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Abstract: In recent decades, a plethora of natural disasters, including floods, storms, heat waves,
droughts, and various other weather-related events, have brought destruction worldwide. In par-
ticular, Algeria is facing several natural hydrometeorological and geological hazards. In this study,
meteorological parameters (precipitation, temperature, relative humidity, wind speed, and sun-
shine) and runoff data were analyzed for the Wadi Ouahrane basin (northern Algeria), into which
drains much of the surrounding agricultural land and is susceptible to floods. In particular, a trend
analysis was performed using the Mann-Kendall (MK) test, the Sen’s slope estimator, and the Inno-
vative Trend Analysis (ITA) method to detect possible trends in the time series over the period
1972/73-2017/2018. The results revealed significant trends in several hydro-meteorological varia-
bles. In particular, neither annual nor monthly precipitation showed a clear tendency, thus failing
to indicate potential changes in the rainfall patterns. Temperature evidenced a warming trend, indi-
cating a potential shift in the local climate, while streamflow revealed a decreasing trend, reflecting
the complex interaction between precipitation and other hydrological factors.

Keywords: Mann-Kendall test; Sen’s slope estimator; Innovative Trend Analysis method;
hydro-meteorological variables; Wadi Ouahrane basin; Algeria

1. Introduction

The Mediterranean basin is characterized by its unique climate and hydrological sys-
tem, making it a region of vital importance for various sectors, including agriculture, wa-
ter resource management, and ecosystem sustainability [1]. Understanding the trends in
hydro-meteorological variables within this area is crucial for assessing the potential im-
pacts of climate change and developing effective adaptation strategies. In fact, the Medi-
terranean region and the northeastern European regions have been identified as the two
main climate change hot spots at a continental scale, suggesting that global climate change
significantly impacts climate in these areas [2]. Previous studies have highlighted the vul-
nerability of the Mediterranean basin to climate change. In fact, this region experiences
significant climatic variability on both a temporal and spatial scale as a result of its geo-
graphic location between the Atlantic Ocean and the Mediterranean Sea [3], and projec-
tions indicate an increase in temperature, alterations in precipitation patterns, and
changes in the frequency and intensity of extreme weather events [4]. For instance, large
decreases in mean precipitation and increases in precipitation variability during the dry
(warm) season are expected, as well as large increases in temperature (from +1.4 to +5.8
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°C in 2100). Several studies have already contributed to the knowledge based on hydro-
meteorological trends in the Mediterranean basin for some variables, e.g., [5,6]. The ma-
jority of these studies primarily relied on non-parametric tests, which are more suitable
for analyzing non-normally distributed data in hydrometeorology [7]. Notably, the east-
ern and western sides of the region yielded different outcomes. Specifically, the western-
central part evidenced a negative rainfall trend [8], albeit with irregular and highly varia-
ble patterns across the decades. In contrast, the eastern side displayed contrasting find-
ings, with certain areas showing positive tendencies in rainfall [9,10], while others, like
Israel, exhibited negative trends [11,12].

Among the different areas of the Mediterranean basin, Northern Africa, a region
characterized by arid and semi-arid conditions, is particularly vulnerable to the effects of
climate change. In fact, in recent decades, the region has experienced significant changes
in hydro-meteorological variables, including precipitation patterns, temperature, and wa-
ter availability, which have profound implications for socio-economic development, eco-
system sustainability, and human well-being [13]. In this region, knowledge about trends
and variability of precipitations is very important because of the intensity of agriculture
and restricted supply of water. A study conducted by Donat et al. [14] revealed contrasting
patterns in this area during the period of 1980-2010. On the western side, a noticeable
positive trend in precipitation was observed, while the eastern part experienced a con-
sistent inclination towards drier conditions. Over the past years, multiple studies have
confirmed a decline in rainfall across northwest Africa [15,16]. For instance, Tramblay et
al. [17] investigated the Maghreb region and found a significant negative trend in both
annual rainfall and the number of wet days between 1950 and 2009. This trend was par-
ticularly pronounced in Morocco and western Algeria. In Morocco, specifically, the aver-
age annual rainfall has exhibited a decrease since the late 1970s [18]. Projections indicate
that this decline is likely to continue throughout the current century [19,20], with semi-
arid areas anticipated to be significantly affected. As regards Algeria, Achite et al. [21],
based on the Innovative Polygon Trend Analysis (IPTA) method, detected a precipitation
variability between months in the Wadi Sly basin. Over the Wadi Cheliff basin, Achite et
al. [22] showed that precipitation variability has a spatial gradient between the southern
and the northern sides of the basin. Other studies focused on the effects of precipitation
variability on drought phenomena. As an example, Achite et al. [23] evidenced that
knowledge of the spatial and temporal changes in meteorological and hydrological data
is necessary for the detection and prediction of drought phenomena, especially in dry and
semi-dry regions, where strong variability of precipitation and temperature influence wa-
ter resources. Despite these individual studies, a comprehensive analysis integrating mul-
tiple hydro-meteorological variables and examining their trends collectively is necessary.

Within this context, in this paper, the trends in hydro-meteorological data for the
Wadi Ouahrane Basin in Algeria are analyzed. The Wadi Ouahrane basin in Algeria is a
region characterized by diverse hydro-meteorological patterns and significant anthropo-
genic activities. Understanding the trends in hydro-meteorological variables and their re-
lationship with climate variability and human influence is crucial for sustainable water
resource management in this region.

2. Materials and Methods
2.1. Case Study

The Wadi Ouahrane basin in the north of Algeria, which is located between 36°00’
and 36°24' N and between 01°00" and 01°3" E was chosen for this study. It is the tributary
of one of the most important basins of the region, the Wadi Cheliff basin, and it borders
the Wadi Fodda basin to the east, with the Wadi Ras basin to the west, the Wadi Allala
basin to the north, and the Wadi Sly basin to the south. As a result, the basin extends over
an area of 270 km?, with a maximum altitude of 991 m and a minimum altitude of 165 m
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(Figure 1). It is influenced by the Mediterranean climate, with an interannual average rain-
fall of 333 mm over the period (1972-2018). The mean annual temperature is 18 °C [24].
The monthly series of the meteorological variables for the period 1972-2018 were obtained
from the National Agency for Hydraulic Resources (ANRH) and the National Meteoro-
logical Office (NMO) of Algeria. The runoff data from 1972 to 2018 were also collected
from ANRH. By analyzing the runoff data, we can uncover various hydrological features
pertaining to the catchment area. In particular, the monthly runoff within the Wadi
Ouahrane basin exhibits a strong correlation with the rainy season. This correlation be-
comes apparent as the highest monthly runoff values are observed during the winter
months, specifically in December and June. Conversely, during the summer season, when
rainfall amounts are typically lower, the runoff values reach their lowest point, and in
some years with minimal precipitation, they may even dwindle to zero [25].

100;0..\” 509"W 0°g0” 500" 10°0'0"E ' )1510;0"E 0°go” 200"
3 7 iy | > i T
I"M’}“* N A Algiers
g o

36°0°0"N

*
¢ Mascara

26°0/0"N

22°G/0"N

0 125250 500 Km

34°00"N

N

A

36°%O‘N

1
36°20'N

Tadjna

Labiodh Medjadja

Beni Rached

0 2 4 8Km S5 OumiBRtY
: 3 I : I Ochettia Chief Ouled Abbes
1°112'E 1“2IO'E 1“2'8'E
—Legend
. . A Elevation (m)
% National Capital [] Basin Limit High - 991

*  Town Center

L . Limite of Algeria -
® Precipitation Station D 9

] I:\Aﬂet.eoxlzg-:]ical station Town Limits — Low: 165
m— Main Wadi . .
— Permanent Wadi Cheliff Basin E Hydrometric station
——— Temporary Wadi Algeria Municipalities Boundaries

Figure 1. The Wadi Ouahrane basin.
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2.2. Trend Analysis

In order to detect existing trends, two non-parametric tests were used in this paper:
the Theil-Sen estimator [26] for the evaluation of the slopes of the trends and the Mann-
Kendall test for the assessment of the statistical significance [27,28].

As regards the Mann—Kendall test, given n data at times j and k (j > k), the statistic S
is given by

n-1 n
S="Y ¥ sgnlej-xp) )
k=1 j=k+1

where the sign function can be equal to 1 (if xj > xx), 0 (if xj = xx), or =1 (if xj < xx).
Given the S values and the variance of S, the Mann-Kendall test statistic can be then
evaluated as follows:

51 for $>0
Var(S)

ZMK: 0 fOT SZO; (2)
S+l for S<0

JVar(S)

With respect to the Theil-Sen estimator, given x1, x2, ..., x» rainfall observations at
times ti, f2, ..., t« (With f1 <t2 < ... < tu), for each N pairs of observations xj and xi taken at
times fj and #;, the gradient Ok can be calculated as
X ] — xl-

{1

Or = for k=1,.,N, A3)
withl1<i<j<mand tj>t.

Then, the estimate of trends in the data series x1, x2, ..., x» can be calculated as the
median Qwmes of the N values of Qk, ranked from the smallest to the largest:

Qln1)2] if N isodd
Qmed = ' (4)
Qv2l + f[(N+2)/ 2] if N is even

The Qumed sign reveals the trend behaviour, while its value indicates the magnitude of
the trend.

Usually, the trend analyses do not give any kind of specification on which values
(low or high) show a contribution to the observed trends. This difficulty was overcome by
Sen [29], who developed the Innovative Trend Analysis (ITA) method. This technique is
broadly used in the field of hydrology, i.e., for precipitation and temperature, e.g., by [30].
The straightforward use of the ITA method derives from the absence of assumptions re-
garding the input data, such as serial correlation, non-normality, and sample number and,
for this reason, differs from the Mann—Kendall test or other trend approaches, e.g., [31].
First, the use of the ITA method is to split the time history of data into two equal parts
and, subsequently, to sort them in ascending order. The second operation consists of plot-
ting the ordered data on the X-axis (first half) and on the Y-axis (second half) in a canon-
ical Cartesian plane. The obtained results depend on the position of the data with refer-
ence to the ideal line, i.e., the 45° line:

- No trend: the data refer to the 45° line;
- Increasing trend: the data are located on the upper triangular area of the 45° line;
- Decreasing trend: the data are placed on the lower triangular area of the 45° line.

Each value in the second half is considered increasing (decreasing) if it is higher
(lower) than that of the first half plus (minus) 10% [32].
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3. Results and Discussion

In this section, the results of the trend analysis performed at annual and monthly
scales are presented and discussed. As regards rainfall, the average rain height for the
basin was detected by using the Thiessen polygon method. The results of the trend anal-
ysis on monthly and annual precipitation did not show a clear tendency, with significant
trends detected only in November (about +6.2 mm/10 years) and August (about -0.15
mm/10 years) (Table 1).

Table 1. Results of the trend analysis for the different variables expressed as trend/10 years (rainfall:
mm/10 years; runoff: (m3/s)/10 years; temperature: °C/10 years; relative humidity: %/10 years; wind
speed: (m/s)/10 years; insolation: hours/10 years).

Period Rainfall Runoff Minimum Maximum Average Temperature Relative Humidity Wind Speed Insolation
Temperature Temperature

September -0.337  -0.005 0.116 0.468 0.370 -1.591 0.200 -4.172
October  -1.490 -0.011 0.600 1.357 0.772 -2.885 0.095 4.167
November  6.263 0.000 0.025 0.364 0.400 -0.750 0.250 -3.958
December -2.061 0.017 0.126 0.368 0.238 -0.338 0.194 4.737
January  2.581 0.045 0.000 0.111 0.018 -0.406 0.200 2.091
February -1.995 -0.012 -0.611 0.533 -0.088 -0.073 0.282 7.375
March -2.685 -0.025 0.071 0.828 0.309 0.000 0.286 0.185
April -1.242  -0.011 0.041 0.941 0.422 -0.326 0.133 7.375
May -0.207  -0.007 -0.115 0.763 0.174 -0.909 0.133 2.714
June -0.175  -0.001 0.048 1.111 0.289 -1.786 0.091 4.583
July 0.001  -0.004 0.167 0.333 0.237 -2.810 0.050 -4.083
August  -0.153  -0.004 0.531 0.550 0.510 -2.639 0.143 0.476
Annual -5.832 -0.005 0.045 0.677 0.418 -1.182 0.107 0.141

Bold values mean statistically significant results (SL = 95%).

The lack of a trend of the annual rainfall and the positive trend in November were
confirmed by the ITA approach (Figures 2 and 3). On the contrary, the negative trend de-
tected in August was not identified using the ITA. The latter, instead, revealed a trend of
the highest values in February (negative) and July (positive).

Differently from rainfall, the streamflow values evidenced negative trends in the
summer—autumn period (June, July, August, September, October), although with low
magnitudes (Table 1). The application of the ITA method to the annual (Figure 2) and
monthly (Figure 4) streamflow values in this case study is particularly important, because
it allows us to identify some years that can be classified as “outliers” influencing the re-
sults of the trend analysis. These values can be easily detected from Figure 4 and corre-
spond to 1995 (extremely negative value) and 2005 (extremely positive value).

As regards temperatures, the minimum values showed increasing tendencies in Au-
gust (+0.5 °C/10 years) and October (+0.6 °C/10 years), while an opposite trend was de-
tected in February (0.6 °C/10 years) (Table 1). Both the lack of a significant trend at an
annual scale (Figure 2) and the relevant results obtained at a monthly scale (Figure 5) were
confirmed by the ITA method, especially for October. At the same time, the ITA method
showed a reduction of the lowest minimum temperature values in different months, e.g.,
March and May (Figure 5).

The average and the maximum temperatures evidenced similar trend results, with
positive values detected at an annual scale, in April and October (Table 1). This positive
behavior at an annual scale was confirmed by the ITA method (Figure 2), especially for
the highest values of the maximum temperature. As regards the monthly scale, the ITA
method evidenced a positive trend of the highest values in almost all the months (Figure
6). Conversely, no particular behaviors were detected for the average temperatures (Fig-
ure 7).
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Figure 7. Results of the ITA methods applied to the monthly average temperature values.
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Considering the Relative Humidity (RH), a marked decrease was identified at an an-
nual scale (about —1%/10 years) and in the summer—autumn period, from June to October,
with a maximum reduction of about 3%/10 years in July and October (Table 1). This
marked reduction in the RH values was confirmed by the ITA method, both for the annual
(Figure 2) and for the monthly scale (Figure 8).

An opposite trend behavior from the RH was evaluated for the Wind Speed (Ws),
with positive trend identified in several months (with the exception of April, June, and
July) but not at an annual scale (Table 1). Also in this case, the positive tendencies evalu-
ated using non-parametric tests were confirmed by the ITA method, which evidenced a
more marked reduction in the lower values than in the higher values for the annual (Fig-
ure 2) and the monthly scales (Figure 9).

Finally, few increases in the sunshine values were detected in February and April
(Table 1) even though, looking at the ITA diagrams, the sunshine data seems to be distrib-
uted close to the 45° line (Figures 2 and 10).

4. Discussion

North Africa relies heavily on several hydro-meteorological variables for its agricul-
tural practices, especially rainfall and runoff. The success or failure of climate resilience
and adaptation is closely tied to the changing patterns of these variables. Algeria, like its
African and Mediterranean counterparts, faces increased susceptibility to the multifaceted
impacts of climate change, jeopardizing its economic and social progress. Predominantly
arid or semi-arid, the nation is grappling with increasing desertification and land degra-
dation. With the exception of a thin coastal strip, which receives more than 400 mm of
rainfall per year, large areas of the country are experiencing arid conditions. Climate
change has caused a significant decrease in rainfall of more than 30 percent in recent dec-
ades, exacerbating desertification through prolonged drought cycles. In addition, the
specter of extreme weather events looms, as evidenced by the National Meteorological
Office’s documentation of intensified rainfall, floods, droughts, heat waves, and sand-
storms. Every summer, vast areas of forest succumb to wildfires, underscoring the terrible
ecological toll imposed by climate fluctuations. Within this context, accurate knowledge
about hydro-meteorological factors is crucial for decision makers involved in different
sectors, such as effective crop planning, water resource management [24], energy con-
sumption forecasting [33], etc. Unfortunately, obtaining detailed and comprehensive data
for analyzing these trends poses a significant challenge, and for this reason, the trend anal-
ysis performed in this study on eight different hydro-meteorological variables is espe-
cially important, since past studies in North Africa were mainly focused on rainfall,
streamflow, and temperature only. As regards rainfall, the results of this study partially
agree with preceding studies evidencing a rainfall reduction, especially at the annual scale
[3]. The findings from the trend analysis of the streamflow data align with previous stud-
ies conducted in the Mediterranean basin, specifically North Africa. Extensive hydrologi-
cal modeling has indicated a future decrease in water resources [34], primarily attributed
to the projected decline in rainfall across the southern Mediterranean region [35]. A recent
study by Tramblay et al. [36] analyzed the influence of climate change on water resources
in 46 North African basins. The research showed a future decline in surface water re-
sources due to a combination of reduced precipitation and increased evapotranspiration.
Finally, with respect to temperature data, although previous planetary-scale investiga-
tions on maximum and minimum temperatures showed an increase in the minimum val-
ues rather than the maximum ones [37], the results of this study evidenced an opposite
behavior, thus confirming those achieved by previous research performed in Italy [38].
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Figure 9. Results of the ITA methods applied to the monthly wind speed values.
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Figure 10. Results of the ITA methods applied to the monthly insolation values.
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5. Conclusions

The results of the trend analysis display changes in hydro-meteorological data that
may be used to manage water resources in the future. In particular, while precipitation
did not show any particular trend, a marked negative trend was detected in the runoff
values at the different timescales. These changes in the Wadi Ouahrane discharges can be
attributed to climate change but also to the anthropogenic activity in the basin, such as the
significant changes during the study period in land use/land cover for agricultural pur-
poses and the location of several hillside basins upstream of the hydrometric station.
Moreover, an increase in the mean and maximum temperature values was identified. Fi-
nally, the trend analysis evidenced a negative trend in the relative humidity, an opposite
trend in the wind speed, and no trends in the sunshine values. The findings of this study
not only increase our understanding of the changing climate dynamics within the basin
but also provide valuable insights for policymakers, water resource managers, and other
stakeholders involved in climate change adaptation and sustainable development in the
region. By identifying the prevailing trends in hydro-meteorological variables, this re-
search study can contribute to the formulation of effective strategies to mitigate the po-
tential impacts of climate change in various sectors.
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