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Abstract The effect of climate change on the water resources of the Cheliff basin in
Algeria was evaluated with a particular focus on the significant factors affecting the
water reserves. The Cheliff basin, which is one of the largest basins in the north of
Algeria, is affected by water scarcity due to the extension of industrial and agri-
cultural activities with the population growth, on the one hand, and to a decline in water
resources caused by extreme droughts, on the other hand. The results of the current
climate change assessment revealed a downward trend in the precipitation ranging from
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14 to 54% and a reduction in streamflows that exceeds 40% with a break observed at
the beginning of the 1980s. According to different emission scenarios, several general
circulation models (GCMs) predict an increase in temperature of +0.9�C to +5�C on
average at the end of the twenty-first century, with a decrease in average rainfall of
10–30%. A conceptual model predicted a flow deficit ranging from 10 to 48% at
different periods and in different scenarios.

This study found that the problem of water scarcity was exacerbated by poor
management of available water resources and by the significant increase in the
population, which exceeded five million in 2010. Intensive use of water for irrigation
and economic development has put additional pressure on the limited water
resources. All these facts call for a proper “fit for purpose” integrated water man-
agement policy for the whole country.

Keywords Cheliff basin, Climate change, Trend, Water resource

1 Introduction

Over the past three decades of the twentieth century, many scientists have argued
that climate change could lead to major changes threatening the very existence of
humans on the planet.

Recently, considerable research has been led to address the impact of climate
change on the environment and particularly on water resources [1–10]. During the
last century, the average temperature across the Mediterranean basin and the North
Africa region has increased by 0.56–0.92�C [9–17]. According to different emission
scenarios [4, 14, 17–22], several general circulation models (GCM’s) predict an
increase in temperature from 0.7 to more than 4�C by the end of the twenty-first
century. Algeria, in particular, has experienced a decrease in average annual preci-
pitation. Rainfall is predicted to further reduce during the coming century [9, 14,
23–25].

This situation is particularly noticeable in regions subject to a semiarid climate
regime. This is particularly the case in the Cheliff basin, which is one of the largest
basins in northern Algeria. It is affected by water shortage due to the expansion of
industrial and agricultural activities with population growth, on the one hand, and
the reduction of water resources caused by extreme droughts, on the other hand.
Recent studies over the past few years have revealed a declining rainfall trend in
most Algerian regions [17, 26, 27] and a significant decrease in flow to dams
and significant groundwater level drop and high vulnerability to groundwater
pollution [28].

Precipitation is the fundamental driver of the Earth’s hydrological system. As a
result, any change in intensity, frequency, and timing of precipitation will have a
direct impact on water resources and therefore on economic development. The
severe droughts of the early 1980s can testify to the magnitude of the effects that
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climate extremes can have on the national economy. The floods in recent decades in
the north give a further idea of the damage that can be caused.

At present, the major concern of the country is to predict, with scientifically
accepted margins of uncertainty, the potential impacts of climate change predicted
by the IPCC on water resources.

In this context, it is necessary to put in place sound adaptation strategies aimed at
minimizing the negative impacts that climate change would bring in the future.
Decision-makers thus need objective assessments of the vulnerability of different
socioeconomic sectors through the integration of climate information at the national
and local levels. This information concerns, in particular, observed trends and
projected future scenarios. This chapter aims to assess the direct and indirect impacts
of climate change on water resources by identifying major trends in precipitation
over time, annual flows, and the significant contribution of the dam in the study area.

2 Materials and Methods

2.1 Description of Case Study Area

The Cheliff basin, one of largest basins in Algeria, is located in the northwest of
Algeria and lies between 34� and 36� N in latitude and between 0� 120 and 3� 870 E in
longitude. The watershed covers an area of 43,750 km2, being bordered to the north
by the coastal-Dahra basin, in the south by the Zahrez basin, in the east by the
Algiers basin, and in the west by the Oran basin. It consists of three subregions, the
upstream Boughezoul basin, the Upper and Middle Cheliff basin, and the Lower
Cheliff basin and Mina. The study area is characterized by the heterogeneity of large
natural units, to which is added a significant latitudinal extension and diversified
geography (such as plains, mountains, and Tellian plateaus). The basin is 20–70 km
from the Mediterranean Sea. All these factors determine the region’s climate, which
ranges from semi-humid to semiarid. The climate of the case study region itself is the
semiarid Mediterranean with warm summers and cold winters. The rainfall has a
wide interval of variability with a trend of decline from north to south and from east
to west. The mean annual rainfall ranges from 300 mm in the high plains to 600 mm
in the coastal watershed, except in the Zaccar massif where about 800 mm have been
recorded.

Average annual temperatures decrease gradually from north to south with a
minimum 14.2�C and a maximum 18.7�C. Average monthly temperatures follow
the same pattern, but the decline is faster in the cold season than in the hot season,
because of the particularly harsh effect of continentally winter and the regulating
influence of the sea in summer. The hot season, months during which average
monthly temperatures are higher than the annual average, extends from May to
October, while the cold season lasts from November to April. The maximum
temperatures of 27–28�C are reached in August or July, and the minimum temper-
atures are in January and February (3–10�C).
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The Cheliff Wadi is 750 km long and is the longest “river” in Algeria. Wadi refers
to a dry (short-lived) riverbed that only contains water during periods of heavy rain.
The Cheliff Wadi source is in the Saharan Atlas, with 70% of its annual runoff
occurring from December to April. The large variability of hydrological regimes can
be observed in the large range of variation of mean annual flow which varies from
0.06 to 15.36 m3 s�1. Extreme values of the flows are of great interest to hydrologists
as they constitute a major concern due to their scale, aggressiveness, and negative
impact on societies and economic and social development.

Hydrologic data monitoring stations of the three sub-basins of the Cheliff bowl
are illustrated in Fig. 1. Monthly rainfall data and monthly flow data over the study
area were obtained from the National Meteorological Office (NMO) and the
National Agency of Hydraulic Resources (NAHR).

In this study, a total of 42 hydro-climatic variables were selected for the study.
The stations considered are those with a long series of observation and few gaps.
Data of surface water was obtained from the Ministry of Water Resources (MWE).

Fig. 1 Location of the study area including the sub-basins
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2.2 Methodology

The assessment of the rainfall variability was performed using the nonparametric test
of Mann-Kendall (MK). This test is to confirm whether there is a positive or negative
trend for a certain confidence level. The magnitude of linear tendency was calculated
using Sen’s estimator. The step change (break date) is detected by the Pettitt test.
GR2M conceptual model has been applied to simulate the monthly streamflow. The
simulation was performed with seasonal and annual rainfall data recorded at 36 sta-
tions covering a period of 38–105 years, while seasonal and annual flow data of six
gauging stations covered a period of 26–46 years.

2.2.1 Mann-Kendall Test

The nonparametric test of Mann-Kendall [29, 30] was used for determining mono-
tonic trends in hydrometeorological and other non-normal distribution series [31–
33]. This test allows for testing of the correlation between the ranks of a time series
and their time sequence [34]. It measures the degree of significance of the trend at a
level of 0.05.

Let (x1 . . . xn) be a sample of independent values from a random variable X of
which is to assess the stationarity. The null hypothesis H0 is the hypothesis of
stationarity of the series (no trend). The alternative hypothesis H1 corresponds to
the non-stationarity of the series. The Mann-Kendall S statistic is defined as:

S ¼
Xn�1

i¼1

Xn
k¼iþ1

sgn Xk � Xið Þ ð1Þ

with:

sgn Xk � Xið Þ ¼
þ1 si Xk � Xið Þ > 0

0 si Xk � Xið Þ ¼ 0

�1 si Xk � Xið Þ < 0

8>><
>>:

ð2Þ

where Xk and Xi are of the time series and n is the length of the data sequence. The
variance of S and test statistic Z is given by:

Var Sð Þ ¼
n n� 1ð Þ 2nþ 5ð Þ � Pq

p¼1
tp tp � 1
� �

2tp þ 5
� �

18
ð3Þ
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Z ¼

S� 1ð Þffiffiffiffiffiffiffiffiffiffiffiffiffiffi
Var Sð Þp si S > 0

0 si S ¼ 0

Sþ 1ð Þffiffiffiffiffiffiffiffiffiffiffiffiffiffi
Var Sð Þp si S < 0

8>>>>>>><
>>>>>>>:

ð4Þ

where q is the number of tied groups and tp is the size of the pth tied group.
The null hypothesis is accepted or rejected at α depending on whether α1 > α or

α1 < α. Generally, the 0.05 level is largely used. In this study, the analysis of
precipitation variability, 0.05 and 0.01 levels, was employed. When the statistical
value of z is positive, the trend is increasing, while a negative value indicates a
declining trend.

2.2.2 Sen’s Median Slope Estimator

When the hypothesis of no trend is rejected by Mann-Kendall test, the Theil-Sen’s
slope [35] allows determining the magnitude of the linear trend. The slope is
estimated for N pairs of data points, Q, as:

Qi ¼
Xj � Xk

J � k
, For i ¼ 1 . . . n ð5Þ

where Xj and Xk are the data values at time j and k, respectively, with j > k. The
median of the slope between all pairs of data of Q slope estimates is Sen’s linear
slope.

2.2.3 Pettitt Test

The Pettitt [36] approach derived from the Mann-Whitney test makes it possible to
test the significance of the breaks in the rainfall and hydrometric series considered
from a null hypothesis [36]. This test is known for its robustness [37].

The implementation of the test requires that for any time t ranging from 1 – n, the
series (xi), i ¼ 1 – t and t + 1 – n belong to the same population. The statistic test is
the maximum absolute value of the variable Ut,n defined by:

Ut, n ¼
Xt

i¼1

Xn
j¼tþ1

Dij ð6Þ

where
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Di, j ¼ sgn xi � xj
� � ¼

1 si xi > xj

0 si xi ¼ xj

�1 si xi < xj

8>><
>>:

ð7Þ

Pettitt proposes to test the null hypothesis using the Kn statistic defined by the
absolute maximum ofU(t,n). From the rank theory, it shows that if k denotes the value
of Kn taken on the studied series, under the null hypothesis, the probability of
exceeding the value k is given approximately by the relation (8) [37–39]:

Prob Kn > kð Þ � 2 exp
�6k2

n3 þ n2ð Þ
� �

ð8Þ

On the other hand, for a given risk α of the first kind, if the estimated probability
of exceedance is less than α, the null hypothesis, H0, is rejected, and the estimated
value of the break date is given by the time t defining the maximum absolute value of
the variable Ut,n.

2.2.4 Conceptual Model GR2M

The GR2M model consists of a production reservoir that governs the production
function, characterized by its maximum capacity, and a reservoir (gravity water) that
governs the transfer function [40, 41]. This monthly model of water balance was
based on two main optimizable parameters: X1 (mm), which represents the maxi-
mum capacity of the soil moisture reservoir, and X2 (0 < X2 < 1), the underground
exchange coefficient. Rainfall (P) and potential evaporation (E), which is calculated
by the Thornthwaite method, are both the main input parameters of the model which
are modulated in the same portion. The outputs’ results represent the streamflow
in mm.

3 Results and Discussion

3.1 Precipitation

3.1.1 Spatiotemporal Variation in Rainfall

Rainfall distribution is heterogeneous across the Cheliff basin and is characterized
by a decreasing average annual rainfall from north to south, with a change in altitude
of Tellian chains that show the important role of the altitude. Rainfall varies from
778.8 mm in the north to 249.1 mm in the south. Calculating the standard deviation
and coefficient of variation (CV %) for each station shows that for all selected
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stations the annual coefficient of variation is between 17.0 and 60.3%. The coeffi-
cient of variation of annual rainfall is generally increasing from north to south of the
study area. This spatial variability is aggravated by heavy rains in association with
northwesterly directional winds for the northwest and southwest regions. The var-
iability is also due to the heavy winter and spring rains that affect the mountainous
regions where the altitude exceeds 1,000 m as is the case of the Dahra mountains
compared to the Lower Chellif plain and the western part of the basin (the basin
of Mina).

Precipitation rarely exceeds 250 mm/year in upstream Boughezoul basin. This
region is particularly semiarid to arid, and the effect of the latitude is very important.

3.1.2 Evolution of Rainfall

As reflected in Fig. 2, the representative stations of three characteristic regions of the
study area show an excess of rainfall until the late 1970s and early 1980s. However,
downward episodes are recorded during this period not exceeding 3 consecutive
years (periods from 1930 to 1933, 1941 to 1944, and 1968 to 1970).

From the 1980s to the present day, this region experienced one of the most rain-
deficit periods, both in intensity and persistence.

3.1.3 Annual Precipitation Trends

The results of the statistical analysis obtained are presented in Table 1. The analysis
of trend by MK test shows that annual rainfall is trending downward across the
basin.

Some of these trends are statistically significant. Several of the trends are signif-
icant at the 5% level, and two of the trends are significant at the 10% level. The value
of the Sen’s slope at the 0.05 level of significance reflects the magnitude of this trend.
The decrease in annual rainfall varies from �0.75 mm/year in the southeast to
�4.58 mm/year in the west with significant decreasing trends in the annual mean
precipitation z-value: 5.22. The season’s rainfall pattern and trends were very similar
to the annual ones.

Significant decreasing trends were observed in seasonal average rainfall in winter
for the southeast (at z-value �1.78 and �0.58 mm/year) to the west (at z-value
�4.77 and �2.18 mm/year). The significant decreasing trends of average seasonal
rainfall had the highest value of decreasing slope (i.e.,�3.34 mm/year) in the west of
the study area for Oued Lili station in spring.

However, the results of the two tests (Spearman and Mann-Kendall) applied to
the series of annual rainfall in western Algeria, including some stations in our study
area, revealed a downward trend in most of the studied stations [42], which is in
agreement with the results obtained in this study. The results of a study conducted
[26] in the northwest of Algeria showed a general downward trend in annual rainfall,
which is consistent with the one obtained in this study.
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Analysis of precipitation series showed the importance of identifying local trends
that differ from national or global trends. The results indicate that for the periods
analyzed, there is a decrease in rainfall across the basin studied. Significant trends are
appearing in the west and southeast parts of the region.

3.1.4 Break Detection

The analysis of long series makes it possible to detect possible changes in the rainfall
regime. In the Cheliff basin, several significant trends have been identified for
rainfall parameters. Several studies [17, 27, 43, 44] indicated a break during the
1970s for almost all the stations studied. The results obtained are presented in Fig. 3.
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Fig. 2 Evolution of the rainfall deficit and accumulated deficit in the three stations of the study area
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Table 1 Statistic Z of Mann-Kendall test for mean annual rainfall, winter (DJF) mean rainfall,
spring (MAM) rainfall, and Sen’s slope

Station

Years
of
record

MK
Z-value
(p ann)

Sen’s
slope
(mm/year)

Z-value
(DJF)

Sen’s slope
(mm/year)
(DJF)

Z-value
(MAM)

Sen’s slope
(mm/year)
(MAM)

ONM Chlef 75 �1.35 �0.78 �1.49 �0.58 +0.09 +0.02

Chlef DDA 43 �1.08 �1.88 �0.87 �0.95 �0.72 �0.48

Essoula 43 �1.33 �1.46 �0.85 �0.58 �1.46 �0.63

O. Fares 43 �1.50 �2.86 �1.37 �1.39 �1.83a �1.30

Ponteba
Bge

44 �1.60 �2.64 �1.60 �1.40 �1.57 �1.20

El Abadia 43 �1.79a �2.90 �0.91 �0.96 �1.96a �1.34

Khmesti 98 �1.04 �0.75 �1.78a �0.58 �1.60 �0.37

Merdja
Amel

41 �1.57 �2.20 �2.11b �1.51 �1.48 �0.86

Rouina
Mines

43 �1.60 �1.88 �1.06 �0.79 �1.98b �1.11

Arib Ebda 43 �1.77a �2.98 �0.70 �0.90 �1.77a �1.51

Harreza 43 �1.23 �1.93 �1.14 �1.01 �1.33 �0.93

O. Lili 38 �2.50b �3.76 �2.50b �2.02 �3.36b �3.34

Sidi
Medjahed

95 �4.42b �3.62 �3.43b �1.72 �2.31b �0.83

El Ababsa 43 �1.37 �1.64 �0.95 �0.91 �1.64 �0.88

Ain Defla 101 �2.62b �1.26 �1.33 �0.37 �1.08 �0.22

Ain Boucif 84 �3.76b �2.97 �2.43b �0.99 �3.90b �1.12

Ammi
Moussa

90 �2.73b �1.34 �2.25b �0.61 �0.85 �0.20

Derrag 93 �2.10b �1.42 �1.33 �0.51 �0.88 �0.31

Fodda Bge 68 �3.40b �2.65 �2.66b �1.10 �0.95 �0.34

Frenda 75 �2.91b �1.87 �2.58b �0.91 �1.89a �0.31

Grib Bge 66 �3.31b �2.53 �2.24b �1.21 �1.84a �0.93

Mehdia 95 �3.81b �1.95 �3.51b �1.05 �2.39b �0.54

O. Sly 85 �3.54b �1.76 �2.15b 0.66 �1.38 �0.32

Rosfa 54 �3.93b �3.39 �3.14b �1.56 �3.05b �1.07

O. El Abtal 72 �2.44b �1.38 �4.14b �1.26 +0.66 +0.18

Sidi AEK
Djillali

38 �3.32b �2.12 �0.72 �0.37 �2.76b �1.23

Ain Amara 38 �2.45b �1.35 �1.12 �0.75 �3.06b �1.88

Rouina
Mairie

85 �2.78b �1.30 �2.06b �0.61 �1.21 �0.26

B. Amir
AEK

85 �2.72b �1.55 �1.03 �0.43 �1.40 �0.46

Tissemsilt 89 �1.97b 0.79 �1.72a �0.43 �0.65 �0.16

El Touaibia 43 �1.27 �1.70 �0.58 �0.43 �1.75a �0.88

Kenenda
Farm

79 �5.22b �4.58 �4.77b �2.18 �3.00b �1.21

(continued)
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The analysis of these results shows that the majority of the series analyzed show
breaks. In 73% of the stations, there is a break between 1970 and 1980. From one
break to another, the average of rainfall decreases. These observations are consistent
with the results of a number of studies, including [45], which are, for northern
Algeria, most of the ruptures are between the beginning of the 1970s and end of the
1980s.

The study of the interannual variability of rainfall then allows to better quantify
the deficit in the period after rupture compared to before rupture as shown in Fig. 4.
Maximum reductions of around 54.8% were recorded at the Rosfa station in the
south, and a minimum reduction rate of 14% was observed at the Theniet El Had
station in the east.

A significant reduction, over 30%, was recorded in the west and south of the
study area; the most of this region has less rainfall. Over the study’s period, this

Table 1 (continued)

Station

Years
of
record

MK
Z-value
(p ann)

Sen’s
slope
(mm/year)

Z-value
(DJF)

Sen’s slope
(mm/year)
(DJF)

Z-value
(MAM)

Sen’s slope
(mm/year)
(MAM)

ThneitEl
Had

106 �1.76a �0.79 �0.79 �0.24 �1.47 �0.37

Rechagha 74 �4.07b �1.99 �2.97 �0.61 �2.23b �0.52

Ksar
Chellala

100 �3.43b �1.03 �4.10b �0.46 �1.89a �0.35

Dahmoni
Trumulet

79 �5.07b �3.12 �4.21b �1.62 �2.95b �0.91

aTrend statistically significant at 10%
bTrend statistically significant at 5%
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Fig. 3 Pettitt test in the study area

Assessing the Climate Change Impact on Water Resources and Adaptation. . . 121



decline averages around 26% nationally; the end of the rainy season (February–
April) shows more pronounced trends. The beginning of the rainy season shows, on
the contrary, an upward trend but which remains low and statistically insignificant.
Interannual rainfall variability increases as it approaches arid regions. The increase
in variability follows the increase in longitude and the decrease in latitude. Altitude
attenuates this increase.

Generally, there is a decrease in precipitation and a greater occurrence of droughts
in recent decades. This break, in the sense of a decrease in the annual rainfall, gives
an idea for thought to better manage an ever-dwindling water resource in the face of
an ever-increasing demand.

3.2 Hydrometric Network and Presentation of Hydrometric
Stations Selected

The Cheliff basin has few stations with the capacity to do hydrometric measure-
ments. The archives reveal that the network is old; the first gauging station in the
basin was established in 1925, but the number of hydrometric stations available and
likely to provide sufficient good quality information for water resource management
is insufficient. Cheliff basin, with an area of 43,750 km2, has 43 gauging stations of
which only 24 are operating hydrometric stations; this means 1 station for every
1,560 km2.

For this study, six gauging stations were selected for having data over long
periods with few data gaps.

3.2.1 Study of the Variability Hydrometric

The study of the hydrometric series conducted over a long period allows the
assessment of the sensitivity of river flows to climate change. The average
interannual discharge of the basin (Fig. 5) varies between 0 and 60.19 m3 s�1 with
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Fig. 4 Rainfall reduction rate in the study area
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a maximum of 952.20 m3 s�1 in the eastern region and 0–1.15 m3 s�1 with a
maximum of 334.68 m3 s�1 in the south of the region.

The high flows observed in the western part of the study area (the Ain Amara
and O. El Abtal stations) are related to the importance of the Oued Mina inflow and
the special morphometric characters. In this basin, altitude exceeds 1,200 m, which
favors the generation of surface runoff. This gradual increase in inflow from east
to west is consistent with climatic and physiographic data from the upstream
Boughezoul Basin to Upper and Middle and Lower Cheliff to Mina. Flows are
low in the high plains, due to low rainfall, high evapotranspiration, and high
permeability of lithologic formations. On the other hand, they are relatively high
in the Upper and Middle Cheliff, which combine abundant average precipitation and
low permeability of geological outcrops. This suggests that the altitude parameter is
an important factor.
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Fig. 5 Evolution of interannual reduced centered index discharges of six stations in the study area
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3.3 Annual and Seasonal Flow Trends

Table 2 shows significant annual downward trends, which were observed in the
western region (O. El Abtal station, Djidiouia Cheliff), with a maximum of �4.54
(O. El Abtal). Significant decreases in annual flow indicate a greater decreasing
slope, respectively, for O. El Abtal and Djidiouia Cheliff (i.e., �0.103 and
�1.18 m3 s �1). Same as the seasonal scale, a significant downward trend was
observed in the west and south of the study area, with maximum z-values of�4.34 in
winter (O. El Abtal station) and �3.42, �3.44, and �3.76 in summer and winter in
Ain Amara, Djdiouia Cheliff, and Ferhat Farm, respectively.

3.4 Surface Water Resources

To meet a growing demand for water, the surface water storage capacity has been
increased with the construction of new dams, going from 12 dams in 2000 to
15 dams at present with a capacity of 2.205 billion m3 according to the Ministry
of Water Resources [46].

There are 145 small dams in the Cheliff basin, but only 27 are in operation, and
118 are completely silted [47]. The available water resource corresponding to the
capacity of the service reservoirs is 16 Hm3 entirely intended for irrigation. There are
seven canals and diversions from the dams in the study area. The derived volume
is 13.4 Hm3/year. Run-of-river sampling is estimated at an average of 57 Hm3/
year [46].

Table 2 Statistic Z of Mann-Kendall test for mean annual streamflow, seasonal streamflow, and
Sen’s slope

Station

Z-value Sen’s slope
(Qann)
m3s-1y-1ANN

Autumn
(Sep–Nov)

Winter
(Dec–Feb)

Spring
(Mar–May)

Summer
(Jun–Aug)

O. El
Abtal

�4.54a �2.94a �4.34a �3.32a �4.17a �0.103

Ain Amara �0.67 +0.25 �2.92a �1.80b �3.48a �0.015

Arib
Cheliff

�1.68 �3.07a �0.73 �0.99 �0.86 �0.32

Ferhat
Farm

�1.30 +0.49 �3.76a �0.02a �0.02 �0.002

Djidiouia
Cheliff

�3.61a �2.32a �3.44a �2.98a �2.44a �1.05

O. Fares �2.94a 2.23a �2.20a �3.02a �3.95a �0.03
aTrend statistically significant at 5%
bTrend statistically significant at 10%
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3.5 Impact of Climate Change on Surface Water Resources

The twentieth-century global warming in the study area has a negative impact on the
precipitation cycle including all water resources. From 1968 to 2001, the interannual
inflow of Cheliff basin was estimated at 1,025 Mm3, consisting of 687 Mm3 for
Middle and Upper Cheliff, 242 Mm3 for Lower Cheliff and Mina, and 96 Mm3 in
upstream Boughezoul. In 2009, precipitation decreased to less than 350 mm, and
inflow decreased to 815 million m3, so a rate of 20%. This decrease has resulted
in a decreasing trend in runoff and consequently a reduction in dam capacity. To
illustrate the decrease in storage of dams, three dams were chosen in the study area,
Sidi Yakoub dam and Boughezoul dam located in the Middle and Upper Cheliff and
Sidi M’Hamed Benaouda dam located in the Mina region (Figs. 6, 7, and 8).

The condition of the Sidi Yakoub dam filling ranged between 82% in 1994, 14%
in 1998, and 65% in 2004. The contribution of runoff to surface water has consis-
tently decreased due to the significant reduction in precipitation.
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Fig. 6 Volume evolution in Sidi Yakoub dam (1986–2004)

Fig. 7 Evolution of the capacity of Sidi M’Hamed Benaouda dam (Remini and Bensafia, 2011
in [48])

Assessing the Climate Change Impact on Water Resources and Adaptation. . . 125



Figures 7 and 8 shows the evolution of the capacity of the Sidi M’Hamed
Benaouda dam and Boughezoul dam.

The reservoir of the Sidi M’Hamed Benaouda Dam had an initial total volume of
241 Hm3, but this value was reduced over time to 226 Hm3 in 1986 and 153 Hm3 in
2004. The storage capacity of the reservoir is reduced by order of 4 Hm3/year due to
siltation. When it was built in 1934, the Boughezoul dam had a capacity of 55 million
m3. Its capacity decreased to 33 million m3 in 1986 and 20 million m3 in 2005. This
development indicates the consequences of the decrease in precipitation and the
severity of the siltation, which is mainly due to upstream erosion.

Other consequences of decreasing precipitation could be:

• Siltation of dams (concentrated precipitation and siltation accelerated by
increased erosion)

• Unsteady river regime
• A decrease in the piezometric levels, inducing a decrease in the outflows of the

natural outlets of groundwater
• The degradation of water quality
• Reduction in crop yields
• Increased water requirements for irrigated crops

It was observed that the problem of water scarcity was exacerbated by
mismanagement of available water resources and a significant increase in the
population that has exceeded five million in 2010 [44]. Intensive use of surface
water for irrigation and water use for economic development has put additional
pressure on limited water resources. Vital capacities are lost in urban water distri-
bution systems, and networks of irrigation are dilapidated or badly maintained. All
these failures reflect an inadequate mastery in the management of water resources
policy of the country. Better water demand management that would control, reduce,
and adjust consumption, while avoiding water losses and waste, is imperative [50].

Fig. 8 Evolution of the capacity of Boughezoul dam [49]
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3.6 Water Resources Management

Since independence 1962, the mobilization of water resources has been focused on
groundwater resources. The rapid increase in water demand in the irrigation and
industry sectors, as well as the progressive needs of the population, has led the public
authorities to mobilize more and more the superficial resources. Thus, the efforts
undertaken during the current decade have led to significant improvements.

Faced with these challenges, the country has introduced a new policy to more
efficiently manage water resources via the building new dams. There are now
15 dams in the study area having a total capacity of 2.205 million m3 according to
the Ministry of Water Resources [46]. Other projects are in progress (i.e., five new
dams) which will provide an additional volume of 1,608 Mm3/year intended for the
irrigation and domestic water supply. The use of nonconventional water resources is
also being considered with the construction of small seawater desalinization plants
in the year 2001. Two large stations with an estimated production capacity of
109.5 Hm3 are also being built. Studies have also been launched on the reuse of
treated wastewater for agricultural use.

3.7 Projected Climate Change and Adaptation on Surface
Water Resources

Several sources can be used to obtain a consensual image of climate projections for
Algeria and the study area at various time horizons. Climate change in Algeria was
analyzed based on the UKHI and ECHAM3TR GCMs and the IPCC GIEC IS92a
scenario. Other work has been done by [50] to assess the impacts of climate change
on water resources, using HadCM3 low-resolution general circulation model (GCM)
scenarios [51]. This involves the development of local-scale climate change scenar-
ios using the statistical downscaling method performed by the LARS-WG stochastic
generator [52, 53].

The seasonal and annual temperature changes simulated by the UKH1 and
ECHAM3TR model for Algeria are qualitatively similar to those obtained by the
HadCM3 model, although a little less important in terms of intensity. Projections by
UKH1 model for the different horizons on the Cheliff basin would indicate a
warming of the order of 0.6–1.1�C in 2020 and of 0.95–2.2�C for 2050. Similar
trends were observed for the two scenarios HadCM3-A2 and HadCM3-B2. Overall,
the simulations of temperature changes by different global and regional climate
models are extremely homogeneous and still have the same order of magnitude of
+2�C to +5�C on average at the end of the twenty-first century.

For precipitation (Fig. 9), the annual changes simulated by the UKH1 model
show the decrease in rainier areas and the increase in less rainy areas compared to the
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reference period (1961–1990). These different rainfall maps for the different hori-
zons (2020, 2025, and 2050) reveal the same remarks about the spatial distribution of
annual average rainfall but with values lower than the average relative to the
reference period (1961–1990).

Fig. 9 Rainfall map of the Cheliff basin for 2020, 2025, and 2050 [54]

128 Y. Elmeddahi and R. Ragab



The north region, whose rains were more than 450 mm for the period 1961–1990,
becomes less important and would no longer exceed 400 mm for different scenarios
and different horizons.

In the northeast region of the Cheliff basin and particularly the Zaccar massif,
rainfall is becoming less important. A larger part of the basin will experience a
reduction in precipitation; it includes the regions of Lower Cheliff and Mina and
the upstream Boughezoul. This region will be between the isohyets 300 mm in the
north and 100 mm in the south, where the semiarid to arid climate becomes more
pronounced by occupying more surfaces faster.

The climate scenarios agree on a decrease in annual precipitation, on average,
between 10.4 and 33.7% and between 12.2 and 28.1% for the A2 and B2 scenarios,
respectively (Table 3). The decrease in annual precipitation is greater in summer and
exceeds 40% by 2080. It should also be noted that the seasons would be more
contrasting and the trend of decreasing precipitation would be stronger in autumn
and winter for the A2 scenario. In general, the model predicts significant downward
trends, suggesting that droughts are expected to increase substantially at the end of
the twenty-first century in our study area.

This continuing decrease in rainfall at different horizons and in different scenarios
confirms previous studies in the Mediterranean and Algeria, such as climate pro-
jections for rainfall in Algeria by 2071–2100 under three IPCC scenarios adapted
from Giorgi and Lionello study [25] will indicate: 2011–2040 and 2041–2070,
rainfall reductions range between 0 to 30% and from 1 to 40% for the scenarios
B1 and A1B respectively and a decrease in the order of 25–40% by the period
2071–2100 for the A2 scenario.

The hydrologic model GR2M has been used to simulate flows over the next
century. However, the results obtained must be treated with great caution because of
some unavoidable difficulties related to both hydrological modeling and climate
model uncertainty.

The two HadCM3 scenarios predict a decrease in flows for the three horizons
(2020, 2050, and 2080) but with higher rates of variation (12, 30, and 45%) obtained
with the A2 scenario. These results of the flow reduction for the A2 and B2 scenarios
confirm the previous studies carried out in the Mediterranean basin, Algeria, and the
Cheliff basin [18, 54, 55].

Table 3 Rate of precipitation variation (%) at horizons 2020, 2050, and 2080 compared to the
reference period (1961–1990) in the study area

Rate of change in precipitation (%)

A2 B2 A2 B2 A2 B2

2010–2039 2040–2069 2070–2099

Annual �10.35 �12.23 �20.78 �19.1 �33.65 �28.1

Autumn �9 �12.1 �23.4 �16.7 �30.8 �27.3

Winter �6.5 �9.9 �17.4 �15.1 �28.6 �24.9

Spring �11.5 �8.1 �12.5 �17.9 �25.5 �20.3

Summer �14.4 �18.8 �29.8 �26.7 �49.7 �39.9
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Also, an increase is expected in the frequency of droughts and a deficit of the
surface water contribution of about 15% in the short term, resulting in a drop of
groundwater of 4.4% in 2020 and 6.6% in 2050 [54]. So, the region is heading
toward a much more severe water scarcity over the next few decades.

The sector most vulnerable to climate change is water resources and agriculture.
In Algeria, adaptation initiatives are already in use and will have important conse-
quences in several sectors. These actions must be integrated into a global adaptation
policy of the country. The implementation of an adaptation plan:

• Water saving, it is a question of reducing the losses of water in the distribution
and irrigation networks and of optimizing the consumption to adapt it to the needs
of the different crops.

• Use of water-saving techniques, particularly in agriculture, such as drip irrigation
and controlled suction, and the choice of crops that consume less water.

• Improvement of industrial water management methods (recycling, reuse).
• Use of unconventional waters.
• Protection of water resources.
• Mobilization of new water resources.

– Collection and use of rainwater.

4 Conclusion

Climate change in the study area has had an adverse effect on the precipitation cycle,
including all water resources. The reduction in the precipitation produced a down-
ward trend in water inflow as shown by recording annual decreases from 1,025 to
815 Mm3 between 1968–2001 and 2009. The consequences of water shortages are
changes in the environmental balance which will consequently affect various human
activities especially the available water supply for domestic and industrial consump-
tion as well as for the agricultural economy.

Climatic scenarios agree on a decrease in annual precipitation, averaging between
10% and more than 30% at the end of the twenty-first century. These results reflect
the availability of surface water resources, which will tend to decrease, with longer
and more severe periods of low water. The Cheliff basin is considered particularly
vulnerable to acute water scarcity in the coming years. A large water deficit due to
population growth and an increase in water demand by different sectors of the
economy are also expected (e.g., agriculture, industry).

Faced with these challenges, the country has implemented a new water resource
management policy through the construction of new dams and use of unconventional
water resources. It is hoped that the current investigation will help policy makers to
make better decisions in developing water management strategies for the watersheds
of Algeria.
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5 Recommendations for Future Work

Future work on the impacts of climate change would benefit from integration of
groundwater and surface water resources.

Better assessment of the effect of climate change on water resources at regional
scale would require the application of the relevant regional models and the use
of weather generator data for other future climate scenarios based on changes of
different meteorological parameters (e.g., wind speed, radiation, relative humidity,
number of cloudy days, etc.) in addition to temperature and rainfall. The results
of these models may be used to simulate the runoff pattern by using a suitable
hydrological model. The findings of such studies are important in preparation of
regional water management plans.

Other benefits could be:

• Regionalization of parameters of hydrological models to assess hydrological
behavior in ungauged basins

• Development of new drought forecasting tools based on new approaches
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