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ABSTRACT: Predicting streamflow for an ungauged river is essential for effective water resource management,
flood risk mitigation, ecological protection, and infrastructure planning, providing critical insights despite the absence
of direct measurement data. Therefore, the objective of this paper is to assess the use of a rainfall-runoff model for
predicting streamflow in the ungauged Awun River Watershed, Kwara State, Nigeria. Due to the absence of measured
data, regional calibration techniques were employed, utilizing data from nearby gauged river with similar hydrological
characteristics. The hydrologic model predicted a peak discharge of 2164 m3/s and a total runoff volume of 19967.78
m?3 during the modeling period, providing valuable insights for flood forecasting and water resource planning.
Performance evaluation metrics indicated a Nash-Sutcliffe Efficiency (NSE) of 0.54 and a Mean Error (ME) of 0.33,
reflecting moderate agreement between observed and simulated runoff data. The Percent Bias (PBIAS) of 49.25%
highlighted a tendency towards overestimation. Furthermore, a high R-squared (R?) value of 0.89 demonstrated that
the model successfully explained 89% of the variance in observed runoff, effectively capturing the key hydrological
characteristics of the Awun River watershed. This modeling framework is valuable for land-use planning, water
resource management, decision-making, and flood risk assessments in the Awun River region.
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The accessibility of precise hydrological models is
critical for effective water resource management and
accurate flood prediction within river watersheds.
These models are indispensable for elucidating the
intricate  processes involved in rainfall-runoff
transformation, particularly in regions lacking
comprehensive hydrological data. In watersheds
where direct runoff measurements are unavailable, the
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Curve Number (CN) method, developed by the Soil
Conservation Service (SCS-CN), serves as a robust
tool for estimating direct runoff depth from rainfall
depth. This method relies on an index that
characterizes the watershed's runoff response.
However, parameter estimation for these models
presents significant challenges, especially in ungauged
watersheds, where the absence of historical runoff data
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precludes traditional model calibration techniques
(Hundecha et al., 2008). In the context of flood
prediction and runoff volume estimation, the
application of an appropriate modeling technique is
essential for effective flood management and
mitigation strategies (Bates, 2004; Masseroni et al.,
2017). Advanced hydrological models must integrate
various parameters and employ sophisticated
computational methods to simulate the hydrological
processes accurately. These models often require
detailed input data, including land use, soil type, and
precipitation patterns, which can be difficult to obtain
in ungauged basins. Consequently, researchers and
practitioners must rely on innovative approaches, such
as regionalization techniques, remote sensing data,
and machine learning algorithms, to enhance model
parameterization and improve predictive accuracy in
data-scarce environments. Short-term rainfall-runoff
modeling at hourly or sub-hourly intervals is essential
for protecting human lives and infrastructure,
especially in small catchments with quick runoff
responses to rainfall. Recently, manually calibrated
and conceptual-based models have been widely used
to simulate rainfall-runoff processes. However, these
models require extensive climatic input data, which is
challenging to obtain in high-altitude, data-scarce
regions (Zhu et al., 2019; Atif et al., 2019). Advanced
techniques, including remote sensing, data
assimilation, and machine learning, are necessary to
improve model accuracy and reliability in such
environments.

A rainfall-runoff model is a mathematical tool that
describes the relationship between rainfall and runoff
within a watershed, drainage basin, or catchment. It is
crucial for estimating flow from a watershed,
particularly in predicting the quantity and rate of
runoff from land surfaces into streams and rivers. This
task is especially challenging and time-consuming in
ungauged watersheds, where historical data is lacking.
Such information is vital for addressing watershed
development and management issues. Traditional
models for predicting river discharge require extensive
hydrological and meteorological data, which are costly
and difficult to collect (Askar, 2014).

In watersheds where runoff has not been measured, the
Curve Number (SCS-CN) method can estimate direct
runoff depth from rainfall depth using an index that
characterizes runoff response. However, parameter
estimation is challenging in ungauged watersheds due
to the absence of historical runoff data for model
calibration (Hundecha et al., 2008). Rainfall-runoff
modeling is complex due to the influence of various
climatic factors, including air temperature,
precipitation, wind speed, snowpack, solar radiation,
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and humidity. In addition to climatic factors,
watershed morphology—such as topography, shape,
slope, altitude, soil type, land cover, and moisture
holding capacity—further complicates the runoff
process, rendering it highly nonlinear (Santos et al.,
2003; Feng et al., 2020). During floods, streams and
channels often cannot convey the generated runoff due
to overland flow, and high flood levels in main streams
can prevent water from escaping downstream, leading
to overspill and riverbank overflow. Floods are
generally caused by intense or prolonged rainfall, but
can also result from embankment failures, landslides,
ice jams, ocean surges (tsunami), or human activities
(Carlin, 2009; Moretti and Montanari, 2008). The use
of hydrological models to estimate runoff in ungauged
watersheds has garnered significant attention from
hydrologists and hydrology students globally.
Extensive research on urban flooding has led to the
development of numerous mathematical modeling
tools, both free and commercial (Rangari et al., 2018).
Among these, the Hydrological Engineering Center-
Hydrologic Modeling System (HEC-HMS) is widely
utilized and highly regarded for its applicability.
Numerous case studies have demonstrated the high
efficiency of HEC-HMS in simulating runoff from
rainfall data for various watersheds (Tassew et al.,
2019; Rangari et al., 2018; Chang et al., 2015). he
Awun River in Kwara State, Nigeria, poses a unique
challenge for hydrologists and water resource
managers due to its ungauged status. As a crucial water
source for agriculture, domestic use, and industry, its
significance to the Kwara State landscape is
undeniable. However, the lack of a reliable streamflow
monitoring station has impeded comprehensive
hydrological assessments. This knowledge gap is
particularly concerning amidst increasing extreme
weather events and changing precipitation patterns
due to climate change. Therefore, the objective of this
paper is to assess the use of a rainfall-runoff model for
predicting streamflow in the ungauged Awun River
Watershed, Kwara State, Nigeria

MATERIALS AND METHOD

Description of the Study Area: The Awun River,
located in Kwara State, Nigeria, spans latitudes 8°28'
N to 9°00" N and longitudes 4°30" E to 4°45" E,
covering a total area of 954 km2. The main river
channel extends 80.23 km (Sule and Alabi, 2013). The
Awun drainage basin is part of north-central Nigeria,
with a total catchment area of approximately 2300
kmz. It includes the Awun sub-basin (626.66 km?), Asa
sub-basin (471.94 km?), Oyun sub-basin (452.80 km?),
and Moro sub-basin (751.56 km?). The study area
location map is depicted in Figure 1.
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Fig 1: Study Area Location Map

Digital Elevation Model (DEM): The DEM used in
this study was derived from the Shuttle Radar
Topography Mission (SRTM) final version, utilizing
radar technology to produce a detailed representation
of the Earth's surface (USGS, 2014). This high-

resolution DEM was obtained from an internet-based
database with a spatial resolution of 12.5 m by 12.5 m.
Higher resolution enhances the clarity and detail of
surface features. Figure 2 displays the sourced DEM
for the study area.
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Fig 2: Digital Elevation Model for the Awun River

Land Use Land Cover (LULC): The land use map used
in this study was derived from the Global Land Cover
Characterization (GLCC) database (GLCC, 2023).
The LULC classification for the Awun River
watershed was processed using ArcMap, detailing the
distribution of land cover types and their respective
areas as percentages (Table 1). The predominant land

cover type is scrub/shrub cover, covering
approximately 48 % of the area, while flooded
vegetation occupies the smallest proportion at about
0.001%. LULC classification is crucial for
environmental and land management studies,
providing insights into the spatial distribution and
utilization of land within the study area.
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Table 1: Land Use Land Cover of the Awun River and their Area
(%)

Description Area Sq.km Area (%)
Shrub/Scrub Cover 4601.28 47.79
Tree Cover 3390.98 35.22
Water Body 57.80 0.60
Crop Cover 1161.14 12.06
Flooded Vegetation 0.40 0.00

Bare Ground 1.20 0.01

Built Up Area 415.20 4.31
Grass Cover 111 0.01

Soil Texture Data: The digital soil data utilized in this
study were extracted from the Harmonized World Soil
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Database (HWSD v1.1) developed by the Food and
Agriculture Organization of the United Nations. The
soil texture map of the study area was processed using
ArcMap, presenting the distribution of soil texture
types and their respective percentages (Figure 3). The
predominant soil texture is Lf26-a, covering
approximately 72.42 % of the area, while the least
prevalent is Lf61-3a at about 0.09%. Overall, the soil
texture classification indicates that the study area is
predominantly composed of Sandy Clay Loam.
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Fig 3: Soil Texture Map for the Awun River watershed

Temporal Data: Daily climate data, encompassing
mean temperature (°C), average daily precipitation
(mm/day), maximum and minimum temperature (°C),
wind speed, and relative humidity, were obtained from
the Nigerian Meteorological Agency (NIMET). This
dataset spans a 30-year period and was utilized for
simulating hydrological processes in the study area.
These parameters are essential inputs for accurate
modeling of rainfall-runoff dynamics and other
hydrological analyses within the Awun River
watershed.

Watershed Analysis of the Catchment: This study
employed the Hydrologic Engineering Center-
Hydrologic Modeling System (HEC-HMS) within the
ArcGIS environment, developed by the US Army
Corps of Engineers. HEC-HMS is specifically
designed for simulating complex rainfall-runoff
dynamics in hydrological basins. The system includes
four main modules: basin modeling, meteorological
modeling, control specifications, and various data
input sources (time-series, paired data, gridded data).
In simulating infiltration losses, HEC-HMS utilizes
several methods such as deficit and constant,

exponential, Green and Ampt, initial and constant,
SCS curve number, Smith-Parlange, and Soil Moisture
Accounting (SMA) techniques. These methods are
crucial for accurately modeling how precipitation
infiltrates the soil, a key component in understanding
runoff processes within the Awun River watershed.
To achieve the objective of watershed analysis, three
primary processes were undertaken: terrain pre-
processing, watershed delineation, and terrain
processing, along with basin model development.
These steps are essential for preparing and modeling
the hydrological characteristics of the Awun River
watershed.

HEC-HMS facilitates the transformation of excess
precipitation into surface runoff through various
methods, including Clark unit hydrograph, kinematic
wave, ModClark, SCS unit hydrograph, Snyder unit
hydrograph, user-specified graph, and user-specified
unit hydrograph. These methods are critical for
accurately simulating how precipitation contributes to
overall runoff dynamics. Furthermore, HEC-HMS
employs routing models such as kinematic wave
routing, lag routing, modified puls routing,
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Muskingum routing, Muskingum-Cunge routing, and
Straddle Stagger routing to simulate the movement of
water through the basin's channels and conveyance
systems. These routing techniques provide insights
into the flow dynamics within the Awun River
watershed, essential for comprehensive hydrological
analysis.

Hydrological Modeling with HEC-HMS: HEC-HMS

utilizes a comprehensive suite of tools and
methodologies to model hydrological processes
effectively. The meteorological model supports

diverse precipitation data inputs, including frequency
storm, gauge weights, gridded precipitation, inverse
distance, HMR52, SCS storm, specified hyetograph,
and standard project storm. These methods enable
integration of various meteorological data sources into
the modeling framework. The basin model within
HEC-HMS includes essential hydrologic elements
such as sub-basins, reaches, junctions, sinks, sources,
and diversions. Geographic Information Systems
(GIS) such as ArcGIS are utilized to import Digital
Elevation Model (DEM) data for basin delineation.
Terrain processing techniques in GIS assist in creating
sub-basins and defining basin structure. Land-use and
Curve Number (CN) maps are generated to assign CN
values to each sub-basin, with weighted CN values
calculated using averaging methods and incorporated
into sub-basin models. The control specification
model governs simulation parameters such as
start/stop times, dates, and time step durations across
different simulation intervals. Datasets comprising
basin characteristics, precipitation data, and control
specifications are imported to facilitate hydrologic
simulations. HEC-HMS employs Soil Conservation
Service Curve Number (SCS-CN) techniques to
analyze land-use and land-cover changes and evaluate
runoff losses within the basin. Precipitation
transformation utilizes the SCS-Unit hydrograph
method, while flood routing employs methods like
Muskingum routing to compute flood hydrographs
and peak discharge values during extreme rainfall
events. These computations rely on maximum rainfall
event data, providing critical insights into basin
hydrological behavior under extreme conditions.

Performance Evaluation, Model Calibration, and
Validation: Calibration and validation of the
hydrological model involved comparing simulated
flow results against observed flow data. This study
advocates for regional calibration using observed flow
data, which entails estimating model parameters based
on regional information. This approach assumes that
catchments with similar characteristics exhibit
analogous hydrological behaviors, allowing for the
extrapolation of model parameters. Regionalization of
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hydrological model parameters based on catchment
characteristics is a viable method to enhance model
accuracy in catchments with limited discharge records
(Bardossy, 2007).

RESULTS AND DISCUSSION

Development of Hydrological Model for the Study
Area: Addressing the challenge of limited runoff data
in the Awun River watershed, this study employed
rainfall-runoff modeling using the Hydrologic
Engineering Center-Hydrologic Modeling System
(HEC-HMS). The ungauged Awun watershed was
delineated by extracting its shape file from the Africa
basin map and processing it in ArcGIS. This process
integrated a Digital Elevation Model (DEM) with a
resolution of 12.5 m x 12.5 m, alongside Africa Soil
and Land Use maps. The geo-processed Awun
watershed was then imported into the HEC-HMS
environment, where meteorological models were
developed wusing rainfall data and control
specifications defining the simulation period and time
steps. The SCS-Curve Number method was employed
to estimate runoff volume, while Unit Hydrograph and
Muskingum methods were utilized for runoff and
flood frequency estimation, respectively. Figure 4
illustrates the graphical interface of the developed
HEC-HMS model tailored for the Awun River
watershed, demonstrating the integration of GIS-based
spatial data and advanced hydrological modeling
techniques for comprehensive analysis and
management of water resources in the study area.

Peak discharge and volume of flow of Awun river: The
global summary of simulated flows for all modeled
hydrological elements of the Awun River includes the
drainage area (km?), peak discharge (m3/s), time of
peak, and runoff volume. Using the SCS-curve
number method, the volumetric flow of the Awun
watershed was predicted to be 402.22 md/s in
September, as illustrated in Figure 5.

Model Calibration and Validation (Regional
calibration):  The model was calibrated using
observed daily flow data of the Asa River through
regional calibration methodology. The hydrographs of
observed and simulated annual data are presented in
Figure 6. To evaluate the model's reliability, statistical
performance metrics were calculated: NSE = 0.54,
MES = 0.33, PBIAS =49.25%, and R2=0.89. An NSE
of 0.54 indicates that the model reasonably fits the
observed data, outperforming a simplistic mean-based
prediction and capturing a substantial portion of
observed variability, though with room for
improvement.
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Fig 4: Development of a hydrological Model for the Awun River Watershed
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Fig 5: Volumetric flow of the Awun watershed using SCS-curve number.

Flood Accruable in Awun River watershed: The
combined hydrograph is crucial in hydrological
analysis, depicting simulated flows across various
return periods, typically from 2 to 200 years (Figure
7). It represents hydrological variability within the
study area, offering insights into a full spectrum of
conditions. The highest peak discharge of 502.9 m3/s
during the 200-year event is significant for flood risk
assessment, essential for designing resilient
infrastructure like bridges, levees, and flood control
systems. This data also informs floodplain boundaries
and building codes. Conversely, the lowest discharge
of 0.0 m¥/s during the 2-year return period signifies
minimal flow, indicating potential drought conditions.
Understanding low-flow conditions is vital for
effective water resource management, aiding in
planning drought mitigation strategies and sustainable

water use. The combined hydrograph provides a
comprehensive view of the temporal distribution of
flows, essential for understanding the timing and
duration of peak events. This information is critical for
flood prediction, emergency response planning, and
environmental impact assessments. Temporal data
helps anticipate rapid versus gradual flow increases,
enhancing preparedness and response efforts.
Additionally, the hydrograph integrates historical flow
data with simulated data to calibrate and validate
hydrological models, ensuring accuracy. This
combined approach supports informed decision-
making in flood risk assessment, infrastructure design,
and ecological impact analysis, aiding the protection
of ecosystems, wildlife habitats, and water quality
within the study area.
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Fig 7: Combined Hydrograph of the simulated flows for different return periods

Conclusion: This research developed a rainfall-runoff
model for the ungauged Awun River watershed in
Kwara State, Nigeria, using the HEC-HMS tool and
regional calibration with data from nearby gauged
rivers. The model estimated a peak discharge of 2164
m?3/s and a total runoff volume of 19967.78 m3, aiding
flood forecasting and water resource planning.
Performance evaluation indicated moderate agreement
between observed and simulated runoff (NSE of 0.54,
ME of 0.33, PBIAS of 49.25%) and a high R-squared
(0.89), capturing key hydrological characteristics.
This framework is valuable for land-use planning,
water resource management, decision-making, and
flood risk assessments in the Awun River region.
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