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Abstract: This study investigates the relationship between hydrological processes, watershed
management, and road infrastructure resilience, focusing on the impact of flooding on roads
intersecting with streams in River Nile State, Sudan. Situated between 16.5°N to 18.5°N
latitude and 33°E to 34°E longitude, this region faces significant flooding challenges that
threaten its ecological and economic stability. Using precise Digital Elevation Models (DEMs)
and advanced hydrological modeling, the research aims to identify optimal flood mitigation
solutions, such as overpass bridges. The study quantifies the total road length in the area at
3572.279 km, with stream orders distributed as follows: First Order at 2276.79 km (50.7%),
Second Order at 521.48 km (11.6%), Third Order at 331.26 km (7.4%), and Fourth Order at
1359.92 km (30.3%). Approximately 27% (12 out of 45) of the identified road flooding points
were situated within third- and fourth-order streams, mainly along the Atbara-Shendi Road and
near Al-Abidiya and Merowe. Blockages varied in distance, with the longest at 256 m in Al-
Abidiya, and included additional measurements of 88, 49, 112, 106, 66, 500, and 142 m. Some
locations experienced partial flood damage despite having water culverts at 7 of these points,
indicating possible design flaws or insufficient hydrological analysis during construction. The
findings suggest that enhanced scrutiny, potentially using high-resolution DEMs, is essential
for better vulnerability assessment and management. The study proposes tailored solutions to
protect infrastructure, promoting sustainability and environmental stewardship.

Keywords: hydrology dynamics; road infrastructure resilience; river Nile state; stream order;
watershed

1. Introduction

The complex interchange between stream order, watershed basins, and road
infrastructure has become a focal point of study within the fields of hydrology and
environmental planning. The concept of stream order, which plays a fundamental role
in hydrology and geomorphology, was initially introduced by Horton in 1945 and
subsequently refined by Strahler in 1957. It functions as a crucial tool for categorizing
and examining river networks, providing valuable insights into their hierarchical
structure and behavior. Horton’s original work focused on organizing streams within
watersheds, highlighting the process by which smaller streams merge to form larger
ones [1,2]. Strahler expanded upon this by introducing a more organized method for
assigning stream orders based on patterns of stream merging. According to Strahler’s
system, streams are assigned numerical orders according to their position within the
hierarchy: small tributaries form first-order streams, and subsequent orders increase
as streams merge, maintaining the highest order of the merging streams unless a
higher-order stream is encountered [3]. This hierarchical framework allows
researchers to investigate various aspects of river networks, such as drainage patterns,
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sediment transport, and ecological dynamics, across different spatial scales. Through
this structured approach to understanding river systems, stream order classification
enhances our comprehension of fluvial processes and their effects on landscapes and
ecosystems. It’s worth noting that streams can also act as barriers and channels for
water, a characteristic that may increase flood risks under specific conditions [4,5],
offers a tight approach to categorize streams within a watershed hierarchy. This
classification system is helpful in elucidating the geomorphological and ecological
processes within riverine systems [6]. Watershed basins, defined as areas where
precipitation collects and flows toward a common outlet, are critical in managing
water resources and maintaining ecological equilibrium [7]. The dynamics between
watershed systems and road networks are intricate, as roadways can drastically modify
the natural flow of water across landscapes, which may lead to inundation and
deterioration of road infrastructure during flood incidents [8].

The design and configuration of roadways within a watershed are pivotal factors
affecting hydrological phenomena, including surface runoff, sediment displacement,
and stream connectivity [9]. Roads frequently serve dual roles as barriers and channels
for water, a characteristic that can heighten flood risks under certain conditions [10].
The occurrence of roads being severed by floodwaters underscores the difficulties in
sustaining infrastructure resilience and promoting environmental sustainability. Prior
research has underscored the necessity of incorporating hydrological insights into road
design and strategic planning to mitigate the detrimental effects of flooding [11,12].
Additionally, the influence of road networks on hydrological processes within both
urban and rural settings demonstrates that without proper drainage and strategic
placement, roads can profoundly interrupt natural watercourses, thereby increasing
flood hazards and causing ecological disturbances [13].

In addressing these challenges, contemporary advances in watershed
management practices have championed the implementation of sustainable and robust
road design principles that account for the hydrological and ecological attributes of
watersheds [14]. These approaches not only strive to diminish the hydrological
impacts of roads but also aim to bolster the overall vitality of watershed ecosystems.
This research paper endeavors to examine the intersection among stream order,
watershed basin management, and road infrastructure, with a specific focus on the
impacts of flooding on roads. By integrating insights from extensive research and
numerous case studies over the past decade, this study will propose strategies to
alleviate flood impacts on road infrastructure while promoting watershed health and
resilience.

1.1. Hydrology analysis

Over the past ten years, advancements in technology and a deeper comprehension
of watershed dynamics have substantially advanced hydrological modeling and
analysis [15,16]. This paper presents a comprehensive review of the critical processes
involved in hydrological analysis, encompassing precipitation interpolation, flow
direction assessment, flow accumulation, stream order classification, and watershed
delineation.
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1.2. Precipitation filling

Precipitation interpolation serves as a fundamental preliminary phase in
hydrological modeling, aimed at rectifying deficiencies in precipitation data critical
for precise hydrological simulations. Contemporary methods for addressing these data
gaps have transitioned to employing advanced statistical methods and machine
learning algorithms, which deliver enhanced accuracy in predicting missing data
points [17,18]. These techniques utilize patterns from historical data and spatial
interpolation strategies to improve both the integrity and dependability of precipitation
datasets.

1.3. Flow direction

The calculation of flow direction over a landscape is essential in hydrological
modeling. Typically, this process utilizes Digital Elevation Models (DEMs), where
specialized algorithms predict the probable paths of water flow downhill at each
dataset point [19]. Sophisticated algorithms like D8, MFD (Multiple Flow Direction),
and D8 [20,21]. have been introduced to yield more refined and precise predictions of
flow trajectories by considering variations in slope and terrain features.

1.4. Flow accumulation

Subsequent to determining flow direction, flow accumulation methodologies are
utilized to estimate the volume of water amassing across a landscape, a critical step
for delineating stream channels and potential flood areas [22]. Contemporary
approaches leverage high-resolution Digital Elevation Models (DEMs) and remote
sensing data, facilitating a more accurate mapping and evaluation of hydrological
characteristics [23].

1.5. Stream order

Stream order classification plays a pivotal role in comprehending the hierarchy
of river networks and in watershed management endeavors. The widely utilized
Strahler system assigns orders according to tributary structure [24]. Contemporary
research frequently integrates traditional classification methods such as the Horton
method and Strahler’s system are foundational tools in the study of river networks and
watershed management, with Geographic Information Systems (GIS) and remote
sensing data to augment the precision and efficiency of stream network analyses [25].

1.6. Watershed delineation

Watershed delineation is essential for effective water resource management and
environmental planning. This process entails identifying the geographic boundaries of
a watershed by tracing water flow to a shared outlet. Recent advancements have
leveraged automated tools integrated within Geographic Information System (GIS)
platforms, alongside high-resolution topographic data, to achieve more accurate and
efficient watershed delineation [26].
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1.7. Basin

Basin analysis is fundamental for the sustainable management of water resources
and environmental evaluations. This procedure entails delineating the physical
boundaries of a drainage basin by tracking the convergence of water to a singular
outflow point. Recent technological advancements have utilized automated tools
within Geographic Information System (GIS) platforms, supplemented with high-
resolution topographic data, to facilitate more accurate and efficient basin analysis
[27].

1.8. Differences between watershed and basin

In hydrological terms, “watershed” and “basin” have different meanings based
on their scale and application. A watershed refers to a smaller land area where all
surface water converges at a single point, such as a stream, river, or lake, via a network
of tributaries. It encompasses the region where precipitation collects and flows
towards a common outlet [28,29]. On the other hand, a basin, also known as a drainage
basin or river basin, covers a larger geographic area that includes multiple
interconnected watersheds. The basin serves as the broader system through which all
water drains into a major river, lake, or ocean, integrating the main river and its
tributary network within a specified drainage region [30,31].

1.9. Study area

The research focuses on the River Nile State in Sudan, strategically located along
the Nile as shown in Figure 1, the world’s longest river, which progresses northward
through the area before flowing into Egypt. The River Nile State in Sudan is physio
graphically characterized by predominantly flat terrain with occasional modest
elevations rarely exceeding a few hundred meters above sea level. The Nile River, a
dominant geographical feature, flows through the region, shaping its landscape and
influencing hydrological processes. The catchment area is defined by low-lying
topography, making it prone to flooding during heavy rainfall, an arid to semi-arid
climate that contributes to variability in water availability and runoff patterns, and the
presence of alluvial plains formed by sediment deposition from the Nile and its
tributaries. These features collectively influence the region’s hydrology and its
susceptibility to environmental and climatic challenges. Geographically, the River
Nile State is positioned approximately between 16.5°N to 18.5°N latitude and 33°E
to 34 °E longitude, situated on a vital segment of the Nile River that is key to both its
ecological and economic significance within the region.
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Figure 1. Study area location.

Nile River State in Sudan has experienced major floods in August 2022 and
September 2023, driven by seasonal river flow changes and heavy rainfall. The low-
lying landscape heightens flood vulnerability, causing disruptions to communities,
infrastructure, and agriculture. The increasing severity and unpredictability of these
events may be linked to climate change, underscoring the need for better flood
forecasting, resilient infrastructure, and effective water management [32].

The aim of this study is to conduct a comprehensive analysis of the hydrology of
River Nile State, focusing on the characteristics of streams, their classifications, and
associated watersheds. Additionally, the study investigates the intersections between
roads and streams to identify potential vulnerabilities that could lead to road
disruptions, specifically referencing the significant flooding incidents on the Atbara-
Shendi roads in 2022. This research will examine the hydrological dynamics and the
resulting infrastructural damage observed at various road-stream intersections,
providing insights to inform future mitigation strategies.

2. Methodology

To delineate stream orders, watersheds, and basins using ArcGIS Pro 3.0.2, the
methodology began with preparing and refining Digital Elevation Models (DEMS) by
clipping the DEM for the study area and projecting the DEM as shown in Figure 2.
The Global Terrain Model (GTM) 2010 utilized in this study was sourced from the
United States Geological Survey (USGS). It features a spatial resolution of 30
arcseconds (around 1 km) in both the East-West (X) and North-South (Y) dimensions.
For vertical resolution (Z), the GTM achieves a finer resolution of 1 arcsecond (about
30 m). GTM-10, with a 10-meter spatial resolution, was selected over other freely
available DEM data due to its global accessibility, ease of use, and suitability for
medium-resolution geospatial analysis without complex processing. In contrast, Other
DEM data Like Polsar, while providing more detailed 3D information, requires
advanced processing and additional resources, making it less practical for this study.
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Figure 2. Hydrology analysis steps.

This level of detail in spatial granularity is essential for conducting precise terrain
analysis and supporting diverse geographical and environmental research. The
Hydrology toolset was then employed to calculate flow direction and accumulation,
which supported the identification and segmentation of stream networks through a
defined flow accumulation threshold. Stream segments were classified using the
Strahler method via the Stream Order tool to elucidate the hierarchical structure of the
network. Watershed delineation for each stream segment was conducted based on the
flow direction raster using the Watershed tool, while larger drainage basins were
identified using the Basin tool, which pinpoints all catchment areas converging to a
unified outlet. This systematic approach in ArcGIS Pro 3.0.2 enabled a thorough and
accurate hydrological analysis, critical for the effective management and planning of
water resources and environmental considerations.

3. Results and analysis

In summary, our investigation has revealed the intricate relationship between
hydrological dynamics, watershed management, and the resilience of road
infrastructure, particularly focusing on flood impacts at intersections of roads and
streams within the River Nile State, Sudan. Through rigorous analysis, we have
discerned that intersections with second-order streams are particularly vulnerable to
flood-induced disruptions in road infrastructure.

To prevent future disasters, we advocate for a proactive strategy utilizing high-
precision Digital Elevation Models (DEMSs) to accurately evaluate runoff dynamics at
all 45 intersections of roads and streams. Employing advanced hydrological modeling
techniques enables us to identify optimal solutions, such as the installation of overpass
bridges or other infrastructure enhancements, to effectively mitigate flood risks.

Furthermore, our recommendation underscores the importance of comprehensive
evaluation and strategic planning to ensure the long-term resilience of transportation
networks in flood-prone regions. Integration of cutting-edge DEM data and advanced
hydrological analysis allows for the development of tailored solutions that not only
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protect critical infrastructure but also promote sustainability and environmental
stewardship.

Ultimately, our research advocates for the integration of scientific rigor and
innovative engineering methodologies to tackle the multifaceted challenges posed by
hydrological hazards. Through collaborative efforts and forward-thinking initiatives,
we can foster resilient communities and infrastructure systems capable of navigating
the complexities of our ever-evolving natural environment.

Situated in areas susceptible to seasonal flooding, the Nile River Road encounters
heightened risk due to both localized and upstream precipitation patterns. The year
2022 witnessed exceptionally high rainfall during the monsoon season, which pushed
river levels beyond normal limits, causing overflows at stream intersections. These
hydrodynamic forces triggered erosion and partial destruction of the roadway
infrastructure.

The vulnerability of the Nile River Road at its intersections with tributary streams
arises from their specific geographical and hydrological configurations. An in-depth
review of the flood incidents in 2022 revealed that 45 intersections were impacted: 30
intersections involved first-order streams, which are typically smaller, less complex
stream channels that directly feed from the watershed. The interaction between these
streams and the roadway often results in acute, localized damage due to sudden
influxes of water and sediment.

13 intersections with second-order streams were documented. These are typically
larger than first-order streams and can carry greater volumes of water and sediment,
leading to more extensive erosive activities and structural damage to road
infrastructures. Only two intersections with third-order streams were noted. Such
streams represent a further increase in complexity and water flow, contributing to
significant hydrodynamic pressures on road structures at their crossing points.

This detailed categorization of intersections by stream order highlights the scale
and variety of the flood challenges faced, emphasizing the need for a differentiated
approach in infrastructure planning and resilience building tailored to the hydrological
characteristics of each stream type.

In this work, Figure 3 is depicted to provide a Digital Elevation Model (DEM)
of the selected study area. This model offers a three-dimensional portrayal of terrain
elevations essential for delineating geographical and hydrological features that are
crucial for flood modeling and assessing infrastructure vulnerabilities.
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Figure 3. Study area DEM.

Figure 4 is dedicated to showcasing the stream order, derived from a
hydrological analysis of the study area. This classification system illuminates the
hierarchical structure and connectivity of stream networks, which is instrumental in
evaluating their potential impacts on road networks during flood conditions.
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Figure 4. Stream orders over study area.

In Figure 5, the focus shifts to the layout of the road network within the study
area. The visualization of this network is imperative for pinpointing critical
infrastructure that may be susceptible to interruptions due to hydrological disturbances,
thereby establishing a foundation for assessing infrastructural vulnerabilities. Figure
6 reveals the intersections of roads with streams, a critical factor in assessing the
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potential flood risks to the road network. Such figure pinpoints the exact locations
where the infrastructural elements are most at risk of failure during flooding,
highlighting the intersection points as critical areas for flood risk management.
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Figure 5. Study area roads.
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Figure 6. Intersect of roads with streams.

Lastly, Figure 7 presents an intricate depiction of the road-stream intersections,
complemented by the intersect values for stream orders. This granular view enhances
the understanding of flood risks by correlating the frequency and severity of flood
events with the stream orders at each intersection point. This level of detail is vital for
formulating targeted strategies to mitigate risks and bolster infrastructure resilience
against future hydrological threats.
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3.1. First order streams

The total length of first order streams is approximately 2276.79 km. These
streams represent the smallest in the hierarchy, yet they contribute significantly to the
overall network. They make up about 50.7% of the total length of all streams as shown
in Figure 8.
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Figure 8. Streams orders length.

3.2. Second order streams

Second order streams have a combined length of around 521.48 km, representing
the next level in the stream hierarchy. They account for about 11.6% of the total
Streams length.

3.3. Third order streams

With a total length of approximately 331.26 km, third order streams play a vital
role in the watershed system. They constitute around 7.4% of the total Streams length.

3.4. Fourth order streams

Fourth order streams, the largest in this dataset, have a combined length of about
1359.92 km. Despite being fewer in number, they contribute significantly to the

10
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overall stream network, making up approximately 30.3% of the total length as shown
in Table 1.

Total Streams Length:

When considering all stream orders, the total length of the streams amounts to
approximately 4489.45 km.

Table 1. Stream orders: Length and percentage distribution.

Stream orders Length in KM Percentage
First Order 2276.79 50.7%
Second Order 521.48 11.6%
Third Order 331.26 7.4%
Fourth Order 1359.92 30.3%

Streams of higher orders typically boast expanded drainage basins and
augmented discharge capacities, thereby facilitating the conveyance of substantial
water volumes during flood occurrences. Consequently, roads intersecting with such
streams are subjected to heightened risks of inundation, erosion, and structural
degradation due to the intensified hydrodynamic forces exerted by floodwaters.

Moreover, second and third order streams, distinguished by heightened flow
velocities and channel intricacies, are predisposed to more pronounced sediment
transportation and channel alterations during flood events. This heightened erosional
propensity can exacerbate the impacts on adjacent road infrastructure, precipitating
disruptions and potential safety hazards for vehicular traffic.

To summarize, roads intersecting with streams of higher order, particularly those
classified as second and third order, are predisposed to experiencing flood-related
hazards owing to their augmented discharge capacities and erosional tendencies.
Comprehending these interrelations is imperative for guiding the formulation of
efficacious mitigation measures and fortifying the resilience of transportation
networks against flood events.

In the realm of transportation infrastructure management, the accurate
determination and evaluation of road length serve as fundamental metrics
underpinning effective planning and operational strategies. In our investigation, we
have meticulously quantified the total road length to be 3572.279 km within the
designated area under study.

Furthermore, the intricate interplay between road networks and natural
watercourses cannot be overstated. Our analysis has revealed that these roads intersect
with streams at 45 distinct points. It is imperative to acknowledge that such
intersections not only denote critical junctures in the transportation network but also
entail potential environmental and engineering challenges.

In response to past incidents wherein flooding compromised road integrity,
leading to significant disruptions, our research endeavors to proactively mitigate future
occurrences of such disasters. By meticulously identifying intersect points and
discerning the sequential order of streams, our aim is to develop a comprehensive
understanding of the spatial dynamics influencing flood risk.

11
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To address these challenges, the implementation of specialized infrastructure
solutions, such as underpasses or overpasses, emerges as a pivotal consideration. The
design and deployment of these structures necessitate a nuanced approach, accounting
for factors such as topographical constraints, traffic flow patterns, financial feasibility,
and available space allocations.

By integrating advanced detection methodologies and leveraging spatial analytics,
our research endeavors to offer actionable insights aimed at optimizing infrastructure
resilience and safeguarding against potential calamities. Through the judicious
application of data-driven decision-making, we aspire to foster sustainable and
resilient transportation systems that effectively navigate the complex interplay
between natural and built environments.

Based on the conducted analysis, it was found that approximately 12 out of 45
(27%) road intersect points were located within third- and fourth-order Streams. These
points were primarily situated along the Atbara-Shendi Road, near Al-Abidiya, and in
proximity to the Merowe Road. The blockage distances included Al-Abidiya at
approximately 256 m (840 feet), and several locations along the Atbara-Shendi Road
as shown in Figures 9 and 10, with measurements of 88 m (289 feet), 49 m (161 feet),
112 m (367 feet), 106 m (348 feet), 66 m (217 feet), 500 m (1,640 feet), and 142 m
(466 feet).

12
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Figure 9. Affected area. (a) Atbara-port Sudan road; (b) Atbara - port Sudan road; (c) Abu Hamad Road; (d) Al-
Abidiya; (e) Atbara-Shendi Road; (f) Atbara-Shendi Road.
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Figure 10. Affected area. (a) Atbara-Shendi Road; (b) Atbara-Shendi Road; (c) Atbara-Shendi Road; (d) Atbara-
Shendi Road; (e) Atbara-Shendi Road; (f) Atbara-Shendi Road.

In addition, some points experienced partial damage from flooding. Among the
13 locations with complete road intersect, 7 points were equipped with concrete water
culverts. Additionally, near Abu Hamad, the flood cut approximately 1800 m, while
along the Atbara-Port Sudan road, the affected sections measured about 106 m and
186 m.

In delving into watershed domains, the use of key statistical parameters reveals
deep insights into the complex spatial patterns and changing dynamics of hydrological
phenomena. These metrics, likened to celestial navigation stars, encapsulate the
vastness and depth of watershed dimensions within the examined area. The mean area
acts as a guiding light, representing the typical size of observed watersheds as shown
in Figure 11, while the range from minimum to maximum values delineates the
spectrum of spatial extents, marking the transition from small catchments to large
drainage basins.
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Figure 11. Watershed at intersecting points.
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Beyond mere numbers, these ethereal statistical summaries become heralds of
hydrological foresight, resonating through hydrological modeling to guide land use
planners and water managers. By unveiling the intricate diversity of watersheds, these
celestial metrics serve as navigational aids, directing efforts to enhance watershed
resilience, mitigate hydrological risks, and preserve the integrity of water ecosystems.

Some watersheds, resulting from the intersection points of roads and streams, are
too small to be displayed on the map.

From the dataset the following summary statistics are derived:

Mean area: 1331.7 square km;

Minimum area: 0.034961 square km;

Maximum area: 22,206 square km.

The research area consists of eight distinct hydrological basins, each exerting a
unique influence on the hydrological processes under scrutiny. These basins vary
considerably in size, ranging from a nominal area of 0.049946235 square km to the
largest basin, which covers an extensive 107,852.9014 square km, as depicted in
Figure 12.
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The location where the flood caused a road cut was found to have a watershed
area of 214 square km. This indicates that any point where the road intersects with a
watershed area of 214 square km or larger is at a higher risk of being affected by
flooding. Therefore, it is essential to assess these points to prevent similar issues. A
total of 26 such points were identified; however, not all of them are on the main road,;
some are on secondary or unpaved roads. Enhanced scrutiny, potentially using high-
resolution digital elevation models (DEMS), is recommended for greater accuracy.

Comparative analyses with similar studies from various geographical contexts,
such as those conducted in Louisiana, USA [33], Southeast Asia [34], and Jakarta,
Indonesia [35], highlight the universal applicability of integrating hydrological data
into infrastructure planning and design. For instance, the Louisiana study utilized high-
resolution DEMs and GIS tools to evaluate flood risks on coastal road infrastructure,
recommending elevated roadways and enhanced drainage systems as key mitigation
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Figure 12. Basin map.
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strategies. Similarly, research in Southeast Asia, focusing on monsoon-induced floods
in Thailand and Vietnam, underscored the significant role of DEMs and hydrological
models in evaluating flood impacts and recommending optimal solutions, such as
elevated roads and improved drainage systems. The study in Jakarta addressed urban
flooding issues, emphasizing the necessity of sustainable urban drainage solutions and
strategic planning to ensure the resilience of road infrastructure.

These comparative studies reinforce the necessity of employing elevated
roadways, improved drainage systems, and sustainable urban drainage solutions as key
strategies for enhancing infrastructure resilience. While specific solutions may vary
depending on regional characteristics, the underlying principles of integrating
hydrological data, enhancing drainage systems, and employing strategic planning are
universally applicable.

Table 2. Comparative analysis of methodologies and DEM data used in hydrological studies.

Methodology Step volcanic island [33] Southeast Asia [34] Rio de Janeiro [35] This study
Watershed Delineation Yes Yes Yes Yes
Stream Network Extraction Yes Yes Yes Yes
Stream Order Classification No Yes Yes Yes
High-Resolution DEM Analysis Yes Yes Yes No
Identification of High-Risk Points Yes Yes Yes Yes
Vertical Resolution im 20m 16m 16m
Spatial Resolution 1m-10m 30m 30m 30m

Our results, aligned with these similar studies, demonstrate that comprehensive
evaluations and strategic planning, supported by high-precision DEMs and advanced
hydrological modeling, are crucial for ensuring the long-term resilience of
transportation networks in flood-prone areas.

The comparative analysis of studies from Louisiana, USA, Southeast Asia,
Jakarta, Indonesia, and River Nile State, Sudan, underscores the universal importance
of integrating hydrological data into infrastructure planning and design. All studies
utilized Digital Elevation Models (DEMs) and hydrological models to assess flood
risks and propose mitigation strategies. The Louisiana study and our study in River
Nile State employed Medium-resolution DEMs (10 m—20 m) as shown in Table 2 for
detailed analysis, focusing on elevated roadways and enhanced drainage systems.
Southeast Asia’s research used medium to high-resolution DEMs (10 m—-30 m) to
address monsoon-induced floods with similar mitigation recommendations. Jakarta’s
study, with medium-resolution DEMs (10 m-30 m), emphasized sustainable urban
drainage solutions for urban flooding. Despite regional differences, the consistent use
of high-precision DEMs, advanced hydrological modeling, and strategic planning
highlights the global applicability of these methodologies to enhance infrastructure
resilience against floods.

4. Conclusion

Our investigation into the “Hydrological Dynamics and Road Infrastructure
Resilience: A Case Study of River Nile State, Sudan,” reveals the intricate relationship

16
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between hydrological patterns, watershed management, and the vulnerability of road
infrastructure to flood events. The analysis identified 26 high-risk intersections where
roads meet watersheds of 214 square km or larger, particularly near second-order
streams, making these locations especially susceptible to flood-induced disruptions.
Additionally, 27% of the analyzed road intersections that flooded (12 out of 45) were
found within third- and fourth-order streams, particularly along the Atbara-Shendi
Road, near Al-Abidiya, and the Merowe Road. The blockage distances in these areas
varied significantly, including notable instances at Al-Abidiya (256 m), Atbara-Shendi
Road (88, 49, 112, 106, 66, 500, and 142 m), Abu Hamad (1800 m), and the Atbara-
Port Sudan road (106 and 186 m). Some locations also experienced partial damage,
with seven of the 13 completely intersected points equipped with concrete culverts.

These findings emphasize the necessity of high-resolution Digital Elevation
Models (DEMSs) for more precise assessments and advanced hydrological modeling
techniques to evaluate runoff dynamics effectively at all road-stream intersections.
Incorporating these tools will enhance the identification of optimal mitigation
strategies, such as the construction of overpass bridges, drainage improvements, and
other infrastructure upgrades, to manage flood risks proactively.

The study underscores the critical importance of combining scientific rigor with
innovative engineering methodologies to address the multifaceted challenges posed
by hydrological hazards. Comprehensive evaluations and strategic planning are
essential for ensuring the long-term resilience of transportation networks in flood-
prone areas. Employing cutting-edge DEM data and advanced hydrological analysis
facilitates the development of tailored solutions that protect critical infrastructure and
promote sustainability and environmental stewardship.

Recommendation

1)  Utilize High-Resolution DEMs for Improved Flood Risk Assessment: Implement
high-resolution DEMs (5-10 m) to enhance the accuracy of identifying
vulnerable road-stream intersections and assessing potential flood risks.

2) Upgrade Infrastructure at Identified High-Risk Locations: Focus on the 26 high-
risk intersections and areas with significant blockage distances for infrastructure
enhancements. Priority should be given to locations like Al-Abidiya, Atbara-
Shendi Road, Abu Hamad, and Atbara-Port Sudan Road, where mitigation
structures such as overpasses, culverts, and elevated road sections can reduce
flood vulnerability.

3) Improve Drainage Systems: Upgrade existing drainage infrastructure to handle
increased runoff volumes, particularly at points already equipped with culverts.
Consider sustainable drainage solutions, such as bioswales and permeable
pavements, to further manage stormwater and reduce flooding risks.

4)  Implement Routine Monitoring and Maintenance Programs: Establish continuous
monitoring and maintenance programs for critical road-stream intersections to
ensure the infrastructure remains effective in mitigating flood risks.

5) Future Research Directions: Further studies should aim to refine hydrological
modeling techniques, explore innovative infrastructure solutions like real-time
flood monitoring systems, and adopt adaptive road design strategies to enhance
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road resilience against hydrological hazards.

Author contributions: Conceptualization, HAA and AH; methodology, HAA,
software, HAA; validation, HAA; formal analysis, HAA and AH; investigation, HAA,
resources, HAA and AH; data curation, HAA; writing—original draft preparation,
HAA,; writing—review and editing, HAA; visualization, HAA; supervision, AH;
project administration, HAA and AH. All authors have read and agreed to the
published version of the manuscript.

Conflict of interest: The authors declare no conflict of interest.

References

1.

10.

11.

12.

13.

14.

15.

16.

17.

18.

Horton RE. Erosional development of streams and their drainage basins; hydrophysical approach to quantitative morphology.
Geological Society of America Bulletin. 1945; 56(3): 275-370. doi: 10.1130/0016-7606(1945)56[275:EDOSAT]2.0.CO;2
Krishnan A, Ramasamy J. Morphometric assessment and prioritization of the South India Moyar river basin sub-watersheds
using a geo-computational approach. Geology, Ecology, and Landscapes. 2022; 8(2): 129-139. doi:
10.1080/24749508.2022.2109819

Strahler AN. Quantitative analysis of watershed geomorphology. Transactions of the American Geophysical Union. 1957;
38(6): 913-920. doi: 10.1029/TR038i006p00913

D’Ambrosio JL, Williams LR, Witter JD, et al. Effects of geomorphology, habitat, and spatial location on fish assemblages
in a watershed in Ohio, USA. Environmental Monitoring and Assessment. 2008; 148(1-4): 325-341. doi: 10.1007/s10661-
008-0163-3

Johnson K, Jankowski KJ, Carey JC, et al. Climate, Hydrology, and Nutrients Control the Seasonality of Si Concentrations
in Rivers. Journal of Geophysical Research: Biogeosciences. 2024; 129(9). doi: 10.1029/2024jg008141

Leopold LB, Wolman MG, Miller JP, et al. Fluvial processes in geomorphology. Courier Dover Publications; 2020.
Dingman SL. Physical hydrology. Waveland press; 2015.

Forman RTT, Alexander LE. Roads and their major ecological effects. Annual Review of Ecology and Systematics. 1998;
29(1): 207-231. doi: 10.1146/annurev.ecolsys.29.1.207

Montgomery DR. Road surface drainage, channel initiation, and slope instability. Water Resources Research. 1994; 30(6):
1925-1932. doi: 10.1029/94wr00538

Berges SA. Ecosystem services of riparian areas: stream bank stability and avian habitat [Master thesis]. lowa State
University; 2009.

Brun SE, and Band LE. Simulating runoff behavior in an urbanizing watershed. Computers, environment and urban systems.
2000; 24(1): 5-22. d0i:10.1016/S0198-9715(99)00040-X

Wemple BC, Jones JA, Grant GE. Channel network extension by logging roads in two basins, western cascades, oregonl.
JAWRA Journal of the American Water Resources Association. 1996; 32(6): 1195-1207. doi: 10.1111/j.1752-
1688.1996.th03490.x

Ellis JB. Managing Urban Runoff. Handbook of Catchment Management; 2009. pp. 155-182.

Parkinson J, Mark O. Urban stormwater management in developing countries. IWA publishing; 2005.

Ayalew AD, Wagner PD, Tigabu TB, et al. Hydrological responses to land use and land cover change and climate dynamics
in the Rift Valley Lakes Basin, Ethiopia. Journal of Water and Climate Change. 2023; 14(8): 2788-2807. doi:
10.2166/wcc.2023.138

Fallon K, Wheelock SJ, Sadegh M, et al. Post-fire hydrologic analysis: a tale of two severities. Hydrological Sciences
Journal. 2023; 69(1): 139-148. doi: 10.1080/02626667.2023.2284306

Sattari MT, Rezazadeh-Joudi A, Kusiak A. Assessment of different methods for estimation of missing data in precipitation
studies. Hydrology Research. 2016; 48(4): 1032-1044. doi: 10.2166/nh.2016.364

Vaze J, Chiew FHS, Perraud JM, et al. Rainfall-Runoff Modelling Across Southeast Australia: Datasets, Models and Results.
Australasian Journal of Water Resources. 2011; 14(2): 101-116. doi: 10.1080/13241583.2011.11465379

18



Journal of Geography and Cartography 2025, 8(1), 8785.

19.

20.

21.

22.

23.

24.

25.

26.

217.

28.

29.

30.

31.

32.

33.

34.

35.

Guillet G, Bolch T. Probabilistic estimation of glacier surface elevation changes from DEM differentiation: a Bayesian
method for outlier filtering, gap filling and uncertainty estimation with examples from High Mountain Asia; 2022.
Tarboton DG. A new method for the determination of flow directions and upslope areas in grid digital elevation models.
Water Resources Research. 1997; 33(2): 309-319. doi: 10.1029/96wr03137

Folton N. Using spot flow measurements in a regionalized hydrological model to improve the low flow statistical estimations
of rivers: The case of Réunion Island. Journal of Hydrology: Regional Studies. 2024; 52: 101730. doi:
10.1016/j.ejrh.2024.101730

Tarboton D. Terrain analysis using digital elevation models in hydrology. In: Proceedings of the 23rd ESRI international
users conference; 2003; San Diego, California.

Gao H, Sabo JL, Chen X, et al. Landscape heterogeneity and hydrological processes: a review of landscape-based
hydrological models. Landscape Ecology. 2018; 33(9): 1461-1480. doi: 10.1007/s10980-018-0690-4

Godsey SE, Kirchner JW. Dynamic, discontinuous stream networks: hydrologically driven variations in active drainage
density, flowing channels and stream order. Hydrological Processes. 2014; 28(23): 5791-5803. doi: 10.1002/hyp.10310
Pradeep K. Rawat, P.C. Tiwari, and Charu C. Pant. Morphometric analysis of third order river basins using high resolution
satellite imagery and GIS technology: special reference to natural hazard vulnerability assessment. E-Int Sci Res J. 2011;
3(2): 70-87.

Datta S, Karmakar S, Mezbahuddin S, et al. The limits of watershed delineation: implications of different DEMs, DEM
resolutions, and area threshold values. Hydrology Research. 2022; 53(8): 1047-1062.

Gonzales-Inca C, Calle M, Croghan D, et al. Geospatial Artificial Intelligence (GeoAl) in the Integrated Hydrological and
Fluvial Systems Modeling: Review of Current Applications and Trends. Water. 2022; 14(14): 2211. doi:
10.3390/w14142211

Mikaeili O, Shourian M. Assessment of the Analytic and Hydrologic Methods in Separation of Watershed Response to
Climate and Land Use Changes. Water Resources Management. 2022; 37(6-7): 2575-2591. doi: 10.1007/s11269-022-03324-
9

Abdissa AG, Chuko FW. Climate change and watershed hydrology: assessing variability in water balance components and
groundwater flow patterns. Journal of Water and Climate Change. 2024; 15(9): 4389-4404. doi: 10.2166/wcc.2024.080
Erikson CM, Renshaw CE, Magilligan FJ. Spatial variation in drainage area—Runoff relationships and implications for
bankfull geometry scaling. Geomorphology. 2024; 446: 108998. doi: 10.1016/j.geomorph.2023.108998

Chen H, Huang S, Xu Y, et al. Using Baseflow Ensembles for Hydrologic Hysteresis Characterization in Humid Basins of
Southeastern China. Water Resources Research. 2024; 60(4). doi: 10.1029/2023wr036195

Osman HA, Elhag A, Hassan A. GIS Applications in Land Management: Enhancing Flood Risk Assessment and Village
Replanning. Journal of Karary University for Engineering and Science. 2024; 3(2). doi: 10.54388/jkues.v3i2.259

Najafi MR, Zhang Y, Martyn N. A flood risk assessment framework for interdependent infrastructure systems in coastal
environments. Sustainable Cities and Society. 2021; 64: 102516. doi: 10.1016/j.s¢s.2020.102516

Noi LVT, Cooper RT, Trang DTT, et al. Climate change risk assessment and adaptation for loss and damage of urban
transportation infrastructure in Southeast Asia. APN Science Bulletin. 2021; 11(1). doi: 10.30852/sb.2021.1436

Bertilsson L, Wiklund K, de Moura Tebaldi I, et al. Urban flood resilience—A multi-criteria index to integrate flood
resilience into urban planning. Journal of Hydrology. 2019; 573: 970-982. doi: 10.1016/j.jhydrol.2018.06.052

19



