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Abstract

Understanding the elevation and flow dynamics of a region is critical for effective watershed management, especially in
areas with diverse topographical features. The Udi, Ezeagu, and Ojir River Local Government Areas in Enugu, Nigeria,
exhibit a complex elevation gradient, influencing both geological and hydrological processes. This study aims to analyze
the elevation and flow direction within these regions to assess their impact on flood risk, erosion, and watershed
management. We conducted a spatial analysis using Digital Elevation Models (DEMs) to map elevation, flow direction,
and basin order. The data were processed using Geographic Information Systems (GIS) to visualize and interpret the
topographical and hydrological characteristics of the study area. The analysis revealed significant variation in elevation,
ranging from 15 to 597 meters above sea level. The flow direction analysis indicated diverse pathways influenced by
the topography, with distinct patterns in Udi, Ezeagu, and Ojir River areas. Low elevation zones are prone to flooding
due to flat terrain and slow water movement, whereas higher elevations in Udi Hills show rapid runoff, increasing
erosion risks. The flow direction analysis highlights the influence of underlying geological structures on water
movement. The study emphasizes the importance of elevation data in watershed management, highlighting areas
vulnerable to flooding and erosion. This research provides a comprehensive spatial understanding of how elevation and
flow direction influence hydrological processes, contributing to more effective watershed management strategies in
Enugu.

Keywords: Basin order; Stream network; Surface runoff; Terrain analysis; Watershed management

1. Introduction

The study of hydrological systems and their interactions with geological features is fundamental to understanding the
dynamics of water flow within a watershed. In this context, basin order, elevation, flow direction, and stream analysis
are critical components that collectively shape the hydrological behavior of a region (Huang & Lee, 2021). These factors
not only influence the distribution and movement of water but also play a significant role in the development of
geomorphological features and the management of water resources. With the advent of GIS technology, tools like ArcGIS
have revolutionized the way these hydrological parameters are analyzed, offering a powerful platform for spatial
analysis and visualization (Choudhary et al., 2023). This introduction explores the significance of basin order, elevation,
flow direction, and stream analysis in hydrology, and their applications in geological and environmental studies,
particularly within the framework of ArcGIS.

Basin order, also known as stream order, is a fundamental concept in hydrology that refers to the hierarchical
classification of streams within a watershed. First introduced by Strahler in 1952, stream order provides a systematic
method for categorizing the relative position of a stream within the overall drainage network (Olla et al,, 2020). A first-
order stream is typically the smallest, originating from a source with no tributaries. When two first-order streams
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converge, they form a second-order stream, and this pattern continues with higher orders representing larger and more
complex networks (Yin et al., 2023). Understanding basin order is crucial because it directly correlates with various
hydrological and geomorphological attributes such as stream length, discharge, sediment transport, and the energy
available for erosion. Higher-order streams generally exhibit greater discharge and sediment-carrying capacity,
influencing the morphology of river channels and floodplains. The classification of streams by order also aids in the
prediction of hydrological responses within a watershed, such as the timing and magnitude of peak flows during storm
events (Hooke, 2022).

Watershed management, basin order analysis helps in identifying key areas for conservation, flood control, and the
sustainable management of water resources (Obeidat et al., 2021). For instance, lower-order streams, which are often
more susceptible to pollution and habitat degradation, may require targeted protection efforts. Similarly, higher-order
streams may be prioritized for flood mitigation measures due to their larger catchment areas and greater potential for
flood hazards.

Elevation, or the height above a reference level (usually sea level), is another critical factor influencing hydrological
processes within a watershed. The topography of a region, determined by its elevation, dictates the direction and
velocity of water flow, the formation of streams and rivers, and the potential for erosion and sediment deposition (Rocha
et al, 2020). Elevation gradients, particularly in mountainous or hilly regions, create variations in climate and
vegetation, which in turn affect the hydrological cycle. In hydrological modeling and watershed analysis, elevation data
is typically derived from DEMs, which provide a three-dimensional representation of the terrain. DEMs are used to
generate elevation profiles, slope maps, and watershed boundaries, all of which are essential for understanding the
movement of water within the landscape (Eludoyin & Adewole, 2019). In ArcGIS, elevation data is integral to the
calculation of flow direction, flow accumulation, and other hydrological parameters that inform the analysis of drainage
patterns and stream networks.

Elevation influences not only the flow of surface water but also the recharge of groundwater, the development of soil
profiles, and the distribution of vegetation. In regions with significant elevation differences, such as mountainous areas,
the variation in altitude can lead to diverse microclimates and distinct ecological zones (Egbueri & Igwe, 2020). These
differences in elevation are also associated with varying rates of erosion and sediment transport, which contribute to
the shaping of the landscape over geological timescales (Kudamnya et al., 2021). Understanding the role of elevation in
watershed dynamics is essential for a wide range of applications, from predicting flood risks to designing infrastructure
that can withstand the challenges posed by steep terrains. It also plays a crucial role in conservation efforts, as areas of
high elevation may serve as important refuges for biodiversity and sources of freshwater (Lamine et al., 2021).

Flow direction is a key hydrological parameter that describes the direction in which water flows across the surface of
the earth. It is determined by the slope of the terrain and is typically represented as a grid or raster dataset, where each
cell indicates the direction of flow based on the steepest descent from that point (Amah et al., 2021). In ArcGIS, the flow
direction is calculated using algorithms that analyze elevation data from DEMs to determine the path of water
movement across the landscape. The analysis of flow direction is fundamental to understanding the movement of water
within a watershed. It helps in delineating watershed boundaries, identifying drainage divides, and mapping the course
of streams and rivers (Angelina et al., 2015). Flow direction data is also used to calculate flow accumulation, which
represents the total amount of water flowing into each cell in the grid, and is crucial for identifying areas of potential
flooding or high erosion risk (Abdramane et al., 2018).

In addition to its applications in flood risk assessment and erosion control, flow direction analysis is important for
understanding the transport of pollutants within a watershed. By modeling the flow paths of water, it is possible to
predict how contaminants may spread through the environment and identify critical areas for intervention (Marlim &
Kang, 2020). This is particularly important in regions with complex drainage networks or where human activities, such
as agriculture or urban development, may contribute to water pollution.

Stream analysis involves the examination of various characteristics of stream networks, including their length, order,
gradient, and density (Varado et al., 2006). It is a critical component of hydrological studies as it provides insights into
the development and behavior of drainage systems. Stream analysis is used to assess the connectivity and complexity
of a watershed's drainage network, which has implications for water flow, sediment transport, and the overall stability
of the landscape (Sajadi et al.,, 2021). One of the key metrics in stream analysis is stream density, which refers to the
total length of streams per unit area of the watershed. High stream density often indicates a well-developed drainage
network with efficient water removal, while low stream density may suggest a poorly drained area with potential for
waterlogging or flooding (Gabriel et al., 2020). Stream gradient, or the slope of the stream channel, is another important
parameter that influences the velocity of water flow, the potential for erosion, and the transport of sediment. In
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geological studies, stream analysis can reveal information about the underlying rock types and structures, as streams
often follow lines of weakness in the bedrock, such as faults or fractures. The pattern and orientation of streams can
also indicate the tectonic history of an area, providing insights into past geological events that have shaped the
landscape (Olusola et al., 2020).

To analyze the geological and hydrological characteristics of a watershed by examining basin order, elevation, flow
direction, and stream networks use ArcGIS, with the goal of understanding the relationship between these factors and
their implications for effective watershed management and sustainable land use planning.

2. Research and Geology of the study area

The Udi, Ezeagu, and Ojir River Local Government Areas (LGAs) are located in Enugu State, Nigeria, encompassing a
diverse and complex geological and topographical landscape. Situated between coordinates 6.3544° N latitude and
7.5077° E longitude, this region exhibits a range of geological formations and hydrological features that significantly
influence its environmental and urban characteristics. Figure 1a provides an overview of Enugu State, while Figure 1b
zooms into the study area, highlighting its location within the larger region. The road network in Udi, Ezeagu, and Ojir
River LGAs is well-developed, with key roads such as the Enugu-Abakaliki Road and the Enugu-Onitsha Expressway
facilitating transportation and connectivity. This network supports both urban and rural areas, impacting local
development and access to resources.
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Figure 1 (a) Map of Enugu (b) Map of the study area

The water network in this region includes several rivers and streams, such as the Ojir River and its tributaries. These
water bodies play a significant role in the region's hydrology, influencing water availability, erosion patterns, and flood
risks (Umegbolu, 2018). The flow direction and water movement are shaped by the underlying geology and topography,
with higher elevation areas in Udi contributing to rapid runoff and increased erosion, while the lower-lying zones in
Ezeagu are more prone to water accumulation and potential flooding. The weather in the study area is characterized by
a humid subtropical climate with distinct wet and dry seasons. The rainy season typically spans from March to October,
bringing substantial rainfall that affects the region's hydrological dynamics. This rainfall is crucial for replenishing water
resources but can also exacerbate flooding, particularly in lower elevation zones. The dry season, from November to
February, is marked by reduced rainfall and higher temperatures, impacting soil moisture and vegetation (Umegbolu,
2018). Urbanization in the Udi, Ezeagu, and Ojir River LGAs is growing, with increased development in towns and rural
areas. This urban expansion affects land use patterns, water management, and environmental sustainability. The
interaction between urbanization and natural processes requires careful management to mitigate impacts such as
increased runoff, erosion, and habitat disruption (Nebeokike et al., 2020).
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The geology of the study area is predominantly characterized by the Precambrian Basement Complex, which includes
various metamorphic and igneous rocks. The Udi Hills, a prominent geological feature, are composed of gneisses and
schists, contributing to the area's high elevation and steep slopes (Nebeokike et al., 2020). The surrounding regions,
including Ezeagu and parts of Ojir River, feature younger sedimentary formations that contrast with the more resistant
rocks of the highlands (Nwankwo & Ene, 2020). These geological formations play a crucial role in shaping the local
hydrology and land use. The diverse geological and hydrological characteristics of the Udi, Ezeagu, and Ojir River LGAs
necessitate a comprehensive approach to watershed management and urban planning, considering the interplay
between natural and human-induced factors.

3. Methodology

The morphometric analysis relies on high-precision DEM data provided by the Shuttle Radar Topography Mission
(SRTM), which is part of the United States Geological Survey (USGS) dataset. The SRTM data was selected due to its
superior accuracy and resolution, making it ideal for detailed morphometric investigations. This dataset supports a
thorough examination of terrain features including elevation, slope, and aspect, which are essential for understanding
the dynamics of watersheds and geomorphological processes within the basin.

Table 1 Data Source and Type

Data Type | Source Provider

GIS Data |SRTM Elevation Data | USGS

Table 1 provides an overview of the GIS data used in the analysis. It specifies that the data type is GIS Data and that it
consists of SRTM Elevation Data, with the USGS as the provider. This information is crucial for ensuring transparency
and reproducibility in research by clearly documenting the data sources, which allows for accurate replication and
comparison in future studies.

3.1. Data Acquisition and Preprocessing

The DEM data were systematically downloaded and preprocessed using ArcGIS software to meet the study’s accuracy
and compatibility requirements (Okoli et al., 2024). The preprocessing involved several essential steps to ensure the
data’s suitability for detailed analysis. Initially, the SRTM data were imported into ArcGIS and reprojected to the WGS
84 /UTM Zone 32N coordinate system, which aligns with the study area’s spatial framework. This reprojection is crucial
for integrating the DEM with other geospatial datasets and maintaining spatial accuracy throughout the analysis.

A critical step in preprocessing was the correction of sinks within the DEM. Sinks are depressions in the terrain that can
interfere with water flow and impact the accuracy of hydrological models. By filling these sinks, the DEM was adjusted
to create continuous flow paths, which are essential for accurately simulating surface water flow in the basin (Okoli et
al., 2024). Additionally, the DEM was clipped to the exact boundary of the study area, focusing the analysis on the
relevant geographic region and improving the precision and applicability of the morphometric studies within this
specific watershed.

The meticulous preprocessing of the DEM data was crucial to ensure both accuracy and relevance to the study’s
geographic and analytical needs (Akaolisa et al., 2024; Okoli et al., 2024). These preprocessing steps are foundational in
geospatial analysis, providing a robust base for examining terrain characteristics, watershed dynamics, and
geomorphological features.

3.2. Watershed Delineation

The process begins with calculating the flow direction from the preprocessed DEM. This calculation determines the path
that water will follow across the terrain, which is crucial for understanding runoff patterns and identifying drainage
pathways within the basin. Following the determination of flow direction, the next step involves creating a flow
accumulation grid. This grid aggregates the number of cells contributing flow to each specific cell, effectively mapping
the stream networks within the basin. This grid is vital for delineating primary channels and pinpointing areas
susceptible to flooding or erosion.

After establishing the flow accumulation grid, the stream network is defined using a threshold value. This threshold
helps differentiate between intermittent and perennial streams based on water flow accumulation, which is essential
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for identifying the main channels and tributaries that make up the basin's hydrological network. Subsequently,
watershed boundaries are delineated based on the defined stream network. This step identifies the areas where all
surface water drains towards a particular point, such as a river outlet or a confluence of streams. The watershed
delineation process combines advanced geospatial techniques with hydrological principles, providing a comprehensive
understanding of basin morphology and dynamics (Aziz et al., 2023).

3.3. Calculation of Morphometric Parameters

To thoroughly analyze the shape, size, drainage pattern, and network characteristics of the basin, several morphometric
parameters were carefully calculated. These parameters are crucial for understanding the hydrological and
geomorphological dynamics of the basin. Key parameters and their calculations include:

The basin area (A) was determined by aggregating the areas of all cells within the basin using the DEM. The perimeter
(P) was calculated by summing the lengths of all boundary segments of the basin.

A= Y(Cellarea) .o D
P =Y (boundary length) .vcvvierenen (2)

The basin length (L, ) denotes the longest distance from the watershed outlet to the furthest point on the basin
boundary, characterizing the basin's spatial extent. Stream order was determined using the Strahler method, which
assigns an order of 1 to the smallest streams and increments the order at confluences of streams of the same order. For
each stream order, the total stream length (L, ) was calculated by summing the lengths of all streams within that order.
Drainage density (D) measures the total length of streams (L,,) per unit area (A) of the basin, offering insights into the
density of the stream network within the basin.

These parameters are essential for comprehending water flow dynamics, sediment transport, flood risk assessment,
and ecosystem management within the basin. Quantitative analysis of these parameters provides researchers with
valuable insights into the basin's morphology, informing effective environmental and water resource management
strategies.

4. Results and discussion

4.1. Elevation

The elevation analysis of the Udi, Ezeagu, and Ojir River Local Government Areas in Enugu revealed a diverse
topographical landscape, with elevations ranging from 15 to 597 meters above sea level. This variation in elevation
significantly influences the geological and hydrological characteristics of the watershed within the study area. The
spatial distribution of elevation is illustrated in Figure 2, which provides a clear visual representation of the terrain.

The lower elevation zones, particularly those around 15 meters, are primarily located in the valleys and floodplains,
where the terrain is relatively flat. These areas are likely to experience higher levels of water accumulation, making
them susceptible to flooding, especially during the rainy season. The gentle slopes in these regions facilitate slow water
movement, leading to increased infiltration rates, which can enhance groundwater recharge. However, this also poses
challenges for flood management, as poor drainage in flat areas can exacerbate flood risks.
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Figure 2 Spatial Distribution of Elevation in Udi, Ezeagu, and Ojir River Local Government Areas, Enugu

In contrast, the higher elevation areas, reaching up to 597 meters, are predominantly found in the Udi Hills and the
surrounding highlands. These regions are characterized by steeper slopes, which promote rapid surface runoff and
reduce the potential for water infiltration. The swift movement of water in these areas contributes to higher erosion
rates, particularly during intense rainfall events. The erosion not only affects the stability of the landscape but also has
implications for sediment transport, which can impact downstream water quality and reservoir siltation.

The elevation gradient across the study area creates a variety of microclimates, which influence vegetation patterns and
soil development. The highlands, with their cooler temperatures and more significant rainfall, support dense vegetation
that plays a crucial role in stabilizing the soil and reducing erosion. In contrast, the lower-lying areas, which may
experience higher temperatures and more prolonged dry periods, support different vegetation types, potentially more
sparse and less effective in erosion control.

From a watershed management perspective, the diverse elevation profile of Udi, Ezeagu, and Ojir River Local
Government Areas requires tailored approaches to land use and water resource planning. In the lower elevation zones,
efforts should focus on improving drainage infrastructure to mitigate flood risks and enhancing groundwater recharge
through sustainable land management practices. In the higher elevation areas, erosion control measures, such as
reforestation and the construction of terraces, are critical to preventing land degradation and maintaining soil fertility.

The findings from this elevation analysis also highlight the importance of integrating elevation data into the broader
context of basin order, flow direction, and stream network analysis. The interplay between these factors can provide
valuable insights into the movement of water within the watershed, the potential for erosion and sedimentation, and
the overall sustainability of land use practices. Effective watershed management in this region will depend on a
comprehensive understanding of these interactions and the implementation of strategies that address the unique
challenges posed by the varying elevation.
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4.2. Flow Direction

The flow direction analysis for the study area, covering Udi, Ezeogu, and Ojir River Local Government Areas in Enugu,
reveals significant insights into the hydrological and geological characteristics of the watershed. The spatial distribution
of flow direction, as depicted in Figure 3, illustrates the directional flow paths of surface water across the terrain. The
flow direction categories (1, 2,4, 8, 16, 32, 64, and 128) represent the eight possible flow directions, each corresponding
to the steepest descent in elevation from a given cell within the watershed. These directions provide a clear
understanding of how water navigates the landscape, from the headwaters to the downstream areas.

The flow direction map highlights the dominant pathways through which surface water travels, indicating the primary
and secondary drainage channels within the watershed. The prevalence of certain flow direction categories suggests
the presence of well-defined slopes and ridges that guide the water's movement. In Udi, the flow direction
predominantly follows a southwest pattern, reflecting the area's topographical gradient. This directional flow
contributes to the formation of stream networks that ultimately converge into larger rivers.

In Ezeogu, the flow direction is more varied, with significant portions of the watershed displaying a northeastward flow.
This variation is indicative of a more complex terrain, with multiple ridges and valleys influencing the water's course.
The diversity in flow direction in this area suggests potential challenges for water resource management, as the water's
movement could lead to the formation of localized flood-prone areas, particularly during heavy rainfall events.
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Figure 3 Spatial Distribution of Flow Direction in Udi, Ezeogu, and Ojir River Local Government Areas, Enugu

The Ojir River Local Government Area exhibits a strong eastward flow direction, which aligns with the natural slope of
the land. This consistency in flow direction suggests a more straightforward drainage pattern, with fewer disruptions
in the water's path. The uniformity of the flow direction in this region can facilitate more efficient water resource
management, as the predictable flow paths allow for the effective planning of flood control measures and water
conservation efforts.
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The flow direction analysis also provides insights into the underlying geological features of the study area. The
alignment of flow paths with specific directions often correlates with the geological structures, such as faults, fractures,
or bedrock variations. In Udi, the southwest flow direction may be influenced by the presence of underlying geological
formations that channel water along specific lines of weakness in the rock. This could indicate the presence of faultlines
or fractures that guide the water's movement, contributing to the development of the region's drainage network.

In Ezeogu, the varied flow directions suggest a more heterogeneous geological landscape, where different rock types or
structural features interact to create a complex drainage pattern. The northeastward flow in certain areas may be
influenced by the orientation of bedrock layers or the presence of resistant rock formations that divert the water's
course. Understanding these geological influences is crucial for predicting areas of erosion or sediment deposition,
which can impact land use planning and infrastructure development.

4.3. Basin Analysis

The analysis of basin orders across the study area reveals significant insights into the hydrological and
geomorphological characteristics of the region. The basin orders were grouped into five distinct categories based on
the observed hierarchical progression as shown in Figure 4. The implications of these groupings provide a
comprehensive understanding of the landscape's drainage pattern and potential environmental management strategies.
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Figure 4 Spatial map of basin order distribution in the study area

Basin orders within this group represent the most fundamental and initial stages of stream development. These low-
order basins are typically characterized by narrow and steep channels, often found in the headwaters or upland areas.
The dominance of overland flow and limited channelization indicates a region with higher surface runoff potential and
low infiltration rates. This group is crucial in understanding flood generation, as these basins contribute significantly to
peak flows during storm events. Environmental management in these areas should focus on erosion control and
maintaining vegetation cover to reduce surface runoff and soil loss.
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The moderate-low basin orders reflect a transitional stage where tributaries begin to coalesce, forming more defined
and interconnected drainage networks. The stream channels in these basins are more established, with increased
channel length and moderate slopes. This group often represents the mid-sections of watersheds, where a balance
between surface runoff and infiltration is observed. The implications of this group are particularly relevant for water
resource management, as these basins play a significant role in groundwater recharge. Conservation efforts in these
areas should aim at maintaining the natural flow regime and preventing excessive land-use changes that could alter the
hydrological balance.

Moderate basin orders are indicative of more mature drainage systems, with well-developed channels and an extensive
network of tributaries. These basins typically cover larger catchment areas and are associated with moderate relief. The
streams within this group exhibit a more complex flow pattern, often showing signs of meandering and sediment
transport. The hydrological implications include a greater capacity for flood attenuation, as the expanded network
allows for more efficient water conveyance. However, these basins are also more susceptible to sediment deposition
and channel modification, which can impact water quality and habitat integrity. Therefore, sediment management and
stream restoration practices are critical in these areas to maintain ecological balance.

Basins within the moderate-high order group exhibit advanced drainage development, often encompassing broad
valleys and lowland areas. These basins have extensive networks with multiple tributaries, resulting in a more
distributed flow regime. The hydrological characteristics of these basins include increased base flow contribution,
reflecting a higher degree of groundwater interaction. The management implications for these basins involve
maintaining water quality and ensuring the sustainability of aquatic habitats. Since these areas are more prone to
human activities due to their accessible location, integrated watershed management practices are essential to balance
development and environmental preservation.

The high basin orders represent the most complex and mature drainage systems within the study area. These basins
often include the mainstem rivers with extensive floodplains and are characterized by high stream order and large
drainage areas. The flow dynamics in these basins are dominated by base flow, with a significant contribution from
groundwater. These basins are crucial for regional water supply and flood regulation. The implications of findings in
this group highlight the importance of large-scale river basin management, focusing on floodplain conservation, water
resource allocation, and habitat protection. The high connectivity within these basins makes them vital for maintaining
regional hydrological stability.

The grouping of basin orders into these five categories provides a nuanced understanding of the study area's drainage
characteristics and their environmental implications. Each group exhibits distinct hydrological behaviors, necessitating
tailored management strategies to address specific challenges such as flood control, water quality maintenance, and
ecological preservation. By recognizing the varying characteristics across basin orders, more effective and sustainable
watershed management practices can be developed to support the long-term environmental health of the region.

4.4, Stream Network

The stream network analysis for the Udi, Ezeogu, and Ojir River Local Government Areas in Enugu has revealed
significant insights into the hydrological characteristics of the watershed. The stream segments were categorized into
five groups based on their connectivity and flow patterns, each representing distinct hydrological behavior and
implications for watershed management.

Headwater Streams, located primarily in the upper elevations of the study area, exhibit characteristics typical of first-
order streams. They are the initial channels formed by surface runoff and are critical for groundwater recharge and
sediment transport. The analysis of these headwater streams highlights their role in maintaining base flow during dry
seasons. However, their sensitivity to land use changes and deforestation poses a risk to the watershed's hydrological
balance. Conservation of these headwater regions is vital for sustaining the overall health of the watershed, as they
contribute to the downstream flow and water quality.

Mid-Elevation Streams in this group are situated in the mid-elevation areas and serve as crucial connectors between
the headwater streams and the larger river systems. These streams display a moderate gradient, which influences the
flow velocity and sediment transport capacity. The mid-elevation streams are often subject to seasonal variations in
flow, which can lead to erosion and sediment deposition in the downstream areas. The findings suggest that these
streams play a significant role in buffering the impacts of heavy rainfall, but they also require careful management to
prevent erosion and maintain water quality.
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Figure 5 Spatial Distribution of Stream Networks in Udi, Ezeogu, and Ojir River Local Government Areas

Main River Channels in this group represent the primary river channels within the watershed, including the Ezeogu and
Ojir rivers. These are higher-order streams that integrate flow from the upstream networks and have a significant
influence on the overall hydrological dynamics of the region. The spatial analysis indicates that these rivers are prone
to seasonal flooding, particularly during intense rainfall events. Effective flood management strategies, such as the
development of riparian buffers and floodplain restoration, are essential to mitigate the impacts of flooding on
surrounding communities and agricultural lands.

Confluence Zones includes streams located at the confluence points where smaller streams merge into larger channels.
The confluence zones are identified as critical points for sediment accumulation and nutrient exchange. These areas
often experience higher flow velocities, which can lead to scouring and bank erosion if not properly managed. The study
suggests that these zones are crucial for maintaining the connectivity of the watershed and ensuring the continuous
flow of water and nutrients downstream. Implementing erosion control measures and maintaining vegetation cover in
these areas are recommended to reduce the risk of degradation.

The downstream tributaries are located near the lower elevations of the watershed, where the streams begin to flatten
and widen as they approach the main river outlets. These streams are characterized by slower flow rates and increased
sediment deposition. The analysis indicates that these areas are particularly vulnerable to pollution from agricultural
runoff and urban development. The results emphasize the need for integrated land use planning and pollution control
strategies to protect these tributaries from contamination and ensure the sustainability of water resources in the lower
watershed.

The spatial distribution and characteristics of the stream groups in the study area provide valuable insights into the

hydrological processes governing the watershed. The findings underscore the importance of preserving the natural flow
regime and maintaining the ecological integrity of the stream network. By understanding the relationship between
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basin order, elevation, flow direction, and stream characteristics, watershed managers can develop targeted
interventions to address specific challenges such as erosion, flooding, and water quality degradation.

The study highlights the need for comprehensive watershed management practices that take into account the unique
hydrological characteristics of each stream group. For instance, protecting headwater streams from deforestation and
land use changes will help sustain base flows and water quality in the downstream areas. Similarly, managing the
confluence zones to reduce erosion and sediment accumulation will enhance the overall resilience of the watershed.

Furthermore, the results suggest that sustainable land use planning should prioritize the conservation of riparian zones
and the implementation of best management practices to reduce the impact of agricultural and urban development on
the stream network. This approach will not only protect the water resources but also support the long-term ecological
health of the watershed.

5. Conclusion

The elevation analysis of Udi, Ezeagu, and Ojir River Local Government Areas in Enugu reveals a topographically diverse
landscape, with elevations ranging from 15 to 597 meters above sea level. Lower elevation zones, found in valleys and
floodplains, are prone to water accumulation and flooding, particularly during the rainy season. These areas experience
slow water movement, enhancing groundwater recharge but posing flood management challenges. In contrast, the
higher elevations, especially in the Udi Hills, are characterized by steep slopes that facilitate rapid runoff, leading to
higher erosion rates and sediment transport. The variation in elevation across the study area creates distinct
microclimates, influencing vegetation patterns and soil stability.

Flow direction analysis uncovers the primary and secondary drainage pathways, indicating how water navigates the
terrain. In Udi, water predominantly flows southwest, forming well-defined stream networks, while Ezeagu exhibits
more varied flow directions due to its complex terrain. Ojir River Local Government Area shows a strong eastward flow,
reflecting a straightforward drainage pattern.

The basin order and stream network analyses further highlight the watershed's hydrological complexity. Lower-order
basins, crucial for understanding flood generation, dominate the upland areas, while higher-order basins in lowland
regions are vital for flood regulation and water resource management. The stream network analysis identifies the
critical roles of headwater streams, mid-elevation connectors, and main river channels in maintaining the watershed's
ecological integrity.

Effective watershed management in this region requires tailored strategies for different elevation zones. Enhancing
drainage infrastructure in lowlands, implementing erosion control in highlands, and protecting headwater streams from
deforestation are critical measures to ensure long-term environmental sustainability.
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