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Abstract: The Haouz aquifer is undergoing climatic aridity and anthropic pressure largely related
to the agricultural sector. In this study, special attention was given to the main factors that have a
direct impact on the fluctuations of the piezometric level (PL). Different statistical analyses (cross-
correlations, PCA, cascading analysis) of the relationship between these factors were applied here.
The results identify three distinct groundwater operating systems. The first is manifested in areas
dominated by groundwater irrigation. The correlation is insignificant between the PL and surface
water (R ≤ ±0.3). The natural balance of the water cycle is then disturbed causing a pronounced
deficit in the PL. The second system is perceptible in areas dominated by irrigation from surface
water, while the third system is noticeable in Bour areas, cultivated in rainfed mode. For both systems,
the hydrological cycle is preserved, and the contribution of surface water to groundwater recharge
is noticeable (±0.4 ≤ R ≤ ±1). Drought transfer between the water cycle components occurs in a
cascading process for both systems. These results can help decision-makers to identify the risks
related to groundwater vulnerability to climatic variability and overexploitation in the Haouz region,
allowing for the promotion of efficient groundwater management.

Keywords: aquifer; aridity; piezometric level; irrigation; water cycle; recharge; cascading

1. Introduction

The scarcity of water resources constitutes a real constraint for the economic and
environmental development of countries in the world [1,2]. Unequal access to water can
be the source of potential conflicts [3], which require prevention, and sustainable and
reasoned management. The Mediterranean is among the regions of the world most affected
by drought [4,5], facing increasing social and environmental pressures, thus impacting the
current and future water sustainability of the entire area [6].

For several decades, Morocco has known multiple drought episodes resulting in
significant rainfall deficits [7]. These periods have significantly increased in frequency,
severity and spatial coverage [8], and are contributing to the degradation of the environment
and the living conditions of the populations [9,10]. Arid and semi-arid areas are the most
affected by drought and climate change effects in Morocco [7,11,12]. These areas suffer
from an increasing rainfall deficit and a lack of water stocks [13], which leads to excessive
use of water resources, in order to satisfy the growing water requirements of all sectors [14].
This climate situation is compounded by the effect of climate change. According to the fifth
report of the Intergovernmental Panel on Climate Change (IPCC), the so-called intermediate
(Representative Concentration Pathway) RCP 4.5 and RCP 6.0 emission scenarios, predict
a decrease in annual precipitation ranging from 10% to 20% by 2050, associated with an
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increase in temperatures of up to 2 ◦C in Morocco [12,15,16]. This trend of decreasing
precipitation and increasing temperatures, favoring the effect of evapotranspiration [5,17],
along with an increase in water demand, constitutes a real threat to surface water resources,
and eventually to the natural recharge of aquifers. As a result, the country’s groundwater
has experienced a serious situation of imbalance between supply and discharge in the last
30 years, causing a dramatic drop ranging from 20 to 65 m [18].

Within the same context, the Haouz plain has been suffering for several years from
recurrent periods of drought [11,19–21], impacting the availability of surface water in dams
and watercourses [19] and leading to a decrease in groundwater supplies [22]. This critical
situation is compounded by the degradation of the Haouz groundwater quality [18] and
the major use of traditional irrigation systems over modern techniques, causing significant
water losses [23]. Therefore, the groundwater balance is becoming increasingly deficient
according to local water management authorities, rising from an average of −111 Mm3/year
in the reference period of 2002–2011 to −297 Mm3/year by 2030, and leading to an estimated
decline of −70.1 cm/yr [24]. In order to remedy this deficit, an inter-basin water transfer
is made from the Oum Er Rbia basin, intended for agriculture and drinking water supply.
This transfer was made without taking into consideration the water stress situation of
the Oum Rbia basin, which can be a serious factor of conflict, particularly in periods of
drought [10]. The current and future deficit related to this groundwater resource, largely
used for irrigation [25], is likely to threaten the sustainability of the agricultural sector, and
consequently, will have an indirect economic and social impact [26].

Several studies have been conducted to assess the overexploitation of the Haouz
aquifer [19,27,28]. Many others have studied drought occurring in the Haouz plain using
statistical techniques, remote sensing datasets and drought-monitoring indexes, to relate meteo-
rological drought to either hydrological, groundwater or agricultural drought [11,20,21,29–35],
which leads to overexploitation of the groundwater. However, previous studies have
not considered the cascading effects of drought propagation throughout the water cycle,
including the depletion of groundwater reserves. Hence, the present study aims to ana-
lyze the interactions between several terrestrial components of the hydrological cycle and
their impact on groundwater dynamics and to infer the effects of drought propagation
from meteorological to hydrological, agriculture and groundwater through the cascad-
ing analysis. This will enable us to better understand the factors that interact in water
management and to derive more perspectives in terms of climate change mitigation and
water resources management, especially groundwater, using simple, economical and rapid
methods, suitable for different types of terrains, aquifers, and areas dimensions. This study
helps also to understand the utility of reanalyzed data in conducting efficient analyses and
studies, especially in regions with data scarcity such as arid and semi-arid regions. The
paucity of data led us to combine remote sensing and ground observation data, related to
precipitation, runoff, vegetation development and piezometric level (PL).

2. Study Area

The study area is a part of the central and western Haouz, located at the margin of the
High Atlas Mountains. It is bounded to the north by the Tensift River (Oued Tensift), to the
south by the High Atlas Mountains, to the east by Oued Ghmat and to the west by Oued
Chichaoua (Figure 1). It takes the form of an alluvial depression formed from the Neogene
to the recent Quaternary, filled with continental and fluvial detrital formations following
the dismantling of the Atlas Mountains, thus covering the primary, secondary and tertiary
formations [36]. This has allowed the establishment of a superficial and generalized aquifer
that hosts the Haouz groundwater table, on an area of 6859 km2 [37]. The groundwater
circulation traces a flow going from south to north [38], and varies between 4 m near the
watercourses and 80 m away from the rivers [39].
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Figure 1. Location map of the study area, showing the selected piezometers and surface water flow 
measurement stations used in this study. 

The Haouz Plain is endowed with a dense urban area and a developed rainfed agri-
cultural activity (Figure 2) despite being part of an arid to semi-arid region. The annual 
rainfall is characterized by a significant spatiotemporal variability not exceeding 350 
mm/year [40], and temperatures vary significantly from 5 °C in winter to 38 °C in summer 
[41]. Irrigated agriculture is also one of the main socio-economic activities of the plain [19], 
essentially constituted of large hydraulics, small and medium hydraulics, and private ir-
rigation perimeters. Agricultural production consists mainly of arboriculture, cereals, for-
age crops, and market gardening [42], each with very specific water needs. More than 50% 
of the irrigated land area and irrigation water demand is devoted to plantations. Forages, 
consisting mainly of alfalfa, are characterized by a very high water demand [19,43,44], 
presenting 15% of the total irrigated land area and an irrigation water demand of 28%. 
Cereals, cultivated mainly in Bour areas, and irrigated in rainfed mode, represent 21% of 
the surface area for only 13% of the irrigation water demand. Market gardening accounts 
for 9% of water requirements for 8% of the total area of irrigated land. 

Figure 1. Location map of the study area, showing the selected piezometers and surface water flow
measurement stations used in this study.

The Haouz Plain is endowed with a dense urban area and a developed rainfed agricul-
tural activity (Figure 2) despite being part of an arid to semi-arid region. The annual rainfall
is characterized by a significant spatiotemporal variability not exceeding 350 mm/year [40],
and temperatures vary significantly from 5 ◦C in winter to 38 ◦C in summer [41]. Irrigated
agriculture is also one of the main socio-economic activities of the plain [19], essentially
constituted of large hydraulics, small and medium hydraulics, and private irrigation
perimeters. Agricultural production consists mainly of arboriculture, cereals, forage crops,
and market gardening [42], each with very specific water needs. More than 50% of the irri-
gated land area and irrigation water demand is devoted to plantations. Forages, consisting
mainly of alfalfa, are characterized by a very high water demand [19,43,44], presenting 15%
of the total irrigated land area and an irrigation water demand of 28%. Cereals, cultivated
mainly in Bour areas, and irrigated in rainfed mode, represent 21% of the surface area
for only 13% of the irrigation water demand. Market gardening accounts for 9% of water
requirements for 8% of the total area of irrigated land.

As for surface water, the Haouz plain has multiple High Atlas mountain streams that
drain into the Oued Tensift, and several large capacity structures that mobilize surface
water for irrigation and drinking water supply (Lalla Takerkoust, Yacoub Al Mansour and
Abou Abbas Sebti), as well as small dams and hill lakes. All this surface water is unevenly
distributed and is mostly affected by drought, except during periods of torrential rains or
snowmelt [39]. Therefore, the central part of the plain benefits from a transfer of water from
the Oum Er Rbia basin, via the Rocade canal (Canal de Rocade), which remains insufficient
to meet the water needs of the agricultural sector, putting pressure on groundwater, that
contributes to about half of the irrigation water requirement in a normal year, rising to
much higher rates in a dry year [42].
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Figure 2. Land use map of the Haouz basin, showing the borders of the Haouz aquifer.

3. Datasets and Methods
3.1. Rainfall and Temperature

Hourly rainfall and temperature data, converted to monthly data for this analysis,
are provided by two sources: observed data from the Marrakech station, belonging to the
National Met Office (Direction Générale de la Météorologie, DGM), and ERA5 reanalysis
data, belonging to the fifth generation of atmospheric global climate reanalyzes produced
by the European Centre for Medium-Range Weather Forecasts (ECMWF). The said product
provides a globally comprehensive and consistent data set by combining observational
and reanalysis data, leading to hourly estimates of a large number of atmospheric, land
and ocean climate variables. The reanalysis data were used because of their high spatial
resolution of about 30 km and the availability of a long data series ranging from 1979 to the
present. However, these data need to be compared and validated with the ground data in
order to assess their usefulness for simulating the observed data in the study area.

Indeed, the study conducted by [45] on the evaluation of the performance of multi-
source satellite products in the simulation of observed precipitation in the Tensift basin,
has shown that the performance of reanalysis products is good in lowland or low altitude
areas. This translates into correlation coefficients (R) that increase in low-altitude areas. For
three stations in the Haouz plain (Agdal 489 m, Grawa 550 m and Agafay 487 m), the ERA5
data is the best product for estimating daily precipitation.

3.2. Piezometric Level and Surface Water Flow

Monthly piezometric level and surface runoff data were collected from the Tensift
Hydraulic Basin Agency. Six piezometers were selected because of their good distribution
in the study area, as well as for the availability of long data series that could give rise to
detailed analysis (Table 1). The choice of flow measurement stations was based on their
proximity to the six piezometers selected for this study.
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Table 1. Piezometers selected for the study.

Id Piezometer X Y Periods of
Records Time Step

P01 1133/52 −8.620027 31.363085 1998–2020 Monthly data
P02 3590/53 −8.556463 31.585687 1998–2020 Monthly data
P03 4442/45 −8.344447 31.655031 1998–2020 Monthly data
P04 766/53 −7.78323 31.382611 1986–2020 Monthly data
P05 2701/53 −7.807982 31.418541 1979–2020 Monthly data
P06 2700/53 −7.982378 31.460688 1984–2020 Monthly data

3.3. Evapotranspiration (ETP)

Evapotranspiration is one of the main components of the water balance [46,47]. It can
be defined as the loss of water through the soil and plant surface [48], combining two water
transfer processes: Evaporation which is the transfer of water between all types of water
surfaces and the atmosphere, and transpiration which constitutes the transfer of water
between the plant and the atmosphere [49]. It is the link between water and energy balance
at the soil-plant-atmosphere interface [50]. Its knowledge is governed by great importance
in water management, especially for arid and semi-arid regions [51].

The monthly evapotranspiration data used for this analysis are from the 6th version
of the MODIS product (MOD16A2). They cover the period from 2001 to the present, with
a spatial resolution of 500 m and an interval period of 8 days. The algorithm used for
this product is based on the Penman-Monteith equation [52], which uses daily weather
reanalysis data as inputs as well as the 8-day remotely sensed data [53].

3.4. Normalized Difference Vegetation Index (NDVI) and Leaf Area Index (LAI)

NDVI is one of the most widely used and studied vegetation indices in agriculture [54].
It is based on red and infrared band information [55] to provide insights into plant health
and the photosynthetic capacity of the vegetation cover [56]. NDVI values range from 0.1
for bare soil to 0.9 for a dense, fully green canopy [29].

The monthly NDVI data used for this analysis are from the sixth version of the
MODIS product (MOD13Q1). They cover the period from 2000 to the present with a spatial
resolution of 250 m and an interval period of 16 days. The points selected for the NDVI are
the same as the points selected for the piezometers.

Leaf Area Index is defined as the sum of the area of a single green leaf per unit area [57].
It is a dimensionless index that varies according to species type, plant growth, and plant
development stage [58]. The monthly LAI data used for this study is a calculated average
value for the entire study area obtained from SPOT-Vegetation satellite data of 1 km spatial
resolution and 10 days interval period.

4. Statistical Analyses

This study aims to analyze the interactions between several terrestrial components
of the hydrological cycle and their impact on groundwater dynamics and to derive the
cascading effects of drought propagation from meteorological to hydrological, agricultural
and groundwater drought. To do so, we combined satellite and ground observation data
related to rainfall, surface runoff, vegetation development and piezometric level. The study
is conducted as follows:

• The first step is to evaluate the ERA5 product, in order to check its utility for simulating
the observed rainfall and temperature data in the study area.

• The second step is to provide a rationale for the choice of the time period selected for
the analysis.

• The third step relates to the principal component analysis of the six selected piezome-
ters, in order to identify those that show the same behavior.

• The fourth step consists in measuring the information between the time series related
to each factor, and drawing their similarities according to the offset of one from the
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other, through cross-correlation. This method allows us to compare the different time
series and determine the lag at which the series are best correlated. The correlation
is maximum when the value of the correlation coefficient approaches +1 and −1.
A positive correlation indicates that the values of the two factors tend to increase
together, while a negative correlation means that the values of one variable tend to
increase as the other decreases. The lead-lag effect means that an advanced series is
correlated with another lagged series. Time series approaches have been widely used
to assess aquifer recharge based on their simplicity and cost efficiency, as well as for
their applicability to all types of terrains, climates and aquifers. The cross-correlation
method has already been used in a drought-prone region in India to delineate the
groundwater recharge zone in hard rock terrains, which was consistent with the result
of GIS and remote sensing techniques [59]. It was also used in Korea to analyze
the responses of the groundwater to the river stage fluctuations [60] to estimate the
relationship between precipitation and water levels [61], and to analyze the influence
of precipitation and river stage on groundwater levels [62]. In the Mediterranean, it
was used in southern Italy to analyze the relation between karst spring discharge and
rainfall [63], and in the Middle Atlas region of Morocco to assess the responses of karst
springs to recharge [64].

• The fifth step consists of analyzing the temporal coevolution of the parameters of
rainfall, runoff, vegetation development and piezometric level, in order to identify the
presence or absence of a cascading effect between said factors. In fact, drought is one
of the limiting factors that impact several aspects of the hydrological cycle [65]. Its
propagation is usually felt in one hydrological process before reaching another [66].
In semi-arid regions, a drought episode that results in a precipitation deficit can lead
to a reduction in vegetation cover, which in turn will lead to an increase in surface
albedo for instance [67]. This was demonstrated by [68], illustrating the propagation of
precipitation perturbations through different aspects of the hydrological cycle, leading
to a cascading effect. This means that a precipitation deficit leads to a decrease in the
runoff, soil moisture, stream flow and piezometric level. This method was applied
in California to capture the cascading nature of the hydrological cycle and to make
quantitative assessments of the evolution of each hydrological process [66].

The set of points (piezometers, flow measurement stations) for which the correlation
was studied is mentioned by the same identifier in Figure 1.

5. Results
5.1. Evaluation of the ERA5 Product

The comparison between observed precipitation and temperature against ERA5 reanal-
ysis over the period 1979–2012 shows overall good correlations (Figure 3), this finding is in
parallel with [45], especially for precipitation. The intermonthly averages are calculated
as the average of the entire time series for each month. The coefficients of determination
are 0.95 for precipitation and 0.99 for temperature. The annual data have coefficients of
determination of 0.74 for precipitation and 0.94 for temperature. Therefore, due to the lack
of observed data, we considered the reanalysis product for precipitation and temperature
in order to spatially represent the two parameters.
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5.2. Selection of the Analysis Period

The selected period for the analysis corresponds to the wet season going from Novem-
ber to April. This period was chosen based on the umbrothermal diagram (Figure 4) relating
to the study area, on which the evapotranspiration curve line was projected. The remain-
ing months of the year were not taken into consideration because of the importance of
evapotranspiration and the scarcity of precipitation during the summer season. These
months are considered a source of noisiness that could alter the analysis of the relationship
between rainfall and groundwater. However, it is important to underline that flood events
that occurred during the autumn and summer seasons play an important role in the water
resources availability in the region [29]. The consideration of these restricted events is
challenging since we are working on a monthly time step.
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5.3. Behavior Analysis of Different Datasets
5.3.1. Principal Component Analysis (PCA)

The PCA results (Figure 5) show two distinct groups of piezometers having the same
behavior, the first group is made up of piezometers P05 and P06, and the second group is
composed of piezometers P01, P03 and P04, whereas piezometer P02 fluctuations show a
unique behavior different from the two groups.
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5.3.2. Cross-Correlation

The cross-correlation analyses (Table 2) indicate the presence of a significant rela-
tionship between the water table level and vegetation. The correlation coefficient can be
positive or negative, strong (R ≥ ±0.5) or weak (R ≤ ±0.3), depending on the piezometer
location. The results also show the presence of three operating systems of the water table,
in accordance with the PCA results. Each of the three systems presents a homogeneous
behavior towards the vegetation developed in the whole area, while it differs locally from
one point to another.

Table 2. Cross-correlation between piezometric level, rainfall, surface water flow and vegetation indices.

First System Second System Third System

P01
(Irrigated
Cultures)

P03
(Irrigated
Cultures)

P04
(Plantations)

P05
(Plantations)

P06
(Plantations) P02 (Bour)

Rainfall
(leads,

negative lags)

0.40
(lag = −4)

1.00
(lag = −3)

0.65
(lag = 0)

Local NDVI
(leads,

positive lags)

−0.67
(lag = −4)

−0.79
(lag = −5)

0.98
(lag = −4)

0.40
(lag = 0)

1.00
(lag = 0)

Average LAI
(leads,

positive lags)

−0.86
(lag = −2)

−0.96
(lag = −3)

−0.88
(lag = −1)

0.90
(lag = 0)

1.00
(lag = 0)

0.50
(lag = 0)

Runoff
(leads,

positive lags)

0.40
(lag = 1)

0.40
(lag = −4)

0.82
(lag = 2)

0.92
(lag = 0)
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The first operating system is noticeable at piezometers P01, P03 and P04, where a
disruption of the natural balance of the water cycle is noted. This is reflected in a low
or non-existent correlation of piezometric level with rainfall and runoff. For this group,
the contribution of surface water infiltration toward the water table is low. This group is
also characterized by a strong and negative correlation between the piezometric level and
vegetation (Table 2), except for P04, where the correlation with the local NDVI is positive.
The response time of the water table varies from 1 to 3 months for the average LAI, and
from 4 to 5 months for the local NDVI.

The second system occurs in piezometers P05 and P06. This group is characterized
by the presence of a natural balance in the hydrological cycle. The correlation is positive
between the piezometric level, runoff and rainfall. Groundwater recharge is strongly
influenced by surface water at P06 and a little less at P05. Unlike the first group, the
correlation is positive between the piezometric level and the vegetation indices. It is strong
for the average LAI, whereas for the local NDVI, it is very strong at P06 and lower at P05.
The response time of the groundwater to recharge phenomena varies from 3 to 4 months for
rainfall and from 2 to 4 months for runoff, while it is instantaneous for the vegetation indices.

The last system consists of piezometer P02. The PCA reveals that this piezometer
shows a unique behavior compared to the two other groups. As shown in Table 2, P02
has an instantaneous response to rainfall and runoff. The correlation is positive between
groundwater level, rainfall and runoff, which means that surface water contributes signifi-
cantly to groundwater recharge. As for vegetation, P02 correlates well with the average
LAI, while for local NDVI, the correlation is insignificant.

5.3.3. Cascade Analysis

In this part, the temporal coevolution of the parameters of rainfall, runoff, vegetation
development and piezometric level relative to each piezometer were analyzed, with the
aim of identifying the presence or absence of a cascading effect This part of the analysis
covers the period 2006–2014.

As shown in Figure 6, all piezometers exhibit a trend of declining water levels, showing
a decrease during dry periods and a slight recovery during wet periods. Piezometers
P03, P01 and P06 are the most affected by the drop, with an average annual decrease of
2.7 m/year, 1.4 m/year and 0.8 m/year, respectively. The piezometers P05, P04 and P02
show a less important decrease, respectively of 0.4 m/year, 0.3 m/year and 0.2 m/year.
As for the surface flow, the average interannual flow recorded varies from 1.4 m3/s for
station 06 to 3 m3/s at stations 02 and 04/05. As for the average annual rainfall, it shows
a temporal and spatial variability strongly influenced by altitude. Stations 04/05 and 06
located in relatively high altitudes (982, 1069 m, respectively) exceed 410 mm/year for the
period 2006–2014, while station 02 located in the lowest altitudes (255 m) does not exceed
150 mm/year for the same period.
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Figure 6. Temporal dynamics of rainfall, runoff, vegetation and piezometric level. (a) The first system
is composed of piezometers P01, P03, and P04. (b) The second system is composed of piezometers
P05 and P06, (c) The third system is composed of piezometer 02, as described in the text.

For the first group of piezometers (P01, P03 and P04), the opposing behavior of the water
table regarding the vegetation development is very noticeable for P03 and a little less for P01.
For P04, the effect of drought is transferred from the surface runoff to the water table.

The cascading effect is more pronounced in the second and the third systems (P05
and P06, P02), where the variations in runoff, water table level and vegetation are mostly
concomitant with those of the rain. The impact of drought can be transmitted from the rain
to all the parameters, resulting in a complete cascade, as well as not reaching one or more
parameters leading to an incomplete cascade.

6. Discussion

In this research, the interactions between several terrestrial components of the hydro-
logical cycle and their impact on groundwater dynamics were analyzed, which allowed us
to infer the effects of drought propagation from meteorological to hydrological, agriculture
and groundwater in the Haouz region.

Therefore, this study started with the PCA in order to derive similar behaviors of
the studied piezometers, and then opted for the cross-correlation to assess groundwater
recharge in relation to temporal variation in climatic, hydrological and vegetation factors.
To investigate this further, the temporal coevolution of the said factors was studied by
performing a cascading analysis, to derive the cascading effects of drought propagation.



Sustainability 2022, 14, 14865 11 of 16

The results of this study allowed for the identification of three operating systems
of the water table in the Haouz region (Figure 6), as shown by the PCA (Figure 5) and
the cross-correlation analysis (Table 2). The first system is noticeable at piezometers P01,
P03 and P04, the second occurs in piezometers P05 and P06, while the third consists of
piezometer P02. Indeed, the PCA and cross-correlation have already been applied in
the semi-arid Sfax region of Tunisia in order to analyze the shallow aquifer sensitivity to
pluviometry and air temperature [69], and they offered substantial information to help
understand the interactions between different environmental and hydrological components
(e.g., precipitation, groundwater table level and air temperature).

Our results indicate that the disruption of the natural balance of the water cycle is
noted in the first operating system of the water table (P01, P03 and P04), as shown in Table 2.
This system is characterized by a prolonged and very pronounced piezometric level deficit,
particularly noticeable at P01 and P03 (Figure 7a). Periods of recovery when rain occurs
could not allow for groundwater replenishment. This owes to the lack of groundwater
recharge and the piezometers location in areas dominated by irrigated crops. As shown in
the land use map of the Haouz plain (Figure 2), P01 is located in the Chichaoua sub-basin,
where there is a significant development of crops irrigated from the water table. P03
is located in the Small and Medium Hydraulic perimeter of the N’Fis sub-basin, where
irrigation is often carried out through unregulated water resources. P04 is also located
in the Small and Medium Hydraulics perimeter of the Ourika sub-basin, dominated by
plantations and close to the forest area. As a result, the correlation is negative between the
piezometric level and the vegetation indices (Table 2), except for P04, where the correlation
with the local NDVI is positive. This can be explained by a low pumping at P04 due to its
proximity to the Rocade Canal. For this piezometer, the drought period in the watercourses
coincides with the least rainy year of the study period, which is 2011–2012. This year matches
the period when the piezometric level is at its lowest, giving rise to a complete cascade.
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As for the second operating system of the water table (P05 and P06), the natural
balance in the hydrological cycle is preserved due to the location of the piezometers in
areas with low pumping. Piezometers P05 and P06 are located in a plantation-dominated
area of the Rheraya-Issyl sub-basin (Figure 2), close to the Rocade canal. The stress of
the water table begins to be felt in this group from 2011–2012 (Figure 7b), which can be
explained by the minimum recharge episodes recorded this year [70]. Piezometer P05
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remains the most affected by drought this year, giving rise to a complete cascade, followed
by another one the year after, while P06 shows an incomplete cascade not reaching the
piezometric level. Regarding the third system, piezometer P02 shows a complete cascade
during 2011–2012 (Figure 7c). It is located in the Assif El Mal sub-basin, dominated by
Bour lands (Figure 2) and cultivated in rainfed mode, with the presence of some plantation
areas. The negligible correlation between groundwater and local vegetation at P02 (Table 2)
means that for this point located in Bour crops, groundwater is relatively less exploited for
agricultural purposes compared to the two other groups.

On the other hand, the piezometers that show a correlation between the piezometric
level and runoff (Table 2) are located near the watercourses (Figure 1), which suggests that
the watercourses are a potential area for groundwater recharge. Moreover, this observation
was corroborated by the study conducted by Abourida (2007) [25] on the recharge of the
Haouz water table, who found this same result.

7. Conclusions

This work was carried out to analyze the interactions between the different terrestrial
components of the hydrological cycle and their impact on groundwater dynamics, and
deriving the cascading effects of drought by combining data from satellites and ground
observation. The study focuses on six piezometers and five factors including rainfall, runoff
and two vegetation indices. The analysis was done by combining several methods including
principal component analysis, cross-correlation and cascading analysis. The first results
show a relationship between the piezometric level and the vegetation indices throughout
the study area, which is reflected by a positive or negative, strong or weak correlation
coefficient, depending on the location of the studied point. The PCA and cross-correlation
highlight three groundwater functioning systems. The first is seen in piezometers located
in areas dominated by groundwater irrigation. The correlation is negative between the
water table and vegetation indices, and low or absent between the piezometric level and
surface water. This indicates a low contribution of surface water to groundwater recharge
at these points, associated with groundwater overexploitation to meet crop water needs.
The natural balance of the water cycle is thus disturbed. As a result, the piezometers are
characterized by a prolonged and very pronounced piezometric level deficit.

The second system corresponds to piezometers located in areas dominated by irri-
gation from surface water. The correlation is generally positive between the piezometric
level, surface water and vegetation indices. The hydrological cycle is then preserved and
shows cascading effects in all its components. This means that the impact of the temporal
dynamics of rainfall is transmitted to the runoff and the piezometric level, and a bit less to the
development of vegetation due to the practice of irrigation from surface water in these areas.

The third system occurs at the piezometer belonging to Bour lands and is cultivated
in rainfed mode. The correlation between groundwater and local vegetation is negligible,
which means that for this point located in Bour crops, groundwater is relatively less
exploited for agricultural purposes compared to the other groups.

The results also show that the watercourses constitute potential recharge areas for the
Haouz water table, which was corroborated by the study conducted by Abourida (2007).

This study allowed us to show that all components of the hydrological cycle must be taken
into consideration when defining a drought period. The cascading effect of drought means
that its impact can last for months and years even when precipitation occurs because one or
more components of the hydrological cycle have not had the opportunity to be replenished.
This means that a drought period does not end as soon as precipitation occurs. It also helped
to allow us to understand the utility of reanalyzed data in conducting efficient analyses and
studies, especially in regions with data scarcity such as arid and semi-arid regions.

Such studies can help scientists and water managers to understand and evaluate the
cascading effects of drought and their impacts on the water cycle components as well
as groundwater recharge and sustainability, using simple and economical methods that
are suitable for different types of terrains, aquifers and area dimensions. However, these
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methods may have limitations that can be manifested in the requirement of several types
of validated data with long data series, which are in most cases unavailable, especially in
arid and semi-arid regions. The use of reanalysis data is very useful but requires prior
validation, which is not necessarily easy. It may also be necessary to argue the results
using other techniques such as GIS and remote sensing, or even through more demanding
methods such as hydrochemical and isotopic assessments.
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