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ABSTRACT

This study attempts to describe the physical characteristics of the Issen basin (western High Atlas of Morocco)
in order to highlight the factors affecting water flow and volume that may increase water erosion risk. By using
ALOS-DEM of moderate spatial resolution (12.5 m) and GIS platform, it was possible to provide a joint set
of morphometric indices of the study area. The obtained results reveal that the relief of the study basin is of
mountainous symptom indicating its maturity. The contrasting topography (625 m to 3528 m), with a specific
unevenness of the order of 612 m, highlights a strong relief. 94% of the watershed area has a slope of over 3%.
The mean elongation of the basin is 1.74, with a fairly long water concentration time of about 7.5 hours and
an average drainage density of 0.85 km™. The tectonics, lithology, and external geodynamics characterstics
indicate a strongly contrasted morphology characterizing the Issen basin. Overall, these morphometric charac-
teristics can increase the shallow water flows and sediments mobilized by the Issen Wadi, which can increase

the soil loss and flooding risks in the basin.
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INTRODUCTION

A watershed is a geographical area drained
by a hierarchical river system including the main
river and its tributaries. The processes of erosion,
sediment transport, and deposition are the factors
that shape the riverine landscapes [Julien, 2010].
The extent of water erosion depends primarily on
the physical characteristics of the basin, includ-
ing geometry, lithology, and climate [Bouras et al.
2010; Kovacs et al. 2012; Nitheshnirmal, 2019].
In general, the morphometry of mountain river
systems is different from that of the plain, which
plays an important role in watershed hydrologi-
cal behavior [Sajadi et al. 2020]. Moreover, the
watershed dynamics depend essentially on many
environmental conditions, such as climate, geol-
ogy, land use, and control variables related to liq-
uid flow (Ql) and solid (Qs) flow [Rollet, 2007].

In the literature, the water erosion of soils is
viewed as the primary cause of soil damage in

Morocco [Mohameden et al. 2022]. The whole
mountain range of the western High Atlas suffers
from efficient erosion that in general reaches high
values in terms of soil loss by year [El Mouden
et al. 2017; Markhi et al. 2019]. In this context,
it is necessary to find appropriate solutions to
conserve water and soil resources in this area. In
fact, determining the physical characteristics of
the watersheds is essential and crucial to high-
light the morphometric factors aggravating water
erosion, especially in arid zones suffering from
stormy and unstable rainfall.

The Issen basin, located in the western High
Atlas of Morocco, suffers from aridity and is occa-
sionally hitted at by infrequent and heavy rain that
causes several damages (such as soil silting, etc).
In general, among the other basins in the western
High Atlas, the Issen basin is more affected by the
pedoclimatic hazards and the atmospheric dis-
turbances due to the fragility of its environment
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[Ait Haddou et al. 2020b]. Protecting this basin
from erosion was identified as a priority [Ait
Haddou et al. 2022]. In this context, this study
anticipated to characterizing the dynamics and
behavior of this complex system. This study
aims to detect the physical characteristics of the
Issen basin and to highlight the morphometric
parameter that aggravates water erosion.

STUDY AREA DESCRIPTION

Geographic Setting

The Issen basin is located 50 km north-east
of Agadir, between 30°.64 and 31°.07 of North
latitude and between 8.72° and 9.31° of West lon-
gitude. This basin covers an area of 1300 km? and
belongs to the downstream section of the Souss
wadi [Ait Haddou et al. 2020a]. The length and
width of this basin are 60 km and 35 km, respec-
tively, following NE-SW orientation and includ-
ing almost the entire permotriassic sedimentary

basin of the Argana corridor (Fig. 1). The Issen
basin straddles the boundaries of four provinces:
Agadir Ida-Ou-Tanane to the southwest, Tarou-
dant to the south and southeast, Chichaoua to the
north and Essaouira to the northwest.

Geomorphologic setting

Geomorphologically, the Issen basin is a re-
sult of erosion by the Assif Ait-Moussa River
(Issen Wadi). This basin is subjected to eustatic
fluctuations and subsidence and vertical tectonics
[Chacrone et al., 2005] that exposed the Permian
and Triassic layers [Kent et al., 2021]. The topo-
graphic feature of the mountainous compartment
corresponds to the following units:

e the two ancient blocks of Ida-ou-Mahmoud
and Ida-ou-Zal to the east and south east. These
are the main elements of relief where the crests
culminate at altitudes that exceed 3500 m.

e the cuestas of [da-Ou-Bouzia and Ida-Ou-Tanane
in the west form respectively northern and south-
ern plateaus of average altitude of 1600 m.
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Figure 1. Map shows the location of the Issen basin
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e the broad depression of the Triassic corridor of
Argana, about 65 km long in the center of the
Issen basin, does not generally exceed 1000 m
in altitude. It is formed by a series of sub-
basins more or less separated by monoclinal
sandstone ridges. From the north of the basin
to the south, there are the following sub-ba-
sins: Aglegal, Timezgadiouine, Argana, Big-
oudine and Tassademt cuvettes.

Geological setting

The Argana basin is considered as the west-
ern extension of the Essaouira basin, where it’s
separated from it due to the Alpine orogeny
[Hofmann et al. 2000]. From a structural point
of view, it is limited to the north by the reverse
fault of Ichemraren-Imin’Tanout and the south
by the fault of El Mnizla which marks the mor-
phological contact between the Western High
Atlas and the plain of Souss [Medina et al.
2001]. It is still affected by recent Plio-qua-
ternary tectonic activity reflected by flexures,

folds, and faults [Mridekh, 2002]. The main
lithological facies outcropping are those attrib-
uted to the major geological formations of the
study area. Herein, the lithological facies are
identified from the geological map of Argana
drawn by Tixeront [1974]. Figure 2 resumes
the main lithological facies in the study area.

Climate and vegetation

The Issen basin is part of the arid to semi-
arid Mediterranean vegetation stage [Ait Had-
dou et al. 2020b]. It is dominated by the Ar-
gan trees that are very tolerant to water stress,
hence their extension to continental areas with
an arid climate [Chakhchar et al. 2017].

Rainfall is irregular varying between 194
mm and 480 mm over the entire basin. The av-
erage annual temperature is 21.85 °C, it ranges
from 1.5 °C to 41.8 °C with 26 days of frost
in Argana. The evaporation determined in the
Colorado tank for the Abdelmomen dam is
2278 mm/year.
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Figure 2. Lithological map of the Issen basin
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Table 1. Morphometric and geomorphic parameters formulas used for the physical analysis

Morphometric parameters

Formula/Definition

References

Perimetre (P)

Length of the watershed boundary (km)

Jobin et al., 2010

Compactness index (KG)

KG = 0.28. PAA where: A = watershed area in km?; P = perimeter

Bendjoudi & Hubert,

(km) 2002
Average lengthening of the _ e Bendjoudi & Hubert,
pelvis (C) C = ENA where: E = the longest path of water 2002

Basin length (Lb) drainage line (km)

Maximum length of the watershed measured parallel to the main

Jobin et al., 2010

Length (L) and width (/) of the
equivalent rectangle (km)

L = (KG VAY1.12*{1+J(1-(1.12/KG)? )] (Dimensionless)
1= (KG NAY1.12*1-N(1-(1.12/KG )2 )]

Roch, 1963

Average gradient of water
catchment (m/km)

S =2h /L, where: h, = the average altitude of the basin (m),
L = the length of the longest talweg (km)

Amaya, 2015

Overall slope index (/g)
in m/km (%o) Hyg,

%

Ig = DILeq = (H,,, - H,,,)/L where:

H,,, = altitude corresponding to 5% of the watershed (m);
= altitude corresponds to 95% of the watershed (m); 2016
L = length of the equivalent rectangle (km)

Hamed & Bouanani,

Specific elevation gain (Ds)

Ds = Ig.NA, where: Ig = overall slope index (m/km)

Dubreuil et al., 1975

Slope index (Ip) in % Ip = 1.10(/g/1000)

Dubreuil et al., 1975

Average slope of the
watercourse. (S,) in %

S,=AH/L=(H, -H

max min)

/L where AH = the maximum height difference | Gericke & Du Plessis,
(m); L = Length of main stream (m) 2012

Stream order (Nu) Hierarchical order

Strahler, 1964

Stream length (Lu) Length of the stream (km)

Horton, 1945

Stream number (Ni)

Number of stream segment of all orders

Horton, 1945

Drainage density (Dd)

Dd = Lu/A, where: Lu = total length of stream

Genchi et al., 2016

Stream frequency (Fs) (km2)

Fs = Nu/A where: Nu = total number of stream; A = area of basin

Genchi et al., 2016

Drainage basin asymmetry

Af = ((Ar/At) x 100), where: Ar = area of the basin to the right side
(Af) of the major river; At = total area of the drainage basin

Vijith et al., 2017

Gradient ratio (Rg)

Rg = Es - Em/Lb, where: Es is the elevation at the source, Em is the | Sreedevi et al.,
elevation at the mouth (Dimensionless) 2004

(Te) in hours

Time of concentration of water | Tc = 4VA+1 5L/0.8VH_, where: L = length of the longest thalweg
(km); H, = average altitude (m)

Giandotti, 1934

Sinuosity factor (Sin)

Sin=L,_/L,, where: Lb = basin length (Max. distance) (km),
L,..= main stream length (km), | = real length

Genchi et al., 2016

Confluence Report (Rc)

Rc = N*/N™" where N"= number of thalwegs of order n
N1 = number of higher order troughs (n + 1)

Tucker et al., 2001

Torrentiality coefficient

CT = Dd-F1 where F1= density of elementary thalwegs

Gomez-Villar et al.,
2006

DATA AND METHODS

In geomorphology, the morphometric indices
are the first measures investigated to quantify the
potential hydrological behavior of watersheds and
to compare their morphological characteristics
[Jobin et al. 2010]. The response of streamflow
to precipitation depends on watershed parameters
[Snelder et al. 2009]. Thus, the speed of the flow
and its rapid concentration is essentially linked to
the combined effect of the slope system, the orga-
nization of the talweg networks and the shape of
the watersheds [Douvinet, 2008].
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In this study, the morphometric analysis of
the studied basin was carried out from Digital
Elevation Models (DEM) (12.5 m of resolution)
of ALOS (Advanced Land Observing Satellite)
(https://search.asf.alaska.edu/#/). In general,
DEMs represent georeferenced digital grid files
where each point corresponds to the ground ele-
vation (z) at the (X, y) coordinate point. The pro-
cessing (visualization, analysis and mapping) of
these DEMs was investigated in the ArcMap plat-
form of ArcGIS 10.5 software (ESRI). This plat-
form allows us to determine several descriptive
parameters of the shape, relief and hydrographic
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network (watershed contours, network shape,
slopes, hypsometry, hydrography). Table 1
lists the quantitative and analytical morphomet-
ric parameters investigated in this study.

RESULTS AND DISCUSSION

Basic geometric descriptors

The Issen basin covers an area of 1300 km?,
which represents about 8% of the total area of the
Souss watershed (16000 km?). The fan shape of this
basin (Fig. 3) is characterized by a compactness in-
dex of 1.69 which is close to that of Rdat, N’fis and
Tifnout basins [Ait Melouk, 2020; Amaya, 2015;
Tairi, 2021], and an average elongation of 1.74. The
elongated form of the hydraulic networks of this ba-
sin indicates that it is less strong and less rapid than a
compact basin. The drainage basin asymmetry (Af)

calculated for Issen Watershed shows a value below
the 50% cutoff, indicating degree of asymmetry
with a general northwesterly tilt. The length of hy-
draulic networks is 51 km with a time of concentra-
tion of the water quite long of 7 h 50 min, indicat-
ing that the study basin has the lowest peak flows.
The hydrographic network of this basin is of den-
dritic type with an average drainage density of
0.85 km'. These values are very similar to those
of the N’fis watershed [Amaya, 2015]. The main
stream of the Issen basin appears with the order 5.
The overall slope index is 17 m/km, while the
slope index is 14.32% with a specific gradient of
about 612 m. This highlights a strong relief ac-
cording to the ORSTOM classification, indicating
that most zones of this watershed are exposed to
water erosion risk.

Table 2 summarizing the morphometric indi-
ces to characterize the Issen basin at the Abdel-
momen dam station.

Table 2. The results of the calculation of morphometric and geomorphic characteristics in the Issen basin

Morphometric indexes Value
Surface (km?) 1300 km?
Perimeter (km) 218.17
Compactness index 1.69
Shape index Average pelvis lengthening 1.74
Basin length (km) 55
Length of the main river (km) 63
Length of equivalent rectangle (km) 94.31
Width of equivalent rectangle (km) 15 .04

Maximum altitude (m)

3528 (Jbel Awlim)

Minimum altitude (m)

625 (Abdelmomen dam)

Altimeter range (m) 2903
Average altitude (m) 1332
Volume index
Median altitude (m) 1500
Overall slope index (m/km) 16.96
Slope index (%) 14.32
Specific elevation gain (m) 611.97
Type of hydrographic network dendritic
Watershed order 5
Path length's hydraulic (m) 51029 m
Drainage density (km) 0.85
Indices and characteristics | Drainage basin asymmetry (%) 43 %
of hydrographic network Gradient ratio 0.016
Water concentration time (h) 7.5 hours

Sinuosity factor

1.11 (sinuous)

Confluence report

1.77 (poorly prioritized)

Torrentiality coefficient

0.34
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Topographic index
Altitude and hypsometric curve

The hypsometric map obtained reveals that
the total basin is a mountainous zone with an
altitudinal average of 1332 m. The altitude of
800—1600 m remains the most frequent, where
it covers 66% of the total study area (Fig. 3).
The eastern and northeastern parts of the basin
are characterized by high altitudes exceeding
3500 m in the ancient massif of Id-ou-Mah-
moud. In contrast, the south-western part of
the basin, which corresponds to the distal seg-
ment of the Argana corridor, where the altitude
reaches 625 m at the outlet of the Wadi Issen.
Rieke-Zapp and Nearing [2005] highlighted
that differences in erosion and soil loss depend
on the morphology of the land. Thus, in the
highly elevated terrain, erosion and soil loss
occur more. In addition, the terrain topography
affects the convergence and the divergence of
flow, which leads to non-uniform distribution
of the size and effectiveness of gullies and

ravines. Also, heavy and rapid runoff in highly
elevated terrain attacks the deep and the banks
of the wadis, causing land degradation.

The hypsometric curve of the study area pres-
ents a concave slender shape (Fig. 4). This shape
reflects the state of maturity and the aging trend.
This result reveals a progressive reduction of the
surface of the altimetric zones and a great extension
of the middle altitudes in the study area in response
to geomorphological and tectonic evolution.

The analysis of the longitudinal profiles of the
Wadi Issen (Fig. 5) reveals a gentle slope with an
average of 1.6%, progressively decreasing from
upstream to the downstream zone. The slope var-
ies from 5% to 2% in upstream zone, characteriz-
ing mountainous relief and indicating the uneven-
ness of the terrain that reaches 1500m of eleva-
tion at the northern edge to the confluence of Ida
or Ida-ou-Mahmoud in the center of the Argana
corridor. At the distal end of the Issen valley, the
slope is 0.8% over a distance of 15 km near the
outlet, where the relief is relatively flattened. The
average slope of the main beds is 4%.

31°030"N

30°54'0"N

30°47°30"N

z 9°16'30"W 9°10'0"W 9°3'30"W 8°57°0"W 8°50'30"W 8°44'0"W
(=]

& * + + N

b + +

31°0'30°N

30°54'0"N

30°47°30"N

z
° =
3 °
3 ¥
S
= Legend
3 Altitude slice (m) z
3| * mmexstio0  + [ 12200-2600 L |8
3 I 1000 - 1400 1 2600 - 3000 g
[ 11400 - 1800 771 3000 - 3400
[ 1800 - 2200 I 3400 - 3528
9*16'30"W 9°10'0"W 9°3'30"W 8°5T'0"W 8°50'30"W 8°44'0"W

Figure 3. Hypsometric map
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Figure 5. Longitudinal profiles of the Wadi Issen and its main tributary Ida-ou-Mahmoud
Slope Characteristic indexes of fluvial systems

Figure 6 shows the obtained slope map and its
classification depending on slope effects on ero-
sion. Except for the Argana corridor and the ex-
treme northwest zone (Blad Demsira), the terrain
of the entire watershed is relatively steep, with an
average slope of about 23%. In general, the study
terrain shows a very uneven landscape, where
main reliefs are correspond to the ancient mas-
sif dissected by the tributaries of Ait Driss, Ouar-
gioun, Ait Chaib, and Ait Bkhayr that reaches
3528 m of altitude and slopes ranging from 60%
to 150%, and to the glacis levels of the Quater-
nary that outcrop on the Jurassic plateaus (slopes
> 70%). These reliefs from the alluvial and col-
luvial lands that are highly susceptible to ablation
and transport, which could even undergo a land-
slide of red clay-silts and Permo-Triassic areno-
lutites. According to [UNEP/MAP/PAP, 2000],
the erosion can be active on slopes greater than
3%. Consequently, 94% of the total study basin is
susceptible to erosion.

Hydrographic network

The hydrographic network of the Issen ba-
sin is of dendritic type (Fig. 7). Hortons [1945]
reported that the stream order of the Mountain
Rivers ranges from 1 to 4. The main watercourse
of the study area is of stream order 5. This wa-
tercourse receives on its right bank five major
tributaries that parent the Jurassic plateaus of
Ida-ou-Bouzia to the northwest and Ida-ou-
Tanan and Ida-ou-Souar to the southwest drain-
ing the Permo-Triassic red terrain. On the other
hand, this watercourse is more branched on its
left bank which receives the main tributaries
of Wadi Issen originating from the culminating
crests of the ancient snowy massif of western
High Atlas. Their axes are parallel and oriented
NE-SW and are the following: Ait Bkhayr, Ait
Chaaib, Ait Tourner, and Ida-ou-Mahmoud. The
latter is the largest tributary of the Wadi Issen (L
= 50 km). In general, these large tributaries of
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the Wadi Issen cross the western slopes of the
ancient massif towards the Argana corridor, pro-
ducing an exclusively endoreic drainage system.
This system is of a high-energy erosive which
can be affected quickly by large-scale events
(single peak floods).

Stream frequency, drainage
density and flow directions

The density of drainage is low, averaging
0.85 km/km?. It exceeds this value for certain
sub-basins where the flow is very branched in
a particular topographic and litho-climatic con-
text, undoubtedly favoring the development of
hydrographic networks. The Stream frequency
is average ranging from 0 to 7 km? (Fig. 8).
However, the density of the hydrographic net-
work and its ramification are especially impor-
tant from 1200 m altitude on the marl-limestone
and schist-sandstone friable mountain slopes
framing the Argana corridor. In general, the sec-
tors with high drainage and hydrographic den-
sity are often concentrated in the ancient massif

and the Jurassic plateaus with mountainous re-
lief and less permeable bedrock and less dense
vegetation cover. In addition to physiographic
characteristics, the response of stream flow to
precipitation also depends on the underlying ge-
ology, vegetation cover, intensity and frequency
of precipitation.

Figure 9 shows the obtained flow direction
map. The flow is in all directions to the hetero-
geneity of the relief and the contrast of the topog-
raphy and lithology on both sides of the Argana
corridor. We note a slight dominance of flows di-
rected to the northeast in relation with the layout
of the relief of the Hercynian central massif. The
Issen basin is fed from 14 main tributaries form-
ing five hydrological sub-basins with endoreic
character and which feed the great depression of
Tassadamt closed by the Abdelmomen dam. Each
of these sub-basins is either, crossed by a main
tributary of Issen, or linked to several tributaries
occupying its proximal section. The most impor-
tant of these sub-basins are those of Igounane and
Agouni, Ait Driss, and Ait Moussa Wadis.
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Tectonics: a significant factor
in morphogenesis

Tectonics is a factor that acts in two ways;
either directly by influencing alluvial fans
through slopes, or indirectly by affecting the
rate of erosion. The Argana basin is considered
as the western extension of the Essaouira ba-
sin and is separated from it due to the Alpine
orogeny [Hofmann et al., 2000]. Structurally,
it is limited to the north by the reverse fault
of Ichemraren-Imin’Tanout and to the south
by the fault of El Mnizla which marks the
morphological contact between the Western
High Atlas and the plain of Souss [Medina et
al. 2000]. It is located at the meeting of two
structural directions; the first one is of Hercyn-
ian orogeny with NNE-SSW direction, and the
second one is of Atlasic orogeny with ENE-
WSW direction. Michard et al. [2011] reported
that some faults with ENE-WSW, NE-SW, and
WNW-ESE directions are active until the pres-
ent (Fig. 10). The sedimentary filling of this
basin is contemporary with the opening of the
central Atlantic in a synrift context largely
governed by tectonic constraints materialized
by a system of distensive faults. The Triassic
sedimentary activity was most probably con-
trolled along the Argana Basin by a series of
horsts and grabens in the East-West direction
(Brown, 1980). This tectonics played a prima-
ry role in landform formation [Harvey, 1989].

In 1993, the Hydraulic Basin Agency (AB-
HSM) conducted a study for mapping the seis-
mic hazard of the Abdelmoumen Dam. This study
showed that the right outlet of the Issen basin re-
corded maximum horizontal accelerations of 0.35
g and 0.2 g. Similarly, the seismic zoning map of
Morocco classified the southwestern Atlantic part
of the country, where the study basin is part of it,
as a strong seismic zone (Zone III) [ONE, 2011].

A Comparison of the morphometric index es-
timated in this study, shows the similarity of the
characteristics of intermittent streams of three
other watersheds. The results based on GIS are
shown in Table 3.

CONCLUSIONS

The characterization of the physical envi-
ronment of a watershed by the various morpho-
metric indices appeared necessary for the under-
standing of its hydrological functioning. Thus,
the relationships between the physiographic and
geomorphometric characteristics of the terrain
and the surface flow of water responsible for the
hazards and risks of erosion and flooding were
approached. The use of a DEM and GIS allowed
for providing a joint set of physical indices of
the Issen basin. The elaboration of thematic
maps of some volume and network indices of-
fers the possibility of a prediction of the vulner-
ability of the lands to runoff. In conclusion, we

Table 3. Comparison of the morphometric characteristics of the High Atlas watersheds

Catchment attributes Issen watershed N’Fis watershed Rdat watershed Tifnoute watershed
Catchment area (km?) 1300 1442.72 540 1570
Perimeter (km) 218.17 238.68 134 218.40
Compactness index 1.69 1.76 1.6 1.5
Form Extended
Max. altitude (m) 3528 4070 3563 4057
Min. altitude (m) 625 640 693 732
Average altitude (m) 1332 2300 2115.2 1861
Slope (%) 23.1 41.6 37.99 23
Origin point High Atlas High Atlas High Atlas High Atlas & Anti Atlas
Outlet Abdelmomen Dam Lalla Takerkousst Dam Sidi Rehal Aoulouz Dam
Hydrographic network Dendritic Dendritic Dendritic Dendritic
Watershed order 5 5 5 5
cength 8:;3e main 51 110 50 70.24
Zlfnv]vz toefrconcentratlon 7h 6h 6h .
References This work Amaya, 2015 Ait Melouk, 2020 Tairi, 2021

295



Ecological Engineering & Environmental Technology 2022, 23(5), 285-298

will retain the great spatial diversity with the

following essential characters:

e The contrasting topography (625 mto 3528 m),
with a specific difference in height of about
612 m highlights a strong relief,

e 94% of the basin surface has slopes greater
than 3%,

e An average elongation of 1.74, with a fairly
long water concentration time of about 8 hours
and an average drainage density of 0.85 km™,

e The conjunction of tectonics, lithology, and
external geodynamics, indicates a strongly
contrasted morphology characterizing the
Issen basin.

This situation thus favors an increase in the
volumes of water and contribution of sediments
mobilized by the Wadi Issen which increases
the risks of soil loss and flooding. In addition
to these morphometric characteristics, the rain-
fall, the intensity, the soil cover and the previous
rainfall accumulation during the rainy episode
all have a significant effect on the hydrological
response of the basin.
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