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Abstract: In the context of climate variability and hydrological extremes, especially in arid and
semi-arid zones, the issue of natural risks and more particularly the risks related to rainfall is a topical
subject in Algeria and worldwide. In this direction, the spatiotemporal variability of precipitation in
the Wadi Cheliff basin (Algeria) has been evaluated by means of annual time series of precipitation
observed on 150 rain gauges in the period 1970-2018. First, in order to identify the natural year-to-
year variability of precipitation, for each series, the coefficient of variation (CV) has been evaluated
and spatially distributed. Then, the precipitation trend at annual scale has been analyzed using two
nonparametric tests. Finally, the presence of possible change points in the data has been investigated.
The results showed an inverse spatial pattern between CV and the annual rainfall, with a spatial
gradient between the southern and the northern sides of the basin. Results of the trend analysis
evidenced a marked negative trend of the annual rainfall (22% of the rain gauges for a significant
level equal to 95%) involving mainly the northern and the western-central area of the basin. Finally,
possible change points have been identified between 1980 and 1985.
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1. Introduction

The Mediterranean basin is climatically affected by the interaction between mid-
latitude and tropical processes, being located in a transition zone between the arid climate
of North Africa and the temperate and rainy climate of Europe. For this reason, it is
considered a major hotspot of climate change, subject to strong warming and drying, with
increasing consequences on spatial and temporal precipitation distribution [1]. Within
this context, spatial and temporal precipitation analyses with different methodologies
has been recently performed in the Mediterranean basin [2] and, especially, in Northern
Africa [3]. The majority of these studies were principally based on non-parametric tests,
which are better suited than parametric ones to deal with non-normally distributed data
in hydrometeorology [4]. In particular, different results have been obtained between the
eastern and western side of the region. In effect, the west-central part is characterized by a
negative rainfall trend [5], albeit irregular and high variable across the decades. By contrast,
the eastern side presents positive rainfall tendencies in some areas [6,7], and negative
trends in others such as Israel [8,9]. In the Middle East and North Africa (MENA) region,
which includes North Africa, Donat et al. [10] detected an opposite behavior in the period
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1980-2010: a marked positive trend in the western side, and some consistent tendency
toward dryer conditions in the eastern part. In the past years, several studies evidenced a
negative rainfall trend in Northwest Africa [11,12]. For example, in the Maghreb region,
Tramblay et al. [13] detected a strong negative trend in annual rainfall and number of wet
days for the period 1950-2009. This trend behavior was more marked for Morocco and
Western Algeria. In particular, in Algeria, average annual rainfall evidenced a decrease
beginning around the second half of the 1970s [14]. This tendency has been forecast to
continue over the 21st century [15,16] and to be particularly significant in semiarid areas.

Giorgi [17] demonstrated that this large decrease in average rainfall is coupled with an
increase in rainfall variability, especially during the warm season. For this reason, besides
rainfall trend, it is especially important to evaluate the inter-annual variability of rainfall,
which has received little attention so far [18]. In fact, the inter-annual rainfall variability
is a measure of the year-to-year variability in cumulative rainfall occurrences and allows
us to identify years with rainfall abundance and years with rainfall scarcity. In order to
evaluate the inter-annual rainfall variability, first the relative variability index has been
proposed [19], but recently, the coefficient of variation (CV) has found wide application.
Several authors evidenced an increase in inter-annual variability at global scale [16,20-22],
but fewer studies have been performed at regional scales. For example, Gajbhiye et al. [23]
analyzed CV in the Sindh river basin (India) for annual and seasonal (monsoon, post
monsoon, summer and winter) rainfall events evidencing that the inter-annual variability
of post monsoon rainfall is greater than that of the annual rainfall. Similar results have
been obtained again in India, in the Jharkhand State [24]. He and Gautam [25] detected an
increasing tendency of annual, winter and spring rainfall variabilities in California, which
suggests an increasing frequency of precipitation extremes. Miyriski et al. [26] detected
that variability of annual extremes of precipitation in southern Poland is linked with types
of cyclonic circulations. Thus, many studies evidenced that inter-annual variability of
annual precipitation on many region of the World is visible and can be caused by climate
change. The variability of precipitation can strongly influence water resources and thus
the spatiotemporal occurrence of hydrological extremes like floods, droughts and water
scarcity, and associated socioeconomic problems [27,28].

The aim of this paper was to study the spatiotemporal variability of annual rainfall
in a semi-arid area by examining the annual precipitation across the Wadi Cheliff basin
in Algeria. In particular, the spatial distribution of CV has been analyzed and a trend
investigation on annual rainfall has been carried out using nonparametric tests. The study
was performed on data recorded at 150 stations during an observation period of 49 years.

2. Methodology

CV is a statistical measure of the difference between the data points and the mean
value of a series. Greater values of CV indicate larger variability and vice versa. The CV
value for each series can be computed as follows:

cv="2 )
o
where o is the annual precipitation standard deviation and p is the mean annual precipitation.

In order to analyze possible trend in annual rainfall series two non-parametric tests for
trend detection have been used: the Theil-Sen (TS) estimator [29] for the evaluation of the
slopes of the trends and the Mann-Kendall (MK) test [30,31] for assessment of the statistical
significance. These estimators have been selected because they are not susceptible to the
influence of extreme values and thus are more powerful than linear regression methods in
trend slope evaluation in the presence of outliers in the series.

The first step in the calculation of the TS estimator is to evaluate the values of the
gradient Q;, given N pairs of data:

Xj— Xk .
for i=1,...,N 2

Qi = =k
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in which x; and x; are the data values at times j and k (with j > k), respectively.

If there is only one datum in each time period, then N = n(n — 1)/2, where n is the
number of time periods. If there are multiple observations in one or more time periods,
then N < n(n — 1)/2, where n is the total number of observations.

The TS estimator is then computed as the median Q,,.; of the N values of Q;, ranked
from the smallest to the largest:

0. - QuN+1)/2) if Nis odd 3)
med = —Q[N/z]+g[<N+z)/z] if N is even
The Q04 sign reveals the trend behaviour, while its value indicates the magnitude of
the trend.
In order to evaluate the significance of the trend according to Mann-Kendall test, the
statistic S must be first estimated as:

d-1 d
S=1Y Y sgn(xj—x;); with sgn(xj—x;) =
i=1 j=it1

1 Zf (xj—xi) >0
{ 0 Zf (x]'*xi):o (4)
—1if (xj—x) <0
Here, x; and x; are the variable values in the years j and i (with j > i), respectively, and
d is the dimension of the series.
Given independent and randomly ordered values, for the d > 10, the statistic S is
distributed following a normal distribution with zero mean and variance:

m
VAR(S) = |d(d—1)(2d +5) — ) ti(i —1)(2i +5)|/18 (5)
i=1
with ¢; a number of i-fold ties.
Finally, the standardized statistic Zyjx can be computed as:
S5—1
Tr(s)fors >0
ZMK = OfOT’S =0 (6)

S+1
\/%(s)fors <0

By applying a two-tailed test, for a specified significance level «, the statistical signifi-
cance of the trend can be evaluated. In particular, in this work, the rainfall series have been
examined for three different significance levels (SL) equal to 90%, 95% and 99%.

Finally, in order to detect possible change points in the annual rainfall series, a par-
ticular form of the nonparametric Mann-Whitney (MW) test, developed by Pettitt [32],
was applied.

3. Study Area and Data

The Wadi Cheliff is the longest river in the country and plays a vital role in the
socioeconomic development of the main regions in Algeria. The Wadi originates from
the Saharan Atlas, near Aflou in the mountains of the Jebel Amour, and is approximately
750 km long (Figure 1).

The Wadi Cheliff Basin (WCB) covers an area of 43,750 km? and lies between 0°7/44”
E to 3°31'7” E and between 33°53'13” N and 36°26'34” N (Figure 1). The topography of the
basin is complex and rugged. The altitude varies from —4 m to 1969 m. The tributaries
distribute symmetrically from the south to the north along the main secondary wadis.
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Figure 1. Location of the selected 150 rain gauges on a DEM (left) and spatial distribution of the average annual precipita-

tion (right).

Climatically, the region is arid and semi-arid. The mean annual temperature decrease
gradually from the north to south with a minimum registered at Tissimsilt region (14.20 °C)
and a maximum at Cheliff region (18.7 °C) [14]. The extreme maximum and minimum
temperatures occur in July and January as 42 °C and —5 °C respectively. The mean
annual precipitation is from 161 mm to 662 mm (1970-2018), 80% of which falls between
November and March. For this study, datasets of 150 rainfall stations (Figure 1) with long-
term monthly precipitation records from 1970 to 2018 across the WCB were taken from the
National Agency of the Water Resources (ANRH). However, the period of the records for
these stations varies and some have missing records, and thus, to improve data quality,
only the observing stations with data series accounting for 70% or more of the overall
period were chosen for our study. After excluding the stations with too many missing
values, the double mass curve technique was used to analyze the remaining missing data.
The data was subjected to quality control and data gap filling using the linear regression
method. The period of study has been chosen to be 1970-2018, which is as long as possible
depending on the availability of recorded data for majority of stations in the region.

4. Results and Discussion

In this work, first the CV has been evaluated and spatially distributed. Then, the
precipitation trend at annual scale has been analyzed. Finally, the presence of possible
change points in the data has been investigated.

Figure 2 shows the results of the inter-annual rainfall variability analysis performed
through the CV. In particular, in the boxplot, the characterization of the average CV series
is represented. The CV ranges between about 16.0% (minimum CV value) and 56.5%
(maximum CV value), thus evidencing high variability that is typical of the Mediterranean
basin [33]. This CV range is similar to the ones obtained in past studies performed in
Eastern and Southern Africa, especially for the maximum values. In fact, a high inter-
annual variability has been detected in north-eastern Kenya, with CV values higher than
55% [34]. Conversely, a belt along western Uganda, Rwanda, Burundi, Tanzania and
northwest Zambia with moist climate conditions evinced CV values lower than 10%.



Water 2021, 13, 1477

50f9

60

50

40

15

20

55

45 -

35 +
30 T
25 +
20 -

40

80 120

Kilometers

»
" \/\/
¢ o
S
§ CV (%)
e B <15%

B 15% - 20%
[ 20% - 25%
[ ] 25% - 30%
[ ]30%-35%
[ 35% - 40%
P 40% - 45%
B +5% - 50%
B > 50%

CV (%)

Figure 2. Spatial distribution of the CV and characterization of the CV through boxplot (Bottom and top of the box: first

and third quartiles. Band inside the box: median. Ends of the whiskers: minimum and maximum values. Red color: values

below the median. Green color: values above the median).

In addition to providing the characterization of the average CV values, the analysis
of the spatial distribution of the CV values is paramount for understanding the risk of
extreme events (Figure 2). Areas with higher inter-annual variability in rainfall are more
susceptible to extreme events such as floods and droughts [35]. Results showed an inverse
CV spatial pattern with respect to those observed for the annual rainfall, with a spatial
gradient between the southern and the northern sides of the basin. Thus, the highest
variability (CV values up to 56%) has been detected in the mountainous areas of the south
side of the region, which also shows the lowest values of annual precipitation. Conversely,
the northern areas of the basin, which show the highest precipitation, evidenced the lowest
CV values. Both the CV and the annual rainfall spatial pattern maps were obtained with a
spline algorithm.

The trend analysis has been performed at annual scale for the period 1970-2018
for three different significance levels (SL): 90%, 95% and 99% (Figure 3a). As a result, a
prevalent negative rainfall trend has been evidenced. In fact, about 26.2% (SL = 90%), 16.8%
(SL =95%) and 7.4% (SL = 99%) of the rainfall series of the study area showed a negative
trend. On the contrary, a positive rainfall trend has been detected in about 11.4%, 8.7% and
0.7% of the series, for a SL = 90%, 95% and 99%, respectively. This rainfall reduction at
annual scale confirms the results obtained in other Mediterranean areas. e.g., [36], including
in southern Italy [37-40] and in some regions of central Italy, such as Abruzzo [41] and
Marche [42].
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Figure 3. Percentages of annual rainfall series presenting positive or negative significant trends (a) and most probable

change point years (b).

Spatially, for a SL = 95%, the negative trend mainly involved the northern and the
western-central areas of the basin, with a maximum decrease in annual precipitation of
more than 20 mm/10 years (Figure 4). On the contrary, a positive trend has been evidenced
in the eastern side of the basin (>10 mm/10 years) and, particularly, in the southwestern
area, with a maximum increase of more than 20 mm/10 years.
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Figure 4. Spatial results of the trend analysis.
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Finally, the identification of the shifts in annual precipitation observed in the Wadi
Cheliff identified that the years 1982 (22% of the rain gauges), 1981 (14%) and 1983 (7%)
can be considered the most probable change point years for the greatest number of stations
(Figure 3b). By comparison, several studies, e.g., [43] that included earlier time periods
identified change points in the decade 1960-1970.

As an example, in the Supplementary Material, Figure S1 shows the negative and the
positive trend behavior, and the change point, for two of the most characteristic stations.

In order to better understand the rainfall behavior detected in this paper, it could
be useful to refer to some climatic factors influencing rainfall. In fact, as evidenced by
several authors, the Mediterranean rainfall regime is strongly linked to general atmospheric
circulation patterns such as the El Nifio Southern Oscillation (ENSO) [44], the Mediter-
ranean Oscillation (MO) [45] and the Western Mediterranean Oscillation (WeMO) [34,46].
As regards Algeria, Meddi et al. [47] showed that the temporal variability of the annual
precipitation in the west of the country is influenced by ENSO, while Tramblay et al. [13]
evidenced that rainfall in North African countries such as Morocco, Algeria and Tunisia
are mainly affected by the North Atlantic Oscillation (NAO). In particular, a predominant
negative phase of the NAO occurred between 1940 and 1980, corresponding to a period
when precipitation was above normal; it was followed by a predominant positive phase,
which significantly contributed to the rainfall reduction observed from the beginning of the
1980s in the Mediterranean basin and, also, in Algeria. Similar results have been obtained
by Singla et al. [48] who showed a decrease in rainfall in some regions of Morocco from the
1970s onwards and evidenced a strong relationship between rainfall and the NAO phases.
In fact, a rainfall decrease is connected to a positive phase of the NAO, which occurrences
increased in this century, and some studies forecasted a further increase in its occurrence in
the future [49,50].

Differently from past studies analyzing rainfall trend in northern Africa, this study
also focused on the identification of change points in the rainfall series, which in the past
years has been mainly performed in central Africa. In particular, this study evidenced
similar results with the ones obtained further south in West Africa, where studies have
tended to identify change points in the 1980s, around the peak of the well-known severe
Sahel drought [51-53].

5. Conclusions

With the aim to better understand the annual rainfall variability in a semi-arid area,
in this paper 150 rainfall series of the Wadi Cheliff basin (Algeria) were analyzed. First,
for each series, the year-to-year variability of precipitation has been studied through
the coefficient of variation. Then, a trend analysis has been performed using two non-
parametric tests. Finally, the presence of possible change points in the data has been
investigated. The following main results were obtained:

1.  the CV range between about 16.0% and 56.5%, thus evidencing high variability typical
of the Mediterranean basin;

2. aspatial gradient in the CV values between the southern and the northern sides of the

basin has been identified, with the highest values detected in the mountainous areas

of the south side of the region and the northern areas showing the lowest CV values;

a general negative trend has been evidenced for the annual rainfall;

4. the negative trend mainly involved the northern and the western-central area of the
basin while a positive trend has been evidenced in the eastern side of the basin;

5. the years 1981, 1982, and 1983 can be considered the most probable change point
years for the largest number of stations in the basin.

®

Supplementary Materials: The following are available online at https://www.mdpi.com/article/10
.3390/w13111477 /s1: Figure S1. Example of negative and positive trends with change point (vertical
orange line) for two characteristic stations.
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