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HE RESEARCH paper investigates the vulnerability of Greater Khartoum to flash floods

triggered by intense rainstorms, which may become more frequent due to climate change and

sand dunes/encroachment. The study uses geo-environmental mapping, observational
fieldwork, Remote Sensing, GIS techniques, watershed analysis, and climatic data interpretation to
identify the area as more susceptible to flash floods than to river flooding and sand
dunes/encroachment. A multi-hazard impact assessment was performed using natural and human
causative factors. Integrated geological, climatic, and land use factors were discussed. The growth of
the Khartoum, Omdurman, and Khartoum Bahri areas without proper urban and agricultural plans has
created severe negative impacts on public communities and cultural heritage in archaeological sites
west of the White Nile banks. The paper proposes two geomorphological risk models: Nile
floodplain/terraces (N) and hilly deserts (H) for risk assessment. The complex nature of risk
assessment due to changeable environmental factors necessitates an integrated approach. The study
also suggests multiple management procedures to mitigate the predicted negative impacts of runoff
floods due to the area's changeable land use and climate conditions.
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1. Introduction

Sudan, including the Greater Khartoum megacities of
Khartoum, Omdurman, and Khartoum North (Bahari),
suffers from integrated natural and anthropogenic or
induced man-made hazards that lead to severe
environmental problems. Natural hazards are mainly
represented in this study by flash (runoff) floods and
sand dunes/encroachment, which are associated with
torrential rains and sandstorms, respectively. The
Greater Khartoum cities and surrounding area are still
very vulnerable to flooding triggered by intense
convectional rainstorms, which may be more common
and increased within future natural phenomena like
climate change.

The development of Greater Khartoum is a planetary
issue, involving many disciplines that include urban
planning, social organization, and assessment of the
vulnerability to geohazards of infrastructure (Zerboni
et al., 2021). They discussed the impacts of the
uncontrolled urban and agricultural development to
the west of the Nile bank on the natural and cultural
heritage sites. Furthermore, political instability and

economic degradation, in addition to natural hazards,
may exceed the environmental problems to be
potentially managed (Ibrahim and Adam, 2022). It is
indicated that anthropogenic (human) factors (e.g.,
lack of proper urban planning) are the main causes of
frequent recurrences of floods and desertification
rather than the natural factors. According to Bhalotra
(1963), a four-fold division of the climatic year in
central Sudan is suggested, and one of them is June to
September. These rainy seasons are one of the main
causes of flash floods in the area.

With further climate and land use change, the study
area will expose more flash floods and sand dunes
hazards. This paper is an attempt to evaluate the
hazards that induce severe impacts on the
environment in the Greater Khartoum and
surrounding areas with an emphasis on the discussion
of the geomorphological, climatic, and land use
causative factors. Based on the available data and the
revealed environmental parameters, an integrated
impacts assessment model could be constructed.
According to the assessment categories, an effective
management procedure and practical adaptation plans
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are proposed to mitigate the potential negative
environmental impacts, particularly in the shadow of
climate change.

2. The study area

The study area (about 5250 km?) is located between
latitude 15° 20 and 16° 05" N and between 32° 10 and
32° 55 E, occupying the southern central part of the
Khartoum State. The State ranges in elevation
between 380 meters and 420 meters above sea level
(Oliver, 1965), with a general slope towards the Nile
River Corridor. The Greater Khartoum is divided by
the Blue Nile, White Nile, and main River Nile into
three cities: Khartoum, Khartoum North (Bahri), and
Omdurman. Each of these cities has its own
physiographic characteristics (fig. 1c).

Physiographically, the study area is characterized by a
hot desert climate (hot arid), extremely dry for most
of the year. July and August are the only months with
the highest precipitation, with an average of 121.3
mm of precipitation falling each year (lbrahim and
Adam, 2022). The topography is somewhat
undulating at Omdurman and flat at Khartoum and
Khartoum North (Bahri) with an elevation of 381
meters above sea level (Haj mousa, 2019). Khartoum
iS a mega-city with a continuously increasing
population of more than 5.1 million (Zerboni et al.,
2021).

Monthly totals for rainfall in the study area (Greater
Khartoum): July (~30 mm), August (~65 mm), and
September (~123 mm), (Table 1c). These brief,
intense convective thunderstorms frequently result in
flash floods in the area with insufficient drainage.
While wind patterns: Light to moderate winds, with
occasional gusts during storms (Table 1a &b).

Each city (Khartoum Bahri, Omdurman and
Khartoum) represents a distinct area with its own
physiographical and geomorphological features,
allowing for easier navigation and organization within
the study area, making it more efficient to analyses
and assess the different risk parameters (fig. 1c).

The Greater Khartoum (The study area) major
geological units are classified chronologically,
including the Basement Complex, Lower Omdurman
Formation, Upper Omdurman Formation, Wad
Madani, Lower Gezira Formation, Upper Gezira
Formation, and superficial deposits (Farah et al.,
1997). Basement Complex overlain by the formation
known as the Nubian Sand- stone, and later covered
by a blanket of post-Cretaceous deposits continuing
up to the Pleistocene (Whiteman, 1971). The study
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area rock units are arranged from oldest to youngest,
including the Proterozoic Basement Complex and
Mesozoic  granite  (Bas), Nubian  Sandstone
(Omdurman Formation) (KM), Tertiary Volcanics
(Basalt), Umm Ruwaba Formation (TQ), Gezira
Formation (QT), Gravelly Sand Sheet & Sand Dunes
(@B), Wadi Deposits (QW), and Nile Silt (QN). As
shown in (fig. 2). The study area's geology is
influenced by the sedimentary cover, volcanics, and
other geological features. The basement complex and
Mesozoic granite are exposed in the north-eastern
corner of the study area, while the Nubian Sandstone
Formation (Omdurman Formation) crops out in the
majority of the western sides of the main Nile and
White Nile courses. The Omdurman Formation crops
out across much of the Khartoum State and consists of
the Umm Badda and Merkhiyat members (Awad,
1994). The Umm Ruwaba Formation (TQ) overlies
the Nubian Sandstone and crops out on the east bank
of the main Nile and Blue Nile courses as well as on
the western bank of the White Nile near the Touti
Island. The Gezira Formation (QT) is composed of
sandy alluvial deposits, which usually show rapid
lateral and vertical changes of lithofacies (fig. 2).

3. Methodology

This methodology describes the use of Remote
Sensing techniques and ArcGIS Pro software to map
and assess the risks associated with geomorphological
and flash flood hazards. The method combines data
collection, spatial analysis, and risk assessment to
produce useful results for effective hazard
management and mitigation. The use of satellite data
to map urban land cover is not new (Howarth and
Boasson, 1983; Patino and Duque, 2013, Reba and
Seto, 2020). Satellite imagery (such as Landsat 5 and
Sentinel-2) is collected for land use/cover and
geomorphological analysis. Topographic analysis and
watershed delineation will be performed using Digital
Elevation Model (DEM) data with a resolution of 30
m, and sentinel-2 with a resolution 10 m. Figure (3b
and 4) depicts examples of existing features for DEM
products derived from RS and GIS data.

Therefore, identifying and categorizing
geomorphological features like slopes, valleys, ridges,
and rivers. Geomorphological features are
characterized by analyzing terrain attributes from
DEMs (e.g., slope). and using topography and land
use to assess the potential for flow accumulation and
surface runoff. Finally, this methodology outlines a
structured approach for using Remote Sensing and
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GIS software to identify, assess, and map the risks

associated with natural and anthropogenic factors.
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area.
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Table 1. a) Mean monthly wind speed in knots, b) mean monthly wind direction, ¢) monthly rainfall (MM)
in Shambat Station from 2018-2022, (Meteorological Authority, 2023).

[Year [1]2]3]4 [5 [6 | [Year[1[2]3 [4 [5 [6 |
2018 [ 5|4 14| 4 4 5 2018 | N | N|N [N | N | S
2019 (4 (4 |14 | 4 4 5 2019 | N([N|N |N |N |S
2020 | 5|4 (4| 4 4 5 2020 | N (N[N |N [N | SW
2021 (4| 5|5 | 4 4 |6 2021 | N[N |N |N | S S
2022 | 6| 6 (6| 6 5 6 2022 | N [N|N |N |N |S

[ Year [7 [8 |9 [10[11[12 |
2018 | 5|4 |43 3 4 2018 [ S |[S|S | N [N |N
2019 (4 (5|43 4 |4 2019 | S [S | S S N |N
2020 | 5|4 (4] 3 4 |4 2020 | S [S|S |N |N [N
2021 (6 (5|45 5 5 2021 | S [S | S N [N |N
2022 | 6| 66| 4 5 5 2022 |S [S|S |N |N [N
a) b)

1?°
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Fig. 2. Simplified geological map of the study area, based on the geological map of the Khartoum area,
Khartoum State (GRAS, 2016).
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Fig. 4. Geomorphological map showing the landforms distribution in the study area.

Table 2. Hydromorphmetric parameters of the study bus-basins in Grater Khartoum (the study area) and
surrounding area.

Western Nile Sub-Basins Eastern Nile Sub-Basins
Aspects | Parameters [—— 11 8 6 10 3 15 5
u 4 3 3 4 3 5 2 4
Lu 201.23 81.74 126.84  275.59 | 103.70 433.84 74.47 284.39
= Lb 35.52 30.23 30.86 38.5 30.37 43.87 14.82 37.18
= Wb 18 8.1 9.19 17 6.85 24.28 9.89 1857
~ Rb 2.6 1.60 1.53 243 1.6 344 3.13 249
A 433.54 13149 205.63 393.34 | 151.31 633.78 104.06 414.16
P 133.77 97.36 107.69 | 139.31 103.38 | 166.68 60.81 149.23
Texture 1.13 0.44 0.72 0.97 0.55 141 0.61 0.89
ratio
— Dd 0.67 0.62 0.62 0.70 0.69 0.68 0.72 0.69
'E Fs 0.35 0.33 0.37 0.34 0.38 0.37 0.36 0.32
- Ff 782.54 | 203.25 31294 77235 | 28428 118790 | 213.18 781.14
Rec 0.30 0.17 0.22 0.25 0.18 0.29 0.35 0.23
Re 0.67 0.43 0.53 0.58 0.46 0.65 0.76 0.36
= Bh 100.98 10792 103.94 10888 | 149.79 161.98 65 142.48
T Rr 135.67 | 134.17 12822 | 152.57 | 20532 | 221.77 93.04 195.68
~ Rn 67.83 67.09 64.11 76.29 102.66 = 110.88 46.52 97.84
Aspects | Parameters Eastern Nile Sub. | West White Nile East White Nile | East Blue Nile
14 7 9 1 13 12 2 16
u 2 4 3 5 3 3 4 2
Lu 84.40 239.11 | 10647  893.86 73.72 88.52 556.72 26.61
= Lb 17.93 33.58 22.06 48.13 17.87 19.04 47.05 14.71
= Wb 10.44 14.64 11.66 48.62 10.89 9.72 3947 6.25
~ Rb 222 2.58 3.61 3.39 1.56 1.74 2.52 2
A 117.04 33840 | 15751 127345 117.11 13146 737.82 54.25
P 64.97 125.57 | 75.12 226.16 66.68 90.41 216.99 49.13
Texture 0.38 0.87 0.65 1.90 0.67 0.45 1.03 0.26
ratio
= Dd 0.72 0.71 0.68 0.70 0.63 0.67 0.75 0.49
'E Fs 0.21 0.32 0.31 0.34 0.38 0.31 0.30 0.24
- Ff 24343 | 675.80 | 287.88 | 2509.64 | 185.62 | 23842 | 1680.29 26.61
Rc 0.35 0.27 0.35 031 0.33 0.20 0.20 0.28
Re 0.69 0.68 0.64 0.84 0.69 0.63 0.66 0.57
= Bh 48.02 41.03 65.38 65.04 7.19 13.45 130.90 16.98
= Rr 69.25 57.99 88.38 91.31 9.05 18.11 197.55 16.65
R Rn 34.62 28.99 4419 45.65 4.53 9.05 98.77 8.17
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Fig. 5. a) The drainage system of the area under DEM layer, b) the sub-basins that selected form wadi basins in the study area.
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Table 3. Geomorphological characteristics of wadi channels with land use site.
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Table 4. Assessment of the risk levels and categories for the physiographic sectors and land units.

Geomorphic risk A ] < D E | F |G
parameters Ax B1 B2 €3 C4 C5 D6 D7 E8 E9 E10 | E11 Fx Gx
X p X p p X X X X p p
Physiography Elevation 10 10 6 7 3 0 8 8 9 10 2 0 10 8
Distance Nile 10 10 4 3 2 0 5 7 9 8 2 0 10 8
EP - - - - 5 4 6 8 - - - -
1%} SFP - - 4 8 6 5 7 - - 10 - -
= BH - 10 3 - - - - - - - -
£ SD - - 9 3 6 2 8 9 10 7 2 - B -
S RT 10 10 4 7 - - - 5 - 10 2 - 9 5
- SA - - - - - - - - - - - 9 10
WS 10 10 6 5 2 3 7 8 7 6 3 1 10 2
NF 10 8 4 10 7
Watershed
Characteristics | Cluster points 10 7 - - - - - - - 8 - - 10 8
Minor points - 3 5 1 2 3 5 5 6 8 3 1 5
Stream orders 10 10 5 2 7 8 6 7 6 9 3 1 10 7
Lithology el
- 7 7 0 6 3 6 4 8 7 6 6 7 7
Soils 10 10 3 5 2 1 5 3 5 8 0 0 8 9
Flash flood
Environmental 10 10 7 5 0 2 9 8 9 10 0 0 10 10
Hazards: o7 dstorms 0 | 10 7 6 5 1 8 7 8 10 | 3 0 | 10 7
Instability - - 0 - - - 3 5 7 7
Ground water rise 10 10 0 5 0 5 0 8 10 8
Agriculture
Land uses 10 8 0 5 5 5 8 10 2 8 7
Urban built 10 10 3 8 7 7 10 10 10
Archeological site - - - - - - - 4 - - - - 10 -
A. Average risk level 10 9 5 4 3 2 6 6 7 8 2 1 9 7
Risk categories V. V. Medium | Low | Low | V. | Medium | High | Medium | High | V. V. V. High
High | High Low Low | Low | High
Model (N& H) N N H H H H H H H N H H N N

4. Discussion

4.1 Geomorphological features
The Digital Elevation Model (DEM) can reveal the
features

based on the constructed slopes, as well as field

geomorphological and  landforms investigations (fig. 3). The study area could be

distribution of the study area (Greater Khartoum), divided into two major groups of landforms: high
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landforms include escarpmental plateaus, sandstone
flat plateaus, and basement low hills, while low
landforms include gravelly sand desert plains, river
terraces, sandy alluvial plains, wadi channels and
Nile flood plains, and islands (fig. 4).

The escarpmental plateaus, about (480 m as.l),
represent isolated, structurally controlled Nubian
Sandstone blocks in the western desert near
Omdurman and White Nile regions. The sandstone
flat plateaus (380-400 m a.s.l.) constitute the largest
highlands, with the western plateaus generally
steeper than the eastern ones. Basement law hills,
gravely sand desert plains, river terraces, sandy
alluvial plains, and flowing Nile flood plains are all
found in the region (fig. 4). The basement law hills
are particularly covered granitic blocks with low
relief. West and east of the Nile terraces are the
gravely sand desert plains, which are made up of
sandy, gravelly wadi plains on a bed of rocks. The
ancient and higher banks of the Nile River courses
may be represented by the river terraces, which are
a gravelly decrease in breadth northward. Khartoum
is the capital of Gezira (G) province, which is made
mostly of the sandy alluvial plain between the Blue
and White Niles (fig. 4). All landforms are
traversed by the wadi channels, which split the
plains, hills, and plateaus along the Nile Rivers. The
Nile Course occupies the western side of the Nile
Valley, while the Nile floodplains are the
topographically lowest areas of the valley (fig. 4).
The White Nile occupies a wide, mostly straight
bed due to low-energy forming temporary bars and
islands that parallel the riverbanks. The only
permanent river island is Tuti Island, a half-moon-
shaped strip of land where the While and Blue Nile
rivers converge. The Blue Nile is narrow, with
sedimentary materials deposited at the bends in

front of more stable agricultural land (fig. 4).

Egypt. J. Geo. Vol. 69 (2025)

4.2 Multi-hazard impacts of the flash floods

The study area, including Greater Khartoum, is
highly  susceptible to flooding and sand
dune/accumulation actions, resulting in significant
losses for people and property. The area is
susceptible to two types of flooding risks: fluvial
and plume floods (Davies and Walsh, 1997,
Mahmood et al., 2017; and Ibrahim and Adam,
2022). Fluvial floods occur when water in the Nile
rises and overflows, while plume floods result from
intense rainstorm water running downwards
through local ephemeral wadi channels. The study
aims to assess the role of these basins in the
collection and flow direction of rainstorm water and
their  runoff hazards by studying their
geomorphological characteristics and watershed
analysis (fig. 5b, 6a, and Table 2).

4.2.1 Hydro-morphometric parameters

The wadi basins and their cluster and minor outlet
points are divided into sixteen major basins, WS1-
WS16, which receive surface water runoff during
rainstorms. These water points are considered prone
areas for flash flood hazards. The basins can be
divided into five spatial categories: west Nile (WN),
east Nile (EN), west White Nile (WWN), east
White Nile (EWN), and east Blue Nile (EBN). The
most potentially influenced wadi basins within
Greater Khartoum (the study area) are WS6, WS9,
WS2, and WSL1 (fig. 5b and Table 2). The study
calculates morphometric parameters like the relief
aspect parameters (e.g., Bh and Rr) as well as the
areal morphometric parameters (A, P, Ff, Dd, Rc,
and Re) representing area, perimeter of basin, form
factor, drainage density, circularity ratio, and
elongation ratio, respectively) are mainly related to
the basin dimensions and to some extent to some
relief parameters (e.g., ruggedness number; Rn).
And it observed that the stream order (u) is more or
less proportional to the other linear parameters (e.g.,
Lu, Lb, Wb, and Rb, representing stream length,
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basin length, basin width, and bifurcation,
respectively), as given in (Table 2 and Fig. 5b). The
stream order is a measure of the position of a stream
in the hierarchy of tributaries (Strahler, 1964). The
order (u) is proportional to the total stream length
(Lu). The stream ordering designates the relative
position of stream segments in an erosional
drainage network (Golts and Rosenthal, 1993).
Drainage provides a basic to understand initial
gradient, variation in rock resistance, structural
control, geological and geomorphologic history of
the drainage basin or water shed (Rai et al., 2017).
As Longer and flatter larger wadis (e.g., WS1 and
WS3) have higher stream orders than shorter and
smaller ones (fig. 5b and Table 2). Furthermore, the
short stream length describes steep slopes while
longer lengths indicate relatively flatter gradient
(Withanage et al., 2015). The difference in
parameters values between larger, moderate, and
smallest basins may support their variation in
lithology, infiltration rate, and slope gradient, rather
than climatic conditions and land use factors. This
is supported by ArcGIS software and standard
formulas (Table 2).

4.2.2 Hazard impacts

Khartoum State has been the second worst-hit by
floods in 1988, 2013, and 2014, with flash flooding
risk from wadi channels (Walsh et al., 1994, and
Mahmood et al., 2017). These channels collect
runoff water to the Nile River during rainstorms,
causing severe damage to urban settlements (fig. 6).
The impacts include widespread street flooding and
damage to infrastructure, industry, public services,
schools, and transport routes. Heavy rainstorms and
flash floods have also affected the Omdurman and
Omm Badda areas, washing away thousands of
homes, damaging infrastructure, interrupting public
services, and increasing the risk of epidemic
diseases due to lack of clean potable water (Davies
and Walsh, 1997, and Mahmood et al., 2017).

Basins WS1, WS2, and WS3 in the White Nile,
Blue Nile, and main Nile courses are considered the
most hazardous, causing severe flash flooding (fig.
5b and 6, Table 2 and 3).

Observation of Walsh et al., (1994) at Khartoum
during summer rainstorms suggests that all storms >
10 mm tend to produce overland flow and flooding
of local topographic hollows. More widespread
road, street, and house flooding starts to occur in
larger rainstorms as surface depression storages are
exceeded, local pools coalesce, and diffuse runoff is
generated. Confirming the conclusion of Mahmood
et al., (2017), during the field trip, several planning
problems were observed, including uncontrolled
building of informal embankments and barriers
across the floodwater path away from some basins
(e.g., Wadi Seba (WS2), WS1) as well as the
unsuitable design of box culvert and tunnel sites.
4.3 Sand dune/encroachment

The sand dune and sheet change detection are of
great importance in the documentation of the recent
landscape dynamics and their negative impacts on
the cultivation and urbanization activities in the
study area (Greater Khartoum); see figure (7a &b).
Sand dunes of various kinds and densities can be
found in the Sudanese and Saharan deserts,
especially in the northwest of the Northern State (EI
Gamri, 2020). Although sand dunes in the country
can be either fixed or mobile, mobile sand dunes
pose a serious risk to residential areas and
agricultural lands (El Gamri, 2020).

Consequently, the present study focused on
assessing sand dune bodies spatial modification
over time, which may provide environmental data
for land use planning. The study area, based on the
use of Remote Sensing and GIS techniques over the
past decades, was supported by field checks.
According to Gamri (2003), the Sudan affected by
drought and desertification amounts to about 50.5%

of the total area of the country. The detection of the
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sand dunes (bodies) over almost 30 years is based
on the interpretation of the 1995 Landsat image
(fig. 7), the 2023 Landsat image, and the Sentinel-2
image satellites. The change detection is the
monitoring of the differences of the state of a
phenomenon and of an object by supervising them
at different times (Mohamed and El-Raey, 2019).
The rate of these changes is not equal and
homogeneous. During the 1995 to 2023 period, no
considerable spatial changes are recorded and
documented on the sand bodies in the wadi basins,
while major changes are detected in the sand bodies
of the gravelly sand desert landform. It is found that
the sand dunes/bodies are the most changeable and
consequently will be the most hazardous source
area.

4.3.1 Spatial distribution and impacts

One of the geomorphological hazards related to
sand dunes, which result in wind erosion and sand
accumulation, is the analysis of which is critical for
interpretation of environmental hazard and future
desertification potential. Based on RS and GIS-
interpreted data that support field investigation, the
sand dunes/accumulations occur in two major
landforms, namely wadi channels and gravelly sand
deserts.

In the gravelly sand desert landform, scattered sand
dunes/encroachment occur as different types and
sizes of dunes and linear dunes. Many sands
encroachment act as stable base cover on which
sand dunes may migrate. On the other hand, the
morphological features of these sand bodies may
indicate that they have been formed under past
sandstorm regimes with a strong north and
northwestern wind vector (Table 1 a and b). In spite
of this dominant orientation, some dunes seem to be
affected in flat desert by more than one wind
direction (Table la & b). Furthermore, the field
study reveals that most of the sand dunes are

established upon the Nubian Sandstone bedrocks,
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which are occasionally exposed as plateau
landforms (see figs. 4 & 7).

In the majority of the western wadi basins, sands
are partially stabilized by little vegetation, and
consequently they are considered a source of
hazardous movable sand encroachment, particularly
within their margins and surrounding areas (fig. 7).
However, some of the channel sands are highly
vegetated, like those of the southeastern corner of
the study area, and consequently became stable
sand bodies. These shifting sands could erode the
banks of the Nile River and destroy its agricultural
lands.

4.3.2 Impacts of the sand dunes/encroachment
Revealing different forms of sand dunes, sand
encroachment has negative impacts on cultivated
lands along the Nile banks and residential areas in
Greater Khartoum (the study area). sand
encroachment is the most serious environmental
problem affecting different ecological and socio-
economic aspects particularly in northern regions as
triggered by the north-easterly winds that mostly
prevail during February - May (El Gamri, 2020).
Sand encroachment deteriorates fertile riverbank
soil and reduces productivity.

The development of unstable sand dunes and sheets
threatens cultivated lands, paved roads, and
railways. Mobile sands may cause Nile River bank
erosion and destroy cultivated lands. Dune
movement and  migration  represent  an
environmental hazard to agriculture, railway, roads
and human settlement (Hidore and Albokhair 1982;
Watson 1985; Al-Harthi 2002; Abu Seif and El-
Khashab 2019). These factors contribute to the
negative impacts on the Nile River and the
surrounding areas.

4.4 Integrated natural causative factors

The accumulation of runoff water (flash flood) and
sand dune hazardous impacts are primarily

controlled by heavy rainstorm intensity,
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topographic slope, bedrock infiltration rate, and
wadi basin system characteristics. Climatic changes
and land uses, such as population pressure and
human interference, also trigger these impacts.
Flash floods are only damaging after large local
rainstorms, with an average frequency of at least 40
millimeters in Khartoum being 1.6 and 0.7 days per
year (Walsh et al., 1994). Changes in heavy
rainstorm  magnitude and  frequency and
urbanization changes will influence flash flooding
frequency and severity. Sudan, a region prone to
climate change, is experiencing increased rainfall
and sandstorms, leading to severe aeolian activities
and a lack of soil moisture and vegetation growth.
This has increased the risk of weather-related
hazards like storms, runoff water, and wind erosion.
The bedrock and lack of vegetation significantly
influence drainage patterns and sand dynamics,
affecting runoff, wind erosion, and desertification
potential. The main bedrock in Sudan is moderately
sloped ferruginous Nubian sandstone, which
borders wadi basins (e.g., WS9, WS6, and WS1),
triggering slope instability and flash floods.

Hazards in wadi basins depend on bed soil
infiltration rate and hydro-geomorphological
characteristics. Infiltration rate is influenced by
impermeable bedrocks' texture and depth, as well as
permeability. Ferruginous sandstone bedrocks have
low retention potential, increasing flash flood
potential, while scattered sand dune have high
infiltration rates, partially reducing surface runoff
potential.

4.5 impacts of human interference factors

The rise in natural hazards is a result of climate
change, global warming, and human interferences
like land use change, rapid population growth, and
urban growth (Villarini et al., 2011; Agbola et al.,
2012; Mohmood et al., 2017). The rapid population
growth in Greater Khartoum, from 1.7 million in
1956 to over 5 million in 1983 (Davies and Walsh,

1997). Has led to uncontrolled urban expansion into
vulnerable sites, increasing susceptibility to flash
floods and sand dune dynamics. Factors
contributing to this include lack of urban planning,
mismanagement of natural and human resources,
and lack of experience and preparedness for
environmental hazards (Table 3).

Poor urban planning in Greater Khartoum has led to
settling in unsuitable lowlands, exposing people to
natural hazards. Urbanization near cultivated lands,
mobile sand dunes, and escarpmental plateaus can
cause severe damage unless mitigation measures are
taken. Construction of unpaved roads and
excavation for foundations can trigger further
natural hazards. Constructed settlements near major
channels, such as Khor Shambat and Khor Abu
Anga (WS6&WS9), are at the highest risk of severe
flash floods, damaging urban infrastructure and
disrupting natural drainage (fig. 6). Flood impacts
will be exacerbated by disruptions to natural
drainage caused by roads, railways, and buildings
(Walsh et al., 1994).

Human activities can change natural drainage and
vegetation patterns, increasing the risk of runoff
water and flood impacts (Table 3). Urban expansion
in low-lying floodplain areas, like Khartoum North,
can cause infiltration of floodwater, rising
groundwater tables, chemical erosion, and land
subsidence. The situation is unplanned due to
inadequate runoff drainage infrastructure and urban
drainage systems. Poorly constructed storm drains,
lack of maintenance, and sediment accumulation
contribute to blockages and malfunctions (Ibrahim
and Adam, 2022). Local drainage is also inefficient
in responding to erratic rain, making rainstorms and
floods dangerous hazards in the area; the situation is
unplanned and needs improvement (Zerboni et al.,
2021).

The expansion of illegal settlements in the Nile

region, replacing flood-prone cultivated lands, and

Egypt. J. Geo. Vol. 69 (2025)



96 NORELDEEN ABAKAR, et al.

the misuse of fertile Nile mud soils are causing
irreversible loss of resources. This is also affecting
the archaeological heritage of the west White Nile
region, with invasive buildings disrupting natural
landscapes. An integrated geo-environmental
management plan is needed to prevent or reduce
environmental degradation in Greater Khartoum
(Table 3 and 4).

4.6 Integrated environmental risk assessment of
land use units

4.6.1 Land units definition and limitations of
assessment

The Greater Khartoum area's risk assessment is a
complex process that involves dividing the area into
seven sectors and fourteen land units. These sectors
are based on physiographic and geomorphological
features, land uses, and existing and proposed land
uses (Table 4). The study area is divided into
sectors A, B, C, D, E, F, and G, with further land
units numbered Ax, Blx, B2p, C3x, C4p, Cbp,
D6x, D7x, E8x, E9x, E10p, E11p, Fx, and Gx (fig.
8). Sector A (Halfaya); located between Al-Wadi
Road and Al-Maouna Road, includes the floodplain
and cultivated lands along the Blue Nile (fig. 3b),
which reaches its peak between July and
September. Sector B (Bahri), located between the
Ring Road and Al-Maouna Road, includes
Khartoum North's urban and agricultural extension.
It is situated on a flat alluvial plain and Nile terraces
deposits, with an elevation of 381 meters. This
sector could be further subdivided into existing
urban and cultivated land units (B1x) and narrow
barren strip terraces west of Basement Hill (B2p).
Sector C (Sharg), east of the Ring Road, is a flat
desert with sand sheets, plateaus, and Wadi
channels (e.g., units C4p and C5p), except(C3x) for
reclaimed cultivated land and scattered urban areas
(fig. 8).

Sector D (Ombada) is located west of the

Omdurman area and Salha Road and is a sandy
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desert with scattered escarpmental plateaus and
hills. 1t could be subdivided into D6x and D7x.
Sector E (Omdurman), west of Al-Wadi Road,
includes Omdurman city and is on higher
undulating ground under Nubian Sandstone
bedrock. It could be subdivided into four land units:
E8x, E9x, E10p, and E1lp. Sector FX (Salha) is
west of the White Nile, is an elongated desert belt
bounded by Salha Road, and is almost entirely
occupied by an important archaeological prehistoric
site. The sector GX (Gezira sector), between the
Blue and White Niles, occupies the Gezira
cultivated area and Khartoum city (fig. 8).

The spatial distribution of the risk assessment of the
physiographic sectors and their human activities
survey data were used as the source key for land use
units' evaluation. However, several limitations and
difficulties have been faced for their assessment
processes due to the high environmental sensitivity,
misleading proper land use change data, and lack of
local large rainstorms and sand dune frequency
data. Therefore, it is difficult to assess the flash
floods and sand dune hazards and controllers.

Field investigations are recommended for
mitigation measures. Despite limitations, the risk
levels of the study area were estimated based on all
available data, and further studies are recommended
to improve its potentiality.

4.6.2 Risk parameters and levels

This assessment analyzed five risk parameters,
including physiographic, geomorphological,
geological, environmental hazards, and land use
considerations, and twenty-two parameters derived
from natural and anthropogenic influences (Table.
4). The risk level associated with land use and
human activities was evaluated by analyzing the
spatial distribution of cultivated lands and built-up
areas, as well as the spatial distribution and
magnitude of environmental hazards parameters.

The risk level is expected to escalate with the
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increase in negative environmental impacts, with
each land unit having its average risk level. A semi-
quantitative flexible risk assessment was developed,
guiding ongoing monitoring and adaptive
management to mitigate risks in each land use unit.
A semi-quantitative flexible risk assessment scale,
ranging from O to 10 (approximately average), was
developed to prioritize ongoing monitoring and
adaptive management in each land use unit to
mitigate risks (Table. 4).

4.6.3 The geomorphological risk models

Two geomorphological models, (N) and (H), are
formed by the integrated geo-environmental risk
assessment, which finds notable differences
between land units in the Nile floodplain, terrace
landforms, and hilly desert land units. The (N)
model is distinguished by its low topography,
closeness to Nile courses, and growing risks from
both natural and man-made hazards (Table 4).
Reduced arable land due to urbanization has
resulted in environmental deterioration processes
such as weathering, waterlogging, soil liquefaction,
salinization, and structural weakening. These land
units are the focus of risk management and
remediation because they are thought to be more
vulnerable to environmental threats.

The model (H) is characterized by its distance from
the Nile courses, high altitude, and increasing
vulnerability to natural hazards. It is particularly
threatened by hazard-prone land units, such as C3x,
Cdp, D6éx, D7x, and E8x (Fig. 8). These land units
are prone to land degradation due to sand
encroachment, wind erosion, and flash flood
hazards, which are predicted to increase with
climate change. The model (H) is classified as low
to medium on average and can be further refined
into four risk zones.

The study categorizes land units into medium- to
high-risk  zones, with higher potential for

environmental degradation due to flash floods,

instability, and land use hazard conditions.
Medium-risk zones include D6x and B2x, with
lower magnitude hazards. Low-risk zones C3x and
C4x are low-risk, while very low-risk zones E10X,
C5x, and E11x are low-risk. Higher elevation,
stable areas are proposed for urbanization, while
lower desert areas require moderate mitigation
measures (Table 4).

4.7 Integrated management procedures

In addition to the previously mentioned geohazards,
Greater Khartoum is experiencing unchecked urban
and agricultural growth. Weak institutional
arrangements, inefficient management systems, low
expert personal capacity, and fragmentation in
public ~ policy and  decision-making are
characteristics of the Khartoum region's
environmental situation and protection measures.
For example, Khartoum's current urban drainage
system is obstructed by waste, resulting in
inadequate management (Mahmood et al., 2017).
Several mitigation measures and strategies are
suggested as an integrated part of the land use
vulnerability to flash floods and sand encroachment
management plan in order to prevent or lessen
hazards, as well as to enhance the potentiality of the
preservation of urban and cultivated lands.

Greater Khartoum needs to increase and redesign
existing structural mitigation measures, such as
culverts and water tunnels, to improve flood flow
capacity. Regularly removing obstacles and solid
waste from storm drains can improve water flow
potential. Houses built on natural drainage channels
should be removed and relocated to non-runoff-
prone areas. Mahmood et al., (2017) suggest
connecting vulnerable areas with proper sewerage
networks to reduce health hazards during floods.
Improving facilities before and during flood events
is crucial.

At significant water points, especially west of the

Omdurman region, protective measures like zigzag
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barriers are advised in order to lower runoff water
velocity and flood risks during intense downpours.
Shallow aquifer recharge and downward infiltration
are made possible by these barriers. In order to
safeguard homes and agricultural areas from the
dangers of flash floods and sand dunes, remediation
techniques like planting vegetation and creating
shelterbelts are also required. Natural stabilizers,
like those in Khartoum, have proven to be more
effective than fences or artificial chemicals
(Watson, 1985). Public awareness of flood-prone
areas and pathways is essential to reducing flood
risks and improving adaptive capacity. It is crucial
to set up emergency response plans, flood warning
and monitoring systems, and ongoing runoff
drainage network maintenance. Additionally, it is
essential to advocate for political support,
community involvement, and awareness-raising.

5. Conclusions and recommendation

The Greater Khartoum area faces environmental
hazards due to inadequate urban planning and
mismanagement, affecting institutional,
technological, and cultural components. Although
efforts have been made, the region is still
susceptible to sand dune/encroachment and wadi
channel flash floods. exacerbated by climate
change, population pressure, and human
interference. The study suggests an integrated
approach to understand the causative factors
controlling these hazards and determine mitigation
measures. Uncontrolled urban expansion and
climate change threats should be considered in
management plans, as human interference can alter
natural drainage patterns and increase flash flood
risks.

Uncontrolled settlement growth is causing a
reduction in Nile flood fertile lands and destruction
of White Nile archeological sites, which are crucial
for cultural tourism. To address this, a multi-risk

analysis using remote sensing, GIS, and DEM data
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was conducted on proposed physiographic sectors
and their subdivisions. Two geomorphological risk
models, Nile floodplain/terraces (N) and hilly
deserts (H), were developed to evaluate the spatial
distribution and impacts of these factors. The risk
assessment is complex due to changeable
environmental factors like climate and land use
changes.  Strengthening  regular  monitoring
capacities and increasing public awareness about
climate change impacts are recommended.
Sufficient data is also recommended for
environmental impact assessment reports for each
urban development project to avoid unnecessary
environmental problems.
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