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RESUMEN

La región mediterránea es altamente vulnerable a la variabilidad climática, con profundas implicaciones para 
la seguridad hídrica. Este estudio evalúa el impacto de cuatro décadas (1983-2023) de fluctuaciones climáticas 
sobre el uso del suelo y los recursos de agua subterránea en la subcuenca de Wadi Fekan, en el noroeste de 
Argelia. Mediante el uso de índices estandarizados (SPI, CMI) y pruebas de detección de rupturas aplicadas 
a los datos de 11 estaciones pluviométricas, se identificó un cambio climático clave entre 1999 y 2006. Esta 
ruptura marcó el inicio de un régimen más húmedo, con un aumento del 31.7 % en las precipitaciones. El 
incremento resultante del escurrimiento provocó una expansión medible del cauce principal del río (+0.045 % 
en la clase de uso del suelo). Paralelamente, el acuífero aluvial experimentó una recarga significativa, con 
volúmenes que aumentaron de 17.997 km3 (2003-2013) a 25.615 km3 (2013-2023). No obstante, el análisis 
espacial reveló una paradoja: a pesar de las condiciones más húmedas en general, la aridez se intensificó en 
el centro de la cuenca debido a un efecto Foehn, y el balance hídrico neto del acuífero se mantuvo negativo 
durante todo el periodo de estudio. Esto indica que la sobreexplotación del agua subterránea durante las sequías 
anteriores generó un déficit hidrológico que las precipitaciones recientes no han compensado por completo. 
Estos resultados demuestran la persistente vulnerabilidad de los acuíferos semiáridos frente al estrés climático 
y la presión antrópica, subrayando la necesidad crítica de estrategias de gestión sostenible que aborden tanto 
la variabilidad climática como la sobreexplotación histórica para mitigar futuras crisis hídricas.

ABSTRACT

The Mediterranean region is highly vulnerable to climate variability, with profound implications for water 
security. This study assesses the impact of four decades (1983-2023) of climatic fluctuations on land use 
and groundwater resources in the Wadi Fekan sub-watershed, northwest Algeria. Using standardized indices 
(SPI, CMI) and break detection tests on data from 11 rainfall stations, we identified a pivotal climatic shift 
between 1999 and 2006. This break initiated a wetter regime, leading to a 31.7% increase in rainfall. The 
resulting increase in runoff led to a measurable expansion of the main riverbed (+0.045% in land-use class). 
Concurrently, the alluvial aquifer experienced substantial recharge, with volumes rising from 17.997 km3 
(2003-2013) to 25.615 km3 (2013-2023). However, spatial analysis revealed a paradox: despite overall 
wetter conditions, aridity intensified in the basin’s center due to a Foehn effect, and the aquifer’s net water 
balance remained negative over the study period. This indicates that groundwater overexploitation during 
prior droughts created a hydrologic deficit that recent rainfall has not fully offset. These findings demonstrate 
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the persistent vulnerability of semi-arid aquifers to climatic stress and anthropogenic pressure, underscoring 
the critical need for sustainable management strategies that address both climate variability and historical 
overuse to mitigate future water crises.

Keywords: Algeria, Fekan, climatic fluctuations, drought, groundwater resources, land use.

1.	 Introduction
This study investigates the interrelated impacts of 
climate variability on groundwater resources and 
land-use dynamics in the semi-arid Oued Fekan wa-
tershed in northwestern Algeria. Understanding these 
coupled processes is crucial for designing sustainable 
adaptation strategies in Mediterranean environments 
increasingly exposed to climate change. While pre-
vious studies have often examined climate impacts 
on water and land systems in isolation, this research 
adopts an integrated approach to analyze their simul-
taneous evolution and interactions.

Climate change stems from both natural processes 
within the climate system—such as ocean circulation 
and solar cycle variations—and external factors, in-
cluding volcanic activity and anthropogenic influenc-
es such as fossil fuel combustion and land-use mod-
ification (CSEN, 2022). According to the Intergov-
ernmental Panel on Climate Change (IPCC, 2007), 
projections indicate a temperature rise of 2-3 ºC 
in the Mediterranean region by 2050 and 3-5 ºC by 
2100. These increases are expected to reduce relative 
humidity, enhance atmospheric moisture capacity, 
and alter precipitation patterns, leading to less fre-
quent but more intense rainfall events and extended 
drought periods (Milano, 2010).

Recent decades have witnessed a global esca-
lation of extreme weather events, including floods, 
droughts, and desertification, prompting growing 
scientific concern (Jouilil et al., 2013; Soro et al., 
2014; Faye et al., 2015; Faty et al., 2017; Otmane et 
al., 2018; Jaziri et al., 2019). Research on drought 
evolution highlights the current period as one of the 
longest and most severe on record (Paturel et al., 
1998; Eriksen and Kelly, 2007; Dao et al., 2010; Ai-
cha et al., 2011; Hallouz et al., 2012; Ghenim, 2013; 
Khoualdia et al., 2014; Kartoubi et al., 2017; Amiar 
et al., 2020; Bekkoussa, 2020). This phenomenon re-
mains poorly understood due to its pronounced spatial 
heterogeneity and temporal variability, particularly 
across Africa (Bessedik et al., 2023).

In this context, groundwater is a vital resource 
in arid and semi-arid regions. Assessing its renewal 
capacity is essential for ensuring the sustainability of 
this increasingly scarce resource (Issartel, 2007), mak-
ing the understanding of drought impacts on aquifers 
fundamental for effective long-term management.

The Oued Fekan watershed, situated in one of 
Algeria’s key agricultural areas, benefits from a 
favorable hydrogeological system. However, over 
the past few decades, productivity has declined due 
to persistent climatic variability, severely affecting 
land use and groundwater reserves.

Regional studies have enhanced our understand-
ing of these changes. For instance, Mahcer et al. 
(2024) analyzed NDVI variations (1983-2022) and 
found significant vegetation decline, while Bougara 
et al. (2021) identified trends toward wetter periods 
in the Tafna basin. Despite this progress, a critical 
link remains underexplored: the direct coupling 
between climate variability, land-use changes, and 
groundwater dynamics.

This research aims to fill this gap by analyzing 
the relationship between spatiotemporal climatic 
fluctuations, diachronic land-use changes—particu-
larly in the main Wadi bed—and the response of the 
alluvial aquifer. The primary objective is to quantify 
how climate variability concurrently drives changes 
in both land cover and groundwater behavior, using 
standardized drought indicators to detect extreme 
events and shifts in rainfall regimes.

The article is organized as follows: the first section 
introduces the scientific context and objectives; the 
second describes the study area’s characteristics; 
the third and fourth present the methodological 
framework and data processing; the fifth details the 
analytical methods; the sixth discusses the results 
and their implications; and the final section provides 
conclusions and recommendations for sustainable 
groundwater management.

To ensure clarity and consistency, key terms used 
throughout this study are defined as follows:
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	○ Meteorological drought: A temporary but sig-
nificant deficiency of precipitation compared 
to the long-term average, identified by negative 
Standard Precipitation Index (SPI) values. It is 
synonymous with rainfall deficit in this context.

	○ Rainfall deficit/excess: A quantitative measure 
(in percentage) of the departure of rainfall in a 
given period from a reference period, calculated 
using the method of Mahé and Olivry (1995). A 
negative value indicates a deficit, and a positive 
value indicates an excess.

	○ Climate aridity/dry period: A long-term structural 
condition of a region, characterized by low precip-
itation and high evaporative demand, leading to a 
permanent water deficit. In this study, it is quan-
tified using the Climate Moisture Index (CMI).

	○ Groundwater recharge: The process by which 
water from precipitation infiltrates the soil and 
percolates downward to replenish an aquifer.

2.	 Study area
The region under study is located in the north-west-
ern part of Algeria, more precisely in the Wilaya of 
Mascara province, between 35º 15’-35º 50’ N, and 
0º-0º 40’ E. This study focuses on the Wadi Fekan 
watershed, a sub-basin of the Macta, covering an area 
of 1194.38 km2. The Wadi Fekan watershed corre-
sponds to a strictly flat topographic zone, with border 
reliefs rising to an approximate altitude of 1178 m. 
It is bounded by the Beni-Chougrane Mountains to 
the north, the Saida Mountains to the south, Mount 
Oucilles (Djebel Âoussilâs) to the west, and the 
Tighenif Plateau to the east, as shown in Figure 1.

In addition, the Ghriss plain is an integral part 
of the basin under study. It should be noted that the 
irrigated lands of this plain constitute 56% of the total 
surface area of the Wilaya of Mascara.

The topographical features of the study area are de-
fined by an elongated shape, with an average altitude of 
589.60 m and a maximum height difference of 397 m, 
indicating a fairly strong relief. Furthermore, the drain-
age density of the watershed’s hydrographic network 
is approximately 0.30 km–1, indicating a relatively 
average network with a fairly long concentration time.

From a hydrogeological perspective, the region 
under investigation is characterized by a collapse 
basin with predominantly flat topography, surrounded 

by reliefs displaying a variety of geological features. 
The region under consideration is characterized by 
various layers, including quaternary alluvial deposits, 
lacustrine limestones, Pliocene sandstones, and upper 
Jurassic limestones.

3.	 The adopted approach
The primary objective of this study is to examine 
climate variability to highlight the extent of drought 
and/or wet conditions at both spatial and temporal 
scales. In addition, the study will analyse the con-
sequences of this variability for water resources and 
land use in the Wadi Fekan watershed.

To characterize the spatiotemporal evolution of 
climatic conditions in the region under study, it was 
deemed necessary to utilize SPIs and CMIs. It is im-
perative to acknowledge the capacity of these indices 
to discern the period during which the disruption to 
the rainfall regime transpired. This interval then fa-
cilitates the calculation of the rainfall deficit, thereby 
enabling the monitoring of the temporal evolution 
of the climate. The results for the SPIs, CMIs, and 
rainfall deficit indices obtained for all stations were 
spatialised to highlight the spatial evolution of this 
phenomenon. Furthermore, the break detection tests 
were applied to the selected rainfall data series in 
order to validate the results of the statistical indices.

Furthermore, a study was conducted on the spa-
tio-temporal evolution of water table fluctuations to 
determine the impact of spatio-temporal variability 
in climatic conditions on the water potential of the 
alluvial table. This study considered two main fac-
tors: groundwater overexploitation and the aquifer’s 
hydrodynamic characteristics.

Finally, to confirm the results, a diachronic anal-
ysis of land use was conducted to examine possible 
changes driven by climate variability. This analysis 
enabled the study of the impact of the temporal cli-
mate evolution on land use.

4.	 Preparing and processing the data used
4.1 Climate data
All climate data were provided by the Algerian Na-
tional Meteorological Office and the National Agency 
for Hydraulic Resources (ANRH), at a monthly time 
step.
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4.1.1 Rainfall data
Rainfall information collected in the study area was 
obtained from 11 stations distributed appropriately 
within the Wadi Fekan watershed, as illustrated in 
Table I and Figure 2.

4.1.1.1 Choice of the study period
To ensure adequate rainfall representation in the 
region under study, it was deemed essential to 
adhere to the stipulated collection period, ensuring 
sufficient duration and minimal missing data. It 
is imperative to acknowledge the significance of 
this condition to comprehensively understand the 
climate’s characteristics and accurately monitor 
its evolution. The inventory of missing data, by 

year and by rainfall station, is clearly depicted in 
Figure 3.

Most of the stations considered in this study ex-
perienced periods of shutdown during the Algerian 
War (1954-1962), while some of them were put back 
into service after 1962, which led to erroneous results, 
with a high number of missing data at the monthly 
and annual scales, as shown in Figure 3. Based on 
the above, it was decided to restrict the study period 
from September 1983 to August 2023, as this 40-year 
observation period presents a small number of gaps.

4.1.1.2 Filling in the missing data
The series of observations adopted in this work pres-
ents some missing data at the monthly and annual 

Legend

Reliefs

Agglomeration

Outlet

Fekan Wadi

Fekan watershed

The sub-watersheds
of the Macta

Fig. 1. Location of the study region.
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scales (1983/84-2022/23). The missing data were 
completed using the simple linear regression method. 
It is useful to remember that this method neglects 
geographic reality and local rainfall nuances, which 
can lead to errors in judgment. For this, the climatic 
specificity of each station was taken into account to 
minimize these errors. Moreover, the stations that 
correlated best with each other (linear correlation) 

were grouped according to the weighting of the 
correlation coefficient for each month of the year 
(Laborde, 2007). Generally speaking, this method is 
applied by calculating a simple linear regression be-
tween the monthly series to be reconstructed and the 
complete monthly series of the surrounding stations. 
Let x and y be the two stations to be compared, and 
x(i) and y(i) their observations. It is considered that 

Table I. Characteristics of the selected rainfall stations.

Code Name
Coordinates (decimal degrees) Operating period

X Y

111429 Mascara 0.146428 35.39286 1983-2023
111405 Matemore 0.215025 35.329824 1944-2023
111401 Maoussa 0.248202 35.378314 1942-2023
111402 Froha 0.13004 35.303213 1944-2023
111417 Ain Fares 0.247782 35.481576 1969-2023
111413 Tizi 0.076127 35.320075 1969-2023
111201 Oued Taria 0.091058 35.115659 1908-2023
111414 Sidi Kada 0.344322 35.330201 1969-2023
111418 Nesmouth 0.381819 35.251571 1969-2023
111424 Ghriss 0.166501 35.246272 1973-2023
111217 Beniane 0.23145 35.101077 1969-2023

Legend

DEM

Stream network order

Reliefs
Rainfall station

Geographic Coordinate
System:

WGS 84 UTM Zone 31 N

Wadi
Outlet

Agglomeration
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2

3

4
5

6

Fig. 2. Spatial distribution of rainfall stations.
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station x contains complete data of a given number 
of years, while station y contains complete data of a 
smaller number of years. Then, in order to fill in the 
missing year data from station y using the complete 
data from station x, it was deemed appropriate to 
apply the simple linear regression method.

The procedure consists of creating a y(x) graph 
to get an idea of the bond’s strength. If the cloud 
of points is elongated, with little dispersion around 
a central line, then it is possible to make a graph-
ical adjustment of this dispersion. Therefore, the 
correlation coefficient can be calculated using the 
expression below:

rxy =
∑ [(x (i ) − mx)(y (i ) − my)]

(k − 1)(δx . δy)
	 (1)

where k is the number of values (or pairs) in the 
sample and the values of x and y are observed or 
measured simultaneously for each pair in the sample. 
Also, mx is the average value of all x with mx = ( ∑ x (i ))

k , 
my is the average value of all y with my = (∑y (i ))

k , δx is 
the standard deviation of x with δx = ∑(x(i)− m x)

2

k − 1 , and 
δy is the standard deviation of y with δy = ∑(x(i) − m x)

2

k − 1

For a significant correlation, the equation of the 
regression line can then be written as:

y (x) = my + rxy .
δy

δx
. (x − mx)

which is in the form:

y(x) = a x + b	 (2)

with a and= rxy . δy
δx

b = my − mx . rxy
δy
δx

4.1.2 Potential evapotranspiration
The potential evapotranspiration can be calculated 
using the formula developed by Turc (1954). It is 
given below as:

ET Ou k = 0.013nP = (Ig + 50)k
t

t + 15
	 (3)

where ETP is the monthly potential evapotranspira-
tion (mm), t is the monthly average air temperature 
(ºC), and Ig is the monthly average global radiation 
at the ground surface (in calories cm–2 day–1).

It should be noted that Ig = IgA(0.18 + 0.62 h
H), 

where IgA is the theoretical global radiation (calories 
cm–2 day–1) and H is the theoretical duration of the 
days of the month, k is a coefficient equal to 0.37 for 
the month of February and 0.40 for the other months, 
and n is the number of days in the month.

4.2 Geospatial data
4.2.1 Piezometric data
The alluvial aquifer of the Ghriss plain has been 
the subject of several piezometric measurement 
campaigns by the ANRH since 1970. In the present 
study, the focus was exclusively on the piezometric 
maps established during the high-water periods, i.e., 
the months of March and April, for the years 1977, 
1987, 1998, 2007, and 2018, as illustrated in Figure 4.
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The analysis of the piezometric maps indicates 
that the convergence of underground and surface 
flows towards the Ain Fekan outlet is perfect, thereby 

confirming the permanent relationship between the 
aquifer and Wadi Fekan. Furthermore, the hydraulic 
gradient is weak for the alluvial part of the plain, 

Legend

Lithology
Upper Jurassic (Dolomitic limestone)

Fekan catchment basin

Locations Water points

Isopieze

Outlet

Reliefs

Fekan WadiDrain axis

Lower Cretaceous (sandstone limestone)

Lower Eocene (sandstone and clay)

Lower Miocene (Marne)

Upper Miocene (sandy clay)

Contnental Pliocene (sandstone and lomestone)

Quaternary (Alluvium)

Fig. 4. Spatiotemporal evolution of the piezometer of Ghriss plain at high waters, in the Wadi Fekan 
basin.
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while it is strong in the relief zones, at the edge of 
the alluvial plain.

The general appearance of the piezometric maps 
retained, as well as the arrangement of the isopiez 
curves, reveals an open limit to the north of the 
alluvial layer, which explains the supply from the 
continental Pliocene sandstone and limestone. How-
ever, it has been revealed that this regime became 
increasingly rare from 1998 to the end of the obser-
vation period. It is also noteworthy that the isopiez 
curves are arranged perpendicular to the continental 
Pliocene formations.

4.2.2 Physical characteristics of the alluvial layer
The transmissivity of the aquifer is widely accepted 
as a reliable metric for its overall productivity. In this 

regard, the water table is regarded as more transmis-
sive in cases of low drawdown, i.e., the difference 
between the static and dynamic levels in the aquifer. 
Conversely, during substantial drawdowns, the water 
table is reputed to exhibit reduced transmissivity. 
These observations were then utilized to establish 
the spatial evolution based on hydrodynamic data 
of 51 water points that are well distributed across 
the study area (see Fig. 5 and Table SI in the supple-
mentary material). This objective was accomplished 
by adopting the most recommended geostatistical 
method in hydrogeology, namely ordinary kriging 
(Gratton, 2002). According to Nur’eni et al. (2020) 
and the researchers from the GeoRGB Community 
(2023), this method is considered the most accurate 
for justifying geological and hydrogeological studies. 

Legend
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The detailed parameters of the variogram model used, 
namely nugget, partial sill, and range, are presented 
in Table SIV.

This method has several advantages, including:

•	 Accuracy.
•	 Flexibility.
•	 Interpretability.
•	 Efficiency.
•	 And the possibility of updating the model.

However, it also has certain limitations, such as:

•	 Its dependence on data quality.
•	 Its sensitivity to the choice of parameters.
•	 Its difficulty in dealing with non-stationary data,
•	 Incomplete spatial uncertainty.

Furthermore, an analysis of the spatial distribu-
tion of the drawdown demonstrates a high degree 
of congruence with the porosity map established by 
Baba-Hamed et al. (2015) during the calibration of 
their transient hydrodynamic model, as illustrated in 
Figure 5. Indeed, the aquifer productivity is mainly 
concentrated in the environs of Matemore and Mao-
ussa, where porosity is significant (> 30%). However, 
low porosity values are encountered near the village 
of Tizi, thus implying a low transmissivity that is rep-
resented in the form of a very significant drawdown.

It can therefore be asserted that the filling of Ghriss 
plain is characterized by alluvial heterogeneity, 

which then conditions the spatial variability of ef-
fective porosity and, consequently, that of hydrody-
namic parameters such as transmissivity and storage 
coefficient.

The following essay will provide a comprehensive 
overview of the relevant literature on the subject.

4.2.3 Satellite data
The land use maps were produced using ENVI 
5 software, based on images from the Landsat 7 
and 8 satellite sensors, acquired in 1987 and 2018 
during high-water periods (Table II). The satellite 
images were then processed and corrected after 
being downloaded from the free website http://
earthexplorer.usgs.gov. Table II provides a synopsis 
of the characteristics of the two images employed 
in this study.

5.	 Method used
The analysis of the temporal evolution of average 
annual rainfall, recorded at all selected stations during 
the observation period from 1983/84 to 2022/23, 
reveals a clear variability that can be thoroughly 
studied through rainfall sequences. This objective 
can be accomplished by dividing the observation 
period into multiple decades: 1983/84 to 1992/93, 
1993/94 to 2002/03, 2003/04 to 2012/13, and 2013/14 
to 2022/23. The average rainfall for each period was 
found to be 286.9, 309, 419.6, and 372 mm, respec-
tively, as shown in Figure 6.

Table II. Characterization of satellite images.

Path Row Date Sensor Mode
Spectral bands 

Band Spectral band (µm) Spatial resolution

197 36

Januaery 
2, 1987

Landsat 7
(ETM+)

M
ultispectral 

4 (Infrared) 0.772-0.898 30 m
3 (Red) 0.631-0.692 30 m
2 (Green) 0.519-0.601 30 m
1 (Blue) 0.441-0.514 30 m

197 36

January 
21, 2018 

Landsat 8
(OLI)

5 (Infrared) 0.851-0.879 30 m
4 (Red) 0.636-0.673 30 m
3 (Green) 0.533-0.590 30 m
2 (Blue) 0.452-0.512 30 m

ETM+: Enhanced Thematic Mapper; OLI: Operational Land Imager.

http://earthexplorer.usgs.gov
http://earthexplorer.usgs.gov
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5.1 Standardized precipitation index
The SPI, developed by McKee et al. (1993), is a 
widely used indicator for quantifying meteorological 
drought. It is a probability-based index that relies 
exclusively on precipitation data. SPI values are 
standardized such that a value of 0 corresponds to 
median precipitation, relative to a long-term refer-
ence climatology typically calculated over a 30- to 
40-year period.

The index has been applied in numerous studies 
worldwide (e.g., Wu et al., 2001; Giddings et al., 
2005; Sonmez et al., 2005; Bodian, 2014), owing to 
its simplicity and adaptability across climatic zones.

The SPI can be computed using the following 
formula (Lamb, 1982):

SPI = (Pi − Pm)
σi

	 (4)

0

100

200

300

400

500

600

700
19

83
/1

98
4

19
84

/1
98

5
19

85
/1

98
6

19
86

/1
98

7
19

87
/1

98
8

19
88

/1
98

9
19

89
/1

99
0

19
90

/1
99

1
19

91
/1

99
2

19
92

/1
99

3
19

93
/1

99
4

19
94

/1
99

5
19

95
/1

99
6

19
96

/1
99

7
19

97
/1

99
8

19
98

/1
99

9
19

99
/2

00
0

20
00

/2
00

1
20

01
/2

00
2

20
02

/2
00

3
20

03
/2

00
4

20
04

/2
00

5
20

05
/2

00
6

20
06

/2
00

7
20

07
/2

00
8

20
08

/2
00

9
20

09
/2

01
0

20
10

/2
01

1
20

11
/2

01
2

20
12

/2
01

3
20

13
/2

01
4

20
14

/2
01

5
20

15
/2

01
6

20
16

/2
01

7
20

17
/2

01
8

20
18

/2
01

9
20

19
/2

02
0

20
20

/2
02

1
20

21
/2

02
2

20
22

/2
02

3

R
ai

nf
al

l (
m

m
)

Year
Rainfall Mean (1983-1993) Mean (1993-2003) Mean(2003-2013) Mean (2013-2023)

286.9 mm 309 mm

419.6 mm

372 mm

-60

-40

-20

0

20

40

60

80

100

1983/1984 1991/1992 1999/2000 2007/2008 2015/2016

D
ev

ia
tio

n 
fro

m
 th

e 
m

ea
n 

(%
)

Excess and deficit of rainfall

Excess and deficit of rainfall

Fig. 6. Temporal evolution of average annual rainfall recorded at the 11 selected stations (1983/84-2022/23).



11Climate variability, land use, and groundwater

where Pi is the precipitation in year i, Pm is the mean 
annual precipitation over the reference period, and 
σi is the standard deviation of annual precipitation. 
To determine the severity of drought (or wetness) for 
each year in the time series, standard SPI classifica-
tion thresholds are used, as summarized in Table III 
(Wu et al., 2001).

This classification has also been adopted in several 
research works (Ardoin et al., 2003; Dao et al., 2010), 
as it allows determining the percentage of years per 
SPI class, thereby highlighting the extent of drought 
or wetness events.

5.2 Climate moisture indices
It is essential to study the evolution of the CMI to 
better understand potential changes in the regional 
climate regime. The CMI is a widely used indicator 
that combines annual precipitation (P) and potential 
evapotranspiration (ETP) to provide insight into 
the climatic water balance. It yields values ranging 
between –1 and +1, allowing for easy interpretation 
of climate conditions.

The index is calculated using the following con-
ditional formula (Willmott and Feddema, 1992):

CMI =
P

ET P − 1    if P < ETP

1 − ET P
P     if P > ETP

	 (5)

An equivalent and more compact form of the 
CMI is:

CMI =
P − ETP
P + ETP

	 (6)

where P is the annual precipitation, and ETP is the 
annual potential evapotranspiration.

As with the SPI, CMI values are grouped into 
distinct classes to identify prevailing climatic condi-
tions in a given area (Willmott and Feddema, 1992; 
Vörösmarty et al., 2005). The classes are defined as 
follows:

CMI  >  0  Humid
− 0.6  CMI  0 Semi-arid

CMI   − 0.6 Arid	 (7)

This classification allows the identification of 
dominant climate types within the basin over spe-
cific time periods, which is crucial for assessing 
the region’s vulnerability to climate variability and 
drought.

5.3 Rainfall deficit or excess index
The extent of drought or humidity is determined 
based on the SPI and CMI, and complemented by 
the calculation of rainfall deficit or excess. Nega-
tive values indicate a deficit, while positive values 
correspond to an excess. The method is based on 
calculating the percentage of variation in the mean 
around the break date. The formula for calculating 
the rainfall deficit or excess index was established 
by Mahé et al. (1995):

D = ((
X̄ j

X i )
− 1)100¯ 	 (8)

where D is the rainfall deficit or excess, X̅i is the 
average of the period before the break, and X̅j the 
average of the period after the break.

The calculated indices were then geostatistically 
spatialised using the Spline method, which proved 
effective in identifying the regions most vulnerable 
to climate variability.

5.4 Break detection tests
Several researchers, including Bois (1971), Bru-
net-Morel (1977), Buishand (1982), and Lubès et al. 
(1994), define a break as a change in the statistical 
distribution of a time series—specifically, a signif-
icant shift in the mean or variance. In many cases, 
both types of changes may occur simultaneously at an 
unknown point in the series. According to Beaulieu 
et al. (2008), these changes often reflect underlying 
climate variability or transition processes and are 

Table III. Classification of drought in relation to the SPI 
values.

SPI class Climate phenomenon

SPI > 2 Extreme humidity
1 < SPI < 2 Severe humidity
0 < SPI < 1 Moderate humidity
-1 < SPI < 0 Moderate drought
-2 < SPI < -1 Severe drought

SPI < -2 Extreme drought

SPI: standardized precipitation index.
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typically investigated through tests of stationarity 
and randomness.

In this study, the detection of shifts in the mean 
precipitation values was conducted using a combina-
tion of parametric and non-parametric methods: (1) 
the Lee and Heghinian (1977) Bayesian test, which is 
suitable for normally distributed series; (2) the Pettitt 
(1979) test, a robust non-parametric test based on the 
Mann-Whitney U statistic (Dagnelie, 1970); and (3) 
the Hubert segmentation test (Hubert et al., 1989; 
Hubert, 2000; Beaulieu, 2009), which allows to detect 
multiple change points in the mean. These tests were 
specifically chosen for their methodological comple-
mentarity and robustness (Lubes et al., 1998; Niang 
et al., 2008). The Pettitt test is effective for detecting 
single change points in non-normal or non-parametric 
time series, making it suitable for hydrometeorological 
data. The Lee and Heghinian test, with its Bayesian 
framework, provides a probabilistic assessment of 
change for normally distributed series. Finally, the 
Hubert segmentation method is particularly powerful 
for identifying multiple shifts, which is critical for long 
climate series exhibiting several phases of variability.

Their performance and reliability have been con-
firmed in several hydroclimatic studies across Africa 
(e.g., Paturel et al., 1998; Kingumbi et al., 2001; 
Goula and Adamopoulos, 2005; Djellouli, 2017; 
Gherissi, 2018), where they demonstrated strong 
diagnostic capability in identifying climate shifts in 
rainfall series.

The Khronostat software, developed at the Mont-
pellier Research and Development Institute (Boyer, 
2002), was used to implement these statistical pro-
cedures. It facilitated the visualization, calculation, 
and storage of results in digital format, streamlining 
the analytical workflow and ensuring reproducibility.

5.5 The spatiotemporal fluctuation of the water table
Climatic variability can lead to more severe conse-
quences due to its effects on the groundwater poten-
tial of the alluvial aquifer in the plain of Ghriss. The 
procedure adopted here consists of determining the 
water table fluctuation over the same sub-periods 
used for the statistical indices. For this, the piezomet-
ric maps established in the same season were used to 
determine the spatial fluctuation of the water table 
between 1987 and 1977, 1998 and 1987, 2007 and 
1998, 2018 and 2007, and finally between 2018 and 

1987. The approach used consists of superimpos-
ing the piezometric maps of the years 1987, 1998, 
2007, 2018, and 2018 with those of the years 1977, 
1987, 1998, 2007, and 1987, respectively, under a 
geographic information system (GIS), in order to 
determine the points of intersection that represent 
the drawdowns. It should be noted that if the values 
obtained are positive, we have a supply from the 
water table, but if they are negative, a drawdown is 
observed. The spatialization of the results obtained 
using the ordinary kriging method gives, for each 
period, a map representing the spatio-temporal evo-
lution of the water table fluctuation, as illustrated in 
Figure 14.

5.6 Land use
Land cover mapping was carried out using a super-
vised classification based on the maximum likeli-
hood algorithm applied to two satellite images: one 
acquired in 1987 by the Landsat 5 (TM) sensor and 
the other in 2018 by the Landsat 8 (OLI) sensor. All 
available spectral bands were utilized for both images 
(Richards and Jia, 2006).

To ensure balanced spatial representation, dozens 
of training samples were evenly distributed across 
the entire study area.

Class assignment was based on expert photo-in-
terpretation: for the 1987 image, this process relied 
on local field knowledge and topographic maps from 
the same period. For the 2018 image, interpretation 
was supported by Google Earth imagery, whose spa-
tial accuracy has been demonstrated in the literature 
(Potere, 2008).

The methodological approach followed three 
main steps:

1.	 Initial visual interpretation of landscape features 
based on their spectral and contextual character-
istics.

2.	 Selection of representative training areas for each 
target class.

3.	 Evaluation of classification accuracy using a 
confusion matrix, along with the calculation of 
related performance metrics.

The results showed highly reliable classi-
fication, with an overall accuracy of approxi-
mately 90.0% in 1987 and 92.0% in 2018. The 
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corresponding Kappa coefficients were 0.8025 and 
0.839, respectively, indicating strong agreement 
between the classified data and the ground truth. 
The Kappa coefficient (κ\kappaκ) quantifies the 
level of agreement between the classification and the 
reference data, while accounting for chance agree-
ment (Cohen, 1960). It is defined by the following 
equation:

κ =
Po − Pe

1 − Pe
	 (9)

where Po is the observed overall accuracy (the ratio 
of correctly classified pixels to the total number of 
pixels), and Pe is the expected accuracy by chance, 
calculated from the marginal totals of the confusion 
matrix.

In total, seven land cover classes were identified, 
enabling clear distinctions between water bodies, 
vegetation types, and bare soil surfaces (see Table IV). 
The confusion matrices for 1987 and 2018, along with 
full class-wise accuracies and parameters, are provided 
in Tables SV and SVI in the supplementary material.

6.	 Results and discussion
6.1 Standardized precipitation index
The SPIs from the various stations within the study 
region were analyzed. The region under discussion 
may be considered to represent any geographical area 
within western Algeria. Indeed, the findings of this 
study indicate a consistent temporal evolution, with a 
break detected towards positive values, which began 
to occur with greater frequency during the period be-
tween 2000 and 2006 (see Fig. S1 for further details). 
These observations provide substantial justification 
for adopting the four preceding decades (1983-2023).

Furthermore, analysis of the SPI results obtained 
for all the stations selected reveals the dry climatic 

character of the study region during the decades 
1983-1993 and 1993-2003, in comparison with 
the last two decades of the observation series (see 
Table V and Fig.7). Indeed, this moderate, severe, 
or extreme drought can reach worrying values. The 
drought rate could reach 75.5% during the decade 
1993-2003, during which severe drought began to 
increase (25.5%). In parallel, conditions classified 
as moderate, heavy, and extreme wetness are col-
lectively minimal and are represented as infrequent 
occurrences. The moderate humidity conditions in 
this region range from 22.7 to 16.4%, the high hu-
midity conditions from 2.7 to 3.6%, and the extreme 
humidity conditions from 0.1 to 4.5%.

Conversely, during the final two decades of the 
observation series (2003-2013 and 2013-2023), the 
study region experienced significant wet conditions, 
particularly during the 2003-2013 decade, with ex-
treme, high, and moderate humidity levels reaching 
15.5, 10.9, and 40%, respectively. However, the final 
decade of the series (2013-2023) was marked by a 
mix of moderate humidity and drought, with a notable 
prevalence of wet conditions.

It was also noted that during the wet periods 
(2003-2013 and 2013-2023), the study region did 
not experience strong or extreme drought conditions, 
since only moderate drought was recorded, account-
ing for only 32.7 to 34.5% of the cases.

It is evident from these results that the study 
region experienced an exceptional rainfall regime 
during the decade 2003-2013, characterized by a 
high humidity rate that reached its peak during that 
period. This regime thus represents approximately 
one quarter of all the climatic conditions observed 
during this decade. Additionally, it was observed that 
the combined effect of high and extreme humidity 
does not surpass 8% across the remaining decades of 
the observation series (i.e., the dry decades).

Table IV. Characteristics of the main land cover classes according to the RGB color composition that was produced 
from Landsat channels.

Water Agriculture Bare soil Built Dense forest Light forest Course
Dark to light 
blue (clarity 
increasing with 
turbidity)

Chlorophylls: 
magenta
Chlorophylls: 
brown-green

More or less 
light blue or 
cyan

Very light blue 
to white

Dark brown More or less 
light brown

Ve r y  l i g h t 
magenta



14 A. Ouikhlef et al.

The spatial distribution of the SPIs across the 
selected periods suggests a marked drought between 
1983 and 2003, followed by a comparatively wet 
period between 2003 and 2023. During this period, 
the drought is more geographically constrained, as 
illustrated in Figure 8. Consequently, the spatial 
evolution of climatic conditions over the entire ob-
servation period (from 1983 to 2023) highlights the 
presence of some humidity along the basin periphery, 
thereby explaining the Foehn effect caused by the 
watershed crest lines (see Fig. 8).

The SPI analysis clearly demonstrates the use-
fulness of this method in identifying temporal and 
spatial drought patterns. It highlights the predom-
inance of drought conditions between 1983 and 
2003, followed by a wetter regime after 2003. These 
results directly validate the application of SPI in the 
Oued Fekan watershed, as it allows distinguishing 
long-term climatic phases and linking them with 
observed groundwater fluctuations.

6.2 Climatic moisture index
The temporal evolution of the climatic CMIs for 
the selected stations shows that, in general, the 

region under study did not experience any humid 
conditions (i.e., CMI > 0) during the observation 
period considered (i.e., absence of positive CMI 
values, as indicated in Fig. S2 and Table V). How-
ever, the arid climatic regime strongly characteriz-
es the initial two decades, with 88.2 and 78.2% of 
the cases, respectively, for the decades 1983-1993 
and 1993-2003. Conversely, over the past two de-
cades, the rate of aridity has declined concurrently 
with a substantial expansion of semi-arid climatic 
conditions. The period from 2003 to 2013 saw 
the highest number of aridity cases, accounting 
for 43.6% of the total cases occurring during this 
decade. The results of this study are presented in 
Table VI.

The region under scrutiny thus experienced 
climatic variability. The area transitioned from 
a strictly arid regime during 1983-2003 (88.2 to 
78.2%) to a semi-arid regime (2003-2023), with 
a subsequent trend towards aridity. Moreover, the 
proportion of semi-arid conditions was estimated 
at 43.6% of cases during the period 2003-2013, 
and 36.4% during the period 2013-2023, as shown 
in Figure 9.

Table V. Percentage of years for each SPI class, for all the stations selected, during the period between 1983/84 and 
2022/23.

SPI class Drought 
degree

Dry period Humid period 1983-2023

1983-1993 1993-2003 2003-2013 2013-2023

SPI > 2 Extreme
moisture 00.1

25.5

04.5

24.5

15.5

66.4

00.9

65.5

05.2

45.51 < SPI < 2 High
moisture 02.7 03.6 10.9 08.2 06.4

0 < SPI < 1 Moderate
moisture 22.7 16.4 40.0 56.4 33.9

–1 < SPI < 0 Moderate
drought 43.6

74.5

49.1

75.5

32.7

33.6

34.5

34.5

40.0

54.5–2 < SPI < –1 High
drought 30.9 25.5 00.9 00.0 14.3

SPI < –2 Extreme
drought 00.0 00.9 00.0 00.0 00.2

Total 100% 100% 100% 100% 100%

SPI: Standard Precipitation Index. Figures in bold represent the total percentage of humidity/dryness.
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Fig. 7. (a) Evolution of wet and dry climatic conditions, and (b) rate of each phe-
nomenon, through the different periods of the observation series.

The spatial distribution of CMI values indicates 
that the climate becomes increasingly arid towards the 
centre of the basin, where the climatic conditions are 
more severe (high temperatures). However, the basin’s 
end is characterized by relatively moderate aridity, a 
consequence of the mountains of Saida, Béni Cho-
ugrane, and Bouhanifia. As illustrated in Figure 10, 
the CMI undergoes a spatiotemporal evolution. It is 
evident that the data sets under consideration both 

demonstrate and elucidate the humidity levels expe-
rienced during the period 2003-2013.

The CMI provides a complementary perspective 
by integrating both precipitation and evapotranspira-
tion. It confirms the predominance of arid conditions 
before 2003 and a relative shift towards semi-aridity 
afterwards. This approach is essential for understand-
ing recharge potential, as it directly links climate 
balance to aquifer replenishment.
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Legend
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Fig. 8. Spatiotemporal evolution of Standard Precipitation Indices (SPIs) during the period from 1983/84 
to 2022/23.
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6.3 Rainfall deficit or excess index
The average excess rainfall during the period 1983-
2003 for all selected stations reached its maximum 
during 2003-2013, with more than 39.5%. This 
transition towards a drier environment appears less 
evident during the period 2013-2023, characterized 
by a minimal increase in rainfall, with a maximum 
excess of 24% (see Table VII).

The spatial distribution of the excess rainfall index, 
compared with the dry period (1983-2003), generally 
follows the same distribution as that of the CMIs for 
the two periods under consideration, as presented in 
Figure 11. Indeed, the deficit reaches –20% in the cen-
tre of the basin (i.e., near Ghriss), with a remarkable 
spatial evolution during the decade 2013-2023 in the 
regions of Ghriss, Froha, and Matemore. However, the 
remainder of the basin experienced an evolving excess 
of rainfall as it moved upstream (heights), reaching 

exceptional values during the decade 2003-2013. It has 
been demonstrated that these values have the capacity 
to exceed 50% (in regions such as Ain Fares, Sidi 
Kada, and Nesmoth), or even 85% at the Beniane sta-
tion. Conventionally, during the period 2013-2023, the 
excess rainfall did not exceed 43%, as demonstrated in 
Table VII and Figure 11. The spatial evolution of the 
excess rainfall generally shows a progressive decrease 
from the northeast to the southwest of the basin. A 
particularity is observed in the centre, where rainfall 
deficit is evident. This deficit is attributed to the Foehn 
effect, which is caused by the mountains of Saida and 
Beni-Chougrane, and by the Tighenif plateau.

The rainfall deficit/excess index quantifies al-
ternating surpluses and deficits. It identifies the 
exceptional recharge potential between 2003-2013 
and its subsequent decline, providing a clear measure 
of climatic stress on aquifer renewal. This method 
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Fig. 9. Temporal evolution of arid and semi-arid climatic conditions, and rates of each 
phenomenon, during the different periods of the observation series.

Table VI. Percentage of years for each CMI class, for all the selected stations during the period between 
1983/84 and 2022/23.

CMI class Climate type Dry period Humid period 1983-2022

1983-1993 1993-2003 2003-2013 2013-2023

CMI > 0 Humid 00.00 00.00 01.90 00.00 00.50
–0.6 < CMI < 0 Semi-arid 11.80 21.80 43.60 36.40 28.40
CMI < –0.6 Arid 88.20 78.20 54.50 63.60 71.10
Total 100.00 100.00 100.00 100.00 100.00

CMI: Climate Moisture Index. 
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Legend
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Fig. 10. Spatiotemporal evolution of aridity based on Climate Moisture Indices (CMIs) during the period 
extending from 1983/84 to 2022/23.
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therefore directly connects climatic variability with 
the availability of effective recharge.

6.4 Break detection tests
The substantial number of wet years, as determined 
by the aforementioned indices, was confirmed through 
break-detection tests. As demonstrated in Figure 12, 

the tests were conducted, and the results obtained at 
the various stations are presented therein. The findings 
of this study indicate a significant deviation from the 
expected trend during the period spanning from 1999 
to 2006. Furthermore, the findings of the present 
study corroborate the hypothesis that a wetter regime 
of the annual rainfall module has become a reality, 

Table VII. Percentage of rainfall surpluses during the decades 2003-2013 and 2013-2023, as compared to the 
decade 1983-2003.

Station Rainfall (1983-2003)
Period 2003-2013 Period 2013-2023

Rain (mm) Excess (%) Rain (mm) Excess (%)

Mascara 305.3 447.0 +46.4 388.2 +27.2
Matemore 265.6 300.2 +13.0 272.5 +2.6
Maoussa 273.3 369.9 +35.3 332.4 +21.6
Froha 268.0 340.5 +27.0 318.7 +18.9
Ain Fares 369.5 574.9 +55.6 527.0 +42.6
Tizi 323.5 393.6 +21.6 381.2 +17.8
Oued Taria 256.4 314.6 +22.7 301.6 +17.6
Sidi Kada 310.7 472.2 +52.0 399.9 +28.7
Nesmoth 383.0 638.0 +66.6 530.8 +38.6
Ghriss 267.4 293.2 +9.7 288.3 +7.8
Beniane 254.5 471.8 +85.4 351.0 +38.0
Average 297.9 mm 419.6 mm +39.58% 372 mm +23.77%

Wadi Fekan catchment area

–20 à 0

Reliefs Locations Fekan  Wadi Outlet

0 à 20 20 à 40 40 à 60 60 à 80 80 à 100

Legend

Excess / Deficit (%)

Fig. 11. Spatiotemporal evolution of rainfall deficits and excesses (%), during the periods 2003-2013 
and 2013-2023, as compared to that of 1983-2003.
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with an average excess of 36.41% (see Table SII). As 
demonstrated, a deficit sequence was identified during 
the period of observation, characterised by significant 
precipitation. This sequence was identified using the 
Hubert segmentation test and was present between 

2013 and 2014. The analysis was conducted for four 
stations: Ain Fares, Sidi Kada, Mascara, and Beniane. 
It is also noteworthy that this second break or rupture 
resulted in a deficit ranging from –31 to –41%, which 
is indicative of an escalating trend towards drought.
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In light of the findings, it can be posited that the 
observation series used in this study is predominantly 
arid, with the exception of the sub-period spanning 
from 1999 to 2013, which is characterized by elevated 
precipitation within the prevailing climatic regime 
in the region.

It is important to note that the majority of previ-
ous studies on this subject (Farah, 2013; Dahmani 
et al., 2024) suggest that this wet period has a sig-
nificant impact on all rainfall stations in northern 
Algeria.

In summary, the break detection tests revealed 
two main phases: a wet period between 1999 and 
2006, followed by a break from 2013 to 2014 until 
the end of the observation series, marked by a sig-
nificant rainfall deficit (–31 to –41%). Overall, the 
series remains entirely dry, with only a temporary 
wet interval (1999-2013).

6.5 Hydrodynamic response of alluvial groundwater
The study of water table fluctuations was conduct-
ed to improve our understanding of how the water 
table reacts to wet climatic conditions. To success-
fully carry out this study, the SPIs obtained for each 

sub-period were used, along with the corresponding 
fluctuating volumes (Fig. 13). The representative-
ness of water table fluctuations must consider the 
average piezometric level over 12 months and for 
each sub-period (SPI). Unfortunately, the required 
data are unavailable in this case. Furthermore, high 
water piezometric levels were adopted in the middle 
of several sub-periods (SPI): 1977, 1983-1993, 1998, 
1993-2003, 2007, 2003-2013, 2018, and 2013-2023.

This approach appears to yield conclusive results 
because the sub-periods used for the water table 
fluctuation study are identical to those adopted for 
the SPI. Figure 13 shows the general trend in the 
temporal evolution of fluctuating water table vol-
umes in relation to climatic humidity. It shows that 
the temporal evolution of the fluctuating water table 
volumes and that of climatic humidity are in good 
agreement. Indeed, the observed volume fluctuations 
indicate increasingly significant overexploitation 
of the aquifer. These fluctuations reached –3.973 
and –23.644 km3, respectively, during the drought 
decades of 1983-1993 and 1993-2003, with an esti-
mated decreasing gradient of –19.67. However, over 
the last two decades (2003-2013 and 2013-2023), 
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the abundance of rainfall has significantly and 
progressively contributed to the groundwater re-
charge, resulting in a volume increase of 17.997 and 
25.615 km3, respectively. This has resulted in relatively 
positive water balances of –5.647 and +19.968 km3, 
with an increasing gradient of +25.62 (see Fig. 13 
and Table SIII).

Based on the results obtained, it can be concluded 
that, despite significant rainfall over the past two 
decades, the aquifer remains overexploited compared 
to 1977 and 1987 (–13.296 and –9.323 km3). This is 
undoubtedly due to the intensive exploitation of the 
aquifer during the droughts of the 1980s and 1990s.

It should be noted that the aquifer’s water balance 
during the 2013-2023 decade is relatively greater than 
that of the previous decade.

The spatio-temporal evolution of water table fluc-
tuations shows a progressive drop in the piezometric 
level during the dry decades. Figure 14 shows that 
this fluctuation reached –70 m near the Matemore 
region during the decade 1993-2003, due to the 
overexploitation of the aquifer and the multiplication 
of water points after 1993. On the other hand, an 
increase in the piezometric level has been recorded 
since 2003. This level reached a first maximum (+50 
m) near Matemore during the decade 1993-2003, and 
a second maximum (+70 m) during the last decade, 
south of the study area (Fig. 14).

The spatial evolution of the water table fluctua-
tions during the decades 1993-2003 and 2003-2013 
allowed asserting that the aquifer in the Matemore 
region exhibits a hydrodynamic particularity. In-
deed, as illustrated in Figure 5, this aquifer responds 
quickly and readily to drainage and recharge due 
to its physical parameters, such as porosity and 
transmissivity. Furthermore, the significant rise in 
the water table level observed in the south towards 
the end of the observation series can be explained 
by an adjacent recharge resource coming from the 
continental Pliocene water table when the overflow 
trigger point is reached.

Generally speaking, the spatial distribution of the 
water table fluctuation, during the entire observation 
period between 1983 and 2023, is in good agreement 
with that of the drawdown (Fig. 5). Indeed, places 
with lower drawdown (high transmissivity) exhibit an 
increase in the piezometric level that can reach 30 m 
near Matemore and to the south of the study area. On 

the other hand, for places characterized by significant 
drawdowns, the piezometric level is quite low; it can 
reach –50 m near Tizi, a small town in the Wilaya 
of Mascara. In addition, remarkable stability of the 
piezometric level (between 0 and 10 m) was observed 
at the outlet; this is generally due to the hydraulic 
gradient converging towards this zone (Fig. 4).

The above findings indicate that the average 
fluctuation recorded during the study period results 
in a negative water balance and, therefore, a deficit 
volume of –9.323 km3.

In summary, piezometric fluctuations broadly 
follow the SPI trend, with a marked deficit during 
the dry decades (1983-2003) and significant recharge 
after 2003. The Matemore region shows high sensi-
tivity to drainage and recharge phases, in line with 
its hydrodynamic parameters.

In summary, piezometric fluctuations broadly 
follow the SPI trend, with a marked deficit during 
the dry decades (1983-2003) and significant recharge 
after 2003. The Matemore region shows high sensi-
tivity to drainage and recharge phases, in line with 
its hydrodynamic parameters.

6.6 Impact of climate variability on land use
A diachronic analysis was conducted across the wet 
and dry periods to study the impact of the temporal 
evolution of climatic conditions on land use. In this 
perspective, the analysis of the spatiotemporal evolu-
tion of the different land use classes retained for this 
study confirmed the expansion of buildings, agricul-
ture and open forest to the detriment of bare soil and 
dense forest (Table VIII and Fig. 15). Indeed, it turned 
out that this evolution is the direct consequence of a 
strategy that had been adopted by the public authorities 
through a number of intensive agricultural production 
programs such as the National Agricultural Devel-
opment Plan (PNDA) and the National Fund for the 
Development of Agricultural Investment (FNDIA). 
This operation marked the beginning of intensive 
irrigated agriculture in 2000. The policy adopted at 
that time encouraged farmers to convert to market 
gardening and arboriculture, leading to an increase in 
agricultural area at the expense of bare soil.

The temporal evolution of the land cover map 
shows that the study region has undergone signifi-
cant changes, which are generally linked to climate 
variability. Indeed, the land use classification of the 
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Wadi bed has improved over time, particularly in 
2018, while the main riverbed has widened. These 
findings confirm the results of the SPI and CMI, as 
well as the break detection tests, which indicated 
excessive rainfall during the period 2013-2023. This 
rainfall excess can reach almost one quarter of the 
annual module (24%) calculated during the decade 
1983-1993.

The results obtained allow concluding that the 
temporal evolution of climatic conditions has a sig-
nificant impact on land use in the study region.

In summary, climate variability has profoundly 
altered land use, marked by the expansion of the 
main riverbed. These changes, accentuated by recent 
excessive rainfall, confirm the direct impact of cli-
mate fluctuations on soil dynamics in the study area.

Fig. 15. Spatiotemporal evolution of land use between 1987 and 2018, 
during high water periods.
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Table VIII. Summary of results obtained from supervised classification

Classes
Area (km2) Difference

(Km2)
Area (%) Difference

(%)1987 2018 1987 2018

Buildings 14.3 17.57 +3.27 2.99 3.68 + 0.69
Wadi (river) 0.17 0.39  0.22 0.035 0.08 +0.045
Course 71.76 71.76 0.00 15.01 15.01 0.00
Clear forest 0.12 0.23 +0.11 0.025 0.048 +0.023
Dense forest 0.11 0.1 –0.01 0.023 0.021 –0.002
Bare Soil 51.8 20.84 –30.96 10.84 4.36 –6.48
Agriculture 339.42 367.05 +27.63 71.05 76.80 +5.75
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7.	 Conclusion
The study area, located in the northwestern region 
of Algeria within the Wadi Fekan watershed and 
including the Ghriss plain, is an agricultural zone 
particularly vulnerable to drought. This work aimed 
to support the sustainable management of groundwa-
ter resources and to promote strategies that enhance 
agricultural resilience and address water scarcity.

Based on a 40-year dataset (1983-2023) from 11 
uniformly distributed rainfall stations, the analysis 
employed drought indices (SPI and CMI), rainfall 
excess/deficit analysis, and spatiotemporal repre-
sentations, complemented by break detection tests. 
The results were validated through an assessment 
of groundwater fluctuations and land use changes 
in the basin.

The SPI analysis revealed that 54.5% of years 
were classified as experiencing drought, with 14.5% 
corresponding to severe or extreme droughts, par-
ticularly during the drought-dominated period of 
1983-2003. In contrast, the period from 2003 to 2023 
showed an improvement in wetness levels, with nota-
bly high values of moderate (40%), high (10.9%), and 
extreme wet conditions (15.5%) during 2003-2013. 
The CMI results confirmed this trend, showing a 
transition from an arid regime (88.2-78.2%) during 
the first two decades to a semi-arid regime after 2003. 
However, no fully humid climatic conditions (CMI 
> 0) were recorded during the entire study period.

Break detection tests identified a major climate 
shift between 1999 and 2006, consistent with the evo-
lution of the indices. In parallel, the alluvial aquifer 
showed significant overexploitation during the dry 
decades (e.g., a deficit of –23.644 km3 in 1993-2003), 
with a partial recovery in the wetter period that fol-
lowed, though the overall water balance remained 
negative. Between 1987 and 2018, changes in land 
use show a 5.75% increase in agricultural land and a 
0.045% increase in water areas (River), a 6.48% de-
crease in bare land, and a slight increase in Buildings 
areas (0.69%). This growing agricultural dynamic 
is putting greater pressure on water resources, due 
to increased irrigation requirements and potentially 
reduced infiltration.

To address the ongoing water deficit, authorities 
are encouraged to implement sustainable water strat-
egies, including water-saving agricultural practices 
(e.g., drip irrigation, mulching), responsible water 

pricing, leak repairs, and restrictions on non-essential 
water use.

It is important to note that this analysis was con-
ducted at a monthly temporal scale and a regional 
spatial scale. While this choice effectively captured 
broad trends in climate variability and its impacts, 
finer-scale data—such as daily precipitation records 
or high-resolution spatial imagery (e.g., 10 m or 
finer)—could reveal localized dynamics and ex-
treme events that the current scale cannot detect. 
For instance, flash droughts or microclimatic effects 
are often obscured in coarse-scale analysis. Future 
studies using higher-resolution temporal and spatial 
data could offer deeper insight into localized impacts 
on land use and groundwater recharge.

Finally, a key limitation of this study is the absence 
of frequency-domain analysis of the climatic time series. 
Future research should incorporate wavelet transform 
analysis to identify dominant precipitation and moisture 
cycles (e.g., annual and decadal) and to investigate 
multiscale interactions between climate variability and 
hydrological responses. This method is particularly 
well-suited to analyze non-stationary climatic signals 
and would provide a more refined understanding of 
long-term hydroclimatic dynamics in the region.
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Supplementary material

Table SI. Hydrodynamic data from the selected water points.

Number Name
Coordinates

(in decimal degrees) Depth
(m) Static level Dynamic level Reduction

X Y

1 G2 Aeroport 269100 214700 250 43.6 67.2 23.60
2 E2Mascara 270000 231100 200 9.0 43.3 34.30
3 E20 Ghriss 270350 224150 265 17.5 35.3 17.89
4 E3 Mascara 270000 230100 400 4.0 88.6 84.55
5 E42 Ghriss 269500 218500 342 66.0 86.0 20.00
6 E5 Mascara 270700 231150 400 4.7 50.5 45.76
7 E8 Mascara 263500 230750 273 10.4 115.8 105.40
8 E44 Mascara 271000 230000 512 65.0 76.0 11.00
9 E45 Mascara 271000 229850 396 60.8 76.0 15.23

10 E30 Industrielle 266000 233280 200 51.9 88.7 36.80
11 E28 Selatna 271450 236300 250 35.5 95.3 59.80
12 E22 Tizi 261800 228500 243 15.5 48.1 32.62
13 E29 Tizi 261650 228500 250 18.0 45.0 27.00
14 E40 Tizi 272900 231000 276 51.6 57.0 5.40
15 E27 El Keurt 263300 231850 250 32.5 80.8 48.25
16 S1 Tighennif 284700 238150 150 1.9 31.8 29.90
17 S2 Tighennif 284550 238050 86 12.0 45.0 33.00
18 S3 Tighennif 284750 238050 82 3.0 40.0 37.00
19 E1 Tighennif 282800 238200 100 18.0 54.0 36.00
20 E24 Tighennif 282000 240000 166 36.2 73.2 37.00
21 E32 O/Khamsa 282300 237850 115 13.3 59.0 45.70
22 E33 Tighennif 282800 238000 100 20.4 56.5 36.10
23 E41 Tighennif 285000 233000 450 65.0 71.0 6.00
24 S1 Tighennif 284800 238000 80 6.0 68.0 62.00
25 E12 Sidi Kada 282850 230620 253 20.0 31.6 11.60
26 E25 279300 227600 250 32.6 51.6 19.05
27 E26 Sidi Salem 282750 230600 164 31.1 52.4 21.30
28 Sidi Kada 285900 228500 120 17.0 20.0 3.00
29 NE1 Nesmoth 288500 220600 250 58.3 80.1 21.80
30 NE2 Nesmoth 289900 222800 200 27.2 65.6 38.40
31 E23 Sidi Kada 284900 232100 225 18.9 59.0 40.11
32 B.A.N Ghriss 269050 215200 300 30.0 86.0 56.00
33 E13 Ghriss 270700 222200 310 22.5 42.5 20.00
34 E10 Matemore 275280 227430 250 18.2 51.0 32.80
35 E31 Matemore 274300 228400 170 28.2 60.0 31.80
36 E14 Froha 266400 224900 300 28.3 75.5 47.20
37 E17 Maoussa 275000 232000 200 13.5 57.2 43.70
38 E18 Maoussa 276000 234000 230 22.3 26.4 4.10
39 E43 Maoussa 276000 232000 224 30.0 48.0 18.00
40 S/Ben Yekhlef 273300 236200 250 42.0 98.0 56.00
41 E37 Karrech 275000 233000 250 41.0 71.0 30.00
42 E38 S/B Yekhlef 273350 234000 266 49.0 80.0 31.00
43 E21 Ain Fekan 254700 217700 100 17.0 42.6 25.60
44 E36 Ain Fekan 254900 217800 200 28.0 91.0 63.00
45 OT5 O/Taria 269000 210800 170 22.0 83.0 61.00
46 G1 Guerdjoum 262000 213000 280 13.5 52.0 38.50
47 G3 Guerdjoum 262000 215600 205 45.0 80.0 35.00
48 MA2 S/M’Barak 286500 210800 150 14.3 71.2 56.90
49 Makda 1 Makda 283000 211200 132 10.2 39.1 28.88
50 IW Maoussa 273200 234000 242 26.0 78.0 52.00
51 SK2 S/Boussaid 281900 224600 250 6.8 62.0 55.20
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Fig. S1. Temporal evolution of 
SPI values for the different sta-
tions selected (1983/84-2022/23)
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Fig.S2. Temporal evolution of the CMI 
values for the different stations selected 
(1983/84-2022/23) 
Table SII. Results of the break detection 
tests applied to rainfall data between 
1983 and 2023. 



Table SII. Results of the break detection tests applied to rainfall data between 1983 and 2023. 

Station Break (rupture) test Year/ period of 
break

Average 
before 1 

break

Average 
after 1 
break

Average 
after 2 
breaks

Average 
after 3 
breaks 

Deficit and 
excess (%)

Ghriss Lee and Heghinian
Pettitt 2007 264.352 303.617 14.9
Segmentation Hubert [1983-2023] 279.082

Matemore Lee and Heghinian 1987 309.420 271.215 –12.3
Pettitt
Segmentation Hubert [1983-2023] 275.988

Maoussa Lee and Heghinian
Pettitt 2002
Segmentation Hubert [1983-2008] 

[2008-2023]
281.636 363.193 29.0

Froha Lee and Heghinian 1999 260.553 327.039 25.5
Pettitt 1999 260.553 327.039 25.5
Segmentation Hubert [1983-2000] 

[2000-2023]
260.553 327.039 25.5

Ain Fares Lee and Heghinian 2001 364.921 546.491 49.8
Pettitt 2001 364.921 546.491 49.8
Segmentation Hubert [1983-2002] 

[2002-2012] 
[2012-2015] 
[2015-2023]

364.921 531.000 806.533 468.338 45.5
51.9
–41.9

Tizi Lee and Heghinian 1999 312.529 387.204 23.9
Pettitt 1999 312.529 387.204 23.9
Segmentation Hubert [1983-2000] 

[2000-2023]
312.529 387.204 23.9

Oued Taria Lee and Heghinian 2001 252.668 309.027 22.3
Pettitt 2001 252.668 309.027 22.3
Segmentation Hubert [1983-1995] 

[1996-2002]
[2002-2023]

251.058 217.000 309.038 –13.6
42.4

Sidi kada Lee and Heghinian 2007 312.300 475.120 52.1
Pettitt 2006 310.242 468.031 50.9
Segmentation Hubert [1983-2008]

[2008-2014]
[2014-2023]

312.300 608.383 386.278 94.8
–36.5

Nesmoth Lee and Heghinian 2001 365.668 590.533 61.5
Pettitt 2001 365.668 590.533 61.5
Segmentation Hubert [1983-2002]

[2002-2023]
365.668 590.533 61.5

Mascara Lee and Heghinian 2004 306.300 428.868 40.0
Pettitt 2004 306.300 428.868 40.0
Segmentation Hubert [1983-2004]

[2004-2012]
[2013-2023]

306.343 428.537 388.230 39.9
–9.4

Beniane Lee and Heghinian 1999 216.982 418.654 92.9
Pettitt 2001 227.800 428.073 87.9
Segmentation Hubert [1983-2002]

[2002-2014]
[2014-2023]

227.800 495.175 338.611 117.4
–31.6

Average excess 36.41%
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Table SVI. Confusion matrix for 2018 (accuracy ≈ 92.0 %, kappa ≈ 0.839).

Real/classified Agriculture Bare
soil

Built Light 
forest

Dense 
forest

Course Water Real
total

Producer 
accuracy 

(%)

Agriculture 347 196 4 967 5 072 5 115 4 953 5 156 4 929 377 388 92.00
Bare soil 782 52 986 752 733 805 759 777 57 594 92.00
Built 206 228 14 627 212 214 219 193 15 899 92.00
Light forest 0 0 3 122 2 3 3 133 91.73
Dense forest 3 1 1 2 112 1 2 122 91.80
Course 1 053 1 023 1 061 1 099 1 042 73 403 1 105 79 786 92.00
Water 3 4 4 1 1 3 173 189 91.53
Classified total 349 243 59 209 21 520 7 284 7 129 79 544 7 182 531 111
UA (%) 99.41 89.49 67.97 1.67 1.57 92.28 2.41

Table SIV. Kriging parameters.

Parameters Value

Nugget 0.609628481634
Partial sill 0.477673336278
Range 343.743895402324

Table SV. Confusion matrix for 1987 (accuracy ≈ 90.0 %, kappa ≈ 0.8025).

Real/classified Agriculture Bare
soil

Built Light 
forest

Dense 
forest

Course Water Real
total

Producer 
accuracy 

(%)

Agriculture 339 649 6 220 6 361 6 297 6 177 6 353 6 331 377 388 90.00
Bare soil 905 51 834 975 964 988 996 932 57 594 90.00
Built 267 261 14 309 259 290 273 240 15 899 90.00
Light forest 0 5 5 119 2 1 1 133 89.47
Dense forest 1 3 2 1 109 3 3 122 89.34
Course 1 270 1 321 1 341 1 384 1 325 71 807 1 338 79 786 90.00
Water 1 2 1 4 5 6 170 189 89.95
Classified total 342 093 59 646 22 994 9 028 8 896 79 439 9 015 531 111
UA (%) 99.29 86.90 62.23 1.32 1.23 90.39 1.89


