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Abstract: This paper explores the temporal and spatial patterns of annual, seasonal, and monthly
rainfall series during the period of 1961-2018 at 15 stations in the agriculturally important Sebou river
basin, northern Morocco. Trends were investigated using the classical non-parametric Mann-Kendall
test and the Theil-Sen approach at 90%, 95% and 99% confidence levels. A general decreasing trend
was found at the annual scale, significant at the 95% confidence level at 8 stations out of 15 (53%).
A particularly large decreasing trend between —30 mm and —50 mm per decade was found in the
north and eastern parts of the basin. Autumn rainfall tended to increase, but this was not statistically
significant. During the winter months, rainfall tended to decrease sharply (—27 mm and —40 mm
per decade) in the northern slopes of the Rif mountains, while in spring, the mountainous area of
the basin recorded decreases ranging between —12 mm and —16 mm per decade. During winter
and spring, negative trends were significant at ten stations (66%). Summer rainfall tends toward a
decrease, but the absolute change is small. These results help to understand the rainfall variability in
the Sebou river basin and allow for improved mitigation strategies and water resource plans based
on a prospective view of the impact of climate change on the river basin.

Keywords: rainfall trend; classical methods; Sebou; Morocco; water resources

1. Introduction

Morocco is considered a very vulnerable country to climate change [1]. Since the
end of the 1970s and the beginning of the 1980s, the country has suffered from severe
drought [2,3]. Although interspersed with some wet years [4], the impact of drying
seems very clear. During drought years, such as 2021-2022, the scale of disaster becomes
particularly worrisome. The decrease in rainfall and the increase in high temperatures have
caused great pressure on the already scarce water resources, exacerbated by the excessive
exploitation of these resources, especially underground waters, as shown by [5].

Rainfall remains the most important source of water in most ecosystems worldwide.
It is not possible to imagine another source that can compensate for it. The high variability
in the amounts of precipitation from year to year, as well as during each year, is one of the
main characteristics of the Mediterranean climate domain, especially in North Africa [6,7].
Many studies expect a sharp drop in the amount of precipitation in the Mediterranean
along with a major increase in temperatures [8-13], which means more droughts and more
challenges for rain-fed agriculture and water supply management. This trend poses major
problems for the agricultural sector and the drinking water supply in the expanding cities
as droughts and floods become more frequent [14-16].
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A better understanding of the trends in hydrometeorological variables is very use-
ful for water supply management and agriculture mitigation in the context of climate
change [17]. Here, the importance of studying the trends of rainfall emerges, which poses
many problems related to the nature of the data [18-20]. Several approaches have been
proposed by researchers for analyzing trends in hydrometeorological time series, among
which linear regression analysis, Spearman’s rho, the Mann—-Kendall (MK) test, and the
Theil-Sen method are all common [21,22]. Close to our territory, in southern Spain, an
investigation by [23] using the MK test showed that annual rainfall had decreased, with
values ranging from 0 to 15%. In Italy, in a study carried out by [17] using the MK test, the
trend seems mainly negative, both at the annual and seasonal scales. In Algeria, [24] used
the MK test and Sen’s slope estimator to investigate fluctuations and trends of meteoro-
logical droughts and showed that six out of sixteen stations had significantly decreasing
precipitation trends. The improved MK test or modified Mann—Kendall test used by [25]
to discriminate the multi-scale variability of a unidirectional trend was proven to be more
advantageous than other trend-detection methods for the rainfall time series [26]. For
Saudi Arabia [27], four trend tests were compared, including MK, the modified Mann-—
Kendall (MMK)), the trend-free pre-whitening Mann-Kendall (TFPW MK) test, and the
innovative trend analysis (ITA) proposed by [28]. It was argued that the MMK test was
the best-performing technique among the MK test family, while ITA appeared to be the
best trend-detection technique among the four techniques. Similar conclusions are also
presented in [29]. However, checks conducted by [30] showed that the ITA method is also
as affected by sample size, distribution shape, and serial correlation as any parametric
technique designed for trend analysis. Previous studies on Moroccan rainfall trends used
the classical non-parametric Mann-Kendall test, the modified Mann-Kendall tests, and
Sen’s slope estimator. In the Oum Er-Rbia (OER) River basin, the investigation by [31]
showed a clear trend towards drier conditions with an abundance of deficit seasons noted,
especially after 1980-1981. In the Fez-Meknes region situated mostly within the Sebou
river basin, the investigation by [32] showed negative trends in the mountainous area.
Country-wide indices calculated by [33] showed a negative trend in rainfall indices and
an upward trend in temperature indices. Generally, none of these studies were specific
to the Sebou basin, despite its key importance to national water resources (as explained
below). In this paper, we decided to use just the standard nonparametric Mann-Kendall
test and the closely related Sen’s slope estimator. The other techniques will be considered
in future papers.

The purpose of this paper is to present the trend analysis of annual, seasonal, and
monthly rainfall at 15 stations in the Sebou River Basin in Northern Morocco. We mapped
the amount of change in rainfall and its patterns across the basin, then we compared our
results with previous studies.

2. Study Area and Data
2.1. Study Area

The Sebou River Basin (SRB) lies between 33° N and 35° N latitude and 4° W and
7° W longitude (Figure 1). It is the most important watershed for the national economy
with 30% of the national water resources and 40% of the national capacity of storage and
dams (10 big dams and 44 small dams). The Sebou River Basin extends over an area of
40,000 square kilometers, with a population estimated at 6.2 million mainly engaged in
agriculture spread over 17 provinces and districts, including 74 urban centers and 288 rural
territorial communes [34].

The SRB has large agricultural assets, as it comprises 1.8 million hectares of agricultural
land, 357,000 ha of which are irrigated land, with 92% of SRB water resources going to
agricultural irrigation uses. Forests cover more than 1.8 million hectares. These great
assets allow the Sebou river basin to be the largest producer of olive o0il (60% of national
production), sugar (50%), and leather (60%), as well as an important share of cereals and
fruits. In short, the SRB is the most important agricultural region in Morocco. Despite
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extensive irrigation works, most agricultural activities in the SRB are rain-fed, which makes
this sector very fragile to rainfall variability and climate change effects.
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Figure 1. Map of SRB and location of rain gauge stations used in this paper.

2.2. Data: Selection of Rainfall Series, Quality Control, and Homogenization

The 15 rain gauge stations used in this work come from a dataset of 83 monthly
rainfall series, stretching from September 1961 to August 2019. We chose these 15 as they
are well distributed across the SRB and represent the main zones and local specificities
of the watershed area, while possessing good temporal coverage and data quality. The
data were checked and quality controlled through an algorithm specifically designed for
climatic data homogenization using Climatol package in the R environment (for more
details, see [32]). The main provider of these data is the Sebou Hydraulic Basin Agency
(ABHS, https:/ /www.abhsebou.ma (accessed on 13 July 2022), which is the administrative
authority that controls, manages, and collects data ono everything related to water in this
basin. Table 1 presents the main characteristics and geographical location of the rain gauge
stations with their descriptive statistics.

In this paper, we used hydrological year data from September to August and we
defined seasons as autumn (September—October-November), winter (December—January—
February), spring (March-April-May), and summer (June-July-August). Generally, the
rainfall in SRB occurs mostly in the wet season, starting in October and ending in May,
while the dry season occurs during the months of June to September. Shallow lows and
thalwegs from the North Atlantic Ocean constitute the key synoptic weather system that
brings rainfall and wet conditions to Morocco, and clear correlations are found between
winter and spring rainfall and NAO’s negative phases [2,35]. Western Mediterranean
oscillations also affect the northern coast of the country, including the SRB, especially the
north and northeast parts.
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Table 1. Main characteristics of the rain gauge stations used in this paper.
Lat Long Elevation Annual Interannual
ID Station o o Rainfall Standard Kurtosis Skewness
CN) W ) (Mm) Deviation
S1 Ait Khabbach 33.39 —4.82 1491 379..2 111..0 0.17 0.61
S2 Azzaba 33.82 —4.7 759 368.6 113.6 1.33 1.17
S3 Bab Ounder 34.53 —4.58 509 703.3 255.9 —0.22 0.60
S4 Boured 34.73 —4.10 817 560.9 193.5 —0.33 0.47
S5 El Mers 33.46 —4.39 1242 453.2 136.5 2.07 1.04
S6 Fez 33.93 —4.98 569 442.7 143.5 0.53 0.51
S7 Ifrane 33.53 —5.11 1661 985.2 326.3 0.66 0.95
S8 Jbel Oudka 34.75 —4.84 1589 1469.0 526.8 —0.17 0.55
S9 Meknes 33.87 —5.52 570 539.7 182.5 0.48 0.71
S10 Mjaara 34.59 —5.24 128 600.4 214.8 0.18 0.71
S11 Ouljet Essoultan 33.62 —5.86 334 456.9 132.3 -0.13 0.51
S12  Souk el Had Rdom 34.30 —5.77 34 412.2 133.6 —0.19 0.43
S13  Tahla 34.05 —4.43 571 551.0 170.5 0.28 0.64
S14  Taza 34.22 —4.01 522 652.5 207.1 —0.18 0.43
S15  Tissa 34.29 —4.66 204 538.8 198.9 0.96 0.88

3. Methodology

To check the rainfall trend in the era of climate change, we employed the widely
recognized non-parametric Mann-Kendall test and the Theil-Sen Slope Estimator.

The Mann-Kendall test is one of the most common non-parametric tests used by
researchers around the globe to characterize trends and their significance within hydrom-
eteorological time series, as proposed by [36,37]. Compared to the least-squares linear
regression approach, it is robust to outliers and extreme values.

The Mann-Kendall test statistic S is given by the following equation as presented
by [24]:

' Y sgn(x; — xi) 1

where 7 is the number of data. X represents the data values at times j and k (j > k) and the
sign function is

+1, if (xj —xx) >0
0, if (x] — xk) =0 (2)
=1, if (xj —x) <0

sgn(x; — xx) = sgn(R; — R;) =

The variance of S is given as

[n(n —1)(2n +5)] = X% ti(ti = 1) (24 +5)

18 @)

Var(S) =

where t; is the number of ties of extent i and m is the number of tied rank groups. For n larger
than 10, a Z test statistic that, under the null hypothesis of no correlation, approximates a
standard normal distribution is computed as the Mann—Kendall test statistic as follows:

Sl ifS§>0
Var(S)

0, ifS=0 4)

S-1_ifS<0
Var(S)

7 =

We consider 95% and 99% confidence levels using this normal approximation.
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Data on rainfall
time series in
the Sebou basin
from ABHS

If a linear trend is present in a time series, then the true slope (change per unit time)
can be estimated by using the simple non-parametric procedure developed by [38]. The
slope estimates of the n(n — 1)/2 unique pairs of data are first computed by:

. XX .

Q(l/]):ﬁforl,jzl,Z,...,n (5)
where x; and x; are data values at times j and i (j > i), respectively. The median of these
N =n(n — 1)/2 values of Q is Sen’s estimator of the slope. After sorting the Q values, if N is
even, then Sen’s estimator is calculated by:

Qimed = %(Q% + Qw) (6)

If N is odd, then Sen’s estimator is computed by:

Qmed = (Q%) (7)

Sen’s estimator Q,,.; provides the rate of change and enables the determination of
the total change in any variable during the analysis period. Sen’s slopes over the 58-year
(1961/62-2018/19) study period are expressed here in mm/10 years.

Then, Sen’s slope values were interpolated using the spline technique, which is a deter-
ministic interpolation method developed by [39]. It estimates values using a mathematical
function that minimizes the overall surface curvature, resulting in a smooth surface that
passes exactly through the input points [40,41]. There are two spline types: Regularized
and tension. The first type creates a smooth, gradually changing surface with values that
may lie outside the sample data range. The second type controls the stiffness of the surface
according to the characteristics of the modelled phenomenon. In this case, the regularized
spline is used, as implemented in ArcGIS 10.3 software (ESRI). We chose the regularized
method because it consistently produced lower errors than the tension method for similar
applications, as revealed by [42—44]. Figure 2 presents the main steps of the methods used
in this paper.

Nonparametric Mabping of
Quality check and trend test (Mann , PPIng
Homogeniezation Kendall and Sen's Sen’s Slope and
| g y y MK test trend

Slope Estimator

Figure 2. Methodology used in this paper.

4. Results
4.1. Annual Rainfall Trend

The results of the trend analysis for annual totals are presented in Table 2. All sta-
tions show negative trends, and 7 out of 15 (46%) are significant at the 95% CL. Sen
slope values ranged from —9.7 mm/10 year to —58.0 mm /10 year. Specifically, the sta-
tions located in the northeastern parts of the basin (Boured, Meknes, Fez. Taza, and
Tahla) recorded strong drops in the annual rainfall totals, between —25 mm /10 years and
—44 mm/10 years (Figure 3). Lower slopes are observed in the Middle Atlas region with
values of —9.7 mm /10 years at Ait Khabbach and —13.9 mm/10 years, —31.1 mm/10 years
in Elmers and Ifrane stations, respectively. Similar slope magnitudes are noted in the
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lowlands of the Gharb plain in the western parts of the basin, whereas the Mann-Kendall
Z values range between —1 and —2.5, validating the Theil-Sen negative slope estimates.

Table 2. Results of Theil-Sen approach (TSA) and Mann-Kendall (MK) test for annual and
seasonal rainfall.

Annual Autumn Winter Spring Summer

ID  Station Name TSA TSA TSA TSA TSA

mm/10 'y MK mm/10 y MK mm/10 y MK mm/10 'y MK mm/10 y MK
S1 Ait Khabbach -9.71 —-1.21 0.71 0.23 —8.46 —2.30* —4.67 —1.01 5.35 1.60
52 Azzaba —17.03 —2.00 * 0.73 0.18 —7.45 —1.60 —11.66 —2.27 ** -3.25 —2.90 **
S3  Bab ounder —31.37 —1.52 491 0.71 —27.73 —2.07* —6.23 —0.60 —1.00 —1.58
54 Boured —44.83 —2.59 ** 4.30 0.74 —28.22 —2.64 ** —14.00 —1.97 * -3.20 —211*
S5  Elmers —13.94 —1.57 6.29 1.39 —6.80 -1.35 —11.41 —1.96 * 0.08 0.01
S6 Fes DRH —24.88 —2.39* 3.54 0.74 —10.33 —1.65* —15.52 —2.49 ** —2.06 —3.12**
S7  Ifrane —31.12 —1.22 3.60 0.29 —27.00 —1.96 * —14.13 —1.66* —1.30 —0.41
S8  Jbel oudka —58.00 —-1.22 7.54 0.56 —47.52 —1.66* —18.90 —-1.01 -3.36 —2.35*
S9  Meknes —36.53 —2.62** 228 0.48 —19.96 —249* —16.07 —2.18* —0.47 —0.54
S10  Mjaara —17.10 -0.90 491 0.64 —18.77 —1.75% —4.00 —0.58 -0.71 —1.41
S11 Ouljet —22.48 —1.92+ 0.38 0.10 —11.68 —1.64 —13.35 —2.38 * —0.66 —0.98

Essoultan
s12 ;%il:nd Had  y500 -1 6.14 1.07 ~1686 ~ —251*  —7.27 ~141 —0.08 ~1.61
S13  Tahla —32.12 —215* 5.69 1.14 —15.26 —2.07 * —16.63 —2.28* —1.43 —1.49
S14  Taza —41.18 —2.50 * -0.71 —0.08 —22.27 —2.21* —15.31 —2.05* —1.09 —1.43
S15  Tissa —15.65 —1.05 2.27 0.42 —15.51 —1.60 —8.48 —-111 —0.46 —0.88
*,*and ** represent 90%, 95%, and 99% significance levels, respectively. The slope by TSA is in mm/10 year.
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Figure 3. Theil-Sen Slope approach (TSA) for annual rainfall expressed in mm/10 years.

Significant trends are recorded along the line between Meknes (S11), Taza (S514), and
Boured (54), which are all stations located at medium altitudes, while the trend was not
significant in the northern or southern areas of the basin (Figure 4).
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Figure 4. The Mann—Kendall test results in the SRB for annual rainfall at the 95% CL.

4.2. Seasonal Rainfall Trends
4.2.1. Slight Increase in Autumnal Rainfall

Autumn rainfall displays a general trend toward an increase in precipitation except
for Taza station. However, this increasing trend does not reach 95% significance at any
of the stations. The Theil-Sen slope values range between —0.71 mm/10 y at Taza and
7.54 mm/10 y at the Jbel oudka station, and, on average, the autumnal rainfall increased by
+3.5 mm per decade. Generally, according to Figure 5, we can note that the highest increases
in autumnal rainfall occur in the northwestern part of the basin, while the southern belt
(Middle Atlas to Taza) recorded a slight decrease.

4.2.2. Winter Rainfall Has Sharp Decreasing Trend

Winter is the wettest season in the study area, and its rainfall is crucial for agricultural
activities and water-resource renewal and management. The MK test and TSA show a
declining trend in the winter rainfall in all stations, with eleven stations (73%) having
significant decreases at the 90%, 95% and 99% confidence levels. The TSA finds an average
decrease of approximately —19 mm per decade. The geographic pattern shows three main
groups. Low reductions in winter rainfall of less than 11 mm per decade are observed in
the eastern and southern edges of the Middle Atlas. A medium reduction in winter rainfall
between —10 mm/10y and —18 mm/10y is recorded at Fez, Mjaara, Ouljet Essoultan, Souk
el Had Rdom, Tahla, and Tissa stations (Figure 5). The maximum reduction is observed at
Jbel Oudka station with a value of —47.5 mm/10y.
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Figure 5. Theil-Sen Slope approach (TSA) for seasonal rainfall expressed in mm/10 years.

4.2.3. Spring Rainfall Decline

Spring rainfall shows a downward trend at almost all stations, and significant de-
creases were recorded at 9 stations, which represent 60% of the 15 used (Figure 6). In
those nine stations, the Theil-Sen Slope values for spring rainfall ranged between —11 and
—16 mm /10y, for a reduction of 64 mm to 93 mm in this season during the study period, a
quantity that is very important in the Mediterranean climate context characterized by low
rainfall totals. The largest decreases occurred in mountainous areas, considered Morocco’s
water reservoir. The significant decrease in winter and spring rainfall affects the main
agricultural crops (such as cereals and legumes), but also vegetables and fruit trees, and
threatens the availability of water in river basins in a way that raises the concerns of a large
number of parties, including the general population.

4.2.4. Summer Rainfall Trend

Summer rainfall represents less than 5% of the annual totals in the study area. How-
ever, in stations located in mountain areas and the southern edges of the basin, this share
increases to 17% at the Ait Khabbach station. This being the dry season does not mean that
there is no trend within its low rainfall. Non-significant upward trends were revealed at
Ait Khabbach and Elmers stations, while downward trends were recorded at almost all
other stations (Table 2). The MK test is significant at 4 out of 15 stations (27%) (Figure 5).

4.3. Monthly Rainfall Trend

Monthly rainfall was also examined using the Mann—Kendall test and Sen’s slope
(Table 3 and Figure 6). There was a significant increase in September rainfall at Boured and
Elmers stations. Increasing rainfall in the two months of September and October tended
to explain most of the increase in autumn precipitation. November marks the beginning
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of the downward trend in rainfall of the wet season, which continues into the winter and
spring months.
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Figure 6. Results of the MK trends test for seasonal rainfall at 15 stations in the SRB.

Table 3. Results of Mann-Kendall test for monthly rainfall; bold figures are significant at 95% CL.
ID Station Sep Oct Nov Dec Jan Feb Mar Apr Mai Jun Jul Aug
S1 Ait Khabbach 1.22 0.69 —-160 —-155 —-036 —245 —154 —154 0.73 —-123 123 2.69
S2 Azzaba 1.11 0.87 —-028 —0.92 0.57 -133 -—2.07 -135 031 —394 —3.94 0.23
S3 Bab Ounder 1.45 1.78 0.03 -123 -021 -113 -029 —-0.03 —-0.89 —272 —2.72 0.52
S4 Boured 2.17 1.02 -019 -124 —-069 -08 —-033 —201 —-0.63 —3.52 —3.52 001
S5 El Mers 2.34 0.50 -044 -09% -016 -079 -—-210 —2.05 069 —3.40 —3.40 1.69
S6 Fez —0.18 0.15 0.67 —1.08 0.06 -157 —-220 —-172 —-267 —3.77 —=3.77 —171
S7 Ifrane 0.55 0.94 0.01 —0.86 0.13 -125 060 08 —1.08 —245 —245 1.66
S8 Jbel Oudka 0.97 1.45 0.41 —0.95 0.27 -133 -0.71 0.00 —-143 —3.39 —3.39 0.50
59 Meknes 0.25 1.29 -003 -1.70 -035 -152 -168 —-124 052 —2.02 —2.02 1.33
510 Mjaara 1.32 1.33 0.50 —-0.78 0.33 -086 —-038 —-054 —-058 —3.02 —3.02 1.68
S11 Ouljet Essoultan —0.22 0.80 —-042 -133 0.44 -044 -118 -182 -124 —284 —284 0.42
512 Souk el Had Rdom 1.44 1.60 0.41 -206 -014 -118 —-093 -026 —-151 —250 —2.50 0.53
S13 Tahla 0.53 1.35 0.77 -079 -010 -171 -160 —-133 —-141 —2.63 —2.63 —0.37
S14 Taza 1.14 1.04 -025 -118 -041 -111 -132 148 120 —-3.57 —3.57 —0.56
S15 Tissa 1.21 0.47 0.43 —0.62 0.51 -116 —-049 —-063 —-071 -1.69 —1.69 0.27

The amount of this increase remains very low during the month of September and
reaches values of a few millimeters in October, approximately +1 mm per decade at Ifrane,
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and +5.6 mm and +9.4 mm at Bab Ounder and Jbel Oudka, respectively. This increase
turns into a decline in the month of November. December reveals a negative trend in the
15 stations studied in this work, significant at the 95% level at one station (Souk el Had
Rdom). A drop of —2.7 mm to —5 mm per decade is observed in Ait Khabbach, Azzaba,
Boured, Mjaara, and Tissa, and between —6.8 mm and —13 mm per decade in the stations
of Bab Ounder, Ifrane, Jbel Oudka, Meknes, and Souk el Had Rdom.

The month of January records both downward and upward trends at different stations,
where the main increases are recorded in Azzaba, Jbel Oudka, Mjaara, and Ouljet Essoultan.
In February, all the stations show a very sharp drop in rainfall ranging from —3 mm to —5 mm
per decade at the stations of Ait Khabbach, Azzaba, Boured, Mjaara, Taza, and Tissa.

The decline in the precipitation of March is general to almost all stations and significant
at the 95% CL at the Azzaba, Elmers and Fez stations. This reduction in precipitation is
—4 mm per decade on average, while —5.2 mm per decade is recorded in Azzaba, Fez,
Elmers, and Jbel Oudka and the most significant fall is —7 mm at the station of Meknes.
The month of April also presents a general negative trend at all stations, significant at the
95% level at Boured and Elmers stations. The average volume of this decrease in rainfall is
3.5 mm per decade, while —5 mm was recorded at Elmers, Fez, and Ifrane stations and the
maximum is —7.2 mm per decade at the Boured station (Figure 7).

May is a transition month from the wet season to the dry season. This month also
recorded a small general decrease in its rainfall with an average of —2 mm per decade.
Although the rainfall for the month of June is very small, it shows a significant decline of
—2 mm per decade, on average, in most of the stations, of which 13 out of 15 (87%) recorded
a significant decrease at 95% CL, and a similar observation is noted for July. August is the
driest month with very scarce amounts of rainfall, so no trend was recorded at 12 out of
the 15 stations, while there was an upward trend in the stations located in the mountains
between +2 mm and +2.7 mm per decade at Ait Khabbach, Elmers, and Ifrane stations.
This represents rain during sporadic summer storms at high altitudes. Overall, therefore,
monthly precipitation shows a non-significant increase during the autumn months, while
it decreases sharply in the other seasons, especially in the winter and spring months.
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Figure 7. Theil-Sen Slope approach (TSA) for monthly rainfall expressed in mm per decade. Regular
triangles represent rising rain and inverted triangles represent rain decreases.
5. Discussion

A monthly rainfall time series stretching from 1961-2018 at 15 stations in the Sebou
River Basin, northern Morocco, was used in this work. The non-parametric trend detection
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methods MK and Sen’s slope revealed a general downward trend at the annual scale
in agreement with the findings of [2,45,46]. This decline in annual rainfall means more
drought [33], fitting with the general consequence of global warming that dry regions
become drier and drier [15]. This fact harshly affects rainfed and irrigated agriculture and
the water supply for millions of people across Morocco. For example, the severe drought
during 2021-2022 decreased wheat and cereal production by 67%, and it is noteworthy that
as of 18 July 2022, the national average of the filling rate of the main dams in Morocco was
only 29.2% according to the official ministry [47].

A limitation of this paper is the number of stations used to quantify precipitation
trends over the basin. These stations are distributed to represent all the physiographic
zones of the basin except the western coasts. In particular, the central mountainous area
whose precipitation is a particularly important source of water for the basin is covered by
stations. Our results are also consistent with those of many other studies on Moroccan
rainfall and trends in adjoining areas of North Africa and southern Spain (Table 4).

Table 4. Different studies using trend analysis methods compared to our results.

Cour}try/ Data/Variable Methods Key Findings References
Region
The northward shift of the storm track
. Precipitation and eastward shift of the Azores High
Rainfall data from . .
. Index anomalies, predicted by the ECHAM model for
. 42 stations, NCEP . ; . .
Morocco and its reanalvsis Teleconnections, increasing GHG concentrations would ]
vicinity the eZio d Circulation weather therefore be associated with decreasing
1 935_ 2000 types, models precipitation and potentially serious
projections impacts for the future water supply for
parts of Morocco.
. . Notable downward trends were
Rainfall from 3 stations . e 1 .
. identified in early winter (December)
in the lower Sebou Mann-Kendall test and . . .
Morocco . . . and early spring (March) with rainfall [45]
basinthe period Theil-Sen slope
decreases of 0.5 mm/year and
1948-2017 .
0.42 mm/year, respectively
. The trends appear predominantly
Mediterranean Rainfall from . Student’s t-test negative, both at the annual and
211 gauged stations [17]
area . Mann-Kendal test seasonal scale, except for the summer
the period 1918-1999 . . o
period when it appears to be positive
Statistically significant increasing trends
Rainfall and in warm temperature events and the
Morocco temperature data from  Climate indices and annual mean precipitation and the [33]
30 stations data Mann-Kendal test standardized drought index show less -
1960-2016 spatially consistent tendencies despite
the predominance of negative trends
Regional vector The precipitations are correlated with
Monthly rainfall series  Pettit’s nonparametric the North Atlantic Oscillation West of
Morocco from 50 stations in method, Bayesian Lee the Atlas. they provide evidence of a [46]
27 watersheds in and Heghinian method, generalized rainfall reduction by an
Morocco and Hubert’s abrupt change in the time series
segmentation between 1976 and 1980
Monthly rainfall data Standardized The results show that the OER River
from 15 stations over a  Precipitation Index basin tends towards drier conditions.
Morocco 40-years period (SPI) and trend analysis ~An abundance of deficit seasons has [31]

(1970-2010) in the Oum
Errabia watershed

using
Mann-Kendal test

been noticed (50 to 63% of the seasons),
especially after 1980-1981.
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Table 4. Cont.

Cour}try/ Data/Variable Methods Key Findings References
Region
Daily precipitation data Annual rainfall had decreased, with
Spain were provided by the Student’s t-test values ranging from 0 to 15%, dry 23]
p National Mann-Kendall test periods had increased in length, and the )
Meteorological Agency number of rainy days had decreased
R Many sites in Mediterranean-climate
Precipitation data were . ;
. regions show downward trends in
obtained through o . .
Mediterranean NOAA’s National annual precipitation (Spain, Australia,
. . Mann-Kendall test Chile, and Northern Italy); and most of [48]
area Climatic Data Center . . .
. the Mediterranean basin, and Chile
for the period howed downward trends in summer
1975-2015 SOyl CoWRwane Tends I summe
precipitation.
Monthly rainfall data ' Seasor}al rzfllnfall showe'd a dec1"easmg
Western Aleeria from 17 stations Innovative Trend trend in winter and spring, while [49]
& Analysis (ITA) increasing trend is detected in summer

(1970-2015)

and autumn

The decreasing rainfall in wet seasons (winter and spring) is related to the predomi-
nance of eastward, northeastward, and anticyclonic weather types that dominate even in
the wet months from November to March according to [35]. The large-scale atmospheric
circulation patterns are a factor in this trend, in particular the North Atlantic Oscillation
(NAO) patterns that have an immediate effect on Moroccan rainfall [50]. The positive phase
of the NAO results in the predominance of the Azores high pressure above Morocco, which
results in persistent drought and rainfall shortages. By contrast, the negative phase of the
NAO promotes a meridional circulation and north-south flow, which allows the arrival
of low-pressure systems from the North Atlantic towards Morocco with a greater chance
of rainy weather in the northwest of the country [2]. Recent years are characterized by
positive NAO.

At the seasonal level, we noted a slight increase in autumnal rainfall, which is not
significant at the 95% confidence level at any station. Against this, there is a general
downward trend in winter, spring, and summer that is significant at the 95% confidence
level at many stations. The summer rainfall declining trend was confirmed by [48] in
the Mediterranean domain. The increasing trend in autumn rainfall was also reported
in western Algeria by [49,51]. This trend specifically concerned high rainfall intensities,
which indicates an increasing concentration of rainfall over time [52], which can have a
detrimental impact on soil erosion [53,54], especially after a dry and hot summer. Bare soils
are the main characteristics of land cover in the Sebou basin, while forests and shrubs cover
only 30% of the watershed [34]. More erosion means more siltation in dam reservoirs of
—70 million cubic meters per year and economic losses for Moroccan agriculture [55,56].
Cities and other human facilities are also threatened by floods and torrential rainfall; we
can note the example of Taza, Fez, and Tahla as cities that have been affected by flash floods
related to heavy concentrated rainfall [57-59].

Due to its water and agricultural assets, the Sebou river basin is one of the most
important watersheds in Morocco. The decreasing rainfall in the wet season, especially
in winter and spring combined with irrational and speculative cash-crop cultivation (wa-
termelon, avocado, etc.) with heavy irrigation poses a great threat to the already-scarce
water resources in an environment suffering from water stress, and rain-fed agriculture will
become more fragile if this trend continues in the future, in agreement with the conclusions
of [1]. Watershed adaptation strategies should pay more consideration to the resources
of mountainous areas, as we recorded a significant decrease in rainfall of mountainous
regions, which constitute a water reservoir for the whole country, in agreement with the
findings of [13].
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6. Conclusions

To assess the trend of annual and seasonal rainfall in the Sebou watershed, which is
in the Mediterranean climate area in northern Morocco, we analyzed 15 well-distributed
monthly rainfall series across this basin. The nonparametric Mann-Kendall test and Sen’s
slope estimator were used. The main findings of this paper were as follows:

1. A pronounced negative trend was observed for annual rainfall in almost all stations
in the series, mainly concentrated in the areas between Taza and Jabal Oudka. Sen’s
slope ranged between —9.7 mm and —58 mm per decade.

2. At the seasonal scale, we noted a slight increasing trend in autumn rainfall and a
downward trend in summer rainfall, but most prominently, a decreasing trend in
winter and spring rainfall ranging from —7 mm and —47 mm/10 years in winter
months and —12 mm /10 years on average in spring.

3. Most of the winter decrease occurred in December and February, while spring rainfall
decreased, especially in March and April.

The findings of this paper are important, because the negative trend revealed rep-
resents more frequent and severe drought in an area that is already under water stress,
and this will threaten the water supply to cities and irrigated agriculture in the richest
agricultural watershed of Morocco. Rain-fed agriculture, which is the main activity in
the Sebou river basin, will become impossible if this trend continues in the future. This
requires urgent actions and mitigation strategies to limit climate change and its impacts on
the water and agricultural sectors and rationalize the use of water resources in cities and
rural areas.
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