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ABSTRACT

Climate variability has been identified as one of the major factors affecting water resources. The
purpose of this study is to characterize climate variability in the region of Souk Ahras and to
evaluate its impact on surface and groundwater resources. Various statistical methods, including
Mann-Kendall test, Pettitt test, drought indices, and Fourier filter were used. Pettitt test revealed
the occurrence of breaks over the period (1994-1996), showing significant increase in the annual
rainfall and temperature data time series. The analysis of drought indices provided insights into
the relationship between meteorological and hydrological droughts in the study area. This mainly
revealed that rainfall deficit results in an immediate response to runoff regime and a delayed
response to groundwater level. Moreover, it was found that both meteorological and hydrologi-
cal drought conditions significantly decreased after the climatic shift in terms of frequency, inten-
sity and duration. Such information is of great importance for managing water resources and

preparing drought mitigation measures.
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1. Introduction

Climate change is a globally recognized reality and its
negative impacts on different sectors were reported [1-5].
The average air temperature of the globe has raised by
around 0.7°C during the twentieth century, and different
hydro-climatic variables have been affected [6]. In partic-
ular, global warming has been shown to increase the fre-
quency and intensity of extreme drought and flood events,
accentuating thereby climate variability [7,8].

* Corresponding author.

Generally, developing countries are more susceptible
to the impacts of climate variability, as they are generally
localized in arid, semiarid, and tropical regions [9,10]. The
rapid population growth and recent agricultural and indus-
trial developments in these countries further aggravated
the situation [11].

Drought, which can be simply defined as a decrease
in rainfall compared to the average, ranks at the top of the
disastrous effects associated with the recent changes in cli-
mate variability. According to Haile et al. [12] since the
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1970s, droughts have caused 572,000 deaths, along with
1.5 million USD in economic damages in East Africa. In
such a shocking context, several authors, including [13-15]
reported that increased water resource scarcity is expected
to be the main cause of future-armed conflicts.

The Mediterranean Basin experienced significant
drought events during the 1970s and the 1980s as reported
by many studies [16-21]. Several authors related cli-
mate variability in the Mediterranean Basin with El Nino
Southern Oscillation (ENSO) and North Atlantic Oscillation
(NAO) [22-26]. According to Salinger et al. [27], ENSO and
NAO are amongst the main factors of climate variability
increase in the context of global warming. Furthermore,
recent simulations of the Intergovernmental Panel on
Climate Change (IPCC) [28-30] showed that inter-annual
climate variabilities particularly associated with ENSO and
NAO are expected to endure and probably increase during
the 21st century.

Identifying the impact of climate variability on water
resources is one of the major issues that scientists are deal-
ing with nowadays. In this context, statistical methods have
been widely applied by researchers dealing with climate
variability analysis around the globe [31-34]. These methods
were shown to be efficient in predicting future hydrological
behavior [35,36], resulting thereby in the implementation
of water management and resilience strategies [37-39].
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The present study concerns the region of Souk Ahras
located in northeastern Algeria at the southern coastline of
the Mediterranean Sea. This area suffers repetitively from
severe and persistent droughts [40], usually resulting in
the disturbance of water supply and the reduction of crop
yields [41]. However, to the authors” knowledge, there is no
previous study that examined climate and hydrologic vari-
ability in the study area and its impact on water resources
to implement the required management strategies. In this
context, several statistical tools (Mann—-Kendall and Pettitt
tests and drought indices) were used in this study in order
to: (i) investigate the inter-annual variability of rainfall, run-
off, and temperature in the study area over the period (1969-
2012), (ii) identify different dry and wet cycles and, and (iii)
investigate the relationships between rainfall fluctuations,
runoff and groundwater resources.

2. Study area and data used

This study area is the region of Souk Ahras (northeast-
ern Algeria), located in the upstream part the Medjerda wadi
basin, with latitudes varying between 7° 50 and 7° 87 and
longitudes varying between 36° 10 and 36° 26. It is limited
to the north by the El-Kebir wadi basin, to the west by the
Seybouse wadi basin, to the south by the Mellegue wadi basin,
and to the east by the Algerian — Tunisian border (Fig. 1).
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Fig. 1. Location map of the study area and the hydro-climatic stations considered.
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The region is characterized by a rugged relief and a
dense vegetation cover. Around 254,000 ha of the study
area are dedicated to agriculture, with 145,000 ha of arable
lands devoted to cereal and 9,500 ha to fodder. Irrigated
agriculture covers 7,400 ha dedicated to a variety of fruits
and legumes. The main water resources distinguished in
the study area include Ain Dalia dam on Medjerda River
(75 Hm®) and Taoura groundwater reservoir. This latter
includes two superimposed aquifers [42]: The first is char-
acterized by groundwater levels close to 40 m in the Mio-
Plio-Quaternary aquifer, which is rich in marl, conglomer-
ates, sands and gravels. The second aquifer is considered as
confined, and it is composed of marls and fractured lime-
stones of low Maastrichtian and the middle Campanian.
This groundwater reservoir is mainly recharged by drainage
waters from the basins of Medjerda and Mellegue located
in the south [42]. According to Emberger aridity index,
the study area falls under a sub-humid climate type [10].
Annual mean rainfall in the study area increases from south
to north and varies from 494 mm in the Khemissa station
to 1,130 mm in the Machrouha station (Table 1). Average
annual temperature is around 15.5°C (Table 1).

The data series used, which were collected from the
Algerian National Agency for Water Resources (ANRH),
consist of three rainfall time series and a runoff sequence
recorded over the (1969-2012) period. In addition, tem-
perature data covering the (1969-2012) period were col-
lected from the weather station of Souk Ahras city managed
by the National Meteorological Office (ONM). The geo-
graphical characteristics of the stations and the main sta-
tistical characteristics of their data series are illustrated in
Table 1. Statistical analysis of rainfall and runoff data time
series shows high variability, with coefficients of variation
reaching 43% and 62% for rainfall and runoff time series,
respectively. On the other hand, mean annual temperature
was shown to follow a regular distribution, with a low
coefficient of variation (0.04).

3. Methods
3.1. Homogeneity analysis
3.1.1. Trend analysis

The Mann-Kendall test [43,44] was employed in this
study to detect monotonic upward or downward trends in
the considered hydro-climatological data time series. It is
a non-parametric method, which tolerates missing values

Table 1
Characteristics of the considered hydro-climatological data series
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and has the ability to detect trends without assuming any
special form for the data distribution function [45]. The
Mann-Kendall test has been widely used in the literature
to assess the significance of trends in various hydro-clima-
tological data time series [34,46,47]. The trend’s significance
is assessed in this study via the Monte Carlo resampling
procedure by computing the corresponding p-value at the
level of significance of 5%. The magnitude of the trend (j3)
is estimated by the Sen’s slope [48,49], which is defined as
the median of all pairwise slopes between all the consec-
utive data points of the data set, as follows:

X —x,
B—Median{ J '}
t. —t

)

i
where X, and X are the values of the sample data at times
t.and t, @@>j).

3.1.2. Break detection

Pettitt test [50] was used to detect the presence of sig-
nificant breaks in the considered hydro-climatological data
time series. It is a rank-based and distribution-free test for
detecting a significant change in the mean of the distribu-
tion [51]. Pettitt test has been widely employed to detect
breaks in various hydro-climatological data time series
[52-55]. A significant breakpoint ¢ is detected at a given
level of significance by the Pettitt test if the considered time
series can be divided into two subseries with different sta-
tistical characteristics before and after t [56]. As for the
trend test, its significance was assessed using the Monte
Carlo resampling procedure at a level of significance of 5%.
The null hypothesis (Ho) which indicates the absence of a
break in the time series is accepted when p-value > 0.05. On
the other hand, the hypothesis of non-homogenous data
series (Ha) cannot be rejected if p-value < 0.05.

3.2. Drought investigation

The standardized precipitation index (SPI) developed
by McKee et al. [57,58] was used to characterize meteorolog-
ical drought conditions. The SPI has been extensively used
in Algeria [59-64]. The main advantages of SPI are its low
data requirements and its flexibility to analyze different time
scales [56,65]. Moreover, the SPI is highly recommended
by the leading meteorological and climatological organi-
zations, including the World Meteorological Organization

Variable Station name Coordinates Altitude Min. Max. Mean Std. deviation Variation
Lat. Long. (m) coeff.
Machrouha 07°50'E  36°21'N 769 299 2,171 1,131 487 0.43
Rainfall (mm) Khemissa 07°52’E  36°10°'N 900 259 1,186 494 168 0.34
Souk Ahras 07°57’E  36°15'N 590 177 991 582 175 0.30
Temperature (°C)  Souk Ahras (ONM) 07°55'E  36°17’N 680 1443 1658 1552  0.55 0.04
Runoff (m?/s) Ain Dalia 07°87'E  36°26'N 717 0.25 3.38 1.21 0.75 0.62
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(WMO) and the United States National Oceanic and
Atmospheric Administration (NOAA).

Two indices were used in this study to characterize
hydrological drought: (i) The standardized runoff index
(SRI) [66], which evaluates the actual river discharge in com-
parison to a pre-determined reference period and (ii) the
standardized water table level index (SWI), which is calcu-
lated based on water level [67]. A hydrological drought is
usually preceded by a meteorological drought and followed
by an agricultural drought. This would imply that SRI and
SWI may generally be used to explain water availability
[68]. Previously, Charifi Bellabas et al. [69] demonstrated
the effectiveness of SRI in assessing hydrological drought
in northern Algeria. However, no previous study dealt with
the use of SWI in near regions, according to our state of
knowledge.

SPI, SRI and SWI indices are defined, at an annual time
scale, by the following equation:

Z =2 @)

where Z is the considered drought index (SPL, SWI, SRI)
in year i, X, is the actual value of the variable (rainfall/
runoff/water table level), u is the long-term mean of the
annual data time series and 0 is the standard deviation.

According to McKee et al. [57,58], a drought event starts
when Z first falls below zero and ends with the positive
value of SPI following a value of 1.0 or less. The severity
of drought can be classified through SPI, SRI and SWI val-
ues as moderately dry (-1.00 to —1.49), severely dry (-1.50 to
-1.99), and extremely dry (<=2.0) [68].

For a better visualization and investigation of the
inter-annual variability of the considered drought indi-
ces, their obtained series were smoothed using the Fourier
model. The concept of the Fourier smoothing is to transform
a time series into its Fourier coordinates, then the higher fre-
quencies are removed and the coordinates of the remaining
frequencies are converted back to a signal [70]. This new
signal is a smoothed series.

4. Results and discussions
4.1. Homogeneity analyses of the hydro-climatic data series

Results of homogeneity analysis carried out using Mann-—
Kendall and Pettitt tests, at the level of significance of 5%,

Table 2
Summary of Mann-Kendall and Pettitt tests’ results

are illustrated in Table 2. According to the Mann-Kendall
test, the study area witnessed a significant warming trend
(p-value < 0.05) during the 1969-2012 period of about 0.2°C/
decade, suggesting an increase in temperature as a result
of climate change in the study area (Fig. 3). Concerning
the inter-annual variability of rainfall, the hypothesis of
homogeneity Ho is rejected for two of the three studied
stations (Khemissa and Machrouha), as they showed sig-
nificant increasing trends at the significance level of 5%.
However, the null hypothesis Ho cannot be rejected for
the Souk Ahras station (p-value > 0.05), implying a statisti-
cally non-significant trend. Overall, the three considered
stations showed increasing rainfall trends, with an excess
of about 18%. This is consistent with the findings of previ-
ous studies, including [40,59,71] which revealed perceptible
increase in rainfall in northeastern Algeria since the 1990s.
According to the Pettitt test, the hypothesis of homoge-
neity Ho is rejected for the mean annual temperature data
series as a significant break at the significance level of 5% is
observed in 1994 (Fig. 3). Concerning the inter-annual vari-
ability of annual rainfall, the hypothesis of homogeneity
Ho is accepted for the Souk Ahras station (p-value > 0.05)
(Fig. 4). On the other hand, significant breaks at the signif-
icant level of 5% occurring in 1994 for the Khemissa station
and in 1996 for the Machrouha station were obtained (Fig. 5).
These findings are consistent with those of several studies

Ain Dalia hydrometric station

Discharge (m3/s)

1965 1975 1985 1995

Year

2005 2015

Fig. 2. Inter-annual variability of annual runoff in the Ain Dalia
station.

Variable Station name Mann-Kendall test Pettitt test
p-value Sen’s slope p-value Break year
Khemissa 0.0219 3.521 0.0057 1994
Rainfall Machrouha 0.0003 22.951 0.0002 1996
Souk Ahras 0.5711 1.419 0.2841 2001
Temperature Souk Ahras (ONM) 0.0039 0.02 0.0007 1994
Discharge Ain Dalia 0.880 0.002 0.62 2001

Bold values indicate significant trends/change points at the level of significance of 5%.
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Fig. 3. Shift in mean annual temperature data series according
to Pettitt test.
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Fig. 4. Inter-annual variability of annual rainfall in the Souk
Abhras station.

conducted in nearby regions. For instance, Khezazna et al.
[59] detected significant breaks in annual rainfall time series,
which occurred in the 1990s and the 2000s at the major-
ity of the rainfall gauges of the Seybouse basin. Likewise,
Bendjema et al. [72] detected breaks between 1994 and 2001
in rainfall annual series over the Mellah basin. According
to Fniguire et al. [32], the breaks in rainfall time series are
generally related to climate change and/or climatic variabil-
ity. In this study, these abrupt changes in rainfall coincided
with the break in mean annual temperature series identified
in 1994. Abrupt changes in the climate at a regional scale
modify the hydrological regime, and the hydrological vari-
ables in this area follow this new regime until another break
occurs [73].

4.2. Temporal variability of drought and relationship between
meteorological and hydrological droughts

The inter-annual variability of the smoothed SPI, SRI
and SWI time series is depicted in Fig. 6. The relationship
between precipitation variability and the hydrological
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Fig. 5. Shifts in annual rainfall data series (Khemissa and
Machrouha) according to Pettitt test.

conditions in the study area was first investigated by deter-
mining the correlation coefficients between SPI and SRI
on one hand, and SPI and SWI on the other. The corre-
sponding correlation coefficient values were 0.72 and 0.51,
respectively, implying good to moderate relationships
between meteorological and hydrological conditions
according to Bachmair et al. [74]. Previously, Wang et al.
[75] and Huang et al. [76] argued that hydrological drought
(SRI and SWI) is more sensitive to climate variability and
change than meteorological drought (SPI) due to the non-
linear response of runoff and infiltration to rainfall and
temperature changes. Indeed, besides their influence by
rainfall variability, runoff and infiltration processes are
influenced by several local factors, such as soil type, land
slope, land use/cover changes [77-79].

The inter-annual variation of SPI, SRI and SWI were
analyzed in terms of occurrence, severity and duration
of droughts (Fig. 7). This resulted in the following: (i)
Meteorological and hydrological drought conditions sig-
nificantly decreased after the climatic shift in terms of fre-
quency intensity and duration. (ii) Several runoff dry years
(SRI) occurred without a meteorological drought (SPI)
in 1986 and 2006. (iii) Two groundwater droughts (SWI)
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Fig. 7. Inter-annual variation of the smoothed SPI, SRI and SWI
series using the Fourier filter.

occurred without meteorological droughts: 1970-1973
and 1977. This can be explained by excessive extraction of
groundwater from the Taoura reservoir. (iv) All the mete-
orological droughts caused concurrent runoff droughts
(SRI). (v) Meteorological droughts triggered groundwa-
ter droughts with a delay of one or two years. This can be
related to the hydrogeological characteristics of the aquifers
prevailing in the study area. (vi) Meteorological droughts
under severely dry class of two years or longer propa-
gate into long groundwater droughts, with extremely dry
conditions: 1989-1994 and 2001-2004.

5. Conclusion

This paper investigated the impacts of change in cli-
mate variability on water resources in the region of Souk
Ahras. To this end, various hydro-climatological data time
series recorded during the (1969-2012) period were analyzed
using nonparametric tests and drought indices.
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Results of the nonparametric tests showed that the study
area has experienced significant increasing trends of rainfall
(+18%) and temperature (+0.2°C/decade). These increasing
trends were accompanied by abrupt breaks, which occurred
around 1994. These breaks indicate the modification of the
hydrological regime in the study area, which leads to fewer,
less severe and shorter meteorological and hydrological
droughts. This study also encompassed an investigation
of the relationship between meteorological and hydrolog-
ical droughts. This revealed that meteorological droughts
cause immediate runoff droughts and delayed ground-
water droughts, depending on the geological nature of
the aquifers prevailing in the study area.

Generally, the findings of this study enhanced the cur-
rent understanding of climate variability and trend in
the region of Souk Ahras along with the potential conse-
quences on surface and groundwater resources. For future
research, it would be of great importance to investigate
the response of agricultural drought to meteorological and
hydrological droughts. This will provide a better compre-
hension of drought evolution mechanisms in the study area
and help forecasting agricultural droughts and suitable
adaptation strategies.
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