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Abstract

During the last few years, the City of Bechar in Algeria has witnessed some extreme events, such as the great flood of
the year 2008 in which an exceptional amount of rain was recorded with a flow rate of 830 m’s™! (hywater = 4 m, b =200 m);
similar flooding also occurred in 2012 and 2014. The problem is that most of the City of Bechar has an urban sprawl that
extends to the banks of Wadi Bechar, which represents a huge risk for the lives of the inhabitants of the region. The present
work aims to assess the flood risk through flood hazard mapping. This method consists in determining the flow rates for the
return periods of 25 years (Q,s = 388.6 m>s™, Ayaer = 3.5 m, b =200 m, Sspot = 55.35 ha), 50 years (Osp = 478.3 m>s
Pyater = 5 M, b =200 m, Sgpo = 66.48 ha) and 100 years (Q100 = 567.3 M ', hyaer = 7 m, b = 200 m, Sy = 133 ha). For
this, it is necessary to adjust the flow rates using Gumbel law along with some computer supports such as HEC-RAS, HEC-
-GeoRAS and ArcGis for mapping the event. Finally, this work enables us to determine the zones exposed to risk of

flooding and to classify them according to the flood water height.
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INTRODUCTION

Human life is based on the exploitation of natural re-
sources. Unfortunately, the methods generally used are
often not the best ones because they are not respectful to-
wards nature.

The random exploitation of these resources very often
leads to negative impacts on the environment, which re-
sults in climate change and natural disasters that are mostly
unexpected [BEKHIRA et al. 2014; 2018; HOEGH-GULD-
BERG, BRUNO 2010; SCHMIDT et al. 2013]. This could even
endanger lives.

Among the extreme weather events that are worth
mentioning are floodings that have always existed
throughout times. Ancient civilizations regarded them as

divine wrath. This plague of floods is in perpetual growth
due to climate change [KURIATA-POTASZNIK, SZYMCZYK
2016]; it always comes unexpectedly and threatens the en-
tire world, particularly the underdeveloped countries which
in general do not have the means to deal with it.

The watershed of Wadi Bechar is one of the most af-
fected areas by floods. The flooding of October 2008 is
considered as the largest (Photo 1); it was caused by the
exceptional heavy rainfall received during that month.
These strong inundations caused material and human dam-
age, with significant socio-economic impacts on the ag-
glomerations and populations around Wadi Bechar. The
consequences of these floods were as follows: 8 people
dead, 506 families affected, and 7677 head of cattle
washed away by floodwaters [MERZOUGUI et al. 2014].
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Photo 1. Height of water in Wadi Bechar during the 2008 floods
(phot. A. Bekhira)

In the past, people were not so interested in flood
events in desert areas because these zones were considered
as arid zones where rainfall is scarce. However, today it is
easy to see that desert areas suffer the most from the risks
of flooding due to climate change [BASAHI et al. 2016].
This represents a real threat to lives because of the growing
number of houses and agricultural activities installed on the
banks of rivers where access to water resources is easier.
This is especially true for Wadi Bechar around which a large
number of people have settled down. It is worth mention-
ing that the source of flood risks in the town of Bechar
comes mainly from Wadi Bechar when its waters overflow.

The mapping of flood vulnerability in the entire city of
Bechar requires prior knowledge of the hydrology and to-
pography of Wadi Bechar.

In order to be able to model water flows, it is first re-
quired to master the computer tool. For this, it was decided
to choose the one-dimensional models HEC-RAS and
HEC-GeoRAS which are free software that are available
and easy to handle; the software ArcGis was also selected
as a Geographic Information System (GIS) tool to repre-
sent floods in map form [ATALLAH ef al. 2018].

The HEC-RAS models have been tested on a wide va-
riety of watercourse [DERDOUS et al. 2015; HAGHIZADEH
et al. 2012; PATEL, GUNDALIYA 2016; PARHI et al. 2012;
PRAFULKUMAR et al. 2011; XIONG 2011; YAKTI et al
2018].

The data needed for this hydraulic modelling are the
flows resulting from the hydrological study, the geometry
of the watercourse that crosses the city of Bechar as well as
the longitudinal slope and the roughness of the bed and

banks in the various calculation points [BOUZAHAR et al.
2018].

The digital terrain model (DTM) was established with
the help of a topographic survey that is 17 000 m long and
300 m wide which was realized during this work. The ge-
ometric levelling was also performed for the purpose of
ensuring perfect accuracy in hydraulic modelling as well as
in map development. This modelling aims to represent
schematically a real system of free-surface flow. For this, it
is necessary to have flows that correspond to different time
steps for flood vulnerability mapping.

This work showed that floods have also become a real
danger which represents a great risk for the City of Bechar
and its inhabitants. They must be seriously taken into ac-
count in the development and planning programs of the
wilaya, by identifying the areas at risk and classifying
them according to the height of floodwaters in order to
better control the flow of rivers and reduce the impacts of
this natural disaster on the different aspects of people's
daily lives. Finally, this work will certainly help to know
the impact of this natural event on the area around Wadi
Bechar and also on various human and economic re-
sources; it should also assist the local authorities to take the
most appropriate measures and make the best decisions.

MATERIALS AND METHODS
DATA

There are several weather stations in the Wilaya of
Bechar (Tab. 1); however, the study area has low coverage

in climatic stations.

Table 1. Characteristics of weather stations of the city of Bechar

Altitude

Station kind | Code
(ma.s.l.)

Longitude Latitude Period

Hydrometric | 13 01 PO 0112001 1985~
(ANRH) 32 31°37°00” N | 02°14°00” W 772 2009

Meteorolog- | 13 01 ongrEAn 0122297 1968~
ical (ONM) 13 31°35°53” N | 02°13°32” W 774 2010

Source: ANRH [2011].

Rainfall data were provided by the National Office of
Meteorology (Fr. Office National de la Météorologie —
ONM) from the only meteorological station in the region
of Bechar, for the period extending from 1968 to 2010;
additional data on water flows were obtained from the hy-
drometric station of the National Agency for Hydraulic
Resources (Fr. Agence Nationale des Ressources Hy-
drauliques — ANRH) for the period between 1985 and 2010.

Regarding the climate study of the watershed of Wadi
Bechar, it was decided to use the data recorded by the local
climatic station.

METHODS

The method used in the present work consisted in con-
ducting a hydrological study at first. The statistical analysis
was carried out using the Gumbel law which was em-
ployed in the prevention of floods from Wadi Bechar, cor-
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responding to the return periods of 25 years, 50 years and
100 years.

The first part of this study was to carry out a statistical
analysis of the hydrometric data. In the second phase,
a hydraulic study was performed in order to be able to de-
termine the levels of water corresponding to the flows
mentioned above. To do this, the results of the hydrologi-
cal study combined with the geometry, slope and length of
Wadi Bechar were used as input data of the hydraulic
model HEC-RAS for the purpose of obtaining the corre-
sponding runoff. The first step was therefore to manually
digitize the central line of Wadi Bechar in shapefile for-
mat, using the geometry preprocessor of the HEC-GeoRAS
software with the background aerial images as well as the
digital topographic maps in order to determine the location
of Wadi Bechar.

The rest of the shapefiles, such as river banks, flow
lines and transversal sections, which are needed for the
HEC-GeoRAS software, were also created. The only
shapefile imported into the program HEC-RAS is the me-
dian line of the river. It should be noted that some sections
were modified to avoid crossover with the other sections.

Then, the model was run and the calculated surface
water altitude was exported into the program GIS in the
xml format. Afterwards, the results obtained were pro-
cessed using the HEC-GeoRAS mapping tools. The first
step in the mapping process by HEC-GeoRAS was to con-
vert the HEC-RAS results into the GIS format. The delimi-
tation polygon was determined first, and then the water
depth was calculated. After that, the flood extent boundary
line for each water surface elevation was also identified. In
the end, the results of the hydraulic modelling (water depth

for each flow) were presented in the form of hazard maps
using the ArcGis mapping tool.

GEOGRAPHIC CONTEXT

The Wilaya of Bechar is one of the largest provinces in
southern Algeria, as shown in Figure 1; it is located in the
southwestern region of the country. The City of Bechar is
located at an altitude of 807 m, a longitude of 02°13°00”
W and a latitude of 31°38°00” N. It is limited:

— to the East by the Wilaya of Adrar,

— to the West by the Kingdom of Morocco,

— to the North by the Wilayas of Nadma and El Bayadh,

— and to the South by the Wilayas of Tindouf and Adrar
[BENARADIJ et al. 2012].

GEOLOGICAL CONTEXT

The region of Bechar is situated in the northwestern
part of the Algerian Sahara; its geology is represented by
lands ranging from Carboniferous to Quaternary.

The terrain consists of various sets of ground levels
and different formations, namely:

— Jebel Grouz, Chebket Charef and Chebket Fendi which
belong to the Lower, Middle and Continental Jurassic;

— Djebel Antar, Djebel Bechar and Djebel Mezzarif,
which are largely Visean with edges and snags consist-
ing of Namurian and Westphalian;

— the Reg and Hamada below the heights mostly consist
of recent Quaternary with dune deposits resting on the
Quaternary;

— the Zousfana valley that mainly consists of alluvium.
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Fig. 1. Map showing the geographical location of Bechar; source own elaboration
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The small town of Beni-Ounif is primarily founded on
the recent Quaternary and Continental Albian. The bedrock
of the town of Bechar, represented by Upper Westphalian-
age sites, generally consists of quartz sandstone beds, clays
and coal-bedded schists (Fig. 2) [DELEAU 1952; MENCHI-
KOFF 1936; PAREYN 1961].

MORPHOLOGICAL CONTEXT
The Saharan Atlas consists of a long chain of very old

mountains, stripped and sometimes quite high. As such,
one can mention Djebel Antar (1953 m a.s.l), Djebel
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Fig. 3. Morphological map of the city of Bechar;
source: own elaboration

Grouz (1835 m a.s.l.) and Djebel Bechar (1206 m a.s.l.),
whose characteristics are fundamentally similar throughout
the massif, i.e. from Morocco to the Aures Mountains
(Fig. 3) [BENARADI et al. 2012]. The elements of the relief
are represented by a set of folded structural forms, more or
less parallel to each other.

Altitudes above 2000 m inside the chain decrease
southward rapidly [BENARADYJ et al. 2012].

CLIMATIC AND HYDROLOGICAL CONDITIONS

The climatic aspects were studied in order to show the
impact of the climate on the study area and to determine
the different climatic factors that have to do with the sub-
ject of research, which in this case is flooding.

To do this, it was decided to pay particular attention to
the climate of the watershed of Wadi Bechar and more
specifically to precipitation, which is the most important
factor directly affecting the floods.

The climatic conditions of the watershed play a vital
role in the hydrological behaviour of the watercourses. It is
important to remember that precipitation, especially liquid
precipitation, is an essential parameter for flooding.

PRECIPITATION

Precipitation in the region of Bechar decreases from
the North, with values greater than 100 mm, to the South
with values less than 50 mm.

Table 2 summarizes the monthly and annual averages
of precipitation recorded at the station of Bechar during
two different periods:

— the first period is between 1968 and 1973,
— the second period is between 1981 and 2010.

© PAN in Warsaw, 2019; © ITP in Falenty, 2019; Journal of Water and Land Development. No. 42 (VII-IX)
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Table 2. Monthly and annual average precipitation, for the period
extending from 1968 to 2010

Precipitation (mm) for
Month 19681973 1981-2010
September 7.90 6.87
October 12.00 13.10
November 10.42 9.89
December 11.19 8.64
January 9.41 6.37
February 6.99 5.18
March 9.74 7.66
April 9.83 9.93
May 4.09 3.05
June 1.68 2.50
July 0.95 0.12
August 3.24 2.75
Annual average 86.73 84.46
Source: ONM [2011].
TEMPERATURE
Average annual temperatures are around 21°C

(Tab. 3). The highest monthly value (34.4°C) was regis-
tered in July and the lowest value (9.36°C) in the month of
December (Tab. 3).

Table 3. Monthly and annual average temperature for the period
between 1968 and 2010

FLOW RATES

In this study, the annual flow values of the hydromet-
ric station of the National Agency for Hydraulic Resources
(ANRH) were taken into consideration.

The interannual distribution of flow rates shown in
Table 4 shows a significant decrease during the period be-
tween 1997 and 2007. However, a surge in flow was noted
during the year 2008, this being due to the precipitation of
the month of October 2008, which caused the exceptional
floods of 2008.

STATISTICAL APPROACH

Adjusting runoff

Our study is based on the techniques of the adjustment
or calibration of a frequency model to a series of data, it is
to define the parameters of the chosen law. We used Gum-
bel law, frequently used in hydrology, to model the ex-
treme events of the rains [EPFL 2004].
For the Wadi Bechar watershed (Bechar station), lo-
cated upstream of the Wadi Bechar stream, we proceeded to:
— frequency analysis of annual maximum flows observed
according to a Gumbel distribution;

— adjust the data by the method of moments;

— estimate peak flow rates of return time 7 = 5, 20, 50,
100 years.

The results obtained through the production of this ad-
justment are shown in Table 5, which is a series of annual
maximum flows in m’-s”' [EPFL 2004].

Table 5. Statistical results of flow rate adjustments obtained by
Gumbel law and the method of moments, between 1985 and 2010

Return period 7" | Probability of not | Reduced variable 3
(years) exceeding of Gumbel Op (m™s™)
100 0.99 4.6 567.3
50 0.98 3.9 478.3
25 0.96 3.2 388.6
5 0.80 1.5 172.0
2 0.57 0.6 54.5

Month Temperature (°C) in period
1968-1973 | 1975-1984 | 1985-1999 | 2000-2010
September 10.2 9.8 10.1 9.3
October 12.3 12.9 13.0 12.1
November 15.3 16.3 16.0 16.5
December 19.0 19.9 19.7 20.5
January 23.8 23.6 23.5 25.5
February 28.6 30.1 29.8 30.4
March 33.0 32.0 33.0 34.0
April 32.0 32.9 32.6 334
May 27.5 28.0 27.9 28.3
June 21.0 21.3 214 22.1
July 15.2 14.7 14.9 15.1
August 9.4 10.0 11.0 11.0
Annual average 20.58 21.2 21.1 21.5

Source: ONM [2011].

Table 4. Annual variations in flow rates at the station of Bechar
from 1985 to 2010

Year Flow rate (m*s™) Year Flow rate (m*s™)
1985 40 1998 1.89
1986 95 1999 25
1987 13.4 2000 17
1988 22.5 2001 1.15
1989 19.4 2002 2.05
1990 20.8 2003 20.5
1991 32 2004 22
1992 10 2005 0
1993 11 2006 40
1994 60 2007 20
1995 11 2008 850
1996 30 2009 30
1997 15.2 2010 2

Source: ANRH [2011].

Source: own study

The present study is based on the techniques of ad-
justment or calibration of a frequency model to a series of
data. In this case, the parameters of the selected law must
be clearly defined. Gumbel's law was used as a pedagogi-
cal support. This law is frequently used in hydrology for
the modelling of extreme rainfall events [EPFL 2004].

For the watershed of Wadi Bechar (Bechar Station),
located upstream of the watercourse of Wadi Bechar, the
following steps were followed:

— frequency analysis of annual maximum flows observed,
according to Gumbel’s distribution;

— adjustment of data by the method of moments;

— estimation of peak flows for different return times, i.e.
T=15,20,50, 100 years.

The results obtained through the implementation of
this adjustment are summarized in Table 5. This is a series
of annual maximum flow rates in m’-s™' [EPFL 2004].
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It can be seen that Gumbel law fits well with the peak
flow rate values (Fig. 4). The analysis of annual maximum
flow rates observed according to the Gumbel law distribu-
tion with the use of the method of moments makes it pos-
sible to estimate the flow rates for the different return peri-
ods,i.e. T=2,5, 25,50 and 100 years.

1000 -

Flow races (m?s')

-200 -

Reduced variable of Gumbel (u)
Fig. 4. Gumbel diagram; source: own elaboration

As the hydrometric data are available for the 25-year
period, the fitting of the maximum flow series to Gumbel
law, which is a distribution commonly used in flood survey,
allowed obtaining the quantiles summarized in Table 5.

Hydraulic modelling software HEC-RAS
and HEC-GeoRAS

The HEC-RAS model. In order to master one of the
computer tools to model the flow, it was decided to choose
the one-dimensional model (1D) HEC-RAS which has
a version available for free and easy to use. The data re-
quired for this hydraulic modeling are the flow rates result-
ing from the hydrological study, the geometry of the wa-
tercourse that crosses the city of Bechar as well as the lon-
gitudinal slope and the roughness of the bed and banks at
the different calculation points.

This modelling is a simplified schematization of a real
system of a free surface flow. The purpose is to have the
runoff corresponding to the different flow rates from the
hydrological study for use in the next section that aims to
map the Alea.

The Hydrologic Engineering Center River Analysis
System (HEC-RAS) is a one-dimensional model designed
by the US Army Corps of Engineers of the Hydrologic
Engineering Center to model the permanent and non-
permanent free surface flows. This software was designed
to perform the following tasks:

— calculate the heights of water in a steady state;

— simulate the non-permanent flow;

— calculate the solid transport capacity;

— analyse the quality of water.

The three dimensions may be found in the same geometry.
In addition, the system has several hydraulic characteristics
that can be used once the water lines have been calculated.

The model is in continuous development. The current
version is HEC-RAS 4.0, which is characterized, in com-
parison with previous versions, by its improved capacity of
calculating the solid transport and other features related to
water quality [USACE 2010].

The HEC-GeoRAS model. The HEC-GeoRAS soft-
ware includes a set of procedures, tools, and utilities for
processing geospatial data in ArcGIS using a graphical
user interface (GUI). The interface allows preparing the
geometric data to be imported into HEC-RAS in order to
process the simulation results obtained with HEC-RAS.
For the purpose of creating the import file, the user must
have a digital terrain model (DTM) existing in the river
system, in the TIN ArcInfo format. The user creates a se-
ries of relevant line themes in order to develop geometric
data for the HEC-RAS software. The themes created are
the stream center line, the stream path center lines (option-
al), the main channel banks (optional), and the cross-
sectional cut lines, also called RAS themes.

Additional RAS themes can be created and used to ex-
tract additional geometric data to be imported into HEC-
RAS. These themes include the land use, levee alignment,
ineffective drainage areas and storage areas.

The water surface profile data and the speed data ex-
ported from the HEC-RAS simulations can be processed
by the HEC-GeoRAS software for GIS analysis for the
purpose of mapping the floodplains, assessing the damage
caused by floods, restoring the ecosystem and preparing
for floods [USACE 2002].

RESULTS AND DISCUSSION
ELABORATION OF THE MAPS OF WADI BECHAR

Tracing Wadi Bechar

The quality of hydraulic modelling is highly dependent
on the quality of the topographic data. These data depend
significantly on two main factors, namely the precision and
the resolution. Several acquisition techniques, more or less
sophisticated, can be used depending on the objective en-
visaged by the study and the budget allocated [CHACHOUA
2009].

The resolution presents the mesh fineness of surveys in
the field as well as the precision and absolute error on the
measurements. The quality differs between the minor bed
and the major bed. Indeed, there are two types of surveys,
namely the seeding point survey and the cross-sectional
survey. When a one-dimensional model is used, the geom-
etry is described by a set of cross-sections that must be
chosen wisely in order to cover all features of the longitu-
dinal profile, namely the contractions and expansions of
the flow as well as the important details of geometry.

For a large-scale hydraulic study, it is necessary to
provide very extensive topographic data of fine resolution
and high precision.

Therefore, it is highly recommended to choose the
survey method that offers the best relationship between the
quality required by the study on the one hand and the ac-
quisition cost, on the other.
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Topography of Wadi Bechar

The topographic survey (Fig. 5) was carried out over
a length of 17 000 m and a width of 300 m by surveyors
from a design office as part of a hydraulic study of Wadi
Bechar [BEKHIRA et al. 2014]. This topographic survey is
used to draw contours using ArcGis (Fig. 6).

Since Wadi Bechar is very long, it was decided to
draw two separate maps of the studied surface.

THE DIGITAL MODEL OF WADI BECHAR
WATERCOURSE

The high resolution Digital Terrain Model (DEM) was
created based on the Wadi Bechar topographic survey us-
ing the ArcGis software (Fig. 7).
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Fig. 7. Three-dimensional (3D) representation of Wadi Bechar,
according to the digital elevation model (DEM);
source: own study

LONGITUDINAL PROFILE AND CROSS-SECTIONAL
PROFILES OF THE WATERCOURSE OF WADI BECHAR

It is important to use the same digital elevation model
(DEM) employed in the extraction of the cross sections
(Figs. 8, 10) in order to get a modelling that is consistent
with the mapping report [FARISSIER 1993].

HEC-GeoRAS, the free GIS extension in ArcGis, al-
lows the software Arcview to read HEC-RAS export files
[KREIS 2004].

This HEC-GeoRAS program, specifically designed to
process the geospatial data, is an interface between HEC-
RAS and ArcGIS.
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Fig. 8. Wadi Bechar geometries calibrated into the model HEC-RAS; source: own study
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Fig. 9. XYZ perspective plot of Wadi Bechar; source: own study

Regarding the way the model performs the calibration
between different points, it was decided to compare the
observations made in situ with the results obtained by the
HEC-RAS model in the steady state. This led to the con-
clusion that the calibration points on the boundary are su-
perimposed and well calibrated (Fig. 10).

NUMERICAL SIMULATION OF WADI BECHAR FLOOD
The Geographic Information System (GIS) allows cre-

ating a digital surface model (DSM) of water during the
flooding from the maximum water line [KREIS 2004]. It is

possible to imagine the hydraulic simulation in a gradually
varied regime with three reference events resulting from
the previous hydrological modelling (Fig. 9). These events
correspond to the return periods of 25 years (Q,s = 388.6
s, Ayater = 3.5 m, b =200 m, Sypor = 55.35 ha), 50 years
(Qso = 4783 s ™", hyaier = 5 m, b = 200 m, Sy = 66.48
ha) and 100 years (Qip0 = 567.3 m*'s ", hyyer = 7 M, b =
200 m, St = 133 ha), in the same climate regime; HAF-
NAOUI et al. [2013] found that the 10-year, 100-year, and
1000-year flood rates were approximately equal to 167.3,
367.4, and 603.2 m*s!, respectively.
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The roughness is considered as homogeneous on the
bedrock, along the minor bed of Wadi Bechar; the value of
n = 0.040 corresponds to a bed with meanders, with some

F

E ponds and clean shallow places. On the other hand, this

= roughness is variable on the left and right banks of the riv-
er; it ranges from 0.035 to 0.055, depending to the nature

z of soil along Wadi Bechar; it is equal to 0.012 on the walls

Zl of the bridge. The results obtained from the digital flood

ﬂ; simulation of Wadi Bechar for the flow rates of the differ-

ent time steps are shown in Figure 11.

FLOOD MAPPING

31°37'0"N

The map shown in Figure 12 presents the heights of
the flood in the town of Bechar in the case of a centennial
flood of Wadi Bechar. It is easy to notice that the maxi-
mum height is 7.66 m and the flood spot surface is equal to
133 ha, in the same climate and in another watershed YA-
MANI et al. [2016] find de maximum height is equal to 5 m,
and 0.036875 ha of flood spot surface.
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z z source: own study
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] — = e The very high flood risk areas are shown in Figure 12 in
Sl dark blue colour. In these areas, such as Ba Zayde
T 100 years £ Bridge, Hai El Nour, El Mzarif and El Guettara which
= . . . . e . .
6 . 4|$ are located in the immediate vicinity of the Wadi bed,
Ll .
— the level of water can reach the height of 6.00 to 7.66 m.
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Fig. 11. Results of the numerical simulation of floods number of houses were built in the bed of the Wadi
of Wadi Bechar; source: own study (Fig. 1).
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e The high risk areas are in dark blue, of which 40% is in
lighter colour, as shown in Figure 12. These regions are
closer to the wadi bed. They are dangerous during
floods as the water level can reach 5 or 6 m. They main-
ly occupy the congested areas near the bridges, such as
the El Safsaf district, next to the Ba Zaide bridge, Deb-
daba in the center, the old Ksar and Hai Nour.

e The moderate risk areas are in dark blue colour, of
which 60% is in lighter colour, as displayed in Figure
12, where the height of water may vary between 2 and
3 m. These areas can become at high risk in the event of
heavy rains, especially near the bed and along the wadji;
this is certainly due to the narrowing of the wadi bed, or
to the artificial banks or houses.

e The low risk areas are represented by the light blue
colour in Figure 12; the height of water does not exceed
1 m. These areas, such as the districts of Mkhalif,
Salam, Gharassa and Bechar Djedid, are generally far
from the bed of the wadi and its tributaries. These areas
are little exposed to the risk of flooding.

The diagnosis and analysis of priority sites allowed
identifying the following main causes of floods:

— the morphology of the watershed of Wadi Bechar which
is characterized by steep slopes (Spean = 0.00321 m'm™")
[BOULANOUAR 2007], degradation of the grounds and
limited permeability favouring the genesis of floods and
the amplification of their peak flows;

— the narrowing of watercourse sections due to deposits of
solids and discharges of all kinds (0.53 kgm *year ")
[BOULANOUAR 2007] which impede the flow of water
and therefore oppose the flood evacuation in normal and
natural hydraulic conditions;

— the anarchic occupation of the public domain by illegal
constructions and the concentration of economic activi-
ties near the wadi beds, for example in the district of
Debdaba where the population density is 100 inhabit-
ants per hectare and Bechar centre with a density of 76
inhabitants per hectare [HALILOU 2011];

— the inappropriate design of certain bridges and crossing
structures of wadis (sewerage networks) in which the
branches brought by the floods constitute an obstacle to
the normal flow of water;

— the inappropriate sizing of watercourse structures across
urban centres and agglomerations.

CONCLUSIONS AND RECOMMENDATIONS

The city of Bechar is characterized by an arid desert
climate where rainfall is rare and also potential evaporation
is quite frequent during the summer season, which engen-
ders a great drought. Wadi Bechar has rarely experienced
strong floods. Those that occasionally occur are quite mild
and are generally spaced out by long periods. This situa-
tion has encouraged the construction of houses on the
banks of the wadi.

The results obtained for 25, 50 and 100 years are pre-
sented as follows (Qas = 388.6 m*s ™!, hyuer = 3.5 m, b =
200 m, Sgpor = 55.35 ha), 50 years (Qso = 478.3 m3~s’1, Dater
=5m, b =200 m, Sy = 66.48 ha) and 100 years (O =

567.3 m>s™, hyyer = 7 m, b = 200 m, Sipr = 133 ha) re-
spectively,

This work allowed showing that floods have also be-
come a critical risk for the town of Bechar. They need to
be seriously taken into account while planning local devel-
opment programs in order to identify the areas at risk of
flooding; this will help to classify these areas according to
the height of flood waters in order to minimize damage
from natural disasters and floods for the purpose of reduc-
ing the impact of flooding on the study area and to protect
the city of Bechar and the agglomerations exposed to this
risk.

This work also allowed providing appropriate decision
support elements that can help develop an adequate layout
plan for the City of Bechar. Improvements are highly rec-
ommended for better flood risk management at Wadi Be-
char watercourse and also for the development of an effi-
cient flood prevention scheme.
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Abdelghani BEKHIRA, Mohammed HABI, Boutkhil MORSLI

Zarzadzanie ryzykiem zasobow wodnych w aglomeracjach miejskich w strefach klimatu suchego
z wykorzystaniem programéw HEC-RAS i GIS: Przyklad powodzi w mie$cie Bechar

STRESZCZENIE

W ostatnich latach miasto Bechar w Algierii doswiadczyto kilku ekstremalnych zjawisk powodziowych, np. w 2008 r.
z przeptywem 830 m’s ™’ (Mwody =4 m, b =200 m) po wyjatkowo duzych opadach deszczu. Podobne powodzie wystapity
w latach 2012 i 2014. Problemem jest fakt, ze miasto Bechar rozciaga si¢ do brzegow Wadi Bechar, co stwarza powazne
zagrozenie dla zycia mieszkancow regionu. W niniejszej pracy oszacowano zagrozenie powodzig poprzez mapowanie ry-
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zyka. Ta metoda polega na okre$leniu wartosci przeptywu z okresem powtarzalnosci 25 lat (Q,s = 388,6 m™s ', Nyody = 3,5 m,
b =200 m, S, = 55,35 ha), 50 lat (Oso =478,3 m’s ', hwody =5 m, b =200 m, S, = 66,48 ha) i 100 lat (Q190 = 567,3 m’s’,
hwody = 7 m, b =200 m, S, = 133 ha). Do mapowania zjawiska nalezy dostosowa¢ wartosci przeptywoéw z wykorzysta-
niem prawa Gumbela za pomocg programow komputerowych HEC-RAS, HEC-GeoRAS i1 ArcGIS. Niniejsza praca umoz-
liwia okreslenie stref narazonych na ryzyko powodzi i ich klasyfikacje w zaleznosci od wysokosci fali powodziowe;.

Stowa kluczowe: mapowanie, powodz, strefy klimatu suchego, zasoby wodne, zmiany klimatyczne
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