I

Science Press

Journal of Arid Land

2011, 3(3): 174-183
doi: 10.3724/SP.J.1227.2011.00174

jal.xjegi.com; www.chinasciencejournal.com

Journal of

rid Land

Mitigating the catastrophic impacts of torrential rivers
in semi-arid environments: a case of the Gash River in

eastern Sudan

Samir Mohammad Ali Alredaisy’

Department of Geography, Faculty of Education, University of Khartoum, Omdurman 406, Sudan

Abstract: The climatic, geomorphic, hydrologic and aquifer characteristics of the torrential Gash River across
mountainous areas, in far eastern Sudan, were analyzed in order to mitigate its recurring catastrophic impacts.
Hydrologic and climatic data and interpretation of Gash River satellite images were from relevant research works
carried out in Gash Basin from 1985 to 2008. The results indicated that the total catchment area of Gash River is
about 21,000 km?, and the basin area is 31,000 km®. The total length of Gash River is 450 km and the average
slope is 200 cm/km. The width of the catchment varies from 30 m to 90 m and that of the basin is from 100 m to 800
m, and the course of the river is varied. During the period of 1980-2008, the mean annual rainfall was 250 mm and
the mean annual discharge was 6.8 x 10 m®, and the flooding is approximately one time per 5 years. Torrential
floods measured at Kassala town since 1907 showed that an absolute maximum discharge was 876 m%s and a
mean maximum discharge was 365 m*/s. These characteristics differ widely between catchment and basin areas.
The author proposes that, by analyzing the climatic, geomorphic, hydrologic and aquifer characteristics of the Gash
River and considering the role of community, a concise database could be provided to formulate the aquifer, geo-
morphic, hydrologic and climatic (AQUIGEOHYCLIM) regional approach to mitigate Gash River recurring catas-

trophic impacts.
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Understanding the hydrologic behavior of rivers is
important to avoid hazards, which might be initiated
by outstanding floods. In semi-arid regions the char-
acteristics of the river flow can be classified as peren-
nial, seasonal and ephemeral (Lerner et al., 1990).
Important hydrological processes in semi-arid regions
which determine hydrologic behavior of rivers include
precipitation, evapotranspiration, overland flow, river
flow and discharge. In such regions, rainfall events are
in general of short duration and high intensity and of-
ten characterized by large spatial heterogeneity and
probably torrential downpour (Pilgrim et al., 1988;
Wheater et al., 1991; Martinez-Mena et al., 2001;
Wheater, 2008). The proclamation of torrential rain
simply means that the amount of rain is abundant, and
the rain has a fast on-set, or lasts for a long period of
time (Oblack, 2010). These characteristics are even

more pronounced in regions with topographic com-
plexity such as mountain ranges. As a result of the
spatial variability of landscape characteristics, such as
geology, topography, soil, land use and vegetation,
evapo-transpiration, will likewise exhibit spatial varia-
tion (Glintner and Bronstert, 2004). Evapotranspira-
tion is controlled by meteorological conditions,
ground surface, vegetation cover and soil characteris-
tics.

For hilly and mountainous catchments, such as that
of Gash River, with relatively sparse vegetation cover
and high rainfall intensity, overland flow generation
frequently occurs (Wheater, 2008). According to the
mechanisms responsible for overland flow generation,
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the Hortonian type of runoff or infiltration excess,
overland flow refers to the situation, where heavy
rainfall events exceed the infiltration capacity of the
soil and thus lead to surface runoff, which is generally
considered to be the dominant runoff generation in
semi-arid regions (Pilgrim et al., 1988; Hughes,
1995). Runoff may re-infiltrate into the bottom of a
valley or into a bed of alluvial sediments, or overland
flow may be lost as infiltration into fractured bed-
rock channels. In all cases groundwater recharge is
augmented (Hughes, 1995). Infiltrating discharge
water contributes to groundwater recharge and associ-
ated groundwater flow in the river valley sediments.
River discharge is a unique hydrological variable as it
is the final outcome of a large number of vertical and
horizontal flow processes within the whole catchment.
In semi-arid regions evapotranspiration captures most
water entering soil, and recharge occurs only at ex-
treme rainfall events (Pilgrim et al., 1988). Further-
more, recharge usually only occurs in limited areas
and generally it is non-existent or negligible over most
semi-arid landscape at hill slopes.

Flood control refers to all methods used to reduce
or prevent the detrimental effects of flood waters (En-
carta, 2008). Flood mitigation involves managing
flooding, rather than trying to prevent it altogether
(Wikipedia, 2010). There are a variety of mitigation
techniques available depending on the nature of the
risk. The introduction of protective structures can
affect the physical balance, so careful parameters have
to be set for their design. Flood defense measures can
include river’s and coastal erosion protection schemes,
river flow attenuation, strengthening of waterfront
walls and banks, in-channel gates and weirs and
flood-resilient building design. Sustainable flood
protection should tackle the legacy of previous
development in areas of high flood risk in a variety of
ways, not always involving an engineered solution.
‘Hard’ defenses such as river walls may not always be
a suitable long-term solution. Flooding is natural
occurrence that is sometimes better contained and
managed using ‘soft’ techniques, for example by
enhancing existing flood meadows and salt marshes.

The flow in the Gash River can start with only
trickle move, and reach up to 850 m’/s in very short
time (Bashar et al., 2005). According to the available
records, the years of 1921, 1926, 1927, 1929, 1931,

1932, 1939, 1941, 1950, 1952, 1973, 1974, 1975, 1983,
1988, 1992, 1998 and 2003 had catastrophic flood
events. The flood in 1975 was considered to be one of
the most damaging one. However, the flood in 2003
was more serious compared to that of 1975. There is
only 30 km distance for the Gash River to pass from
the Sudanese-Eritrean border to Kassala town, which
took only about 4 hours for the flood wave to reach
Kassala town without enough time for warning and
preparing. At that time, some calls were raised to
transfer Kassala town, the capital of the region, to an-
other place to avoid Gash River floods.

The main objective of this paper is to mitigate
hazards caused by high flooding of the Gash River.
And the objective can be achieved through the
“AQUIGEOHYCLIM” (aquifer, geomorphic, hy-
drologic and climatic) regional approach.

1 Study area and methods

The Gash River basin is located at 36°20'-36°35'E
and 15°10-15°25'N (Fig. 1), and the river is a sea-
sonally torrential and intermitted stream originating
from the Eritrean highlands, flowing northwestwardly
across the flat plain and ending at an inland fan delta
which is the most important agricultural land in the
area. When entering Sudan, the Gash River changes
from a westerly direction to northerly one and attains
the appearance of a wide shallow stream with a sandy
bed and extensive flood plains on either side as far as
Sabeel/Wad Sherefei (Fig. 1). Where the Gash River
tends to widen and further goes northward its fan and
then into an inland delta.

The main geological wunits consist of the
Pre-Cambrian basement rocks and the alluvial deposits.
The basement rocks comprise meta-sediments in-
truded by scattered outcrops of granitic composition.
This basement complex represents the oldest rock
units in Gash River area. The area is then subject to
erosion, which made the area become a peneplain. The
main outcrops of the basement are the granitic biotitic
gneisses from the sedimentary origin of J. Kassala
with an elevation of 1,346 m above sea level, and J.
Mukram which rose on the plain. In other places the
basement complex was covered with Tertiary- Qua-
ternary deposits.

The satellite image of Kassala area provided by the

Geological Research Authority of Sudan (ND 37 A—
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Sudan—Worksheet 1 : 250,000, TM7/TM4/TM1(Fig. 2)
was interpreted to obtain Gash River's geomorphic
characteristics. Climatic data were from Sudan's Me-
teorological Department. Hydrologic data were from
Ground Water and Valleys Directorate, Ministry of
Irrigation. Relevant fieldworks were carried out by
TNO-DGV Institute of Applied Geosciences, the
Netherlands and National Water Corporation of Sudan
during the period of 1978—1982. Recent results of the
studies on channel-fill and sheet-flood facies se-
quences in the Gash River from Abdullatif (1989), on
regional groundwater flow of the Gash River basin

36°05'E

from Elkirail and Ibrahim (2008), and groundwater
budget of the Gash River basin from Eltom et al.
(2010) were used to obtain hydrologic and groundwa-
ter data of the Gash River.

The “AQUIGEOHYCLIM” regional approach, con-
ceptually presented by Fig. 3, considered the Gash
River as a geographic region and showed potential
sources of the climatic, geomorphic, hydrologic and
aquifer characteristics into better understanding of its
hydrologic behavior in order to mitigate its catastrophic
impacts. Climatic data on temperature, rainfall, and
flooding or aridity determine the flow, regime and
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Fig. 2 Satellite image of the Gash River, showing its source, flow direction, the basin and inland delta
Source: Geological Research Authority of Sudan, 2010
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Examination of climatic, hydrologic, geomorphic and aquifer
characteristics of Gash River

Identification of the physical environment of Gash River

Recommendation for mitigating
catastrophic impacts of Gash River

Fig. 3 Conceptual framework of “AQUIGEOHYCLIM” approach

seasonality of a river that affect its final outcome.
Geomorphic data are essential to assess geomorphic
processes and the resulting form of a river valley
within which discharge is determined. Hydrologic data
will help to understand about stream behavior and cre-
ate awareness and ways to avoid its hazards. Aquifer
data will help to understand about water movement,
aquifer storage capacity and water withdrawal which
can benefit for water storage during high floods. In
addition, this approach considers community in-
volvement as virtually important to mitigate the Gash
River’s catastrophic impacts.

2 Results

2.1 Climatic, geomorphic, hydrologic and aquifer
characteristics of the Gash River

Main climatic, geomorphic, hydrologic and aquifer
characteristics of the Gash River catchment and basin
are summarized in Table 1. In Eritrea, the Gash River
is perennial and becomes ephemeral before it enters
Sudan. The elevation of the plateau is from 2,000 to
2,500 m above sea level, but as the river enters the
Sudan Plains, its elevation drops to about 600 m and
further drops to 350 m at Kassala town in a distance of
35 km. As a result, the speed of the current is reduced
and the river begins to reduce its load of sediments.
The river has the sandy bed with varying widths,
well-defined banks and a varying bed slope. Before
entering Sudan, the river passes a narrow rocky course
while the flood plain is developed with dense palm
trees. In Sudan, the Gash basin area is characterized
by wide flood plains on both sides of the river bed.

Topography is flat to slightly rolling in the Gash-delta,
with a gentle sloping towards the north-west. The ele-
vation difference between southeast and northwest is
small. There are many valleys supplying water to Gash
River inside the Sudan (Fig. 2). The areas adjacent to
the western part of flood plain are sloping westwards
and more level terrain than the eastern part. The delta
area is spacious and capable to receive more sudden
floods. The Gash River basin has been classified as an
evolving basin and the river is considered to be
braided. The basin is filled by the Quaternary alluvial
deposits, overlying the basement rocks with an un-
conformity. The alluvial deposits are composed
mainly of unconsolidated layers of gravel, sand, silt
and clay. The clay of the plain overlies the basement
complex, Cretaceous sedimentary series and Tertiary
lavas. The clay of the plain is usually developed on
the river flood plain, east and west of alluvial depos-
its. It consists of laminated loose to compacted clay,
silt and sandy silt. The alluvial deposits were formed
by the action of Gash River during the flood seasons.
The coarse materials (sand and gravel) are deposited
on the upstream and the finer materials (clay) on the
downstream. They are composed of intercalating
beds of coarse unconsolidated to fine-grained gravel,
sand, silt and clay. Detailed analysis of the Gash
River fluvial sediments has revealed a number of
facies and two distinct types of sequences: chan-
nel-fill and sheet-flood sequences. The Gash sedi-
ments show some similarities to and differences with
those ephemeral and low-sinuosity braided streams.
The predominance of sheet-flood deposits is consis-
tent with the ephemeral flashy high flow regime
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Table 1 Summary of main geomorphic, climatic, hydrologic and aquifer characteristics of Gash River

Geomorphic data

Climatic data

(1) Catchment area characteristics:

Area: 21,000 km®

Width: 30 to 90 m

Length: 250 km

Perennial length: 175 km

Bank heights: 1-2 m

Average bed slope: 2 m/km

(2) Basin characteristics:

Area: 31,000 km®

Length: 200 km

Average slope: 2 m/km

Width: 100 to 800 m

Flood plains width: 1,000 m

Elevation: 1,500 m (SE) —450 m (NW)

Evolving basin:

Plains clay thickness: up to 20 m

Alluvial deposits thickness: upstream: 30 m; downstream: up to 70 m
Alluvial deposits thickness: 17-34 m

Plains clay thickness: 18 m

Aquifer characteristics:

Storage capacity: upper and middle parts, 502x10° m’
Groundwater input: 386.11x10° m*/a

Groundwater output: 365.98x10° m*/a

Estimated difference between input and output water: 20x10° m*/a
Average saturated thickness: 20-35 m

Average annual groundwater replenishment: 381x10° m?

Annual groundwater inflow: 5.11x10° and outflow: 3.1x10° m*/a
Water balance: 20.13x10° m*/a

Annual net recharge volumes: 19.8x10° and 19.75 x10° m*
Annual average recharge: 19.78x10° m® (accounts for 8.10% of the total)

Bright sunshine: 82 %

Max temp.: 45°C

Average temp.: 25°C

Annual mean of daily temp.: 29.2°C
Highest evaporation value: 10.7 mm/day
Lowest evaporation value: 6.12 mm/day
Evaporation estimate: 8.13 mm/day

Mean actual evapotranspiration: 77.3 m’/a
Mean annual vapor pressure: 16.2—18.3 mbar
Vapor pressure peak value: 24.2 mbar
Mean annual rainfall: 250 mm (1980-2008)

Hydrologic data

Sediment content: 15.2 kg/m” in suspension

Bed load: 56.3 kg/s

Average bed slope: 0.0013 m/km

Average annual yield: 650x10° m® (1907-2005)

Annual mean maximum discharge: 360 m*/s

Torrential floods absolute maximum: 876 m*/s (1907-1986);

mean maximum discharge: 365 m’/s

Total annual discharge (1907-2003): the minimum: 140% 10° m® (in 1921);
the maximum: 143x10” m® (in 1983)

Minimum instantaneous discharge: 170 m*/s (in 1921);

the maximum: 870 m*/s (in 1983)

Hydraulic conductivity: 36—105 m/day

Transmissivity: 328—1,677 m*/day

Discharge: in 1980 flow period is 104 days; in 1981 flow period is 109 days

in the Gash River. The non-conformity of the Gash
River depositional style with the braided approach of
fluvial deposition may be due to this semi-arid termi-
nal flashy character which controls the depositional
processes and patterns. It seems that the thick sedi-
ments of the Gash River were produced by braided
channel aggradations and lateral migration and by
both sheet-flood
deposition. Deposits of the two phases contribute to
the sediments of the present-day Gash fluvial basin in

channelized and un-channelized

the Kassala area.

The Gash basin area is characterized by semi-arid
climate in which two main seasons can be distin-
guished. Firstly, the hot and dusty summer extends
from April to October, with bright sunshine and
maximum temperature, and secondly the winter sea-
son that extends from November to March. Relative
humidity of the air has no significant changes during
the day. The highest evaporation value occurs in June,
while the lowest value in January and vapor pressure
peak value in August. The rainy period starts in July
and continues to the end of September. In dry climate
of Kassala area, the moisture saturation is only
reached during rainstorms. Generally, in the Gash
delta rainfall rapidly decreases in a northern direction.

Copious amounts of rain when falling across the

Vol. 3

highlands regions of Ethiopia lead to high moisture,
and form a very wet soil condition. There is no reli-
able rainfall data available in the catchment. Water
levels of the Gash River threaten to overflow their
banks potentially affecting areas near Kassala in Su-
dan. The Gash River in its mountainous catchment
area in Eritrea, loses its water through evaporation and
percolation, and is also utilized for irrigation and other
purposes. In its lower reaches, the Gash River is an
ephemeral river, usually flowing from early July to
late September. Its flow is torrential and highly vari-
able, with many types of sediment in suspension. In-
vestigation of floods recorded since 1907 showed high
torrential discharges. Because it is a braided river, the
Gash River becomes wider and shallower where its
flow takes many directions resulting in the changes of
its course. The discharge measurements of the Gash
River for the period 1907 to 2003 at Kassala gauging
station showed high fluctuation and high variability of
the flows. The annual loss amounts to 40% of the total
discharge. The water loss is attributed to infiltration
and evaporation. The discharge rating curves display
relatively large residual variance which is largely
caused by rapid spasmodically changes of the stream
bed of the Gash River.

Monitoring of groundwater level measurements in-
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dicates that the water table rises during the rainy sea-
son in the upstream and midstream areas. The
groundwater input exceeds groundwater output. The
aquifer is unconfined and is laterally bounded by the
impermeable Neogene clay. The groundwater occurs
under confined and semi-confined conditions. With
the continuous pumpage the confining effect of the
upper bed may be reduced and the entire saturated
portion will function as a water table aquifer. The re-
charge of aquifer is due to infiltration from the Gash
River during flood seasons or direct precipitation. The
general flow direction is towards the northwest. The
Gash aquifer is composed of heterogeneous sequence
of layers which are dominated by coarse sand, gravel,
clayey sand and silt.

There are three sources of recharge of the alluvial
aquifer in the Gash River basin; these are infiltration
from surface water runoff of the Gash River and infil-
tration from direct rainfall and inflow of groundwater
from the catchment area. The most important source
of recharge is the infiltration from surface runoff be-
tween El Gera (upstream) and Salam-Alikum (down-
stream). The rate of recharge from direct rainfall de-
pends on the amounts and duration of precipitation in
the river basin. The groundwater loss in the upper and
the middle parts of the study area is caused by the fol-
lowing elements of discharge, evaporation and dis-
charge through pumping for irrigation and domestic
uses and outflow to the Gash delta. Groundwater
budget, the infiltration of surface water takes place at
the beginning of the flood season when the running
water removes the top layers of silt.

Climatic, hydrologic, geomorphic and the aquifer
characteristics of Gash River have depicted a physi-
cally unified river system (Fig. 4). However, consid-
ering major differences between catchment and basin
and within the basin itself will help to mitigate haz-
ards of the Gash River. Rainfall amounts differ by
twofold in minimum records and threefold in maxi-
mum records between catchment and basin (Fig. 4).
The basin area exceeds the catchment area by 1,000
km? which equals one third excess. There is a differ-
ence of 50 km in the length of the river in Sudan,
which equals an excess by 11%. Quick drop in the
height of the plateau is by more than fourfold
(2,500-2,000 m in catchment) and (600-350 m in the
basin and delta). The river width in the catchment

ranges between 30 m to 90 m, while in the basin it
ranges between 100 m and 800 m. This gives threefold
difference in the low record and eightfold difference in
the high record between catchment and basin.

2.2 “AQUIGEOHYCLIM” regional approach

“AQUIGEOHYCLIM” regional approach considers
the Gash River as environmentally and geographically
integrated physical unit including catchment and basin
areas, opposite to the efforts done in downstream to
cure its torrential impacts. Because the study area is
the part of the great African rift valley which is char-
acterized by high mountains and faults, it might be
difficult to utterly control the impacts of torrential riv-
ers and to put a concise plan to use its water appropri-
ately. But, if our approach is put into consideration,
that is, the characteristics of the catchment and basin,
and emphasizes on the inherited variations in geo-
morphic characteristics, rainfall inputs, discharges and
aquifer within the Gash River, in addition to incorpo-
rating community efforts for mitigating flood of the
Gash River, it is expected to be highly valuable.

Environmental information about torrential rivers in
Sudan should include relevant data on the timing of
the rainy season and all related climatic characteristics
at the state and regional scales, to facilitate appropriate
planning for control of flooding and expected inci-
dence of catastrophes. Geomorphic, hydrologic and
aquifer information should also be introduced. Geo-
graphical information should relate to location, posi-
tion and latitude differences in order to detect hazard-
ous areas. An access to the map showing catchments
areas and internal discharge and floods in various re-
gions of Sudan can help to forecast future
river-behavior trends and their consequences for pur-
poses of mitigation and management. The
“AQUIGEOHYCLIM” model can also benefit from
the available flood risk maps which show those areas
prone to flooding of known return periods and GIS
mapping survey data. In order to improve the quality
of the surveys and to develop thematic maps to allow
a more versatile use, the survey data should be pro-
duced in a geographical information system (GIS).
GIS-system should be proposed to further enhance the
interpretation of flood data and to provide possibilities
for better spatial analysis. There is obvious need for
using remote sensing fast to obtain reliable informa-
tion on the extent of a flooding event.
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Catchment area characteristics

Torrential rains

Rainfall fluctuates between 400-750
mm annually

Basin area characteristics
Torrential rains

>

Hot dusty summer is from April to October; sunshine is 82%, maximum
temperature exceeds 45°C. In winter season (November to March), average

temperature is 25°C. Annual mean of daily temperature is 29.2°C; the highest

evaporation in June is 10.7 mm/day, the lowest in January 6.12 mm/day;

estimated evaporation is 8.13 mm/day; mean actual evapotranspiration is 77.3

m?*/a. The mean annual vapor pressure is 16.2-18.3 mbar. The rainy period is

from July to the end of September with 250 mm/a; in the delta rainfall rapidly

decreases in a northern direction

Marrow rocky course

Perennial and

during floods

— — - -
The area is 21,000 km* and ranges
from 30 m to 90 m in width and
approximately 250 km in length. The
first 175 km is perennial sandy bed
with varying width and well-defined
banks (one to two meters high). The
bed slope of the river is varying with

average of 2 m'km

atmospheric and aquifer pressures

Ephemeral, torrential and
highly variable in discharge

Basin area estimated is 31,000 km®, while
the length of the river is about 200 km with
a average slope of 2 m/km. The width varies
between 100 m and 800 m

The groundwater input is 386.11 < 10° m*/a and groundwater output 365.98 = 10° m*/a. Estimated difference is about 20 x 10°
m*/a. The aquifer is unconfined and is laterally bounded by the impermeable days. Average saturated thickness varies from 20
m to 35 m. General flow direction is towards the northwest. The elevation of the water table is a dynamic equilibrium between

Flat to slightly rolling in
the Gash—delta, with a
gentle sloping towards the

north-west

—
—
—
—
—
—
- -
—

Fig. 4 Physical environment of Gash River, a unified operating open system

Some significant characteristics of flooding such as
depth of water, flood duration, flow velocity, rate of
rise, frequency, silt and debris have to be considered.

The formalization of methods for the assessment of
flood burden provides a framework for standardized
methods. Flood does not appear as a major disorder in
Sudan’s burden-of-disaster estimates, although na-
tional programs addressed the disasters such as
drought disaster prevention, reliable hydrological in-
formation is needed on the burden and severity of the
torrential floods in risk areas in order to achieve con-
sensus on case definitions, diagnostic criteria, and
the appropriate mix of preventive strategies. Including
torrential rivers management as a tool to increase
quality of use, improve outcomes, and control costs to
reduce provider practice variation is a key aspect of
the “AQUIGEOHYCLIM” regional approach. Strate-

gies for administration of torrential rivers for prevent-
ing catastrophes should be deployed on a wide scale in
“AQUIGEOHYCLIM?”, bearing in mind that the com-
plete avoidance of catastrophes can be difficult. Irriga-
tion in the dry season can reduce the negative impacts
on agricultural production because floods is the pro-
motion of dry season irrigation. The various storage
reservoirs established or planned in the country will
provide valid options to reduce high discharges caused
by excessive rainfall of short duration. This, however,
requires an optimization of flood absorption through
reservoir management which requires the reservoir to
be appropriately drawn down for flood absorption.

2.3 The application process of the
“AQUAGEOHYCLIM” regional model

The “AQUIGEOHYCLIM” regional approach is di-
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vided into three stages. Firstly, it examines climatic,
hydrologic, geomorphic and aquifer characteristics of
the Gash River. Secondly, it uses these characteristics
to identify the physical environment of the Gash River.
Thirdly, based on these characteristics, in addition to
incorporating the community role, it recommends the
methods for mitigation of catastrophic impacts. The
importance of the “AQUIGEOHYCLIM” approach
comes from its simplicity, its potential to deal with the
available resources and its feasibility for use in any
geographic setting. The application of this approach
will come out after reviewing results (Fig. 5).

The application process of the model (Fig. 6) re-
quires the flow of information through Gash River
from source to delta. It includes, firstly, joint field
investigations to various Gash River physical char-
acteristics between Sudan and Eritrea in order to
better understand its behavior; secondly, joint inte-

grated information network between the two coun-
tries to detect torrential rains on catchment area of
Gash River that will be consequent into torrential
floods along the river; and thirdly, early warning
system enhanced by local media to enable early
standings against torrential floods. This information
flow will be affected by control processes, including
mechanisms designated by meteorological, hydro-
logical and geological authorities to avoid or mitigate
torrential floods impacts. In the third stage of the ap-
plication process of the model, effectors are commu-
nities and early warning systems found along the
river which will directly response to torrential floods.
Finally, adaptive responses to torrential floods will
mitigate its impacts as output that will feedback into
future dealing with the river and into the creation of
new adaptive mechanisms, in case the river appeared
to have a new behavioral pattern.

Catchment and basin areas\%

Climatic

Geomorphic
characteristics \

Hydrologic
characteristics ~.

Aquifer
characteristics

characteristics

Mitigation of catastrophic impacts and
improvement of water resources management

]

| H
Remote sensing of flooding ‘ r‘{ Flood risk maps }<—‘ GIS mapping

Community awareness and involvement

Fig. 5 Applied form of “AQUIGEOHYCLIM” approach for Gash River, Sudan

Input Control process Effectors Output
Meghanisms / Community -
Information designated by ) Adaptive
flow authorized role functions +early responses
bodies — awareness system

Feedback

Fig. 6 Application process of the “AQUAGEOHYCLIM” regional model
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3 Discussion

Climatic, geomorphic, hydrologic and aquifer charac-
teristics of the Gash River illustrate the variations in
the hydrologic behavior of the Gash River. The rea-
sons for such variations are related to the geological,
environmental and geographical characteristics. The
length of the Gash River is 450 km from the main
source to the delta. Having the inherited characteristics
across mountainous areas, the torrential river, the Gash
River is fitting the youth stage of erosion theory. There
are remarkable differences between source and delta
of the Gash River which is slightly rolling and gently
sloping. The type of rock enhances head erosion in
catchment area and lateral erosion in the basin. The
river course is rocky, narrow and perennial in the
catchment area while it is wider and ephemeral in the
basin area. Torrential rain in catchment area increases
river flow velocity and causes quick torrential floods
in the basin area, which initiates quick discharges and
further is enhanced by the various geomorphic char-
acteristics of the catchment area. Rapid change in ve-
locity is related to the height of the plateau. The high
elevation of the river source and underlying basement
rocks had determined the slope angle, varying width,
depth and length of the river. Torrential rain and con-
tinuous dropping in slope between source and delta of
the river resulted in that the speed of the current was
reduced and the river began to drop its load of sedi-
ment till it reached "Gash Die" at the end of the delta
(Khogali, 2009). Huge quantities of silt measured
were between 5 kg/m’ and 10 kg/m’, and therefore the
river and its bed were continuously raised (Khogali,
2009). Sediment load is high in basin area due to high
velocity, lateral erosion and transported sediment load
from catchment area.

The stage-discharge rating curves display relatively
large residual variance which is largely caused by rapid
spasmodically changes of the stream bed of the Gash
River (Eltom et al., 2010). Aquifer charging inflow and
recharging outflow are tightly tied with rainwater infil-
tration, rock type and soil characteristics. Infiltration of
flowing water as underground water is reflected on the
water table in the study area. There are high values in
hydraulic conductivity, transmissivity and discharge.
The aquifer has high storage capacity, possibility to

accept more water for storage, difference between an-
nual groundwater inflow and outflow and the annual
average recharge is low (EIKirail and Ibrahim, 2008). It
is thought that in the past there was a deep depression in
the north of the town and that at one time the Gash used
to flow into the river Atbara (Barbour, 1961).

The Gash River is characterized by progressing de-
forestation (Kirkby et al., 2001). Deforestation causes
an increase in the annual mean discharge. Further
analyses present additional evidence that the change in
vegetation cover altered the hydrological response and
the pressure for changes in land cover continued to
increase to make a possibility for expectation of fur-
ther changes in the hydrological regime of a river
(Marcos et al., 2003). In assessing the impacts of Hi-
malayan deforestation on the Ganges-Brahmaputra
Lowlands, it was found that forests would not have
prevented or significantly reduced flooding in the case
of an extreme weather event (Hamilton, 1987). How-
ever, more general or overview studies indicated that
deforestation has the negative impacts on flood safety
(Semi, 1989).

Hazards associated with torrential rains include
flash floods, stream flooding and landslides. Heavy
rain events can also be accompanied by strong winds
and lightning. If a rain over an area for a long period
of time, secondary damages can also occur because
the ground becomes saturated with precipitation
(Oblack, 2010). In many countries, the rivers prone to
flooding are often carefully managed. Defenses, such
as levees, bunds, reservoirs, weirs and dikes are used
to prevent rivers from bursting their banks. Tide gates
are used in conjunction with dikes and culverts. They
can be placed at the mouth of streams or small rivers,
where an estuary begins or where tributary streams, or
drainage ditches connect to sloughs. In Europe and
America there are coastal defenses, such as sea wall,
beach nourishment and barrier island. Efforts of curb-
ing the floods of the Gash River are based upon two
strategies: one is to build earth embankments parallel
with the main channel and another is building spurs.

4 Conclusions and recommendations

The general findings of this study are as follows:
(1) The Gash River has different geomorphic char-
acteristics from the source to delta.
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(2) Rainfall amounts between catchment and basin
areas are different.

(3) The Gash River has torrential discharge.

(4) The Gash River aquifer has high potentiality for
water inflow, charge, recharge and storage.

(5) Above haracteristics have determined the
physical environment of the Gash River.

This study could build a very strong case for miti-
gation catastrophic impact of torrential rivers. This
could be done by incorporating the “AQUIGEOHYC-
LIM” regional approach, which could depend on en-
vironmental and geographical information.
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