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Abstract
This study examines spatial and temporal variability of rainfall in Bizerte-Ichkeul Watershed. The basin, located in the extreme
north of Tunisia, covers an area of 3084 km2. Thirteen rainfall stations, with continuous monthly precipitation records over the
period (1970–2011), were considered in the analysis. Two methods were used. In the first, the dimensionless standardized
precipitation ratio is applied to examine precipitation temporal variation. The second method is represented by continuous
wavelet analysis for the precipitation spatial analysis and the identification of the origin of its variability. The study of temporal
variability of annual rainfall showed severe persistent and recurrent drought episodes over the period (1977–2001). Wavelet
analysis resulted in detecting the modes and origins of precipitation variability. Three energy bands were clearly identified: (1, 2–
4, and 4–8 years) for the entire watershed. The visualization of the power distribution showed that the observed modes of
variability are different in their power distributions from one station to another. The approach adopted allowed the identification
of two groups with the same precipitation frequency and temporal variation. These groups were defined according to the
difference in occurrence of the frequency band for each station.
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Introduction

Identifying the impact of climate change on hydrological sys-
tems and water resources (greenhouse effect, increase in tem-
perature, reduction of rainfall, etc.) is a major challenge for
scientists. Climate change is considered the greatest challenge
for coastal areas (Nicholls and Klein 2005; Najjar et al. 2000),
forestry (Easterling et al. 2000), and many economic and so-
cial sectors such as agriculture (Albert and Shortle 2000) and

ecosystems (Scavia et al. 2002; Hammer 1999). Several recent
large-scale climatic events have pushed the global community
to address climate change and understand the irregular distri-
bution of precipitation in space and time (Khoualdia et al.
2014).

The results of various studies (from 1991 to 2010) on the
evolution of precipitation show that climate change resulted in
an intensification of precipitation and a more perceptible re-
currence of extreme events (New et al. 2001; Solomon et al.
2007; Planton et al. 2005). Among these studies are those
interested in the drought sequence that has affected the
Central Maghreb Region (Algeria, Morocco, Tunisia) since
the 1970s (Djellouli and Daget 1993; Nouaceur 2011;
Nouaceur et al. 2013a, b).

Currently, Morocco has the longest dry period in its mod-
ern history, characterized by a decrease in precipitation and a
marked increase in temperature (Khomsi et al. 2013; Driouech
et al. 2010; Zamrane et al. 2016). Algeria experienced during
its history many periods of variable scale droughts, which had
impacts on living conditions particularly on rural population
(1943–1948); the most severe and persistent drought events
are those recorded during the years 1980s and 1990s. In that
period, the rainfall deficit was estimated to be 50% for the
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central and western regions of Algeria and 30% in the east.
The year 1988/1989 was classified as the driest year in Algeria
(Djellouli and Daget 1993).

During the twentieth century, Tunisia has experienced sev-
eral severe droughts. These droughts had different frequencies
in the different decades. The years 1950 and 1970, for in-
stance, are distinguished by infrequent appearance of dry
years. In the years 1920, 1940, 1960, and 1980, multiyear
droughts were recorded with a large spatial extension and a
high rainfall deficit (Hénia 2001).

Maritime influences, geographical position, climate, and
topographical arrangements (Dorsal in the North, Sahara in
the South) attribute to Tunisia several local climates whose
characters are sometimes very distinct. This results in a distin-
guished spatial variability of rainfall throughout the country.
Indeed, the north is characterized by an important rainfall and
a humid to sub-humid climate while the south is subjected to
an arid climate, with very scarce downpours. The study basin,
located in the extreme North of the country, is marked by
important rainfall and important surface water resources,
which have significant hydrological, environmental, and eco-
nomic impacts on the whole region.

Most research carried out in the study area dealt with the
ecological and biological fields, such as studies conducted by
Bouzouita (2003), Bejaoui et al. (2005), and Brahim et al.
(2008). Nevertheless, studies examining temporal and spatial
viability of precipitation are rare. In the following, some of
these few studies are briefly described. First, Mathlouthi and
Lebdi (2008) showed that dry events of 57 days were identi-
fied, during the rainy season in the Ghezala Subwatershed of
the Ichkeul Basin. Another study by Mathlouthi and Lebdi
(2010), in the same basin, resulted in the calibration of a
lumped hydrological model relating runoff to daily rainfall
and antecedent precipitation index. Moreover, Mathlouthi
et al. (2011) showed that the extreme rainfall events of 2005
are responsible for the generation of landslides in Ichkeul
Basin. Finally, Feki et al. (2007) showed, based on GIS and
remote sensing, that the development of the vegetation cover
in Kroumirie andMogods (Bizerte region) is mainly related to
seasonal rainfall variation.

In this context, the objective of this work is to explore
the spatial and temporal variability of precipitation over
Bizerte-Ichkeul Basin (Northern Tunisia). First, we exam-
ine the trend of rainfall variability in the Bizerte-Ichkeul
Basin based on the general shape of the dimensionless
standardized precipitation ratio curves, to identify the
inter-annual variability as well as the periods of deficit
and excess of rainfall. The obtained results are then ana-
lyzed by the continuous wavelet method to identify the
origin of the precipitation temporal variations (dry and
wet periods). Thirteen monthly rainfall time series, regis-
tered over a period of 42 years (1970 to 2011), were
considered in the analysis.

Description of the study area and data used

The Bizerte-Ichkeul Basin, located in the extreme north of
Tunisia, covers an area of 3084 km2 (Fig. 1). The watershed
has a stretched form. It has a well-developed stream network
and drains a rather strong relief. This basin is part of the cold
and rainy Talien natural region. The region contains several
important watercourses, locally known as wadis, such as wadi
Sejnane and wadi Joumine and various hydraulic structures
such as dams and hilly lakes.

Bizerte Lagoon, Lake Ichkeul, and the lagoon of Ghar el
Melh represent three depressions which form remarkable land-
scapes belonging to the basin. The plain of Mateur and Lake
Ichkeul are separated, to the southwest by the Djebel Ichkeul
(510 m of altitude). Lake Ichkeul is the receptacle of the wadis
Joumine, Sejnane, Ghezala, Douimis, Tine, and El Meleh. It is
linked to Bizerte Lagoon by the Tinja Canal which was endowed
with a lock in the 1980s. This lake is supplied with fresh water in
the winter period by six main wadis namely: wadis Doumiss,
Sejnane,Melah,Ghezala, Joumine, andTine, causing an increase
in water levels in Lake Ichkeul. This results in a large volume of
water flowing from the lake to Bizerte Lagoon. Duringwet years,
it pours three times its volume during winter and spring. The
situation is reversed in summer, when a drop in the water level
of the lake causes the arrival of salt water from Bizerte Lagoon
by Wadi Tinja. Several hydraulic developments (dams and hilly
lakes) were implemented in the watersheds of Lake Ichkeul and
Lagoon of Bizerte, which led tomajor changes in liquid and solid
flows to the lagoon.

Data used in this study are mainly monthly precipitation
time series that were obtained from the DGRE (General
Directorate of Water Resources in Tunisia) and Tunisian
monographs. Thirteen rainfall stations, with continuous
monthly precipitation records over a period of 42 years
(1970 to 2011), were considered in the analysis (Fig. 1). The
rainfall stations are evenly distributed over the entire catch-
ment (Fig. 1).

A preliminary statistical study of the rainfall data was first
established. Indeed, the series of observations must be inde-
pendent, random, homogeneous, and without tendency. These
hypotheses were verified using the HYFRAN Software. The
considered tests were accepted at a significance level of 5%.
Next, the mean, minimum, and maximum annual precipita-
tions, as well as other statistical characteristics (median, stan-
dard deviation, coefficients of variation, skewness, and kurto-
sis) were computed. The corresponding results are presented
in Fig. 2 and Table 1.

Methodology

Different statistical methods, such as principal component
analysis, kriging, and standardized precipitation index, were
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used to examine the variability of precipitation in time and
space (Gocic and Trajkovic 2013; Jemai et al. 2016). Other
indices used to identify drought and to show temporal fluctu-
ations of precipitation are available in the literature. These

include Mean Deviation Index, Rainfall Index, and Relative
to Normal Precipitation (Khaladi 2005) among others. Other
methods such as the Palmer Drought Severity Index, Quintiles
and Tertiary Rainfall Index have also been used to study the

Fig. 1 Study basin
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frequency of drought periods and their severity (Khaladi
2005).

The variance and variability of precipitation were amply
analyzed in the literature using quantum perturbation method
(QPM) (Willems 2013), Non-parametric Anomaly Inlay
Method (NAIM) (Onyutha 2016a, b), autocorrelation spectral
analysis (ASA (Blackman and Turkey 1958), and many other
methods. However, statistical methods have several limita-
tions due to the complexity of the precipitation variability,
taking into account their non-linearity and non-stationarity.
The method of wavelet transforms was introduced as an alter-
native due to its capacity to capture temporal variability at
multiple scales. This robust mathematical device, which yields
a timescale signal representation, is primarily useful in the
study of non-stationary associations using time series data.
Wavelet transform provides the decomposition of precipita-
tion time series inside time–frequency spaces by identifying
the principal variability modes and their temporal distribution
into spectra (Jemai et al. 2017).

Two methods were used to examine both spatial and tem-
poral variability of precipitation in the Bizerte-Ichkeul
Watershed. In the first, the dimensionless standardized precip-
itation ratio is applied in order to examine the temporal vari-
ation of precipitation. The second method is represented by
continuous wavelet analysis to examine the structure of the
variability. Obtained data were processed via the R Software
(R Development Core Team 2011) and Sowas Package in
order to perform continuous wavelet transform and wavelet
coherence analysis (Massei et al. 2009; Maraun and Kurths
2004, 2007). Spatial variation was also examined by compar-
ing the results obtained for the different stations.

Standardized precipitation ratio

The dimensionless standardized precipitation ratio was com-
puted in order to standardize the series of precipitation, mak-
ing it possible to compare different data series. This method
results in characterizing the evolution of annual rainfall

Table 1 Statistical characteristics
of the annual rainfall data series Station

number
Latitude Longitude Altitude

(m)
Standard
deviation
(mm)

Median
(mm)

(Cv) (Cs) (Ck)

1 37.07 9.24 145 194.4 953.65 0.21 0.09 2.23

2 37.06 9.25 135 214.7 809.45 0.26 0.03 2.28

3 36.93 9.39 109 309.2 687.25 0.39 1.39 4.58

4 36.96 9.48 109 174.3 717.65 0.25 0.22 2.25

5 37.11 9.54 28 154.2 670.35 0.25 0.21 2.17

6 37.07 9.55 75 177.2 702.85 0.25 0.13 2.00

7 36.91 9.73 70 140.1 440.25 0.31 0.22 2.51

8 37.17 9.76 8 146.8 587.95 0.25 0.08 2.65

9 37.27 9.85 50 154.7 578.75 0.27 0.13 1.77

10 37.21 9.99 55 155.0 576.60 0.27 0.07 2.08

11 37.13 10.01 80 153.1 603.25 0.25 0.22 2.1

12 37.23 10.09 20 141.0 587.65 0.23 0.21 1.93

13 37.17 10.04 120 143.0 514.6 0.28 0.23 2.41

CV coefficient of variation, CS coefficient of skewness, Ck coefficient of kurtosis
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compared to the average of the period considered, identifying
thereby the periods of deficit and excess of rainfall. An inter-
annual rainfall index, defined as a dimensionless standardized
precipitation ratio, was determined for each station (Servat
et al. 1998). This method was widely used in Africa
(Kingumbi et al. 2000; Zamrane et al. 2016; Nouaceuret al.
2013a; Ellouze et al. 2009; Ellouze 2010).

The dimensionless standardized precipitation ratio (rainfall
index) is the ratio of the deviation from the inter-annual mean
to the standard deviation of annual rainfall (Eq. (1)).

It is described as follows

Ip ¼ Pi‐Pð Þ=σ ð1Þ

Where

Pi Rainfall for a given study year;
P Average rainfall during a given study period;
σ Standard deviation of rainfall for the same period.

The index is positive for wet years and negative for dry
years (Lubès et al., 1994, b). Examining the different
graphs representing the variation of this index allowed
the identification of regions with similar temporal charac-
teristics. The results obtained were then analyzed by the
continuous wavelet method to identify the origin of tem-
poral variation.

Continuous wavelet analysis

The wavelet spectra allow the observation of the data struc-
ture as a function of time. The parameterization in scales and
the translation of the daughter wavelets make it possible to
detect the different frequencies composing the signal.
Moreover, these frequency components can be detected
and studied over time, allowing a better description of
non-stationary processes (Schneider and Farge 2006;
Torrence and Compo 1998). Labat (2008) showed that
wavelet analysis is an alternative method to classical correl-
ative and spectral analyses and is more informative.
According to Torrence and Compo (1998), Perrier et al.
(2007), and Mesquita (2009), the wavelet is a function con-
taining a temporal parameter and a shape parameter. The
first allows to stretch the wavelet for the analysis of the
desired frequencies while the second allows to translate the
wavelet on the times axis to analyze this frequency close to
a given moment of the signal. The reference wavelet is
called mother wavelet, and the modification of its parame-
ters is used to produce daughter wavelets. The wavelet trans-
form is thus made by decomposing the signal into defined
signals over a certain period of time (or space), which makes
it possible to analyze the variations of the frequency content
over time. Furthermore, the wavelet spectrum of the signal

makes it possible to visualize the presence of frequencies
temporally localized.

Compared to other methods, wavelet analysis has often
been used for hydrological variability of major world rivers
(Gaucherel 2002; Labat 2005). In particular, applications of
wavelets to discharge time series allow describing signals of
climatic oscillation (Massei et al. 2009, 2011; Labat et al.
2000; Lafrenieresa and Sharp 2003). The continuous wavelet
method (WCT) is used to analyze and quantify each temporal
feature of the main spectral components in the time series. The
wavelet transformation is used to follow the time course of the
process at different scales in the signal (Daubechies 1990;
Zamrane et al. 2016). Turki et al. (2016) showed that contin-
uous wavelet method was not amply used to study hydrolog-
ical variability in North Africa. The continuous wavelet anal-
ysis was used in Algeria (Turki et al. 2016) and Morocco
(Zamrane et al. 2016).

In this study, Continuous Wavelet Transformation (CWT)
was used in order to obtain reasonably accurate results for low
and high frequencies. Three types of mother wavelets are
available in the literature, namely Morlet, Gaussian, and
Paul wavelets. However, the Morlet mother wavelet was
adopted in this study as it was shown to be more appropriate
for the study of rainfall variability (Torrence and Compo
1998; Perrier et al. 2007 among others). The Morlet wavelet
consists of a Gaussian-modulated sine, characterized by a
high-frequency resolution. The wave number of the mother
wavelet controls its basic frequency resolution: the higher the
wave number, the more rapid the oscillation of the wavelet,
and the higher the frequency resolution. The wave number
used here was six for all spectra. In particular, applications
of wavelets to discharge time series allow the description of
signals of climatic oscillation (Massei et al. 2009, 2011; Labat
et al. 2000; Lafrenieresa and Sharp 2003).

According to Torrence and Compo (1998), Perrier et al.
(2007), andMesquita (2009), thewavelet is a function containing
a temporal parameter and a shape parameter. The first allows to
stretch the wavelet for the analysis of the desired frequencies
while the second allows to translate the wavelet on the times axis
to analyze this frequency close to a given moment of the signal.
The reference wavelet is called mother wavelet and the modifi-
cation of its parameters is used to produce daughter wavelets.
The wavelet transform is thus made by decomposing the signal
into defined signals over a certain period of time (or space),
which makes it possible to analyze the variations of the frequen-
cy content over time. Furthermore, the wavelet spectrum of the
signal makes it possible to visualize the presence of frequencies
temporally localized.

The mother wavelet includes two parameters: scaling Ba^
and temporal location Bb^ (Eq. (2)):

ψa;b tð Þ ¼ 1
ffiffiffi

a
p ψ

t−b
a

� �

ð2Þ
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ψa, b(t) Wavelet daughter;
a Scale parameter;
b Time–localization parameter.

The continuous wavelet transforms the signal S(t) to gen-
erate a wavelet spectrum. It is expressed as follows (Eq. (3)):

S a;bð Þ ¼ ∫
þ∞

−∞
S tð Þ � 1

ffiffiffi

a
p ψ

t−b
a

� �

� dt ð3Þ

Wavelet transform can play an important role in analyzing
precipitation data, since its local analysis and multiresolution
decomposition make the analysis process more efficient and
accurate (Kuo and Sheng 2010; Jun et al. 2016). Continuous
wavelet analysis, described in details by Schneider and Farge
(2006), is used to evaluate and characterize the evolution of
the short and long-term variability of the precipitation data
series in the Bizerte-Ichkeul Basin. They may also detect pos-
sible temporal ruptures in the structuring of this variability.
Temporal variability can be expressed as Benergy spikes^ or
Benergy bands,^ covering certain timescales. The local wave-
let spectrum allows description and visualization of the power
distribution (z-axis), from low power (dark blue) values to
high power (red) values, depending on the different frequen-
cies (y-axis) during time (x-axis). In all continuous wavelet
spectra, the color scale used represents increasing power
(variance) from blue to dark red. The continuous wavelet
spectrum of the time series highlights the existence of several
modes of variability in the form of energy bands covering
certain ranges of frequencies.

Continuous wavelet analyses were used to identify the
main modes of precipitation variability in Bizerte-Ichkeul
Watershed. They may also detect possible temporal ruptures
in the structuring of this variability. The questions that arise
are for what characteristic timescales do rainfall evolve? Is the
structure of the variability the same or does it evolve over time
and on a spatial scale?

Results and discussion

Descriptive statistical analysis

A preliminary statistical analysis of annual rainfall data
over the period 1970–2011 was established for the 13 rain-
fall stations spread all over the study basin. In the study
area, the average annual rainfall is around 637 mm.
Figure 2 shows a large variation of rainfall throughout
the study area from northwest to southeast. The study area
is characterized by rainfall ranging from 935 mm in the
extreme northwest of the basin (station no. 1) to less than
460 mm in the south (station no. 7) (Figs. 1 and 2).
Standard deviations of annual rainfall indicate a high
inter-annual variability in the Bizerte-Ichkeul catchment.

The standard deviations are greater than 141 mm per year
and sometimes reach more than 300 mm per year. Statistics
of annual rainfall data, such as the coefficient of variation
(CV), coefficient of skewness (CS), and coefficient of kur-
tosis (Ck) are presented in Table 1. The mean values of CV,
CS, and Ck for the study region are 0.27, 0.21, and 2.38,
respectively. The maximum value for the different statisti-
cal parameters CV, CS, and Ck were obtained for station
no. 3 (mountainous region). CV values are generally
higher than 25%, except for stations 12 and 1, which are
located in the northeast and the southwest regions, respec-
tively. The CV is considered to follow the evolution of the
rainfall from 1 year to the next. The obtained CV values do
not show a large variation. They vary from 0.21 (station
no. 1) to 0.39 (station no. 3), implying a slight decrease in
the west-east direction.

The values of (CS) for all time series are positive. They
are close to zero for most stations, which implies a sym-
metrical distribution of rainfall data. The values of (Ck) for
most stations varied between 1.7 and 2.65. The exception
is made for station 3 with a (Ck) value close to five, indi-
cating that low rainfall is more frequent than high rainfall
values (Amrutha and Shreedhar 2014). In general, CV
slightly decreases, CS remains constant, and Ck slightly
increases with an increase in annual rainfall (Modarres
and Rodrigues da Silva 2007).

A mixture of increasing and decreasing trends of rainfall
is noted (Fig. 2). This result suggests that the rainfall trends
may be attributed to local changes in the rainfall regime
rather than the large-scale patterns of atmospheric circula-
tion. Indeed, according to Jemai et al. (2013), rainfall var-
iability in the Bizerte-Ichkeul Basin is governed by the
effect of topography in the northwestern regions while
for the southeastern regions, other factors such as latitude,
longitude, proximity to the sea, and direction of wind
speed affect rainfall characteristics and are the principal
sources of variation.

Inter-annual rainfall of the Bizerte-Ichkeul basin

The comparative analysis of the evolution of the dimension-
less standardized precipitation ratio applied to the annual rain-
fall data over the period 1970–2011 was established for the 13
rainfall stations belonging to the study basin. The temporal
evolution of precipitation is based on the trend of the curves
representing the distribution of the dimensionless standard-
ized precipitation ratio. Three periods were distinguished ac-
cording to the trend of the curves of variation of the dimen-
sionless standardized precipitation ratio (Fig. 3).

& The first, from 1970 to 1976, is considered normal to wet.
There is a deficit with negative rainfall indices (from 0 to −
1.01).
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& A long dry period of 26 years begins in 1977 and ends in
2001. This period is interspersed with short wet periods
(1990–1992, 1996–1997). A significant drop in wet and
very humid years occurs at all stations. This interval is
marked by a greater severity of drought. The years 1982,
1987, 1988, 1993, 1994, 2000, and 2001 have a very high
percentage of stations characterized by dry to very dry
conditions. A deficit condition was observed for standard-
ized precipitation ratio varying between 0 and − 2.45.

& The last period, from 2002 to 2011, is characterized by an
increase of humid and very humid years and normal years;
only the year 2008 recorded a negative rainfall index.

The results obtained showed similar statistical characteris-
tics for the different rainfall stations, with a mild rainfall gra-
dient increasing from east to west. For the southeastern re-
gions, other factors such as latitude, longitude, proximity to
the sea, and direction of wind affect rainfall characteristics and
are the principal sources of variation (Jemai et al. 2013). For
convenience, only the results of four reference stations were
selected in this study with a homogeneous distribution within
the study area, namely stations 2, 7, 8, and 12, located in the
west, south, north, and east, respectively (Fig. 3).

These results are in agreement with those found in shorter
series by Laborde (1993) which shows that the decline in
rainfall in northern Algeria was observed after the 1970s in a
significant way. Mahe et al. (2011) identified a rupture in
annual rainfall in Morocco between 1979 and 198. The find-
ings of Kingumbi et al. (2000), who examined rainfall series
of Central Tunisia using the standardized precipitation ratio,
confirm the results obtained (decrease in annual totals be-
tween 1977 and 1989). Nouaceur et al. (2014) and Laignel
et al. (2014) showed that drought affected the Moroccan and
Tunisian regions over a long period compared to the Algerian
Region, where droughts were identified in the period (1988–
2002). These results are also in agreement with the conclu-
sions of the regional report of the United Nations on climate
change in North Afr ica and the f indings of the
Intergovernmental Panel on Climate Change of 2001 and

2007 (IPCC 2007). These periods can be used as reference
periods to represent drought in the study area. The results
obtained were then analyzed by the continuous wavelet meth-
od to identify the origin of temporal variations.

Spatial characterization of precipitation

Continuous wavelet analysis is used to evaluate and charac-
terize the evolution of the short and long-term variability of
the precipitation data series in Bizerte-Ichkeul Basin.
Temporal variability can be expressed as energy spikes or
energy bands, covering certain timescales. The local wavelet
spectrum allows description and visualization of the power
distribution (z-axis), from low power (dark blue) values to
high power (red) values, depending on the different frequen-
cies (y-axis) during time (x-axis) (Fig. 4).

The spectra of precipitation wavelet analyses applied to the
monthly rainfall data series over the period 1970–2011 were
analyzed. The results obtained made it possible to identify
three energy bands (1 (year), 2–4 (years), and 4–8 (years))
for the entire watershed. In addition, Fig. 3 shows several
modes of frequency variability based on the shape of the en-
ergy bands. From an annual cycle perspective, the global spec-
tral energy is not constant over time and varies according to
three main periods for the 13 stations studied (1970–1977,
1978–2001: 2002–2011). These periods have already been
detected by the temporal analysis of precipitation by means
of the dimensionless standardized precipitation ratio.

For the 1-year mode, the alternating high- and low-energy
bands reflect the succession of wet and dry years. The power
of this energy showed differences between all records of the
Bizerte-Ichkeul Basin, explained by the local conditions relat-
ed to the geographic characteristics. Based on high-power
spectral energy, five sub-periods were identified: The first be-
gins in 1970 and ends in 1973, showing only the mode of 1
(year). The second spreads over the period between 1974 and
1987, where modes 1 (year) and 2–4 (years) were detected.
The third phase begins in 1988 and ends in 1993, when modes
1 (years) and 4–8 (years) were detected. The fourth (from
1995 to 2001) shows only the mode of 1 (year) while the fifth
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(2002–2011) presents modes 1 (year) and 2–4 (years). These
periods are defined by four main discontinuities correspond-
ing to the mid-1970s, late 1980s, mid-1990s, and early 2000s
(Fig. 4, Table 2). The second and third interruption periods
may be related to the drought periods that occurred in Tunisia
between 1980 and 2001. These results are in agreement with
those found by Kutiel et al. (1996), showing that the late
1980s and the early 2000s witnessed intense drought in a
wider part of the Mediterranean Region. Jemai et al. (2016)
found that severe drought periods were registered at the end of
1980 and 2000 in Southern Tunisia (Gabes Basin). Moreover,
Ellouze (2010) showed that dry conditions became more re-
petitive and frequent since the second half of the twentieth
century (from 1935 to 2001) in central and southern Tunisia.

The visualization of the power distribution shows that the
observed modes of variability are different in their power

distributions from one station to another. The annual cycle
mode (1 year) of rainfall variability was observed in the ma-
jority of the rainfall stations, where the hydrological cycle
presents an alternation of seasonal variation in precipitation
(Fig. 4). The annual variation of high frequency is identified
during this period. Southern stations also presented important
annual frequencies but less pronounced than those observed in
the NW and the NE. It is also important to note that rainfall
variability may be related to a change in the probability law of
the time series at a given time, which is most often unknown
(Lubès et al. 1998). The annual cycle mode (1 year) of rainfall
variability was observed in all rainfall stations for the identi-
fied periods while inter-annual scale fluctuations of 2–4
(years) and 4–8 years) seem to be more specific to certain
stations. The mode (2–4 years) was observed during the pe-
riods (1980–1987, 2002–2011). Concerning the second

Fig. 4 Local spectra of wavelet analysis of monthly precipitation of the Bizerte-Ichkeul watershed
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period, the frequency band 2–4 years is observed more pre-
cisely from 1983 to 1987. During the fifth period the 2–4 years
mode is observed in two different sequences of 2002–2004
and 2008–2011. The mode of 4–8 years is observed in most
stations during the third period (1990–1993) (Table 2).

The modes of cycles 2–4 and 4–8 years reflect the influ-
ence of global climate represented by indices such as ENSO
(El Nino/Southern Oscillation), PDO (Pacific Decadal
Oscillation), or NAO (North Atlantic Oscillation). These two
modes are observed inmost stations during the second interval
detected by the annual cycle (1977–2001). The results obtain-
ed by the dimensionless standardized precipitation ratio shows
that this interval is characterized by a long period of drought,
interspersed with short wet periods. These results are in agree-
ment with those found in the flow series in the Mississippi
River basin (USA) byMassei et al. (2011), which showed that
the dominant modes of current flow variability during the
inter-annual periods in the 2–4, 4–8, and 10–16 age brackets
are related to climatic fluctuations in the Southern Oscillation
(SOI). Laignel et al. (2010) showed that high modes of vari-
ability are correlated with the NAO in the Northwest region of
France and North Africa and with the SOI in the USA. The
results obtained by the continuous wavelet analysis of the
precipitation regime show that the variability modes observed
are different from one station to another by their power distri-
bution. For convenience, only the results of four reference
stations studied in the first part are presented in this section.

The structure of the variability of continuous wavelet pre-
cipitation spectra varies from one station to another. Indeed,
the approach adopted allowed the identification of two fami-
lies or groups with the same characteristics of temporal and
frequency variation of precipitation. These two groups were
defined according to the difference in appearance of the fre-
quency band at each station (Fig. 1).

The first group is composed of five rainfall stations (1,
2, 3, 4, and 8) (Fig. 1), located in the mountain chain
beside the sea which stretches to the extreme north of
the study area, preventing the spread of the disturbances
of the northwest and the north. This group is characterized
by the existence of frequency bands of 1 year and few
bands of 2–4 years. This annual periodicity was already
confirmed by the results obtained in the temporal analysis
of precipitation by means of the dimensionless standard-
ized precipitation ratio. Unlike stations 1, 2, 3, and 4,
which are all located in the western mountainous region,
station 8 is rather located in the eastern plane of the wa-
tershed. The specificity of this particular series is rather its
particular geographical position, as it is located between
Ichkeul Lake and Bizerte lagoon, which affected its spa-
tial and temporal rainfall variability. This clearly shows
that rainfall may be affected by local conditions, such as
the proximity to the sea or the presence of relief.

The second group is represented by eight stations (5, 6, 7,
9, 10, 11, 12, and 13) (Fig. 1), located in the extreme south-
east, where the disturbances of the Mediterranean air masses
represent the main source of rainfall which is moderated by
both topography and the proximity of the sea and Bizerte
Lagoon. This group presents several annual and inter-annual

Table 2 The time variation of the rainfall variability modes, extracted
from the continuous wavelet analysis

Station number 1 year 2–4 years 4–8 years

1 1970–1973
1980–1987
1990–1993
1995–2001

2002–2004 –

2 1970–1973
1980–1987
1990–1993
1995–2001

– –

3 1970–1973
1980–1987
1990–1993
1995–2001

2001–2003
2008–2001

–

4 1970–1973
1980–1987
1990–1993
1995–2001

2002–2004 –

5 1970–1973
1980–1987
1990–1993
1995–2001

– 1986–1995

6 1970–1973
1980–1987
1990–1993
1995–2001

– 1986–1995

7 1970–1973
1980–1987
1990–1993
1995–2001

1983–1987
2002–2004

1986–1995

8 1970–1973
1980–1987
1990–1993
1995–2001

2002–2004 –

9 1970–1973
1980–1987
1990–1993
1995–2001

1983–1987
2002–2004

1986–1995

10 1970–1973
1980–1987
1990–1993
1995–2001

1983–1987 1986–1995

11 1970–1973
1980–1987
1990–1993
1995–2001

1983–1987 1986–1995

12 1970–1973
1980–1987
1990–1993
1995–2001

1983–1987 1986–1995

13 1970–1973
1980–1987
1990–1993
1995–2001

1983–1987 1986–1995
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frequency bands (2–4 and 4–8 years), implying the influences
of large-scale climatic factors on rainfall variance.

The representation of station groups with similar character-
istics shows that the spatial variability may be explained by
local climatic factors, such as disturbances of the
Mediterranean winds, topography, proximity to the sea,
Lake Bizerte, depressions, and the effect of the sea. These
results are in agreement with those found by Jemai et al.
(2016) in the Gabes Basin (Southern Tunisia), indicating that
drought severity was important in western and Northern
Tunisia, while the east (along the coast) and the southern re-
gions were characterized by mild droughts. They proved that
rainfall variability was governed by the effects of altitude and
the Mediterranean Sea in Southern Tunisia (Gabes Basin).
Merzougui and Slimani (2012) showed that the monthly iso-
hyets maps throughout the Tunisian territory present a rainfall
gradient, varying with time and space. According to Benzarti
and Habaieb (2001) rainfall varied with the effect of altitude,
proximity to the sea (longitude and latitude), continental ef-
fects, and regional and local climate factors, from the north to
the south of Tunisia. Nevertheless, it is important to examine
the potential relationships between climate change and hydro-
logical systems and their impacts on water resources.

Conclusions

Temporal analysis of the evolution of precipitation by means
of a dimensionless standardized precipitation ratio applied to
the annual rainfall series over the period 1970–2011 for 13
rainfall stations belonging to the Bizerte-Ichkeul Basin result-
ed in the identification of three different periods: (1970–
1976), (1977–2001), and (2002–2011). The period (1970–
1976) is considered normal to wet. There is a deficit with
negative rainfall indices (from 0 to − 1.01). The period
(1977–2001) is characterized by alternating dry and normal
years. The years (1987, 1988, 1993, 1994, 1996, 1999, and
2001) are dry years marked by severe. However, the interval
(2002–2011) is characterized by an increase in wet or very
humid years and normal years.

A continuous wavelet analysis resulted in detecting the
modes and origins of precipitation variability. Three energy
bands were clearly identified: (1 (year), 2–4 (years), and 4–8
(years)) for the entire watershed. Moreover, the visualization
of the power distribution showed that the modes of variability
observed are different in their power distributions from one
station to another. Indeed, the approach adopted allowed the
identification of two groups with the same characteristics of
temporal and frequency variations of precipitation. These two
groups were defined according to the difference in occurrence
of the frequency band for each station.

The first group, which includes five stations, is character-
ized by the existence of 1-year frequency bands and few 2- to

4-year bands. The second group, formed by eight stations,
presents several bands of annual and inter-annual frequencies
(2–4 and 4–8 years). The modes of cycles 2–4 and 4–8 years
are two modes that reflect the influence of global climate.

In order to determine and quantify the origin of the differ-
ences between the observed modes of precipitation in the
Bizerte-Ichkeul Watershed, a verification of the relationship
between the spatial and temporal variation of precipitation and
the climate change models is recommended.
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