If W > @ River section is potentially flood prone (5)
Wy < @ River section is not potentially flood prone 6)

2.4.1 Statistical Analysis

Following established hydrological and geospatial modelling, statistical analysis was essen-
tial in quantifying the variations and connections across the DEM sources (Congalton and
Green 2009). Standard deviation was used to evaluate the dispersion of elevation values
within each DEM, and to reveal the inherent variability of the datasets, while Analysis of
Variance (ANOVA) was used to determine if there were statistically significant differences
in the mean elevations among the UAV, InSAR, and SRTM DEMs (Skidmore 1989). Also,
Root Mean Square Error (RMSE) was used to quantify the discrepancies between simulated
and observed flood extents by comparing the flood extents derived from each DEM with
validation data, a commonly used metric in model evaluation (Chai and Draxler 2014),
and correlation analysis was used to shed light on the parameters’ constancy across various
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resolutions by examining the linear correlations between the hydrological and hydraulic
parameters produced from the DEM. These methods were used to ensure a rigorous and
objective evaluation of the DEMs and their impact on hydrological and hydraulic modelling
within the Shiroro floodplain, while highlighting the influence of DEM resolution on model
accuracy, with RMSE providing a critical quantitative measure of the differences between
simulated and observed flood extents and depths (Legates and McCabe 1999).

2.4.2 Model Validation

Model validation is a crucial stage in any modelling study evaluating the simulations’
dependability. It ideally involves directly comparing simulation findings with observed
flood depths and extents by ground truthing or field verification, however, due to pervasive
security threats in the study location, direct field validation was not feasible, resulting in
reliance on damage estimates from previous research and data from the Niger State Emer-
gency Management Agency (NSEMA). This allows for comparison of the model’s perfor-
mance to established scientific knowledge and verified flood consequences, acknowledging
that reliance on secondary data for validation becomes necessary when direct field data is
unavailable (O’Connell et al. 2010), and recognising the ambiguity and inherent limitations
of secondary data.

2.4.3 Hydrological Regime Analysis

The hydrology of the Shiroro floodplain was characterised through a detailed analysis of
20 years of time-series data from the Shiroro Dam Authority, including monthly inflow,
temperature, water level, and outflow, involving data collection and compilation into a
structured database, temporal visualisation using time-series plots to identify patterns and
trends, statistical analysis using descriptive statistics and Pearson’s correlation displayed via
matrices and scatter plots, seasonal pattern identification using monthly averages reflecting
the influence of the West African monsoon, and data validation and quality control using
interpolation when needed to maintain dataset integrity.

3 Results and Discussion
3.1 Hydrological and Topographical Data Analysis
3.1.1 Hydrological Characterization

The hydrological characteristics of the study area were analysed using time-series data,
including average monthly inflow, temperature, water level, and outflow, as depicted in
Fig. 4(a-e), illustrating the temporal variability of key hydrological metrics and revealing
the water system’s dynamics, while Fig. 5(a-¢) presents the results of a Pearson’s correlation
analysis, examining the relationships between these variables and quantifying the direction
and strength of linear correlations between temperature, inflow, outflow, rainfall, and water
levels, thereby adding to a thorough understanding of the hydrological processes in the
watershed.
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Fig. 4 a Average monthly rainfall data. b Average monthly inflow data. ¢ Average monthly temperature
data. d Average monthly water level data. e Average monthly outflow data
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_Table 3 Summary of bathymetric  parameter Value (m)

information for the study area Minimum depth 0.95
Maximum depth 2.15
Average depth 1.20
Total number of points 955

Table 4 Descriptive statistics of Parameter UAV (m) InSAR (m) SRTM (m)

the DEMs Min 156.527 173.031 177.110
Max 601.679 635.599 665.032
Range 445.152 458.489 492.000
Average 323.903 348.594 357.991
Std dev 84.707 87.290 93.622

3.1.2 River Channel Bathymetry

A comprehensive bathymetric survey, encompassing 955 data points, was conducted on
the downstream river channel of the Shiroro, yielding a detailed bathymetric profile that
provides vital information on channel morphology which is essential for precise hydraulic
modelling and flood risk assessment, with Table 3 presenting a quantitative summary of
the channel’s geometric properties through statistical descriptors of the bathymetric data,
including measures of central tendency and dispersion.

3.1.3 DEM Evaluation and Comparison

The evaluation of three different Digital Elevation Models (DEMs) was conducted to
assess their suitability for flood modelling, including a low-resolution 30 m SRTM DEM, a
medium-resolution 10 m InNSAR DEM, and a high-resolution 1 m UAV-derived DEM, vali-
dated by data from low- and high-settlement areas provided by the Niger State Emergency
Management Agency (NSEMA), with this validation process aiming to determine the accu-
racy and reliability of each DEM in representing topography and its effect on flood inunda-
tion, and Table 4 displaying the descriptive statistics for each DEM, including the mean,
standard deviation, minimum, and maximum values, providing a numerical comparison of
their elevation characteristics, while Figs. 6(a-c) visually display the derived flow direction,
watersheds, flow accumulation, and surface runoff for each DEM, facilitating a qualitative
comparison of the hydrological outputs generated by the different DEM sources (Table 5).

3.1.4 Statistical Analysis of DEM Performance

A single-factor Analysis of Variance (ANOVA) was employed to statistically compare
the performance of three Digital Elevation Models (DEMs), specifically testing the null
hypothesis of no significant variations in elevation values between UAV 1 m, InSAR 10
m, and SRTM 30 m DEMs, subsequently, a further ANOVA was conducted to identify
specific pairwise differences among the DEMs, with the resulting F-statistic, p-value, and
degrees of freedom detailed in Tables 6, and a summary of these statistical descriptors pro-
vided in Table 5, and additionally, Pearson’s correlation analysis was performed to quantify
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(6¢) SRTM 30 m DEM

Fig. 6 Flow direction, watersheds, flow accumulation, and surface runoff when using the different DEM
sources; (a) UAV 1 m (b) InSAR 10 m, and (¢) SRTM 30 m

Table 5 ANOVA test (single factor) result table for the DEMs

Source of Variation SS DF MS F P-VALUE F-CRIT

Between Group 6199743.4 2 3,999,872 394.722 6.184 E- 170 2.996

Within Group 235,575,409 29,997 7853.299

Total 241,775,152 29,999

Table 6 ANOVA test (single fac-  Groups Count Sum Average Variance

for) summary UAV 10,000 3,239,034 323.903 7175.299
INSAR 10,000 3,485,940 348.594 7619.554
SRTM 10,000 3,579,913 357.991 8765.043
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the linear relationships among the three DEMs, with the correlation coefficients presented
in Table 7 revealing the degree of similarity and dissimilarity between the elevation data
obtained from the respective sources.

3.2 Impact of DEM Resolution on Hydrological and Hydraulic Analysis

The hydrological analysis of the Shiroro floodplain revealed a notable sensitivity to DEM
resolution, which demonstrates the differences in derived hydrological parameters. The
flow direction and watershed borders obtained from the UAV, InSAR, and SRTM DEMs,
shown in Fig. 7(a-c), respectively, illustrate the disparate spatial representation of drainage
networks at various resolutions. Figure 8, which contrasts flow accumulation and surface
runoff patterns, emphasizes these distinctions even further and shows how DEM resolution
affects the measurement of water flow channels.

Table 8 presents the quantification of the effect of DEM resolution on variables like
drainage density and basin area, representing the main morphometric features of the river
basins. These results are consistent with the established principle that DEM resolution
directly impacts the quality of derived hydrological parameters, influencing surface topog-
raphy and water flow simulation (Tarboton 1997; Wilson and Gallant 2000).

The research expanded to examine how DEM resolution affects hydraulic analysis. The
discharge rate, flow velocity, and elevation profiles obtained from the three DEMs are visu-
ally depicted in Fig. 9(a-c), with variations in hydraulic characteristics at various resolu-
tions. The discharge rate, flow velocity, and elevation variances between the DEMs are in
Figs. 10(a-c) to enhance understanding of these fluctuations and demonstrate the extent of
the inconsistencies caused by resolution variations.

These findings align with the established influence of DEM resolution on hydraulic
modelling, wherein more detailed channel geometry and flow dynamics are represented by
higher-resolution DEMs, resulting in more precise hydraulic parameter estimates (Horritt
and Bates 2002; Merwade et al. 2008). The observed disparities highlight the importance of
selecting appropriate DEM resolutions for hydrological and hydraulic assessments, particu-
larly in flood-prone areas, where precise flow channel and hydraulic parameter representa-
tion is essential for effective risk assessment and management.

3.3 Flood Risk Assessment and Vulnerability Analysis
3.3.1 Catchment Characterization and Hydraulic Modelling

The study area is defined by Twelve (12) contributing water channels, which covers a catch-
ment of 466.995 km? within a larger drainage basin of approximately 2000 km?, indicating a
relatively low downstream slope. Hydraulic modelling was employed to evaluate flood risk
using river bathymetry and the three Digital Elevation Models (DEMs), with MATLAB pro-
cessing implementing a hydraulic equation to calculate flood levels at specific nodes along
these channels, following the methods described in Adesina et al. (2021) (Eq. 1 to 6), and

Table 7 Correlation analysis of DEM InSAR (10 m) SRTM (30 m) UAV (1 m)
the DEMs

InSAR 1

SRTM 0.999639 1

UAV 0.999639 0.999524 1
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Fig. 7 a Watershed generated from UAV | m DEM. b Watershed generated from InSAR 10 m DEM. ¢
Watershed generated from SRTM 30 m DEM

applying an initial discharge boundary condition of 114.38 m?/s. The details of the result-
ing discharge, flow velocity, and water surface heights at each node is presented in Table 9.

3.3.2 Comparative Analysis of Flood Inundation Extents

The hydraulic modelling revealed significant differences in the expected flood inundation
extents among the three DEMs (Figs. 11a-c), with the UAV-derived 1 m DEM predicting
flood heights ranging from 150 to 250 m, the InSAR 10 m DEM estimating higher flood
levels between 160 and 270 m, and the SRTM 30 m DEM predicting the most extensive
inundation with flood heights ranging from 200 to 280 m, potentially submerging the flood-
plain. Table 10 outlines the population figures of the communities affected by these antici-
pated flood levels.
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Table 8 Summary of the Hydrological Parameter UAVIm InSAR10 SRTM 30
study area’s hydrological DEM m DEM m DEM
characteristics Total no of basins 14 10 13
No major basins 6 6 8
Size of the largest basin (43.5by  (42.8 by (34.7 by
30.2) km  30.8) km 30) km
Size of smallest basin (6.6 by (6.1 by 3.9) (4.7 by
124)km  km 3.98) km
No runoff streams/tributaries ~ Same Same Same
network  network network

3.3.3 Flood Vulnerability Mapping and Spatial Analysis

Flood vulnerability maps were created for each DEM in the ArcScene environment, illus-
trating the spatial distribution of potential inundation (Figs. 12a-c), with lighter blue tones
representing lower risk and darker blue tones indicating higher vulnerability the results
effectively demonstrate the spatial variability of flood risk and identifying critical hotspots

and assessing potential impacts on infrastructure and communities.

3.3.4 Validation and Accuracy Assessment

The validation and accuracy assessment compared the anticipated flood inundation extents
with historical flood data from the Niger State Emergency Management Agency (NSEMA)
revealed that the 1 m DEM produced by the UAV accurately represented ground conditions
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and closely matched historical flood data. In comparison, the 30 m SRTM and the 10 m
InSAR DEMs tend to overestimate flood risk, primarily due to their inherent data limitations
and lower spatial resolution.

3.4 Flood Vulnerability Mapping and Inundation Analysis

Figure 13(a-c) presents the weighted overlay maps depicting the spatial distribution of flood
risk within the Shiroro floodplain. These maps illustrate areas vulnerable to flooding, pro-
duced using UAV (1 m), InSAR (10 m), and SRTM (30 m) DEMs. These maps, produced
using a multi-criteria evaluation method, show the different levels of vulnerability accord-
ing to the different DEM resolutions. Tables 11 and 12 provide a quantitative assessment of
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vulnerability by describing individual communities in danger of flooding at different flood
heights, which helps to provide additional context for these spatial representations.

The choice of certain flood heights for each DEM reflects the intrinsic variations in topo-
graphic representation, which aligns with some of the findings on the effect of DEM resolu-
tion on flood modelling accuracy (Bates et al. 2010; Lane et al. 1998). Table 11 shows the
flooding extents at 150 and 250 m for the UAV-derived 1 m DEM, illustrating the finer-scale
variability in inundation patterns made possible by the high-resolution data. On the other
hand, to accurately depict inundation extents, the InSAR-derived 10 m DEM, which has a
poorer spatial resolution, requires the usage of 160 m and 270 m (Table 12) flood heights.

Similarly, based on the SRTM 30 m DEM, Table 13 shows flooding at 200 m and 280
m, illustrating the generalized inundation patterns and flattened terrain linked to low reso-
lutions. Because it accounts for the inherent variations in topographic representation and
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Table 9 Discharge rate and flow velocity using different DEM source

UAV | m DEM InSAR 10 m DEM SRTM 30 m DEM
Sta_ID Settle- Eleva- Discharge Velocity Eleva- Dis- Velocity  Eleva- Dis- Ve-
ment tion (m/s"3) (m/s"2) tion charge (m/s"2)  tion charge loc-
Name (m) (m) (m/s"3) (m) (m/s"3) ity
(m/
s"2)
A01 Gidan 348.46 114.38 1.27 373.32 11438 1.27 373.07 11438 1.27
Patuko
A02 Gidan 348.16 982.14 7.71 372.12 1137.03 8.93 280.09 1154.42 9.07
Patuko
A03 Awolu 251.16 244.82 1.71 272.64 144.72 1.01 256.09 219.00 1.53
Saga
A04 Su- 212.97 164.32 1.20 233.35 166.67 122 22320 152.48 1.12
maila
A05 Bere  198.36 322.99 1.48 218.35 32725 1.50 211.10 29392 135
A06 Tun-  197.93 71.75 0.46 215.55 18346 1.18 209.33 146.16 0.94
gan-
Gam-
ba
A07 Layi  195.72 96.68 0.45 214.86 5380 0.25 197.05 22745 1.06
A08 Nill 194.53 72.83 0.46 211.86 115.79 0.74 17497 314.13 1.99
A09 Nill 174.39 411.48 2.56 174.39 561.24 3.49 17439 6990 0.43
A010 Nill 17430 73.83 0.43 17532 74.63  0.61 176.23 7473  0.73
A011 Nill 167.08 161.14 0.91 167.08 161.14 0091 167.08 161.14 0.91
A012 Nill 159.30 264.57 1.46 159.30 264.57 1.466 159.30 264.57 1.46
A013 Lawo 159.12 73.96 0.43 159.12 7396 043 159.12 7396  0.43
Ravo
A014 Nill 128.00 343.64 1.72 128.00 343.64 1.72 128.00 343.64 1.72

enables a more nuanced understanding of flood risk dynamics, different flood heights across
DEM resolutions are essential for comparison research. This strategy is in line with flood
hazard assessment best practices, which stress the significance of considering the constraints
of input data and implementing suitable procedures to reduce uncertainty (Merwade et al.
2008).

3.5 Model Validation Results

Notable performance variations were observed among the tested DEM resolutions when
flood extent predictions were validated against historical data from the Niger State Emer-
gency Management Agency (NSEMA) and compared with results from previous studies
(Leitao et al. 2016; Esmaeel et al. 2022). With consistent agreement with observed ground
conditions, the UAV-derived 1 m DEM showed the most accurate representation of flood
inundation, as shown in Fig. 14. This concordance emphasizes the vital importance of high-
resolution topographic data in capturing the complex spatial patterns of flood episodes,
in line with accepted guidelines for geomorphological flood modelling (Horritt and Bates
2002).

On the other hand, there were notable differences between the 10 m InSAR and 30 m
SRTM DEMs flood extent prediction, underscoring the shortcomings of low-resolution data
in capturing the terrain of the Shiroro floodplain. According to Merwade et al. (2008), these
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Fig. 11 a Flood height based on UAV 1 m DEM at 150 m and 250 m. b Flood height of INSAR 10 m DEM
based on 160 m and 270 m. ¢ Flood heights of 30 m based on SRTM DEM at 200 m and 280 m

Table 10 Number of flood-prone Ay | m DEM InSAR 10 m DEM SRTM 30 m
settlements using different DEM DEM
sources Flood  Vulnerable lood Vulnerable Flood  Vul-
heights  settlements heights settlements heights nerable
settle-
ments
150m 20 160m 24 250m 32
250m 57 270 m 63 280m 72

disparities align with the known sensitivity of flood inundation models to DEM resolution,
where lower resolution data tends to generalize topographic characteristics, resulting in
inaccurate flood extent delineation.

In flood hazard assessment, scale and resolution are crucial. The observed agreement
of the 1 m UAV DEM with NSEMA’s data and previous studies highlights the necessity of
high-fidelity topographic data for effective flood risk management. The disparities seen with
the lower-resolution DEMs also demonstrate how using such data can lead to substantial
errors in flood inundation mapping, potentially resulting in insufficient or inadequate flood
protection measures.

@ Springer



E. A. Adesina et al.

(©

Fig. 12 a UAV-derived 1 m DEM vulnerability flood extents. b InSAR 10 m DEM vulnerability flood
extents. ¢ SRTM 30 m DEM vulnerability flood extent

3.6 Discussion

The impact of different Digital Elevation Model (DEM) resolutions on flood risk assessment
in Nigeria’s Shiroro floodplain was thoroughly investigated in this study. The hydrologi-
cal data analysis, including rainfall, inflow, temperature, reservoir water levels, and out-
flow (Fig. 4a and e), showed a clear seasonal pattern typical of the monsoon climate in
West Africa, as substantiated by Bijan et al. (2024). The region’s flood risk is influenced
by a complex interplay of hydrological and meteorological factors, as evidenced by the
observed correlation between rainfall and inflow (Gaurav et al. 2024), the inverse relation-
ship between temperature and precipitation (Dadiyorto et al. 2019), and the ensuing fluctua-
tions in reservoir water levels and outflow (Yudai et al. 2024; Spina et al. 2025; Xuefei et
al. 2016).

Understanding the dynamics of the Shiroro Dam reservoir was strengthened by addi-
tional examination of Fig. 4a and e. The direct correlation between inflow and water eleva-
tion (Syed et al. 2024), the substantial contribution of upstream catchment runoff to inflow
(Gaurav et al. 2024), the elevated water levels during the rainy season (Yaru et al. 2024;
Kim et al. 2024), and the storage variations reflecting typical dam operational dynamics
(Ahmed et al. 2023) all conformed to accepted hydrological principles (Fig. Sa and e). More
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Fig. 13 a Weighted overlay of the flood-vulnerable area from UAV-derived 1 m DEM. b Weighted over-
lay of the flood-vulnerable area from InSAR 10 m DEM. ¢ Weighted overlay of the flood-vulnerable area
from SRTM 30 m DEM

research should be done on the relationship between low temperatures and higher water
levels, which may be less evaporation (Hannes et al. 2024). The significance of efficient
reservoir management techniques was highlighted by the impact of spillway gate operations
on downstream flooding (Syahida et al. 2023), the possible correlation between increased
temperatures and decreased rainfall (Mohamed et al. 2022), and the larger context of dam-
induced downstream impacts (Adesina et al. 2022; Yousra et al. 2021; Muyuan et al. 2023;
Desmond et al. 2024).

A solid approach for calculating discharge volume, rate, and flow velocity was generated
by integrating river channel bathymetry data (Table 3) with DEM sources and the Shallow
Water Equations (SWE) in MATLAB (Vinh and Jongho 2024). The importance of using
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Table 11 Vulnerable settlements  Flood height Flood height 250 m
by UAV 1 m DEM flood heights 150 m

Bere Bere Kwatayi Gijiwa

Samboro Samboro Baha Samboro

Berikago Berikago Kafa Berikago

Guwa Guwa Gidan Manta
Basakuri

Sumaila Sumaila Ebbe Sumaila

Gidan Madatsi Gidan Madatsi Gidan Gidan
Tarasilawa  Madatsi

Seikna Seikna Padgaya Seikna

Jiko Jiko Awolu Jiko

Manta Manta Shaga KamiKamt

KamiKamt KamiKamt Lashin Jangaru

Jangaru Jangaru Ungwan Mapi

Layi Layi Zarumayi Tungan
Ungwan

Tungan Tungan Kuyi Kwochi

Gijiwa Gijiwa Bosso Numbupi

Kwochi Kwochi Minna Baganakwo

Wuna Wuna Daboyi ShalukoShalko

Baganakwo Baganakwo Epigi

Shaluko Shalko shalukoShalko Matumbi

Mapi Mapi Samanna

Numbupi Numbupi Kunu

the DEM for flood modelling was demonstrated by NSEMA data (Fig. 14) (Sanaz et al.
2023; Hengkang and Yangbo 2024). The spatial resolutions and absolute elevation values
of UAV, InSAR, and SRTM DEMs varied significantly, according to a comparative analysis
(Figs. 6a—c; Table 4). Radar band differences, the nature of the SRTM surface model, and
vegetation/terrain influences significantly contributed to the lower absolute elevation values
of the UAV data when compared to InSAR and SRTM (Adesina et al. 2021; Xingyu et al.
2024).

The sensitivity of hydrological features to DEM accuracy and resolution was determined
by the ANOVA test (Tables 5, 6 and 7) and hydrological analysis (Figs. 6a-c). The RMSE
analysis (Figs. 9a-c; Table 9) and the examination of discharge and flow velocity differences
(Figs. 10a-c; Table 9) demonstrated a stronger correlation between UAV and InSAR data
than between UAV and SRTM. Vulnerability maps (Fig. 12a and c¢) show the areas affected
by floods due to reservoir overflow, whereas flood height analysis (Table 10; Fig. 11a-c)
showed the numbers of settlement impact at different flood levels. Figure 13a and ¢, which
are weighted overlay maps of flood-prone areas, showed how well the high-resolution DEM
obtained from UAVs could detect localized risky areas while capturing important micro-
topographic features (Gafurov 2021). According to Sanaz et al. (2023), the smoother SRTM
DEM underestimated floods in complicated terrain, while the UAV map’s significant cor-
relation with NSEMA data (Fig. 14) supported its better reliability.

The accuracy of flood inundation extent and depth estimates was directly impacted by the
smoothing of subtle topographic features, which was a manifestation of the observed limita-
tions of lower-resolution DEMs, specifically SRTM (30 m resolution, 177.110 m mean ele-
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Table 12 Vulnerable settlements  Flood height Flood height 270 m
by InSAR 10 m DEM flood 160 m
heights - - - -
Gidan Magwi Madaka Makuri Kwatayi Bere
Samboro Kakuri Baha Gijiwa
Berikago Maguga Kafa Sumaila
Guwa Dami Dami Gidan Basakuri  Jiko
Tungan Gamba Kwatayi Ebbe Manta
Mapi Kakuri Baganakwo Jangaru
Bere Gijiwa Ungwan Kami-
Makama Kamt
Gijiwa Baha Lashin Seikna
Sumaila Gusuru Samanna Gidan
Madatsi
Jiko Gurmana Bosso Kwochi
Manta Yelwa Minna Layi
Kurmin Gini Shaluko Shalko  Tungan
KamiKamt Yako Ungwan Daboyi
Seikna Gwope Zarumayi Epigi
Ungwan
Gidan Madatsi Awolu Kuyi Tungan
Kwochi Shaga Gidan Magwi
Layi Padgaya Samboro
Kakuri Wuna Numbupi
Wuna Gidan Tarasilawa  Berikago
Jangaru Ebbe Guwa
Baganakwo Gidan Basakuri Tungan Gamba
Shaluko Shalko Kafa Mapi
Numbupi Ungwan Zarumayi Kurmin
Gini Jangaru KamiKamt

vation) and InSAR (10 m resolution, 173.031 m mean elevation). The higher performance
of the UAV-derived DEM (1 m resolution, 156.527 m mean elevation) clearly illustrates the
urgent need for sophisticated terrain representation. This result aligns with earlier studies
that showed how crucial high-resolution topographic data is for precise flood modelling
(Leitao et al. 2016; Esmaeel et al. 2022). Additionally, the study found that the “top of can-
opy” depiction of SRTM combined with errors introduced during DEM data gathering and
processing led to notable differences in elevation measurements, which in turn, impacted
hydrological studies. The RMSE comparisons (UAV-InSAR 0.352 m, UAV-SRTM 0.455
m, and UAV-NSEMA 0.249 m) highlight the need for thorough pre-processing and error
correction processes by objectively validating the improved accuracy of the UAV DEM.
The study found the possibility of hydrological modelling errors in addition to DEM-
related issues. Variations in discharge and flow velocity estimations, which by variables like
the accuracy of rainfall data, channel roughness, and SWE model restrictions, served as an
example of these inaccuracies. As demonstrated by the determined discharge volume, rate,
and flow velocity, the critical importance of river channel bathymetry data in this context
emphasizes the direct influence of bathymetric errors on discharge estimates, reaffirming
the necessity of accurate channel representation. Future studies in the Shiroro floodplain
and similar regions should focus on integrating high-resolution DEMs, like information
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Table 13 Vulnerable settlements  Flood height Flood height 280 m
by SRTM 30 m DEM flood 200 m
heights - -
Samboro Madaka Makuri Ungwan Daboyi
Makama
Bere Kakuri Lashin Epigi
Gijiwa Maguga Samanna Tungan
Tungan Gamba Dami Dami Bosso Berikago
Berikago Kwatayi Minna Guwa
Guwa Kakuri Shaluko Shalko Kunu
Gijiwa Gijiwa Ungwan Maikunke
Layi Baha Zarumayi Samana
Ungwan
Jiko Gusuru Kuyi Prinna
Manta Gurmana Gidan Magwi Asha
KamiKamt Yelwa Samboro Mukama
Seikna Gini Numbupi Nabi
Baganakwo Yako Berikago
Baha Gwope Guwa
KamiKamt Awolu Tungan Gamba
Seikna Shaga Mapi
Gidan Madatsi Padgaya Kurmin
Kwochi Wuna KamiKamt
Layi Gidan Tarasilawa Bere
Kakuri Ebbe Gijiwa
Wuna Gidan Basakuri Sumaila
Jangaru Kafa Jiko
Baganakwo Ungwan Zarumayi Manta
Shaluko Shalko Jangaru Jangaru
Numbupi Kwatayi KamiKamt
Gini Baha Seikna
Dami Dami Kafa Gidan Madatsi
Kwatayi Gidan Basakuri Kwochi
Kakuri Ebbe Layi
Baganakwo Tungan

acquired from UAVs, to reduce these complex sources of error. Adopting strict DEM qual-
ity control procedures, using sophisticated hydrological modelling techniques, integrating
various data sources, performing thorough sensitivity analysis, rigorously validating and
calibrating models using independent datasets such as NSEMA data, quantifying uncer-
tainty using sophisticated bathymetry data collection methodologies, and looking into the
use of advanced SWE versions are also crucial. Thorough, data-driven methods like this,
which are directly influenced by the results of the current study, will improve the validity
and relevance of flood risk assessments in the Shiroro floodplain, leading to better flood
control measures.

In line with the recognition of DEM sensitivity (Esmaeel et al. 2022; Bounab et al. 2022;
Xingyu et al. 2024; Ozdemir and Akbas, 2015), the Shiroro floodplain study unequivocally
establishes the critical influence of DEM resolution on flood risk assessment, reaffirming
the established importance of high-resolution data (Leitao et al. 2016) and expanding this
understanding by quantifying the limitations of low DEMs (InSAR, SRTM), which fail to
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capture detailed terrain features necessary for accurate flood modelling. According to the
study, topographic smoothing in lower-resolution datasets causes an overestimation of flood
inundation depth and area, which is directly correlated with decreasing DEM resolution. As
demonstrated by its lower RMSE (0.249 m) in comparison to InSAR (0.352 m) and SRTM
(0.455 m), the 1 m UAV-derived DEM offered the most accurate representation of flood
extent, matching NSEMA historical data and displaying a distinct hazard distribution. This
objective validation confirmed the crucial role that high-resolution UAV data plays in ensur-
ing accurate flood risk assessment and management in the Shiroro floodplain.

4 Conclusion

This study emphasizes the vital role of high-resolution DEMs in enhancing flood risk
assessment and guiding effective flood mitigation strategies, including early warning sys-
tems, evacuation planning, and resilient infrastructure in the Shiroro floodplain. The find-
ings have significant implications for flood risk management in the Shiroro floodplain and
beyond. High-resolution datasets provide valuable insights for decision-makers in several
key areas. Firstly, they improve flood forecasting and early warning systems by Enabling
timely alerts to affected communities, allowing for proactive evacuation and emergency
response measures. Secondly, they facilitate the refinement of flood hazard maps and zoning
by enabling the creation of more precise flood hazard maps, delineating areas at high risk of
inundation. This information can be used effectively for land-use planning, building codes,
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and infrastructure development to reduce flood impacts. Thirdly, they enable the targeting
of flood mitigation measures by identifying areas at high risk, allowing for the targeted
implementation of flood mitigation measures, such as the construction of levees, floodwalls,
and improved drainage systems. Finally, they improve disaster preparedness and response
by enhancing the effectiveness of disaster preparedness and response plans, ensuring that
resources are allocated efficiently and effectively during flood events.
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