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ABSTRACT

The present study examines the influence of precipitation intensity, and drought patterns on groundwater levels within
the Ghis-Nekor aquifer, which is located in an arid and semi-arid region of Morocco. Besides, by using satellite-de-
rived datasets and the innovative trend analysis (ITA) method, the research analyzed the trends in groundwater storage
(GWS), which offers a more robust approach to detect long-term changes compared to traditional methods, such as the
Mann-Kendall test. The study used the gravity recovery and climate experiment (GRACE), gridded data to estimate
groundwater fluctuations, the assess the time-series trends in equivalent water thickness (EWT), and soil moisture.
The obtained results indicate a significant decline in groundwater levels, with 40% of monitoring sites, which showed
a substantial downward trend, and 60% experiencing even more pronounced decreases. Furthermore, the maximum
estimated groundwater storage loss is 2.4 cm/year'. These findings underline the detrimental effects of overexploita-
tion and inefficient irrigation practices, which contribute to ecological degradation, including increased salinity, and
groundwater pollution. Although the reliance of the study on satellite data offers valuable insights, it may overlook
localized variations, and the GRACE data may be less accurate in the areas with complex geological features. Despite
these limitations, the research provides practical value by informing water management strategies aimed to mitigate
groundwater depletion. Consequently, the novelty of this study lies in the use of the ITA technique to correlate and im-
prove trend detection accuracy, which offer a more comprehensive understanding of groundwater changes, and support
a sustainable water management practice in vulnerable areas like Ghis Nekor basin.

Keywords: groundwater level, precipitation intensity, drought patterns, Ghis-Nekor aquifer, innovative trend
analysis, water management

INTRODUCTION rainfall events in several regions of the Mediterra-
nean basin (Ouakhir et al., 2023a). Consequently,
Climatic projections predict a substantial in- susceptibility to these catastrophic food shortages

crease in temperature, accompanied by a drop in and drought disasters may escalate, particularly in
annual rainfall and a probable escalation of extreme developing nations (Salhi et al., 2019).
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In this context, water resource management,
especially groundwater, is critical in arid and
semi-arid regions like northern Morocco, where
water scarcity is exacerbated by climate variabil-
ity and human activities (Ennaji et al., 2022). The
Ghis-Nekor aquifer is a crucial water source in
this area, yet groundwater levels have been im-
pacted by both climate change and over-exploita-
tion (Ennaji et al., 2024).

Recent advancements in satellite-based cli-
mate data, such as those from the Gravity Re-
covery and Climate Experiment (GRACE),
have proven effective in studying groundwater
fluctuations and water storage dynamics (Cha-
kir et al., 2024). While many studies have suc-
cessfully applied satellite data to hydrological
assessments, the integration of such data for
specific aquifers, like Ghis-Nekor, remains un-
derexplored. This study aimed to bridge this gap
by evaluating the contribution of GRACE satel-
lite data in understanding groundwater changes
in the Ghis-Nekor aquifer, alongside traditional
in situ measurements.

The main objective of this paper was to assess
the impacts of precipitation and drought on ground-
water fluctuations. Furthermore, the study focused
on the identification of new patterns, and trends in
groundwater storage using advanced methods like
the innovative trend analysis (ITA) (Giiglii, 2018)
. Besides, based on the exploring of these relation-
ships, the study will contribute valuable insights
for water resource management, bridging a critical
gap in the scientific understanding of groundwater
dynamics in the semi-arid regions like Morocco.

In summary, this study aimed to enhance
the knowledge of the role of satellite climate
data in hydrological studies, refine analytical
techniques, and provide new insights into the
effects of precipitation variability on ground-
water storage, with implications for sustainable
water management (Chen et al. 2019; Chen et
al., 2022; Hamdi 2023a and b; Amraoui et al.,
2024; Amraoui et al., 2023).

PRESENTATION OF STUDY AREA

Geographical location

The Ghis-Nekor plain is located within the
Rif region of northern Morocco, approximately
12 km southeast of the coastal city of Al Ho-
ceima. It occupies an area of about 100 km?, and
situated between both provinces of Al Hoceima,
and Nador. The research area is linked to the
national road network through National Road
number 2, which connects Tangier to Oujda;
however, with several curves and limited width,
rendering it problematic. The linkage between
the cities of Al Hoceima and Ajdir is facilitated
by the primary route number 39.

Geographically, the plain is surrounded by
rugged terrain, with the Mediterranean Sea to
the north and steep mountainous regions to the
south and east. The plain is characterized by a
generally gentle slope of about 1% from south
to the north, whereas its landscape features a
mix of impermeable schist-sandstone flysch and
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Figure 1 . Localization of the Ghis-Nekor basin, and the spatial distribution of sampling points
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limestone ridges (Fig. 1) (Ouakhir et al., 2023).
The area is intersected by the Ghis and Nekor
rivers, which contribute to the hydrological dy-
namics of the area. Its location, combined with
its geological and hydrological characteristics,
makes the Ghis-Nekor plain a crucial area for
studying groundwater fluctuations, particularly
under the pressures of climate variability and
human activity.

Geology

The Ghis-Nekor plain is an intra-mountain-
ous valley characterized by a diverse alluvial
deposit comprising sands, gravels, and con-
glomerates from the Plio-Quaternary period
to the present. This depression stands around
one hundred square km, and is predominantly
encircled by impermeable schist-sandstone
formations, with carbonate structures of the
limestone ridge of the Bokoya massif to the
northwest and Plio-Quaternary volcanic rocks
of Ras Tarf to the northeast (Klemme, 1958).
Besides, the eastern border manifests as a
piedmont characterized by a juxtaposition of
alluvial fans, the most prominent of which is
situated in the southeast. Moreover, the assess-
ment of the Physicochemical Water Quality
of the Ghis-Nekor Aquifer (Al Hoceima, Mo-
rocco) is made by Utilizing Hydrochemistry,
Multiple Isotopic Tracers, and Geographic In-
formation System (GIS).

Hydrogeological characteristics

The Ghis-Nekor plain is traversed by two
perennial rivers, the Rhis and Nekor Rivers,
with the latter receiving seasonal tributaries, the
Amekrane and Tifarouine rivers, during flood
periods. The Nekor river has a watershed of 911
km?, with an average altitude of 1008 m a.s.l,
and flows for 69 km at a 2.4% average slope
(Nouayti et al., 2022). Furthermore, the aqui-
fer in this area consists of coarse alluvium with
varying thickness, from 64 m in the southern ba-
sin to over 400 m in the central basin. It is com-
posed of sandy-gravel alluvium, limonite layers,
and clayey-marly lenses (Chakir et al., 2023).
The hydrodynamic characteristics of the aquifer
reveal a transmissivity range of 10 to 6.41072, a
storage coefficient between 0.6510 and 5.3x10-
2, and groundwater productivity exceeding 100
1/s, with flow moving from south to north.

DATA, METHODS AND TECHNIQUES

Satellite data

Climate and TWS data are readily available
and accessible for download from NASA and other
websites, where monthly measurement files can be
obtained. A Python application has been developed
to extract and visualize these datasets in the form
of maps or time series. In this study, GRACE and
GRACE-FO TWS data were downloaded from the
Table 1, within NetCDF format (CSR_GRACE
GRACE-FO_RL0602 Mascons_all-corrections.
nc), covering the period from April 2002 to March
2024 (last updated on: 2024-06-18). The data is
represented on a 1/4 degree longitudinal-lateral
grid, but corresponds to a 1x1 degree equal-area
geodetic grid at the equator, which is the current
native resolution for CSR RL06 mascon solutions.
This new RL06 grid, with a 1/4-degree resolution
(compared to 1/2 degree in RLOS5), was designed
to more accurately represent coastlines. The final
dataset includes monthly 7S anomalies in cen-
timeters (cm) of equivalent water thickness from
April 2002 to February 2023. Missing GRACE
observations were interpolated linearly, using the
values from the two adjacent months.

The method of chronological decomposition
of precipitation data series

The decomposition method is an approach used
in signal processing, and image processing to de-
compose a signal or image into components that can
be fine details or important structures. A time series
can be broken down into three elements (Fig. 2).

e The trend represents the long-term evolution of
the series studied: it reflects the “average” be-
havior of the series (observed).

Table 1. Data source and availability

SPI or SSFI values Degree of humidity or dryness
>+2.0 Extreme humidity
+1.5to +1.99 High humidity
+0.1 to +1.49 Low humidity
+0.1 to +0.99 Light humidity
0 Absolute normality
-0.1t0-0.99 Mild drought
-1.0 to —1.49 Moderate drought
-1.5t0-1.99 Severe drought
<-2.0 Extreme drought
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Figure 2. Example of chronological decomposition of a precipitation series

e The seasonal component or seasonality (sea-
sonal) corresponds to a phenomenon that re-
peats itself at regular time intervals (periodic).
In general, it is a seasonal phenomenon, hence
the term seasonal variations.

The residual component or noise or residue
(random): these are irregular fluctuations of a
random nature. It is obtained by removing the
trend and seasonal movements from the initial
series. In addition, graphs of this study were
drawn from NASA data.

Mann-Kendall test

The Mann—Kendall (MK) statistic is a non-
parametric test used for trend analysis. Mann
(1945) was the first one to use this test, and Kendall

(1948) derived the statistical distribution of the test
(Drouiche et al., 2019). This test is suitable for cas-
es where the trend can be assumed to be monotonic
and therefore no seasonal aspect is presented in the
data. A major advantage of the Mann-Kendall test
is that: it is not a presupposition method in terms
of data distribution, i.e., there are no assumptions
needed about the data distribution as the prerequi-
site for this method is known as a non-parametric
method (Drouiche et al., 2019) .

Innovative trend test

The simple ITA methodology provides insight
into trend analysis, as it describes monotonic or
non-monotonic increasing or decreasing trends
(Fig. 3). Furthermore, considering five trend

Nonmonotonic positive trend

| 2
first half

2 4
first half

Trendless time series

Figure 3. Example of the innovative trend ITA test
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conditions: monotonic and non-monotonic de-
creasing, monotonic and non-monotonic increas-
ing and no-trend type (Alifujiang ez al. 2023). The
basic procedure of ITA by dividing the observa-
tion data from the first data values to the final data
values into two equal parts and sorting the two
sub-data series in ascending order, respectively.
On the basis of the on two-dimensional Cartesian
coordinates, the first half of the data value (Xi) is
located on the horizontal axis (X-axis), and the
second half of the data value (Xj) is located on
the vertical axis (O-axis). The span of both axes
should be equal. The line (45°) divides the dia-
gram into two similar triangles. If the data points
accumulate on the 45° line, it is found that there
is a time series without a trend.

If all data points lie above (below) the 45°
line in the upper (lower) triangle area, there is a
monotonic upward (downward) trend present in
the time series data. Suppose the data points are
nonlinearly accumulated above (below) the 45°
line in the upper (lower) triangle area. In this case,
the time series data exhibits a non-monotonic up-
ward (downward) trend. The ITA method cannot
display the number of time series and subcatego-
ries. However, the new innovative trend test anal-
ysis, as a new type of Sen methodology, indicates
the mentioned trends and describes the number of
data and subcategories (Alifujiang et al. 2023) .

Standardized precipitation index

Table 2 shows the value of drought indices
as a function of the degree of humidity or dry-
ness. Droughts that impact water availability,

agricultural production and livestock operations
are typically identified and characterized us-
ing drought indices. This study investigated the
potential of using the standardized precipitation
index (SPI) and the precipitation-based stan-
dardized precipitation-evapotranspiration index
(SPEI) to reproduce the observed meteorological
droughts at the Ghis-Nekor aquifer level.

The TWS data analysis method

To calculate terrestrial water storage anomalies,
the following equation was used (Pascal., 2022):

TWS = SW + SM + GWS + SWE (1)

where: SW — surface water, SM — soil moisture,
GWS — groundwater, SWE — snow water
equivalent.

As well as:
GWS =TWS - SM )

RESULTS AND DISCUSSION

Climate context

The average precipitation reveals clear sea-
sonal patterns with notable peaks in rainfall during
the winter months and significant drops in the sum-
mer (Fig. 4). December records the highest average
precipitation, exceeding 50 mm, followed closely
by November, January, February, and March, all of
which show substantial rainfall levels (40—50 mm).
These peaks align with the winter season, which

Table 2. SPI values as a function of humidity or dryness

Month p -value z HO: No trend Breast slope Trend direction
January 0.7355 0.33782 Yes 0.1925926 No trend
February 0.7074 0.3754 Yes 0.1428571 No trend

March 0.0716 1.8011 Yes 0.9482143 No trend

April 0.0367 2.0883 No 0.8322917 Increase
May 0.6252 -0.48854 Yes -0.0626087 No trend
June 0.1943 -1.2981 Yes 0 No trend
July 0.9599 -0.050247 Yes 0 No trend
August 0.1643 -1.3909 Yes 0 No trend
September 0.7639 0.30032 Yes 0.06333333 No trend
October 0.5609 -0.5815 Yes -0.3818783 No trend
November 0.7497 0.319 Yes 0.2002262 No trend
December 0.4305 -0.78835 Yes -0.4833333 No trend
Annual 0.1108 -1.5944 Yes -2.163352 No tension
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Figure 4 . Average monthly precipitation of the Ghis-Nekor aquifer

typically brings the wettest months in semi-arid
Mediterranean regions, like Ghis-Nekor.

In contrast, the summer months (June to Au-
gust) experience minimal rainfall, with July and
August recording close to zero precipitation.
This period highlights the dry season, exacerbat-
ing water scarcity and reducing groundwater re-
charge. Transitional months like April and May
show a gradual decline in precipitation, reflecting
the shift from winter to summer.

When analyzed alongside historical rainfall
trends (e.g., 450 mm in 2005, 150 mm in 2015,
and moderate levels of 300-320 mm in 2010 and
2018), the seasonal variability seen in this figure
emphasizes the vulnerability of the Ghis-Nekor
aquifer to drought and climate fluctuations. Pro-
longed low rainfall periods, such as in the sum-
mer, can further stress groundwater resources, ne-
cessitating effective water management strategies
to address the recharge deficits during drought
years (Ouakhir and El Ghachi, 2023).
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Chronological decomposition of precipitation
in the Ghis-Nekor plain

The decomposition of the monthly precipita-
tion time series shown in Figure 5 highlights the
key components of the variability in rainfall pat-
terns over the observed period (2002-2021). The
analysis separates the data into three main com-
ponents: trend, seasonality, and residuals.

e Original data (top panel) — the original pre-
cipitation series shows significant variability
with multiple peaks and troughs across the
years. Higher precipitation events are vis-
ible between 2008-2010 and again around
2018-2019, which indicate periods of in-
creased rainfall intensity. The fluctuations
emphasize the irregular nature of rainfall in
the study area.

e Trend (second panel) — the trend compo-
nent reveals long-term variations in rain-
fall. There is a noticeable decline in rainfall
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Figure 5. Decomposition of the precipitation data series in the Ghis-Nekor plain during 1992-2021
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between 2002 and 2008, followed by a slight
recovery and stabilization during 2010-2015.
From 2016 onward, the trend shows another
upward movement, and showed an increase
of precipitation levels in recent years. This
trend analysis reflects the periods of drought
and recovery, consistent with broader climate
variability patterns.

e Seasonality (third panel) — the seasonal com-
ponent highlights a consistent annual cycle
in precipitation. Peaks occur during the win-
ter months, reflecting the Mediterranean cli-
mate of the Ghis-Nekor area, where rainfall
is concentrated in winter. This seasonal pat-
tern remains steady throughout the observed
period, underscoring the regular occurrence
of wet and dry seasons.

e Residuals (bottom panel) — the residuals rep-
resent the irregular or random variations not
captured by the trend and seasonal compo-
nents. These fluctuations are more prominent
in the years with extreme rainfall anomalies,
such as 2008 and 2019. This highlights the
events that deviate from typical patterns,
likely caused by short-term climatic factors
or localized weather phenomena.

In summary, the time series decomposition
effectively isolates the underlying components of
precipitation variability. The seasonality is stable,
driven by annual climatic cycles, while the trend
indicates periods of drought and recovery. The
residuals show irregular fluctuations that may
signal extreme weather events, emphasizing the
need for adaptive water resource management in
response to climatic variability.

Innovative trend test to analyze temporal
dynamics at the Ghis-Nekor aquifer level

The results of the Mann-Kendall test for
monthly precipitation trends at the Ghis-Nekor
station between 1992 and 2020 are presented
in Table 3. The analysis reveals that April is the
only month showing a significant upward trend in
precipitation, with a p-value of 0.0367 (less than
the 0.05 significance threshold) and a positive Z-
value (2.0883). This indicates a statistically sig-
nificant increase in rainfall during April, as con-
firmed by the positive Sen’s slope value (0.8323).

For the other months, no significant trends
were observed. The p-values for all months, ex-
cept April, are greater than 0.05, and the Z-values
hover around zero, indicating no monotonic trend
in precipitation. For instance, January (p-value:
0.7355) and February (p-value: 0.7074) show no
trend, while months like May and October ex-
hibit negative Z-values, though they remain sta-
tistically insignificant. The annual trend, with a
p-value of 0.1108 and a Z-value of -1.5944, does
not indicate any significant long-term variation in
precipitation either.

Overall, the results suggest that April is expe-
riencing an upward trend in rainfall, which could
potentially contribute to groundwater recharge
during this month. However, the lack of signifi-
cant trends in other months highlights the high
variability and inconsistency of precipitation pat-
terns over the years. This aligns with the observed
effects of drought and climate variability, which
continue to impact groundwater resources in the
Ghis-Nekor basin, emphasizing the vulnerability
of the region’s water table to climate change.

Table 3. Results of the Man-Kendall test at the Ghis-Nekor water table during 1992-2021

Month Low (<20 mm) Average (20—40 mm) Strong (>40 mm)
January Yes (+) Yes (+) Yes (+)
February Yes (+) Yes (+) Yes (+)

March Yes (-) Yes (-) Yes (-)
April Yes (+) Yes (+) Yes (+)
May Yes (+) Yes (+) Yes (+)
June No No Yes (-)
July No No No

August No No No

September Yes (+) Yes (+) Yes (-)
October Yes (-) Yes (-) Yes (-)

November Yes (+) Yes (+) Yes (+)

December No No No
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Trend test to analyze the temporal dynamics
of precipitation within the Ghis-Nekor plain

The presented innovative trend methodology
was applied to different precipitation time series
recorded at the Ghis-Nekor gauging station. An
average precipitation time series was evaluated
for the monthly time scale, and a trend analysis
was performed by applying the ITA method. The
results of the ITA approach were compared with
those obtained by the Man-Kendall monotonic
test applied to the original series. Each monthly
value is represented by its estimated mean be-
tween the periods 1992 and 2020.

Figure 6 shows the results of the ITA method
applied to the Ghis-Nekor station, reflecting the
monthly precipitation trends between 1992 and
2020. Each scatter plot corresponds to a specific
month, where the x-axis represents the precipita-
tion values during the first half of the study period
(1992-2005), and the y-axis represents the values
for the second half (2006-2019). The orange di-
agonal line serves as the 1:1 reference line, in-
dicating no change in precipitation between the
two periods. The points above this line signify an
increasing trend, while the points below indicate
a decreasing trend in precipitation. The results
highlight varying patterns across the months,
with noticeable increases in some months (e.g.,
September, November, and February), while
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others (e.g., July) exhibit limited or no signifi-

cant trends. These findings provide a clear visu-

alization of the temporal dynamics and monthly
variability in precipitation within the Ghis-Nekor
plain over the study period.

The ITA applied to the monthly precipitation
data at Ghis-Nekor station provides a detailed in-
terpretation of precipitation trends by categorizing
the data into three classes: low (<20 mm), medium
(2040 mm), and high (>40 mm). This classification
facilitates understanding of precipitation dynamics
across months. The interpretation is as follows:

e January: An upward trend is observed for all
categories (low, medium, high), indicating an
increase in precipitation across all levels dur-
ing the second half of the study period.

e February: Similar to January, there is an up-
ward trend for all precipitation categories, re-
flecting consistent increases.

e March: A downward trend is observed across
all categories (low, medium, high), suggesting
a decrease in precipitation levels compared to
the earlier period.

e April: All categories exhibit an upward trend,
signifying a notable increase in precipitation.

e May: Precipitation shows an upward trend
across all categories, indicating improvements
in rainfall patterns for this month.

e June: For the low and medium categories, there
is no trend, indicating stability in precipitation
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Figure 6. Result of the ITA test at the Ghis-Nekor aquifer
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levels. However, for the high category, there is
a slight downward trend, showing a reduction
in heavy rainfall.

e July: There is no trend for any of the cat-
egories, suggesting no significant changes in
precipitation.

e August: Similar to July, there is no trend ob-
served across all categories.

e September: For the low and medium categories,
there is an upward trend, indicating an increase
in light and moderate precipitation. However, for
the high category, a downward trend is observed,
reflecting a decline in heavy precipitation.

e October: A downward trend is evident across
all categories, suggesting a decrease in precip-
itation levels during this month.

e November: All categories (low, medium, high)
show an upward trend, highlighting a consis-
tent increase in precipitation.

e December: There is no trend observed for any
of the categories, indicating stable precipita-
tion conditions.

This analysis highlights seasonal variabil-
ity in precipitation trends within the Ghis-Nekor
plain. The months of January, February, April,
May, and November exhibit consistent upward
trends across all categories, which indicate posi-
tive changes in precipitation. In contrast, March
and October show clear downward trends across
all categories. For June, July, August, and De-
cember, trends are minimal or nonexistent, and
reflect a stable or unchanged conditions. Sep-
tember displays a mixed behavior, with upward
trends in light and moderate precipitation but a
decline in heavy rainfall. These insights reveal a
nuanced understanding of monthly precipitation
dynamics and an overall declining trend in annual
precipitation levels.

Figure 7 presents the annual ITA test results
for the Ghis-Nekor plain. In this figure, most of
the blue points are located below the reference
line, which show a decreasing trend in annual
precipitation across the two periods. The sig-
nificant clustering of points in the lower and
middle range (100-200 mm) reflects a reduction
in precipitation intensity over time. The down-
ward shift of the points away from the reference
line further supports the overall negative trend.
Only a few data points align with or slightly
above the line, showing rare instances of stable
or slightly increased precipitation. This result
aligns with the broader findings of decreasing

annual precipitation trends in the Ghis-Nekor
plain, which could have implications for water
availability, agricultural productivity, and re-
source management in the studied area.

On the basis of the previous results of these
tests, it is evident that the ITA method offers
greater reliability compared to the Mann-Kendall
method. The Mann-Kendall analysis indicates no
significant trend, whereas the ITA method reveals
significant trends across different precipitation
categories. For instance, in January, the low pre-
cipitation category exhibits a decreasing trend,
while the average precipitation category shows
an increasing trend.

Analysis of satellite climate data

FLDAS model

Figure 8 presents the decomposition of the
few land data assimilation (FLDAS) precipita-
tion time series into three components: trend, sea-
sonality, and residual. The trend highlights three
distinct periods of variation: a decreasing trend
from 2002 to 2005, an increasing trend from 2005
to 2010, and a stable to slightly decreasing trend
from 2010 to 2018. The seasonality component
reveals a clear annual cycle, showing consistent
periodic fluctuations in precipitation patterns
throughout the years. The residual (remainder)
component captures the irregular variations that
are not explained by the trend or seasonality, with
small deviations around the baseline except for
a noticeable increase in variability after 2016.
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Figure 7. Annual ITA test results at the Ghis-Nekor
plain level
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Figure 8. Chronological decomposition of precipitation from the FLDAS model

Overall, the decomposition effectively distin-
guishes the underlying structure of the FLDAS
precipitation data, which emphasize both long-
term trends, and recurring seasonal behavior
within the Nekor basin.

IMERG model

Figure 9 displays the decomposition of the
IMERG precipitation time series for the Ghis-
Nekor water table into trend, seasonality, and re-
sidual components. The trend highlights three
main phases: a decreasing trend from 2002 to
2011, a rising trend from 2011 to 2015, and a sub-
sequent decline from 2015 to 2018, aligning with
the reported long-term variability. The seasonal
component shows a clear pattern of the alternating
wet and dry seasons, which indicate a consistent
seasonal cycle of rainfall in the Ghis-Nekor area.

Finally, the residual component captures irreg-
ular fluctuations not explained by the trend or sea-
sonal patterns, with notable variability observed
throughout the time series, particularly after 2007.

150-

This decomposition effectively captures the annual
cycles, long-term trends, and irregular variations in
the IMERG precipitation over the study period.

Precipitation correlation

Correlation of time series between the models

Figure 10 illustrates the correlation between
FLDAS, IMERG, and observed precipitation at
the Ghis-Nekor aquifer by using a 12-month mov-
ing average. The IMERG (blue line) and measured
precipitation (red line) demonstrate a strong corre-
lation, following similar trends over time, although
IMERG often shows higher amplitudes, indicating
a slight overestimation of precipitation. The FL-
DAS data (green line), on the other hand, remains
relatively stable and shows consistently lower val-
ues compared to the other series. The overall pat-
tern highlights that satellite-derived precipitation
data (IMERG and FLDAS) capture the general
trend of measured precipitation, but IMERG pro-
vides higher variability and better alignment with
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Figure 9. Chronological decomposition of precipitation from the IMERG model
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Figure 10. Correlation between the PM, FLDAS, and IMERG models

observed seasonal fluctuations. This comparison
underscores the reliability of satellite products for
monitoring precipitation trends while acknowledg-
ing their tendency to overestimate precipitation
levels compared to ground observations.

Presentation of monthly average water
storage anomalies derived from TWS_GRACE

The monthly mean TWS variations in sinusoi-
dal form with many peaks in spring and summer
and a general decline in winter. It highlighted the
effect of summer precipitation and flash floods.
The GRCTellus Land RLO6 version of the Gravity
recovery and climate data experiment (GRACE) as
well as Gravity recovery and climate experiment
(GRACE/FO) of these centers are available in two
different solutions, namely, the spherical harmonic
and the mascon (mass concentration blocks). Fig-
ure 11 displays TWS GRACE-derived water stor-
age anomalies for the Ghis-Nekor aquifer from
2002 to 2018. The trend highlights significant fluc-
tuations in total water storage (TWS) anomalies
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over the years. Initially, from 2002 to 2005, water
storage shows a gradual increase with intermittent
declines. Between 2008 and 2012, a notable peak
phase occurs, indicating a period of higher water
storage levels. However, post-2012, the water stor-
age anomalies exhibit a consistent declining trend,
with significant reductions observed from 2014
onward, reaching their lowest values by 2018.
This pattern suggests that after a period of relative
stability and gain, the Ghis-Nekor aquifer experi-
enced sustained water loss, likely due to factors
such as increased groundwater extraction, reduced
recharge, or changing climatic conditions. The
overall trajectory underscores a concerning decline
in groundwater resources over the analyzed period.

Table 4 presents the Mann-Kendall test re-
sults for TWS GRACE over the three phases
(2002-2023) at the Ghis-Nekor aquifer. The re-
sults reveal significant trends in terrestrial water
storage (TWS) anomalies. In Phase 1, the p-value
is 3.452¢-07, indicating a statistically significant
decreasing trend, with a Z MK value of -5.0969
and a Sen slope of -0.0701 cm/year, which reflect
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Figure 11. TWS_GRACE derived water storage anomalies at the Ghis-Nekor aquifer
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Table 4. Mann-Kendall test for the three phases of TWS_GRACE

The Mann-Kendall trend test
Fhase p-value H 0: No trend Z MK ?:;/;l;);? Trend direction
Phase 1 3.452e-07 No -5.0969 -0.0700884 Drop
Phase 2 1.495e-05 No 4.3295 0.1286588 High
Phase 3 <2.2e-16 No -9.5399 -0.2067817 Drop

a drop in water storage. Phase 2, shows the inter-
mediate period, indicating a positive trend with a
p-value of 1.495e-05, a Z MK value 0f 4.3295, and
a Sen slope of 0.1287 cm/year, shows a significant
increase in water storage. However, in Phase 3, the
results highlight a pronounced decline, with a p-
value of <2.2e-16, a Z MK value of -9.5399, and
a steep Sen slope of -0.2068 cm/year, confirming
a strong drop in TWS. These findings underscore
alternating phases of water gain and loss, with an
overall trend of declining water storage, particu-
larly during the third phase, suggesting increasing
stress on groundwater resources in the Ghis-Nekor
aquifer.

Estimation of changes in groundwater
storage within the Ghis-Nekor aquifer level

Figure 12 presents the calculation of ground-
water storage (GWS) at the Ghis-Nekor plain us-
ing the relationship GWS = TWS — SM, where
SM represents soil moisture, and TWS is total ter-
restrial water storage.
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Panel A (TWS): The black line shows the total
terrestrial water storage anomalies from 2002
to 2018. TWS exhibits significant fluctuations
with a peak around 2010-2012, followed by a
notable decline through 2018, reflecting a sus-
tained reduction in total water storage.

Panel C (SM): The blue line displays soil
moisture variations, which demonstrate
a seasonal cycle with consistent annual
peaks and troughs throughout the study pe-
riod. This indicates regular variability in soil
moisture, likely driven by precipitation and
evapotranspiration.

Panel B (GWS): The red line represents
groundwater storage, derived as the differ-
ence between TWS and SM. GWS reveals
an overall declining trend, with notable re-
ductions after 2012, indicating increasing
groundwater depletion over time. The drop
in GWS is more pronounced compared to
fluctuations in soil moisture, highlighting the
influence of groundwater extraction and re-
duced recharge rates.
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Figure 12. Calculation of GWS using soil moisture (C), TWS (A), and GWS (B)
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In summary, while soil moisture (SM) re-
mains relatively stable seasonally, the decline in
TWS and the resulting GWS trends underscore
significant groundwater loss, particularly in re-
cent years, pointing to unsustainable water re-
source management in the Ghis-Nekor plain .

The Mann-Kendall test results for the four
phases of groundwater storage (GWS) at the
Ghis-Nekor aquifer reveal significant trends over
the study period (Table 5).

In Phase 1, the p-value is 1.872e-06, indicat-
ing a statistically significant decreasing trend.
The Z MK value of -4.7667 and a Sen slope
of -0.0631 cm/year reflect a noticeable drop in
groundwater storage during this phase.

Phase 2 shows a significant positive trend,
with a p-value of 1.322e-06, a Z MK value
of 4.8365, and a Sen slope of 0.1503 cm/
year, indicating a high increase in ground-
water storage.

In Phase 3, the p-value is extremely small
(< 2.2e-16), highlighting a strong decreasing
trend. The Z MK value of -9.1705 and a steep
Sen slope of -0.2025 cm/year confirm a sub-
stantial drop in GWS, representing the most
severe decline across all phases.

Overall, the analysis reveals alternating pe-
riods of water gain and loss, with the final phase
showing a critical and accelerated depletion of
groundwater resources in the Ghis-Nekor aquifer,
suggests an increasing water stress, and the need
for improved groundwater management strategies.

Correlation between GWS and TWS

Figure 13 and Table 6 illustrate the relation-
ship between terrestrial water storage (TWS)
and groundwater storage (GWS) at the Nekor
aquifer from 2002 to 2019. Both series exhibit
a strong correlation, as the trends and fluctua-
tions closely align throughout the time period.
From 2002 to 2010, both TWS and GWS dis-
play alternating increases and decreases, reach-
ing their peak around 2010-2012. Post-2012,
there is a consistent declining trend in both TW'S
and GWS, with a particularly sharp decrease ob-
served after 2017, highlighting significant water
loss. This decline reflects growing groundwater
depletion, likely due to increased extraction and
reduced recharge. The strong alignment between
the two series confirms that variations in TWS
largely drive changes in GWS, emphasizing the

Table 5. Mann-Kendall test for the three phases of the GWS at the level of the Ghis-Nekor aquifer

The Mann-Kendall trend test
Phase
p-value H 0: No trend Z MK Sen slope Trend direction
(cml/year)
Phase 1 1.872e-06 No -4.7667 -0.06309078 Drop
Phase 2 1.322e-06 No 4.8365 0.1502888 High
Phase 3 <2.2e-16 No -9.1705 -0.2024977 Drop
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Figure 13. Correlation between GWS and TWS of the Ghis-Nekor aquifer
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Table 7. Comparison between TWS and GWS at the level of the Ghis-Nekor plain

The Mann-Kendall trend test
Phase TWS GWS
Trend direction
Sen slope (cm-a™) Sen slope (cm-a™)
Phase 1 -0.070 -0.063 Drop
Phase 2 0.128 0.150 Increase
Phase 3 -0.206 -0.202 Drop

interdependence between terrestrial and ground-
water storage within the Nekor aquifer system.

Impact of drought on groundwater

Figure 14 highlights the relationship between
precipitation (PM) and terrestrial water storage
(TWS) anomalies over the period of 2002—-2020,
with 12-month moving averages for both vari-
ables. The blue line represents precipitation,
while the orange line shows TWS anomalies. A
strong correlation is observed between the two
parameters, indicating that variations in precipita-
tion significantly influence TWS trends. Peaks in
precipitation, notably in 2004, 2006, 2009, 2010,
and 2021, correspond with noticeable increases
in TWS anomalies, demonstrating the direct im-
pact of extreme precipitation events on terrestrial
water storage. Conversely, drought periods, such
as 2006, 2012, 2014, and 2019, are marked by
sharp decreases in TWS, reflecting reduced water
availability due to insufficient precipitation. Over
the long term, TWS anomalies exhibit a gradu-
al decline, suggesting the cumulative impact of
droughts and reduced precipitation on terres-
trial water storage. This analysis underscores the
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sensitivity of TWS to precipitation variability and
highlights the significant role of climate-related
changes, such as droughts, in influencing the wa-
ter storage dynamics in the study area.

Dynamic of precipitation and drought phases

Vulnerability of the aquifer to drought in the
studied area

Figure 15 illustrates the standardized precipi-
tation index (SPI) for the Ghis-Nekor plain from
1992 to 2020, showing the variability of wet and
dry phases over the period. The SPI values fluctu-
ate between positive (indicating wet conditions)
and negative (indicating dry conditions), with
varying magnitudes that classify the severity of
droughts and wet periods into six categories: ex-
tremely dry, moderately dry, very dry, moderately
humid, very humid, and extremely humid.

From the figure and the provided analysis,
extremely dry years are observed in 1992, 1994,
1997, 1998, 2002, 2003, 2007, 2008, 2010, 2014,
and 2020, characterized by significant negative
SPI values. In contrast, moderately dry years in-
clude 2000, 2006, 2008, 2010, 2012, 2015, 2016,
2017, 2018, and 2019, showing smaller negative

PM
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Figure 14. Correlation between PM, TWS at the Ghis-Nekor water table level
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SPI values. Additionally, very dry years such as
1994, 1995, and 2000 reflect more severe drought
conditions. Wet phases are also evident, marked
by positive SPI values, indicating periods of mod-
erately to extremely humid conditions.

The figure clearly highlights a dominance of
dry phases interspersed with wet periods, reflect-
ing the vulnerability of the aquifer to drought.
The occurrence of frequent and extreme drought
years, particularly in the last two decades, under-
scores the increasing climate variability in the
region and its impact on water resources in the
Ghis-Nekor plain.

Effect of drought on water storage within the
Ghis-Nekor aquifer

Figure 16 illustrates the correlation between
monthly precipitation (PM), terrestrial water stor-
age (TWS), and groundwater storage (GWS) at
the Ghis-Nekor water table level over the study
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Figure 15. Variation of drought index ISP during 1992 2021

period (2002-2020). The blue line represents the
12-month moving average of precipitation, the
red line shows the 30-month moving average of
TWS, and the yellow line represents the 7-month
moving average of GWS. A clear negative trend in
groundwater storage (GWS) is observed, reflect-
ing a continuous decline in groundwater levels.
TWS, represented with a linear trend, also shows
a downward trajectory, indicating overall water
mass loss in the watershed (Meng et al., 2019).
Figure 16 highlights a strong correlation be-
tween precipitation, TWS, and GWS, showing
that fluctuations in rainfall directly impact ter-
restrial and groundwater storage. Notably, peri-
ods of reduced precipitation correspond to sharp
declines in both TWS and GWS, confirming the
detrimental effects of climate variability and
drought on the water balance. This analysis un-
derscores the utility of GRACE satellite data for
monitoring hydrological changes and supporting
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Figure 16. The correlation between measured precipitation, terrestrial water storage,
and groundwater storage in the Ghis-Nekor aquifer
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water resource management. While on-site obser-
vations remain critical, the GRACE-derived data
effectively validate the observed trends in water
volume loss, reinforcing the importance of inte-
grating satellite data into environmental and wa-
ter management strategies.

The effect of drought periods on the Variation of
the Ghis-Nekor aquifer level

The piezometric map (Figure 17) of the Ghis-
Nekor aquifer from 1973 to 1993, provides insights
into the spatial distribution of groundwater levels,
and flow directions within the aquifer. The map il-
lustrates isopiestic contours measured in meters,
which indicate the hydraulic gradient and ground-
water flow direction. The groundwater generally
flows from the southwest (dam of Abdelkrim El
Khattabi) toward the northeast (Mediterranean
Sea), following the natural slope of the terrain.

The piezometric levels reveal significant vari-
ations, with higher values recorded in the southern
and central parts of the aquifer, decreasing toward
the coastal areas. The map also marks piezomet-
ric levels for specific time points (April 1997,
May 1990), showing the progressive decline in
groundwater levels over time. This decline is par-
ticularly evident near heavily exploited areas like
Trougout and Imzourene, highlighting zones of

potential groundwater stress. The contours also

reflect recharge areas in the south and discharge

zones near the sea.

Overall, the piezometric map underscores
the vulnerability of the aquifer to groundwater
depletion, particularly in the northern coastal ar-
eas. It serves as a valuable tool for understanding
groundwater dynamics, identifying recharge and
discharge areas, as well as supporting the sustain-
able of water resource management strategies for
the Ghis-Nekor aquifer (Zheng et al., 2024).

Figure 18 depict the fluctuation of piezomet-
ric levels in the Ghis-Nekor plain aquifer. They
provide a detailed temporal variations of ground-
water levels at different piezometers, extracted
from the previous piezometric map.

e Graph A: This graph shows the piezometric
anomalies over time for two specific piezom-
eters (646/5 and 585/5). The levels exhibit sig-
nificant variability, with the black line (585/5)
showing relatively stable values and the blue
line (646/5) which indicate a gradual decline
in piezometric anomalies, and suggest a local-
ized groundwater depletion.

e Graph B: This graph combines precipitation
(bars) with piezometric levels (lines) for three
piezometers (285/5, 315/5, and 310/5). The pi-
ezometric levels display a clear decline trend
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Figure 17. The piezometric map of the Ghis-Nekor aquifer from 1973 to 1993
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Figure 18. Fluctuation of piezometric levels in the Ghis-Nekor plain aquifer

from the early 1970s until the late 1980s, with
lower precipitation values during this period
correlating with reduced groundwater levels.
A slight recovery is observed toward the late
1990s, which align with increased precipitation.

e Graph C: The graph illustrates the piezomet-
ric levels for three piezometers (581/5, 391/5,
and 582/5) over time. All three series show a
general downward trend with periodic fluc-
tuations. Notably, piezometer 581/5 starts at a
higher level and declines more rapidly com-
pared to the others, suggesting significant wa-
ter extraction in that region.

e Graph D: This graph focuses on four piezom-
eters (904/5, 251/5, 285/5, and 571/5), high-
lighting persistent declines in piezometric
levels over time. The levels remain relatively
stable for 904/5, while piezometers like 285/5
and 571/5 show pronounced declines, particu-
larly in the mid-1980s, reflecting the areas of
significant groundwater stress.

CONCLUSIONS

In conclusion, the analysis of precipitation
intensity and water storage dynamics in the Ghis-
Nekor plain reveals significant temporal and spa-
tial trends that highlight the vulnerability of the
area to climate variability and water scarcity. The

scatter plot analysis indicates clear monthly vari-
ations in precipitation patterns, with some months
showing consistent upward trends, while others,
such as July and October, exhibit a decline or no
significant change. The innovative trend analysis
method provides a more detailed and reliable in-
sight into these trends, revealing that precipitation
has generally decreased over the study period,
especially during the second half of the analysis,
with certain months, such as January, February,
and November, displaying notable increases.

The decomposition of satellite-derived pre-
cipitation data (FLDAS and IMERG models)
further supports the findings, emphasizing the cy-
clical nature of precipitation and the variability
driven by climate factors. The analysis of terres-
trial water storage and groundwater storage also
highlights a concerning decline in water resourc-
es, with the Ghis-Nekor aquifer showing signifi-
cant water loss, particularly post-2012. The cor-
relation between precipitation, TWS, and GWS
indicates a strong interdependence, with reduced
precipitation directly leading to declining water
storage levels. Moreover, the impact of drought
on groundwater resources is evident, as periods of
reduced precipitation align with sharp declines in
water storage and increased water stress.

These findings underscore the urgent need for
improved water resource management and strate-
gic planning, particularly in the face of increasing
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climate variability and frequent droughts. The
integration of satellite data, such as GRACE and
the analysis of piezometric levels, provides a
valuable tool for monitoring hydrological chang-
es and supporting sustainable water management
in the Ghis-Nekor aquifer. Ultimately, addressing
the challenges posed by decreasing water avail-
ability will require a combination of effective re-
source management strategies, climate adaptation
measures, and careful monitoring of both terres-
trial and groundwater storage trends.
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