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ABSTRACT

The Nekor Watershed, situated in the northwest corner of Africa, experiences significant climatic variability, posing chal-
lenges for water management. This study assesses hydrological drought in the Nekor Watershed from 1945 to 2016
and analyzes its socio-economic impacts on agriculture and population distribution. The purpose of this research is to
understand the extent and trends of hydrological drought in the Nekor Watershed and its socio-economic consequences,
particularly on agriculture and population dynamics. The study employs the Standardized Runoff Efficiency Index (SDI),
drought duration, severity (S), magnitude (M), and relative frequency (RF) metrics, along with the Mann-Kendall trend
test and Sen’s Slope analysis to evaluate hydrological drought. It integrates statistically representative data on cereal
crop yields, livestock populations, and results from the General Population and Housing Census to understand the socio-
economic impacts. Analysis reveals substantial climatic variability with pronounced dry and wet periods. Notably, the
autumn season exhibits a weak positive trend in hydrological drought, indicating a slight increase in severity over the
years. Conversely, the spring season shows a negative trend in hydrological drought, indicating a decrease in severity over
the years, especially in the month of May. A broader trend towards increasing hydrological drought emerges, particularly
since the 1980s. These dry decades pose significant challenges for the region’s socio-economic sectors, including agricul-
ture and population distribution. The study is limited by the availability and quality of historical hydrological and socio-
economic data, which may affect the precision of trend analyses and impact assessments. Future research could benefit
from more granular and continuous data sets. Understanding the trends and impacts of hydrological drought in the Nekor
Watershed provides critical insights for water management policies and strategies, helping to mitigate socio-economic
risks associated with drought. This study is novel in its comprehensive analysis of long-term hydrological drought trends
in the Nekor Watershed and their socio-economic impacts. The integration of diverse data sets and advanced statistical
methods enhances the robustness of the findings, contributing significantly to the scientific understanding of drought
dynamics in this region.
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INTRODUCTION

The impact of climate change has begun to
exceed expected levels worldwide, particularly
evident in the increased occurrence and sever-
ity of droughts. Drought, a natural disaster, is
internationally recognized and defined by vary-
ing parameters depending on its impact and the

scientific discipline [Degerli Simsek et al., 2023;
Fan et al., 2017; Maybank et al., 1995]. Meteo-
rologists characterize drought as an extended ab-
sence, significant deficit, or spatially uneven dis-
tribution of precipitation compared to a defined
norm. Hydrologically, it manifests as a prolonged
meteorological drought causing a sudden decline
in groundwater levels, rivers, streams, and lakes.
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Agriculturally, drought denotes a marked and
persistent deficit in rainfall impacting agricultural
production estimated based on an average value.
Socio-economically, it is identified by insuffi-
cient rainfall with detrimental effects on the local
population and regional economy. With the recent
escalation of global warming, significant shifts
are occurring in hydrometeorological parameters
such as precipitation, flow, and temperature [Li et
al.,2011; Polevoy et al., 2024; Redner and Peters-
en, 2006]. This crisis also influences other hydro-
logical variables like evaporation, with increased
evaporation events leading to drier periods. Upon
detection of drought in a region, early disparities
emerge in precipitation data, signaling the onset
of meteorological droughts, followed by agricul-
tural and ultimately hydrological droughts.

In semi-arid regions, precipitation quantity
stands as one of the most fundamental factors
supporting livelihoods [Qaisrani et al., 2018].
Substantial changes in precipitation values must
be carefully considered for both habitation zones
and continued agricultural activities. Consequent-
ly, meteorological and hydrological data fluctua-
tions necessitate thorough examination to address
agricultural, industrial, and domestic water needs
[Zhou et al., 2024].

Following the advancements of the 20th cen-
tury, which saw the introduction of the Cradock
Precipitation Index, De Martonne’s Aridity Index
[De Martonne, 1923], and the thornthwaite po-
tential evapotranspiration index (PEPI) [Thornth-
waite, 1948], drought monitoring has become an
increasingly crucial practice in the face of climate
change. Rising global temperatures are believed
to be altering precipitation patterns, impacting
water resource availability and potentially lead-
ing to more frequent floods and droughts. Stud-
ies suggest an anticipated increase in droughts
due to these changes, necessitating the frequent
use of robust drought indices for effective as-
sessment. Among the noteworthy advancements
in drought monitoring tools are the standard-
ized melt and rainfall index (SMRI) [Staudinger
et al., 2014], the standardized streamflow index
(SSI) [Modarres, 2007; Zaidman et al., 2002], the
standardized precipitation and evapotranspiration
index (SPEI) [Serrano et al., 2010], and the soil
moisture index (SMI) [Sridhar et al., 2008]. How-
ever, the Standardized Precipitation Index (SPI)
[McKee et al., 1993] remains widely used. The
Hydrological Drought Index (SDI), derived from
the SPI by Nalbantis and Tsakiris [2009], plays
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a particularly pivotal role. This powerful tool le-
verages monthly river flow data to delineate and
evaluate hydrological droughts with greater pre-
cision and rigor. The SDI’s practicality has led
to its frequent utilization in recent studies. It is
calculated using the mean and standard deviation
of observed streamflow data, enabling the clas-
sification of drought and rainfall durations. Addi-
tionally, the SDI’s ability to detect potential gaps
in precipitation trends using streamflow data is
expected to have positive implications for water
resource planning procedures, particularly re-
garding cost-effectiveness.

Morocco experiences significant climate vari-
ability, making it highly vulnerable to droughts
[Abdelmajid et al., 2021; Snaibi et al., 2021].
These droughts profoundly impact the country’s
agriculture, water resources, and socio-economic
conditions [Gaaloul et al., 2021; Zahour, 2021].
Researchers have employed various indices to
assess and monitor drought conditions. In recent
studies, Amouch and Akhssas [2023] assessed
drought variability from 1973 to 2020 and pro-
jected future conditions up to 2099 using the
Standardized Precipitation Index (SPI). They
identified 1981-1986 as the driest period and
projected future prolonged droughts, while ex-
amining rainfall-NAO relationships to improve
drought management. Meliho et al. [2020] stud-
ied the Tensift watershed in mid-west Morocco,
using SPI to demonstrate the impact of drought
on Takerkoust dam inflows and N’Fis agricultur-
al production, which led to significant irrigation
and crop reductions. Elair et al. [2023] analyzed
drought in the Marrakech-Safi region from 1980
to 2018, using SPI and remote sensing indices
(VCI, TCI, VHI). They found increasing drought
trends, especially in autumn, with significant veg-
etation sensitivity. The dominant feature of these
studies is their relatively short study periods and
their reliance on rainfall-based indicators.

This research aims to comprehensively assess
hydrological drought in the Nekor Watershed in
the context of the climate change, specifically
focusing on the Rif centro-eastern region, a cru-
cial agricultural basin. By analyzing recurring
drought patterns (frequency, duration, intensity)
and trends in drought occurrences (potentially in-
creasing or decreasing severity) using total flow
data (1945-2016) from the Tamellaht station, we
will evaluate the resulting socio-economic im-
pacts on agriculture and demography. The study
employs the standardized runoff efficiency index
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(SDI) calculated across monthly, seasonal, and
annual intervals to highlight the probability of
drought and wet periods. We expect these find-
ings to significantly contribute to current drought
literature and inform future emergency action
plans for the region.

METHODS

Building upon the conceptual framework of
the standardized precipitation index (SPI), the
streamflow drought index (SDI) was introduced
by Nalbantis and Tsakiris [2009] to characterize
hydrological droughts. In Morocco, the hydro-
logical year spans from September to August of
the following year. To capture different temporal
scales and ensure robust analysis, four overlapping
time periods, referred to as reference periods, are

employed within each hydrological year: Monthly,
seasonal (a quarter of a hydrological year), and
September to August (hydrological year).

Study area

This study focuses on the Nekor watershed,
a 691 km? basin (at Tamelaht station) located in
northeastern Morocco (Figure 1). Its geographi-
cal coordinates range from 34°69° to 35°19°
North latitude and 3°36’ to 4° West longitude.
The watershed experiences a Mediterranean cli-
mate characterized by hot, dry summers and
mild, wet winters. However, its upstream areas
exhibit a continental influence and are subject to
the Foehn effect [Okacha et al., 2023; Salhi et al.,
2019]. This phenomenon occurs when moist air
masses rise over mountains, cool, condense, and
release precipitation on the windward side. As the
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Figure 1. Location of the study area. 1 — Nekor watershed, 2 — River Network, 3 — Road
Network, 4 — High folded mountains, 5 — Hills, and low mountains, 6 — Nekor plain
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air descends on the leeward side, it warms and
dries, leading to increased aridity in the upstream
regions of the Nekor watershed [Okacha, 2020].

The Nekor watershed is characterized by sig-
nificant climatic variability, with a disturbing trend
towards aridification. This trend is exacerbated by
the Foehn effect, leading to increasingly frequent
droughts, particularly in the upstream areas. These
fluctuating and unpredictable climatic conditions
significantly impact the region’s water resources, ag-
ricultural productivity, and local ecosystems. Conse-
quently, the Nekor watershed presents a critical case
study for investigating hydrological drought and its
socio-economic ramifications.

Data

This study utilizes a combination of topo-
graphical, hydrological, socio-economic, and de-
mographic data to assess historical trends in hy-
drological conditions and their impacts within the
Nekor Watershed, Morocco (Figure 1).

Topographical data

A 12-meter resolution digital elevation model
(DEM) for the Nekor Watershed from the year 2020
is included in the study to delineate topographic units
within the watershed, GDEM dataset is available in
https://asterweb.jpl.nasa.gov (Table 1).

Hydrological data

The primary source of hydrometric data is
monthly hydrometric readings from the Tamellaht
station (1944-2016) (Figure 2), located within the
Nekor Watershed (Figure 1). This station, managed

by the Loukous Hydraulic Agency, monitors a
drainage area of 691 km?. These data are utilized
for calculating the cumulative streamflow volume
V (i, k) (Equation 1) and the streamflow drought
index (Equation 2) across various timescales, in-
cluding monthly, seasonal, and annual analyses.

Socio-economic and demographic data

To assess the socio-economic and demo-
graphic consequences of drought events, the study
incorporates data from various sources (Table 1):

Crop yields (quintals/hectare): Statistical data
on cereal crop yield evolution within the watershed
(1960-1969 and 2007-2014). Data sources include
Bossard (1978) for Temsamane and Bni Touzine
tribes and the Regional Directorate of Tanger-Tét-
ouan-Al Hoceima for Al Hoceima province.

Livestock populations: Data on livestock pop-
ulations within Al Hoceima province (1978-1989)
obtained from MARA (cited by El Sabri, 1995).

Population data: Population data for Arbaa
Tourirt coumune and each topographic unit of the
Nekor Watershed for the years 1960, 1971, 1982,
1994, 2004, and 2014. This data is sourced from the
general population and housing censuses (RGPH)
conducted by Moroccan state institutions.

Streamflow data preparation

The calculation of the SDI relies on a time
series of monthly streamflow volumes denoted by
QQ, j). Here, i represents the hydrological year
(e.g., starting in September and ending in August)
and j represents the month within that year (rang-
ing from 1 for September to 12 for August).

Table 1. Data sources for hydrological, socioeconomic, and demographic analysis in study arca

Category Type Year or period Zone Sources
Topography 12 m resolution GDEM 2020 wa'\tl;!(s%red https://asterweb.jpl.nasa.gov
Hydrometric Monthly 1944-2016 TZ’;‘;'(')?\“ Loukous Hydraulic Agency

Crop yields (quintals/ Temsamane
Py q 1960-1969 and Bni Touzine Bossard [1978]
hectare) tribes
Socio-economic Livestock populations 1978-1989 Al Hoc_;elma MARA, cited by EIl Sabri
province [1995]
Crop yields (quintals/ 2007-2014 Al Hoceima Regional Directorate of
hectare) province Tanger-Tétouan-Al Hoceima
Arbaa Tourirt
coumune
Demoaraphic Pobulation data 1960, 1971, 1982, and each unit General Population and
grap P 1994, 2004, 2014 | topographic Housing Census (RGPH)
of Nekor
watershed
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Figure 2. Evolution of Annual Streamflow (m?/s) at Tamellahte Station (1944-2016)

Calculation of cumulative streamflow volume

For each hydrological year i, the cumulative
streamflow volume V(i, k) is computed for different
reference periods k using the following Equation 1:

end(k)
V(i k) = Z

j=start (k)

Q@) (1)
where: Q(i, j) represents the streamflow for
month j within hydrological year i.

Reference periods (k): This defines different
timeframes used to assess streamflow accumulation.
Here’s a breakdown of the reference periods:

e Monthly (k = m): This is the most granular
level, considering a single specific month (m)
as the reference period. Both the starting and
ending month (start(k) and end(k)) are simply
equal to the chosen month (m).

e Seasonal (k = s): This considers seasonal vari-
ations in streamflow. There are four sub-cat-
egories within the seasonal reference period:

o Autumn (September to November): For this
season (s), the starting month (start(k)) is
set to 1 (September) and the ending month
(end(k)) is set to 3 (November).

o Winter (December to February): The
winter season (s) uses a starting month
(start(k)) of 4 (December) and an ending
month (end(k)) of 6 (February).

o Spring (March to May): Spring (s) starts
at month 7 (March) (start(k)) and ends in
month 9 (May) (end(k)).

o Summer (June to August): The summer
season (s) begins in month 10 (June)
(start(k)) and concludes in month 12
(August) (end(k)).

e Annual (k = entire year): This considers the
entire hydrological year as the reference pe-
riod. In this case, both the starting (start(k))
and ending month (end(k)) are set to 12, rep-
resenting the full hydrological year.

Streamflow drought index (SDI) calculation

The SDI for each reference period k of the
i-th hydrological year is determined based on the
cumulative streamflow volume V{(i, k) using the
following Equation 2:

(V(,k) = Vi)

SDI(i, k) = 5
k

2

where: V, represents the long-term average (mean)
of the cumulative streamflow volume
for the reference period k. S, represents
the standard deviation of the cumulative
streamflow volume for the reference period
k, calculated over a long historical period.

The hydrological drought index defined in
Equation 2 is essentially a standardized stream-
flow volume, a concept initially explored by
Ben-Zvi [1987], who used standardized annual
streamflow volumes. Ben-Zvi defined a “deep
shortage” as an annual streamflow volume that
is at least one standard deviation below the
mean. However, his work did not address non-
stationarity, as he focused solely on annual data
[Nalbantis and Tsakiris, 2009]. In this study,
for the Nekor watershed, streamflow exhibits a
skewed probability distribution, which is well
approximated by Gamma distribution func-
tions. This distribution is subsequently trans-
formed into a normal distribution for analysis.
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Fitting gamma distribution

The cumulative streamflow volumes V(i, k)
are fitted to a Gamma distribution, as streamflow
data typically exhibits a skewed probability dis-
tribution. The parameters of the Gamma distribu-
tion, shape (o) and scale (j), are estimated using
the Moment method. the shape and scale param-
eters can be estimated as follows:

Shape parameter (a.):

2
U
a= ? (3)
Scale parameter (B):
o2
=" (4)
U

where: u is the sample mean and ¢ is the sample
variance. These formulas are derived by
setting the first and second moments of
the sample equal to the first and second
moments of the Gamma distribution.

Transformation to standard normal distribution

The cumulative distribution function (CDF)
of the fitted Gamma distribution is used to trans-
form the streamflow data into a standard normal
distribution. This transformation is given by:

Z=0 GV K)) (5)

where: Z now represents the standardized SDI, G
is the CDF of the Gamma distribution, @

is the inverse of the standard normal CDF,

V(i,k) is the cumulative streamflow volume.

Interpretation of SDI values

Positive SDI values indicate wetter than av-
erage conditions for the corresponding reference
period. Conversely, negative values signify a

hydrological drought. The SDI exhibits a range
of wetness and dryness spanning from -2 to +2,
as detailed in Table 2.

Drought characterization

The SDI, along with its time series analysis,
allows for the characterization of droughts based
on various parameters:

e Drought duration (D): This refers to the length
of time a drought persists. It is calculated as the
period between the start (first occurrence of a
negative SDI value) and end (first occurrence of
a positive SDI value) of a drought event.

e Drought severity (S): This parameter quanti-
fies the intensity of a drought event. It is cal-
culated by summing the negative SDI values
within the drought duration. The Equation 6
for drought severity is as follows:

§= Z SDI (i, k) (6)

where: S represents the drought severity, SDI(i, k)
represents the SDI value for the i-th hydro-
logical year and the k-th reference period

The summation iterates over all negative SDI(i, k)
values within a single drought event

e Drought magnitude (M): This metric com-
bines drought severity and duration, pro-
viding a more comprehensive picture of
drought impact. It is calculated as the ratio
of drought severity to drought duration, as
expressed in the following Equation 7:

S
M = D (7
where: M represents the drought magnitude, S and
D represent drought severity and dura-
tion, respectively (as defined previously).

Table 2. Drought classification according to the SDI values (Nalbantis and Tsakiris, 2009)

SDI range Drought classification Description
22.0 Extremely wet Exceptionally high streamflow conditions
1.5-1.99 Severely wet Streamflow conditions well above average
1.0-1.49 Moderately wet Above average streamflow conditions
0.5-0.99 Slightly wet Streamflow conditions near average, with a slight surplus
-0.49 — +0.49 Normal Streamflow conditions close to the long-term average
-0.5--0.99 Mild drought Below average streamflow conditions, potential for water stress
-1.0--1.49 Moderate drought Significant below average streamflow conditions, water shortages likely
-1.5--1.99 Severe drought Severe water deficits, agricultural impacts probable
<20 Extremely drought Egs:ggsgsgisrare events with widespread water shortages and devastating
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e Relative drought frequency (RF): This param-
eter indicates the likelihood of drought occur-
rence within a specific timeframe. It is calculat-
ed as the ratio between the number of droughts
(n) with negative SDI values within the ana-
lyzed period and the total number of drought
years (V) considered in the analysis. The Equa-

tion 8 for relative drought frequency is:
n
RF = N (8)
where: RF represents the relative drought fre-
quency, n represents the number of
droughts with negative SDI values within
the analyzed period, N represents the total

number of drought years in the analysis

By analyzing SDI values and their variations
over time, these drought characterization metrics
provide valuable insights into the frequency, in-
tensity, and overall impact of drought events in a
particular region.

Mann-Kendall trend test

The Mann-Kendall trend test is a widely used
non-parametric method for detecting monotonic
trends in time series data. It assesses whether a data
series exhibits an increasing or decreasing monoton-
ic trend over time. The test statistic, S, is calculated
based on the ranks of observations in the time series.
If S is positive, it indicates an increasing trend, while
anegative S indicates a decreasing trend. The p-val-
ue associated with the test indicates the probability
of observing such a trend if the data were random. A
p-value lower than a certain threshold (generally o=
0.05) indicates a significant trend.

Sen’s slope

Sen’s slope is another method used to esti-
mate the trend in time series data. It is calculated
by taking all possible pairs of data values and
computing the slopes between them. The medi-
an of all these slopes is then considered as Sen’s
slope. Sen’s slope is robust to outliers and does
not require assumptions about the distribution of
the data. Lower and upper bounds (generally at
a 95% confidence level) are calculated to assess
the significance of the slope. If the bounds do not
contain zero, it indicates a significant trend.

Both these methods were employed in the
study to evaluate the temporal trends of the stream-
flow drought index (SDI) in the Nekor watershed
across different time scales (annual, monthly, etc.).

The Mann-Kendall trend test was used to deter-
mine if there was a significant trend towards in-
creasing or decreasing hydrological drought over
time. Sen’s slope provided a quantitative estimate
of the trend, along with confidence bounds to eval-
uate the trend’s significance.

RESULTS

Annual trends in hydrological drought

An analysis of hydrological drought at the an-
nual scale in the Nekor watershed reveals significant
trends and intriguing patterns (Figure 3). The data
exhibits considerable variability in the streamflow
drought index (SDI) over 71 years, with values rang-
ing from -1.81 to 3.016 (Table 3). This wide range
reflects the diversity of hydrological conditions ob-
served in the region over time.

Despite this variability, a marked trend emerges
across the years. The Kendall’s correlation coef-
ficient () calculated at -0.245 indicates a negative
correlation between time and the SDI index, sug-
gesting a decrease in hydrological drought over time
(Table 3). This observation is corroborated by the
Mann-Kendall trend test’s S statistic, which has a
value of -609, with a p-value significantly lower than
o= 0.05, thus confirming the downward trend in hy-
drological drought. Sen’s slope, estimated at -0.018
with confidence bounds (95%) of -0.029 and -0.007,
also confirms this negative trend observed in the SDI
index (Table 3).

Hydrological trends by phase

The analysis of SDI values reveals distinct
hydrological trends across three phases:

Phase 1: 1950-1974 (favorable streamflow
conditions)

This phase was characterized by generally fa-
vorable streamflow conditions with predominantly
positive SDI values. The minimum SDI of -0.81
suggests a potential dry period, but the maximum
of 1.80 and a mean SDI of 0.5 (Slightly Wet) indi-
cate a dominance of positive values (Table 4). The
standard deviation of 0.68 reflects moderate vari-
ability in hydrological conditions during this phase
(Table 4). This phase was characterized by a high
frequency of wet years, with 65% (65 years) clas-
sified as surplus, indicating abundant water avail-
ability. Compared to later phases, climatic variabil-
ity was relatively low during this period.
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Figure 3. Annual SDI index variation at Tamellaht Station (1945-2016). P1: Phase 1: 1950-1974.

P2: Phase 2: 1975-1995. P3: Phase 3: 1996-2016. D: Duration, S: Severity, M: Magnitude

Table 3. Trend analysis of standardized Runoff efficiency index values: descriptive statistics, Sen’s slope, and

Mann-Kendall test results for annual values (1945-2016) at Tamellaht station

. Standard Tau de p-value Sen
Min Max | Average | joiiation |  Kendall S Var(S) (bilatérale) Alpha | g1o0e
-1.815 3,016 0.032 0.920 -0.245 -609 40588 0.003 0.05 -0.018

Table 4. Drought phases: SDI (min, max, mean, and standard deviation), duration, severity, magnitude, and
frequency for annual values (1945-2016) at Tamellaht station

Phase Min Max Average 2;?/?;?;2 D S M RF
Phase 1 -0.81 1.80 0.5 0.68 3.00 -0.83 -0.28 0.29
Phase 2 -1.12 0.55 -0.24 0.48 11.00 -6.68 -0.61 0.70
Phase 3 -1.82 3.01 -0.26 1.30 4.00 -5.54 -1.39 0.60

The relatively low drought duration (3 years)
combined with a negative but moderate severity
(-0.83) and magnitude (-0.28) suggests that this
phase experienced shorter and less severe drought
events (Table 4). The relative drought frequency
(0.29) indicates that drought occurrences were less
frequent compared to wet periods (Table 4). This
aligns with the characterization of this phase as
years of hydrological surplus, marked by predomi-
nantly wet conditions and agricultural prosperity.

The favorable hydrological conditions sup-
ported increased agricultural productivity. Crop
yields in quintals per hectare for the Temsamane
and Bni Touzine tribes, particularly during the
1960s (e.g., 1963/64, 1967/68, 1968/69), high-
light this positive trend (Figure 4). This period
of agricultural prosperity and stability likely con-
tributed to the socio-economic development of
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the region. The low climatic variability provided
a predictable environment for agricultural activi-
ties, promoting the well-being of communities
dependent on agriculture.

Phase 2: 1975-1995 (increased hydrological
stress)

This phase witnessed a shift towards hydro-
logical deficits, with predominantly negative SDI
values indicative of drought conditions. The min-
imum SDI of -1.12 is less negative than Phase 1,
but the maximum SDI of 0.56 is less significant,
suggesting a decline in high flow events (Table 4).
The mean SDI of -0.24 (close to zero but slightly
negative) reflects the prevalence of negative val-
ues (Table 4). The standard deviation of 0.48 is
lower compared to Phase 1, suggesting lower
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Figure 4. Evolution of crop yields in quintals per hectare in the Temsamane and Bni Touzine
tribes between 1960 and 1969 (Northeast of the Nekor watershed), Bossard [1978]

variability in hydrological conditions, potentially
with more frequent or severe drought events.
This phase is characterized by a significant-
ly longer drought duration (11 years) compared
to Phase 1, indicating prolonged and recurrent
drought events (Table 4). The high drought sever-
ity (-6.68) and magnitude (-0.61) suggest severe
and impactful drought conditions during this peri-
od (Table 4). The high relative drought frequency
(0.7, accounting for 80%) indicates that drought
occurrences were frequent and dominant, reflect-
ing the recurrence of drought years and their pro-
found effects on water resources, agriculture, and
socio-economic activities. This phase witnessed
a significant shift towards hydrological deficits,
characterized by an extended period of reduced
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precipitation. While the analysis of hydrologi-
cal drought indices reveals alternating deficit and
surplus years, the 1980s were particularly severe.
This decade saw a high frequency of dry years.
The peak intensity occurred during the 1983/1984
agricultural year, with a recorded value of -0.79
on a SDI. Conversely, surplus years were scarce,
constituting only 20% of this phase (3 years).
The increased frequency and intensity of
droughts significantly impacted the agricul-
tural sector in the study area. This challenging
period resulted in a dramatic decline in crop
production, yields, and livestock numbers.
For instance, goat populations decreased by
56.56% between 1978 and 1983 (Figure 5),
highlighting the severity of the impact.

H Sheep
# Cattle

u Goats

i

O O
0 0
[98) o

Figure 5. Evolution of livestock population in the province
of Al Hoceima (1978-1989), El Sabri [1995]
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The Eastern Rif Folded Mountains, a region
steeped in history and once characterized by high
population densities, witnessed a significant de-
mographic shift during the 1980s. This transfor-
mation was inextricably linked to a series of se-
vere drought years that gripped the region.

The succession of drought years in the 1980s
proved to be a formidable challenge for the in-
habitants of the Eastern Rif Folded Mountains.
The scarcity of water and the resulting decline in
agricultural productivity had a profound impact
on livelihoods and living conditions. Faced with
these hardships, many families were compelled to
seek alternative means of sustenance and oppor-
tunities beyond their traditional mountain homes.

Rural exodus, fueled by the persistent drought
conditions, became a defining feature of the re-
gion during the 1980s. As individuals and fami-
lies sought better prospects in neighboring towns
and cities, the once-bustling mountain communes
experienced a steady decline in population. This
depopulation was particularly pronounced in ar-
eas with limited natural resource potential, such
as the commune of Arbaa Taourirt, which wit-
nessed a staggering 32% population decrease be-
tween 1982 and 2014 (Table 5).

The impact of the 1980s drought and the sub-
sequent rural exodus continues to resonate in the
Eastern Rif Folded Mountains today. The region’s
once-high population densities have given way to
lower numbers, particularly in mountainous ar-
eas. This demographic shift has had far-reaching
consequences for the social, economic, and cul-
tural fabric of the region.

The intensified hydrological drought during
Phase 2 had substantial negative consequences

for agriculture and potentially contributed to oth-
er socio-economic challenges in the region. Fu-
ture water resource management strategies need
to consider the possibility of recurring droughts
to ensure the resilience of the agricultural sector
and the livelihoods of local communities.

Phase 3: 1996-2016 (high hydrological variability)

This phase exhibits significant fluctuations in
SDI values, reflecting a period of changing hy-
drological conditions. The minimum SDI of -1.81
(Extremely drought) and maximum SDI of 3.01
(Extremely wet) represent a wider range com-
pared to previous phases (Table 4). The mean SDI
of -0.26 remains close to zero. However, the high
standard deviation of 1.30 suggests a consider-
able level of hydrological variability during this
phase, with both wet and dry periods likely oc-
curring (Table 4). This variability highlights the
dynamic nature of hydrological processes within
the Nekor watershed.

In this phase, the drought duration (4 years)
is shorter compared to Phase 2 but longer than
Phase 1, indicating a moderate duration of drought
events. The drought severity (-5.54) and magni-
tude (-1.39) are both high, signifying severe and
impactful drought conditions similar to Phase 2
(Table 4). The relative drought frequency (0.60)
suggests frequent drought occurrences, although
slightly lower compared to Phase 2 (Table 4). The
high variability in drought characteristics reflects
the dynamic and fluctuating nature of hydrologi-
cal conditions during this period.

This phase is characterized by significant fluc-
tuations in hydrological conditions, as evidenced
by the analysis of drought indices. The intensity

Table 5. Population and houschold evolution in Arbaa Taourirt commune, 1960-2014, including annual growth rate

Description Headcount Annual growth rate in %

1960 Population 10445 e

Population 13146 21
1971

Households 2455 i

Population 16191 1.9
1982

Households 2565 o

Population 8110 -5.5
1994

Households 1279 el

Population 7272 -1.1
2004

Households 1156 e

Population 5187 -3.3
2014

Households 985 o

Note: ** Data not available. Based on the results of the General Population and Housing Census.
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of dry and wet years varied considerably, with the
driest year (-1.17 in 2013-2014, categorized as
moderately dry) and the wettest year (+4.75 in
2008, categorized as extremely wet) showcasing
this extreme variability (Table 4). This variability
resulted in contrasting extreme events, such as the
devastating October 2008 floods and the agricul-
tural drought of 2013-2014.

The 2013-14 drought caused significant ag-
ricultural losses, with a 65.7% decrease in barley
yield (from 17.2 quintals/hectare to 5.9 quintals/
hectare) (Figure 6). Losses in durum wheat and soft
wheat were also observed, although less severe.

The high hydrological variability of Phase 3
had a notable impact on the region’s demographics.
The Eastern Rif’s mountainous areas experienced
a decline in population density due to rural exodus,
likely triggered by the adverse effects of droughts.
Population density decreased from 57 inhabitants/
km? in 1994 to 34 inhabitants/km? in 2014 (Table 6).
Conversely, urban centers, particularly Bni Bouay-
ach, witnessed rapid population growth (11.9% from
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1982 to 1994), likely due to migration from rural ar-
eas seeking better opportunities. The population of
Bni Bouayach Agglomeration, the largest locality in
the watershed, nearly quadrupled during this period
(from 4,253 in 1982 to 18,271 in 2014) (Table 6).
This rapid urbanization placed pressure on basic ser-
vices and infrastructure.

Monthly trends in hydrological drought

The analysis of the Sen’s Slope and Kendall’s
tau values for each month reveals varying trends in
hydrological drought across the year in the Nekor
watershed. Here’s a breakdown of the results:

e Months with increasing trends: August (T =
0.356, p-value < 0.0001, Sen’s slope = 0.010)
and September (t = 0.310, p-value < 0.0001) ex-
hibit a statistically significant increasing trend in
hydrological drought according to both Kendall’s
tau and Sen’s slope. This indicates a tendency for
droughts to become more severe over time dur-
ing these months (Table 7).

® Durum wheat
i soft wheat

Barley

€1-C10

=3 =
w e
T T

B W

Figure 6. Evolution of crop yields in quintals per hectare in the province of Al Hoceima
between 2007 and 2014 (Regional Directorate of Tanger-Tétouan-Al Hoceima)

Table 6. Evolution of population, households, and population densities (inhabitants/km?) in the topographic units

of the Nekor watershed, 1994-2014.

1994 2004 2014
Description
Population | Households | Density | Population | Households | Density | Population | Households | Density
Hills, and low mountains 40237 6411 120 40451 6914 121 41784 8450 125
High folded mountains 32997 5260 57 24814 4196 43 19759 3390 34
Nekor watershed total 73234 11671 80 65265 11110 71 61543 11840 67
Bni Bouayach commune 13128 2255 577 15497 2956 681 18271 4062 803

Note: Based on the results of the General Population and Housing Census (RGPH) 1994-2014.
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e Months with no clear trend (Table 7): July (tau
=0.067, p-value = 0.427) and October (tau =
0.072, p-value = 0.384) have tau values close
to zero, along with non-significant p-values,
suggesting no statistically significant trend.

e Months with decreasing trends (Table 7): The
remaining months (December to July, and May)
display negative tau values. Among these:

o April (tau = -0.309, p-value = 0.0001)
and May (tau =-0.321, p-value < 0.0001)
have statistically significant negative tau
values and p-values much lower than
0.05, indicating a strong decreasing trend
in hydrological drought according to
Kendall’s tau. Sen’s slope values are also
negative for these months, further sup-
porting this observation.

o January (tau = -0.194, p-value = 0.017),
March (tau = -0.174, p-value = 0.033),
December (tau = -0.081, p-value =
0.323), February (tau = -0.114, p-value
= 0.160), and Jun (tau = -0.163, p-value
= 0.045) show weaker evidence for de-
creasing trends. While the tau values are
negative, some p-values are not signifi-
cant at the 0.05 level.

In short, the analysis reveals a pattern of de-
creasing hydrological drought trends throughout
the spring months (February to May). Converse-
ly, September shows an increasing trend, indi-
cating a potential rise in drought severity during
that month. September and the remaining winter
months (November to January) require further in-
vestigation to solidify the trends. Kendall’s Tau

values indicate significant climatic variations
within the models. For September, a value of 0.31
is observed (Table 7), This indicates the late arriv-
al of autumn rains. Conversely, the May equiva-
lent exhibits a value of -0.32 (Table 7), suggesting
rainfall patterns less conducive to agriculture as
they occur after the harvest season. These find-
ings underscore the dynamic nature of climatic
conditions within the studied models.

Seasonal trends in hydrological drought

The analysis of Kendall’s tau, p-value, and Sen’s
slope values reveals varying trends in hydrological
drought across the seasons defined by the hydrologi-
cal year in Morocco (September to August).

e Season | (September to November) (Table
8): This season exhibits a weak positive trend
in hydrological drought (t = 0.106, p-value
= 0.193). The Kendall’s tau value suggests a
weak positive correlation between time and
the SDI, indicating a slight increase in drought
severity over the years. However, the high p-
value (0.193) indicates that this trend is not
statistically significant. The Sen’s slope of
0.008 further supports this by showing a mini-
mal positive trend.

e Season 2 (December to February) (Table 8):
There is a statistically significant negative
trend in hydrological drought for Season 2
(t =-0.172, p-value = 0.034). The Kendall’s
tau value indicates a weak negative correla-
tion between time and the SDI, suggesting a
decrease in drought severity over the years.

Table 7. Trend analysis of standardized runoff efficiency index (SDI) values: descriptive statistics, Sen’s slope, and
Mann-Kendall test results for each month (1945-2016) at Tamellaht station

Month Min Max | Average i;?/?:nac:g }-(I—Zﬁddaﬁl S Var(S) (b?lavtzlrlﬁe) alpha sslsge
Sep | -0579 | 2619 | 0174 | 0776 | 031 712 | 38281 | <0.0001 | 005 | 0,008
Oct | -0144 | 2850 | 0534 | 0520 | 0,072 176 | 40455 | 0384 | 005 | 0003
Nov | -0688 | 2961 | 0379 | 0599 | 0034 85 | 40568 | 0677 | 005 | 0,002
Dec | -2287 | 2181 | -0002 | 0996 | -0081 | -200 | 40585 | 0323 | 005 | -0,006
Jan | 2282 | 2208 | 0010 | 1014 | -0194 | -482 | 40581 | 0017 | 005 | -0,015
Feb | -2406 | 2538 | 0036 | 0939 | -0114 | -284 | 40585 | 0,16 005 | -0,009
Mar | 1539 | 2527 | 0070 | 0878 | -0174 | -431 | 40582 | 0033 | 005 | -0,012
Aor | 2765 | 2164 | 0099 | 1172 | -0309 | -767 | 40582 | 00001 | 005 | -0,023
May | 2303 | 2805 | 0071 | 0897 | 0321 | -796 | 40583 | <0.0001 | 005 | -0,021
Jun | 4703 | 2360 | 0,002 | 0991 | -0163 | -404 | 40560 | 0045 | 005 | -0,013
Jul 075 | 2922 | 0140 | 0813 | 0067 | 159 | 39602 | 0427 | 005 | 0,001
Aug | -0518 | 2584 | 0185 | 0749 | 0356 | 816 | 38261 | <0.0001 | 005 | 001
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This is confirmed by the low p-value (0.034),
which signifies a statistically significant trend.
The Sen’s slope of -0.013 further confirms this
downward trend in drought severity.

e Season 3 (March to May) (Table 8): Season
3 displays a highly significant negative trend
in hydrological drought (t = -0.337, p-value
< 0.0001). The strong negative correlation in-
dicated by the Kendall’s tau value suggests a
substantial decrease in drought severity over
the years. The very low p-value (< 0.0001)
confirms the statistical significance of this
trend. The Sen’s slope of -0.025 further under-
scores this considerable downward trend.

e Season 4 (June to August) (Table 8): No statis-
tically significant trend in hydrological drought
is observed for Season 4 (t = -0.059, p-value =
0.472). The Kendall’s tau value suggests a slight
negative correlation between time and the SDI,
indicating a minor decrease in drought severity
over the years. However, the high p-value (0.472)
indicates that this trend is not statistically signifi-
cant. The Sen’s slope of -0.005 further confirms
the absence of a significant trend in drought se-
verity for this season.

In summary, Season 3 (March to May) exhibits
the strongest statistically significant negative trend
in hydrological drought, indicating a substantial de-
crease in drought severity over time. Season 2 (De-
cember to February) also shows a statistically sig-
nificant negative trend, although weaker than Season
3. Season 4 (June to August) does not exhibit a statis-
tically significant trend, and Season 1 (September to
November) shows a weak, non-significant tendency
towards increasing drought severity.

DISCUSSION

The current study employed the SDI index to
investigate drought trends and patterns over an
extended period (1945-2016) and across different
time scales (monthly, seasonal, annual). Unlike

previous studies that often focused solely on an-
nual trends, this study examined drought patterns
in terms of duration, severity, magnitude, and fre-
quency for each phase.

For example, a study by Benyoussef et al.
[2024] based on SPI, RDI, and DI indices identi-
fied a relatively long period of 38 years (1978—
2016) with a general increase in annual rainfall
during that period. However, this increase might
be explained by the studied period coinciding
with the beginning of a dry spell followed by
years of climatic variability.

Another study conducted in the Ghis-Nekor
plain by Larabi et al. [2020] identified an annual
drought trend and period using the SPI index for
the years 1964 to 2014. This study found a seven-
year dry period from 1980 to 1987. In contrast, the
current study identified a slightly longer drought
period of 11 years from 1977 to 1988 in the Nekor
watershed. This difference is likely attributed to
the fact that hydrological droughts typically last
longer than meteorological droughts, primarily
due to the basin’s physical characteristics. This
finding aligns with Van Loon et al. [2016], who
noted that factors such as soil type, lithology, and
land use can influence a basin’s hydrological re-
sponse to climate variability.

In their study of the Upper Indus Basin in
Pakistan, Saifullah et al. [2021] employed a
threshold approach to analyze drought events,
scarcity, and duration. They aimed to determine
spatio-temporal patterns of hydrological droughts
from 1961 to 2010. The study observed a signifi-
cant increase in the maximum duration of drought
events at Naran, with a slight increase in the ex-
treme pattern of the maximum drought duration.
However, the same study identified decreasing
trends in the maximum duration of hydrological
droughts at Garhi Habibullah.

As previously mentioned, ecosystems respond
differently to meteorological and hydrological
droughts. This variation depends on several fac-
tors, including vegetation type [Flach et al., 2018;

Table 8. Trend analysis of standardized runoff efficiency index values: descriptive statistics, Sen’s slope, and
Mann-Kendall test results for each season (1945-2016) at Tamellaht Station

season | Min | Max | Average | G | (S | S | VaS) | erme) | 1@ | siope
Season1| -083 | 2860 | 0302 | 0610 | 0106 | 263 | 40584 0,193 0,05 | 0,008
Season2| -160 | 2680 | 0027 | 0939 | -0172 | -428 | 40587 0,034 0,05 | -0013
Season3| -1.968 | 2081 | -0,004 | 1007 | -0337 | -837 | 40588 |  <0.0001 0,05 | -0025
Season4| 2015 | 2882 | 0027 | 0964 | -0059 | -146 | 40568 0,472 0,05 | -0,005
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Lian et al., 2020], soil properties [Bastos et al.,
2020; Pittelkow et al., 2015], and microclimate
conditions [Suarez and Kitzberger, 2008]. Man-
agement practices [Acevedo et al., 2020], pre-
drought conditions [Laaha et al., 2017; Van Loon
et al., 2015], and the timing of drought within the
growing season [ Van Lanen et al., 2016] also sig-
nificantly influence these responses.

The current study demonstrates a negative
trend in hydrological drought over time, as indi-
cated by Kendall’s t (-0.245), the Mann-Kendall
test, and Sen’s slope (-0.018). This decline in hy-
drological drought can be linked to an increase
in severe weather patterns, which is further con-
firmed by the standard deviation values of each
phase (phase 1: SD = 0.68, phase 2: SD = 0.48,
and phase 3: SD = 1.30). With rainfall becom-
ing more concentrated over shorter durations,
this phenomenon leads to floods and elevated
daily and monthly flow rates in specific years.
However, despite this intensified precipitation
pattern, drought persists, as indicated by the find-
ings of the Kendall’s correlation coefficient and
Sen’s slope correlation results. Similar patterns
were observed by Rahmani and Fattahi [2024]
in a study conducted in central England, United
Kingdom, investigating alterations in drought
and flood occurrences due to climate change.
The findings suggest that climate change has am-
plified the likelihood of river flooding in recent
years, while the occurrences of annual droughts
and wet conditions remain unaffected by climate
change. Another study conducted by Kazemzadeh
and Malekian [2016] observed a decreasing trend
in the spatial and temporal characteristics of hy-
drological drought, particularly over the last three
decades in Iran. Similarly, Yilmaz [2019] found
a decreasing trend in hydrological drought in
southeastern Turkey, predicting a severe drought
will hit this region in the near future. Our findings
and those of other studies diverged slightly from
those reported for Cyprus [Myronidis et al., 2018,
where hydrological drought trends appeared to
intensify over time.

Studies by Bouras et al. [2019] in Moroc-
co highlight the significant impacts of climate
change on the Tensift region. Their findings sug-
gest a decrease in autumn rainfall, potentially
making later sowing dates preferable under a
changing climate. Similarly, regional studies by
Trigo and Palutikof [2001] analyzing precipita-
tion scenarios over the Iberian Peninsula revealed
an increase in winter precipitation and a decrease
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in autumn precipitation using various downscal-
ing techniques. The current study on the Nekor
basin further strengthens the evidence for a de-
crease in autumn rainfall (September-October-
November) and the recurrence of droughts with
increasing climate variability.

Since 2005, many residents of the Nekor plain
have reported a significant reduction in water re-
sources allocated to agriculture due to declining
water availability, which is partially attributed to the
effects of hydrological drought. Decreased water
pump capacity and increased sedimentation in wa-
ter reservoirs have directly impacted the agricultural
water supply, leading to reduced irrigation opportu-
nities and agricultural output, characteristic of hydro-
logical drought impacts [Okacha et al., 2023].

This reduction in water resources has pro-
foundly affected agricultural activities, with
farmers reporting decreases in crop yields and
income. Multiple factors, including successive
years of drought, reduced water availability,
and soil salinity, have led to significant changes
in agricultural practices [Okacha, 2020]. These
changes are directly related to the impact of hy-
drological drought, which manifests as decreased
water availability for irrigation and increased soil
aridity, thus affecting agricultural productivity.
Recurring drought and excessive heat exacerbate
hydrological drought conditions by increasing
evaporation rates and decreasing precipitation
[Machrafi et al., 2022]. These climatic factors
further reduce water availability for agriculture,
worsening the impacts of hydrological drought on
agricultural productivity and rural livelihoods.

Consequently, the population has increas-
ingly shifted to non-agricultural activities,
such as construction and trade, as reported by
many local residents. This shift can be attrib-
uted to the economic impacts of hydrological
drought on agriculture. Decreased agricultural
productivity and livelihood insecurity due to
water scarcity have likely prompted individu-
als to seek alternative sources of income, indi-
rectly influenced by the hydrological drought’s
effects on agricultural water resources.

CONCLUSIONS

The Nekor Watershed in northeastern Mo-
rocco faces significant challenges due to pro-
nounced climatic variability and increasing
hydrological droughts. This study investigated
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long-term (1945-2016) drought patterns and
trends, focusing on their impacts on agricul-
ture and population distribution.

The analysis revealed substantial climate
fluctuations, with distinct dry and wet periods.
Season 1 (September-November) showed a weak,
non-significant trend towards increasing drought
severity. Conversely, Season 3 (March-May) dis-
played a statistically significant trend towards less
severe droughts, suggesting a shift in rainfall pat-
terns. This trend aligns with the broader context
of climate change, where alterations in precipita-
tion patterns are becoming increasingly evident.

While summer months might experience
increased streamflow due to thunderstorms or
flooding, as indicated by the positive associa-
tion with August, this doesn’t necessarily alle-
viate drought concerns. These events are often
short-lived and have minimal impact on long-
term water storage. Conversely, the negative
association with May highlights a concerning
trend towards drier conditions during the cru-
cial agricultural production period. Rainfall
occurring after harvest offers minimal benefit
and can exacerbate drought concerns.

The most concerning finding is the ob-
served trend towards increasing hydrological
droughts, particularly in recent decades. This
finding aligns with historical data document-
ing rural exodus from the surrounding moun-
tains during this period. Water scarcity and de-
clining agricultural productivity likely pushed
families to seek alternative opportunities. The
case of Arbaa Taourirt, with a dramatic popula-
tion decline, exemplifies the impact of drought
on population distribution.

The urgency of implementing proactive
water management strategies in the Nekor
Watershed is paramount. Embracing adaptive
measures and promoting sustainable practices
are crucial for enhancing regional resilience
and safeguarding livelihoods in the face of a
changing climate.
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