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Abstract

The Draa River watershed, characterized by a semi-arid climate, is particularly vulnerable to
the risk of desertification, a threat exacerbated by the effects of global warming. This study is
based on an analysis of climatic and hydrological variations in the Draa basin, using satellite
and terrestrial data. Climatic indices including SPI and PDSI, and vegetation indices VCI, TCI,
VHI and NDVIswere calculated to assess the impact of climatic conditions on water resources
and vegetation cover. In‘addition, the water reflectance index (NDWI) was used to analyze
variations in water level of the El Mansour Eddahbi reservoir. The remote sensing results were
compared with records from local hydrological stations to ensure consistent and thorough
interpretation. The analyses show that the Draa watershed is currently experiencing the longest
drought in its recorded history, although its intensity is lower than that observed between 1981
and 1984. Over a 23-year period (2000-2023), only 9 years were relatively wet, compared to
14 years of drought, according to the SPI index. These climatic conditions have put considerable
pressure on water resources and vegetation cover, as evidenced by variations in vegetation
indices and climatic parameters. The reduction in the surface area and perimeter of the El

Mansour Eddahbi reservoir, observed by remote sensing, was corroborated by the decrease in
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water volume measured in situ. Prolonged droughts in this region therefore pose a significant

threat to water and environmental resources.
Keywords: Drought, Remote sensing, Climatic indices, Vegetative indices, Climate change
Highlights

e The impacts of drought were assessed in the Draa basin using satellite indices.
e Significant vegetative stress was detected during the main drought episodes.
e Strong correlations confirm the influence of climatic factors on vegetation.

e Validation tests, based on ground data, confirmed the reliability of the results.

Introduction

Drought, a recurring natural phenomenon with dramatic consequences;'is one of the most
complex challenges facing arid and semi-arid regions such as Morocco. Although drought is
not a new concept in Morocco (the country has always experienced alternating dry and wet
periods), in recent years, the frequency of periods vulnerable to drought risk has become
increasingly important and alarming (Stour & Agoumi, 2008; Hadria et al. 2019; Lahbous,
2023; Gumus et al., 2024; Bijaber et al., 2024). With an economy largely based on agriculture,
Morocco therefore faces major challenges related to increasing aridity, especially in its arid and

semi-arid regions (Hadri et al., 2022; liebdi & Maki, 2023).

At the national level, the impacts of drought are not limited to the environment. In economic
terms, for example the effects are significant. (Lahbous, 2023) shows that successive droughts
have caused a significant decline in agricultural value added, which has significantly reduced
the national gross domestic product (GDP). This situation exacerbates the vulnerability of the
rural population and threatens the country's food security. In 2017, the World Bank published a
report on environmental costs in Morocco (Dahan, 2017), estimating that environmental
degradation ‘accounts for a loss of about 3.5% of national GDP. Among these costs, the
degradation of water resources stands out, accounting for around 1.6% of GDP, surpassing air
pollution, which in turn accounts for 1.05% of GDP. In addition, degraded soils, affected by
erosion and land conversion into desertified areas, also contribute significantly to environment-

related economic losses (Dahan, 2017).

In this context, the Draa River watershed, a semi-arid region in southern Morocco, stands out

for its increased vulnerability to drought. The Draa watershed is particularly vulnerable due to
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its dependence on groundwater to meet the needs of the local population (Ouysse et al., 2010).
However, this vital resource is seriously threatened by persistent meteorological drought,
exacerbated by extreme adverse weather conditions. Rainfall deficits, coupled with rising
temperatures and a wide temperature range, are significantly reducing wetlands, with direct
impacts on vegetation cover, surface water and groundwater (Saouabe et al., 2022; Sadiki &
Hanchane, 2024). Adverse climatic conditions, combined with increasing demographic and
industrial pressures, have placed the Draa basin in a critical and alarming situation. In response
to these challenges, it has become imperative to implement rigorous management strategies to

preserve the region's water resources.

In this context, several studies have been conducted to map the areas most affected by the
adverse effects of meteorological drought (Auclair, 1987; Agoussine et al., 2003, 2004; Schulz
et al., 2004, 2008; Weber, 2004; Ait Hamza et al., 2010; Ouysse et aly 2010; Bentaleb, 2011,
2015; Baki et al., 2017; Mehdaoui et al., 2018; El Qor¢chi et al., 2023). However, drought
management in this region, particularly in terms of forecasting and assessing its impact on water
resources, remains a major challenge. When it comes to studying and managing climate risks,
the availability of in situ climate and hydrological data, as well as the methods used to collect
this information, continue to be key obstacles (Wang et al., 2015; Aksu et al., 2022b). New
space technologies and remotée sensing tools provide a variety of capabilities for monitoring
climatic phenomena over large areas and long periods of time (Ji & Peters, 2003; Hao & Singh,
2015; Wang et al., 20LS; Li et al., 2016; Bijaber & Rochdi 2017; Eyoh et al., 2019; Bashit et
al., 2022; Houmma et al.; 2023; Serbouti et al., 2023). The use of satellite sensors has replaced
the traditional method based on calculating climate indices from terrestrial data measured and
recorded by a limited network of meteorological and hydroclimatic stations. These stations are
often inadequate and unrepresentative, especially in desert regions, which make up a significant
portion of the catchment area under study. Moreover, many climate indices require data series
of at least 30 years to provide convincing results. To illustrate, hydroclimatic indices such as
the Standardized Precipitation Index (SPI), the Standardized Precipitation-Evapotranspiration
Index (SPEI) (McKee et al. 1993), and the Palmer Drought Severity Index (PDSI) (Palmer,
1965; Lietal., 2016; Zkhiri et al., 2018; Kim et al., 2021) are often used to assess hydroclimatic
drought over large spatiotemporal areas. In this context, several studies have been conducted to
use satellite data in the study of drought in Morocco. The analysis of the Palmer Drought Index
(PDSI) by de Waroux in 2013 revealed a clear trend of increasing drought in the Aoulouz argan

grove region over the last few decades, mainly due to the increase in mean annual temperatures,
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thus higher evapotranspiration and less recharge. In fact, the increase in temperature appears to
be the main factor affecting the health of argan trees, limiting their natural regeneration and
accelerating the degradation of the local ecosystem. According to Elair et al. (2023), the use of
SPI, VCI, TCI, and VHI indices showed that the Marrakech-Safi region experienced significant
variations in drought frequency between 1984 and 2022, with periods characterized by
moderate to severe drought events. Several critical droughts were identified from 1981 to 2017,
interspersed with periods of rainfall. However, studies indicate an increasing trend in the
frequency, duration and intensity of droughts in recent decades, highlighting the challenges of
water resource management and agriculture in the region (Choukrani et al., 2018)."Cembined
analyses of remote sensing indices such as SPI, SPEI, STI, TCI and GRACE=DSI have revealed
a significant worsening of drought episodes in the Bouregreg catchment located in the north-
western part of Morocco. This intensification is not the result of a significant decrease in
precipitation, which has remained stable overall, but rather of a growing water imbalance,
fueled by a significant increase in temperature. The increase in evapotranspiration catalyzed by
global warming has thus exacerbated the agricultural and hydrological forms of drought in the

region (Ait Dhmane et al, 2024).

The Draa watershed is no exception to the recent national trend of increasing drought. However,
its vast surface area and thé diversity of .its/ topographic and climatic conditions make
monitoring this phenomenon particularly ¢omplex. The objective of this study is to assess the
risk of drought in the.basin using several indices derived from satellite data for the period
between 1960 and 2023. More specifically, it aims to analyze the spatial and temporal
variability of drought using satellite indices based on reflectance and brightness temperature,
to evaluate their performance in detecting drought events and their frequency, and to identify
the most vulnerable areas of the Draa watershed. These indices are then compared with field
data provided by the Draa-Oued Noun Water Basin Agency, as well as with trend analyses of

raw climatic parameters such as precipitation and temperature.

Materials and methods

Study area

The Draa River watershed is located in the southern part of Morocco and covers an area of
approximately 93,729 km?. It is bounded to the north by the foothills of the High Atlas, from
Jbel Toubkal to Jbel M'Goun, and to the south by the Saharan basin and the border with Algeria.
It is bordered to the east by the Todgha and Rhis valleys and to the west by the Guelmim and

4
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Souss Massa basins (Figure 1). The Draa is a region where geography, geology and the
availability of water resources are closely linked. Its climate, which is semi-arid in the north
and becomes Saharan south of M'Hamid EI Ghizlane, is mainly influenced by its geographical
position between the High Atlas and the Anti-Atlas, as well as its proximity to the Atlantic
Ocean (DRPE, 2008; Schulz et al., 2004). The region suffers from pronounced aridity,
especially in the Anti-Atlas, although cool winds from the Atlantic bring some moderation to
the climate. However, the high frequency of anticyclones contributes to a severe lack of
precipitation (ABHDON, 2009). From a hydrological point of view, the Draa basin.includes the
longest river (Draa River) in Morocco, with a length of 1100 km. It rises at the confluence of
the Dad¢s and Ouarzazate rivers, at the El Mansour Eddahbi dam, and follows a winding course
before emptying into the Atlantic Ocean. This great length crossgs.a variety©f geographical and
topographical contexts, giving rise to a division into the Upper, Middle and Lower Draa, each

with distinct geographical and hydrological characteristics (Figure:l) (.0 1 TDON, 2013).

30°0'0"N

Figure 1. Location map of the study area showing the Draa River watershed situated in southern

Morocco.
Data sources

Remote sensing data

a) NOAA and VIIRS sensor images
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The National Oceanic and Atmospheric Administration (NOAA) is a platform equipped with a network
of satellites, ocean buoys, meteorological stations and other instruments designed to collect variable
precision, real-time information on climatic and oceanic conditions worldwide. These data are publicly
accessible via a number of digital platforms. In order to characterize the meteorological aridity of our
vast study area over a period of about forty years, we used data presented by NESDIS STAR (National
Environmental Satellite, Data, and Information Service - Center for Satellite Applications and

Research), accessible through the link .

A detailed analysis of environmental conditions and climate trends usingsindices based on
precipitation, temperature and evapotranspiration potential was made possible by using the
TerraClimate database. This high-resolution data source (approximately 4 km resolution) provides a
monthly overview of a number of hydrological and climatic variables essential‘for characterizing
drought in a given region. The data are available from 1958 to the present and.can be accessed free of

charge at http://www.climatologylab.org/terraclimate.html.

b) Google Earth Engine data

In order to document the spatiotemporal variation of the normalized vegetation index, we used the

Google Earth Engine platform (https:/code.carthengine.google.com/), which provides a large

collection of historical and current satellite data from different sensors such as Landsat, MODIS and
Sentinel. For this purpose, we used Java scripts:to visualize NDVI maps of the Draa watershed based
on data extracted from Landsat 5 satellite sensors for the years 1984, 1989, 1994, and 1999, as well as
from the MOD13Q1 satellite sensor for the years 2000-2023. The resulting maps are then stored,

processed, and used to monitor drought trends over time.

Data from land based hydrological stations: Precipitation and volume variations of the El

Mansour Eddahbi Dam

Gathering stations provide accurate and localized rainfall measurements that are essential for the
calibration and verification of satellite data. These stations were established and are currently managed
by the Draa Oued Noun Water Basin Agency. Based on a network of 27 rain gauge stations distributed
upstream and downstream in the Draa basin, we were able to establish interpolations based on real
data, allowing us to assess the validity and accuracy of the results obtained by remote sensing

platforms.

Because we work with satellite data, it is essential to perform pre-processing on downloaded images

to ensure data reliability and quality. For information presented in image form, we have applied the

6
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necessary atmospheric and radiometric corrections. These are aimed at adjusting pixel values to correct
for variations in sensor sensitivity and aligning images to correct for geometric distortions. As for the
data corresponding to point measurements of climatic parameters at specific stations, usually acquired
in CSV (comma-separated values) format, we prepared the database by selecting the time intervals and
calculating the monthly and annual sums and averages for each climatic parameter to be used in the
calculation of the indices. These preliminary steps are crucial before proceeding with spline
interpolation with barriers to obtain the final map. In general, the approach used.in this study aims to
monitor drought trends over a 50-year period, focusing on the current situation (Figure 2). This
monitoring was done using satellite climate indices from NOAA, TerraClimate and Geogle Earth
Engine. A large watershed like the Draa, with inaccessible desert areas, poses enormous problems in
terms of data availability. In this study, new space technology has proven very useful, with online
information used to produce maps suitable for management and decision-making in these areas. The
resulting cartographic maps were validated using real data collected along the Draa River, based on a

correlation between the products of the different data sources.

Severe weather conditions have a significant impact-on the size 6f water reservoirs. In this regard, as
a third validation, we used the large El Mansour Eddahbi reservoir in the Draa watershed as a reference.
Using the Normalized Difference Water Index (NDWI) and volume measurements carried out by the
Draa Oued Noun Water Basin Agency, we carried out a detailed study of the temporal variation of its
surface area and perimeter in order to identify dry and wet years for this reservoir, which receives most

of its annual rainfall from.the Tidili-Irirt and Dadés-M'Goun tributaries.
Drought indices

a) Reflectance-Based Indices

NDVI (Normalized Difference Vegetation Index)

Proposed by (Rouse et al., 1973) as an index of vegetation health and density, NDVI is currently
considered the most widely used indicator for monitoring terrestrial vegetation over large areas. This

index is defined by the following formula:

NDVI= VIR=RED

" NIR+RED

where NIR and RED are reflectances in the near infrared and red bands, respectively. NDVI varies
from -1 to +1, with positive values close to 1 indicating dense, healthy vegetation, and low negative

values indicating a lack of vegetation or non-vegetated surfaces, which can be water or bare soil.



215

216
217
218
219
220
221
222

223

224

225
226
227
228
229

230

231

232

233
234
235
236
237

238

239

VCI (Vegetation Condition Index)

The VClI is a vegetative stress index expressed as a function of maximum, current and minimum NDVI
values over a period of time (Liu & Kogan 2002). It differs from NDVI in its ability to analyse
vegetation conditions for heterogeneous areas (Kogan, 1990), which is due to its ability to separate the
short-term climatic signal from the long-term ecological signal (Kogan & Sullivan, 1993). VCI values
generally vary between 0 and 100, with a zero value corresponding to extremely poor vegetation
conditions and maximum values close to 100 indicating optimal vegetation conditions, and can be

defined as:

VCI = NDVI-NDVI min x 100

(NDVImax — NDVI min)

NDWI (Normalized Difference Water Index)

The NDWI introduced by (McFeeters, 1996) is a reflectance<based index commonly used to identify
and monitor the presence of water on the Earth's surface. The NDWI uses reflected radiation in the
near infrared and visible green light to enhance the presence of water features while eliminating the
presence of soil and terrestrial vegetation (McFeeters, 1996). The NDWI formula is generally defined
as follows:

(Green—NIR)
(Green+NIR)

NDWT =

b) Brightness Temperaturé-Based Indices
TCI (Temperature Condition Index)

This thermal index is essentially based on the Earth's surface temperature. It was developed at NOAA
in 1995 (Kogan, 1997), and is calculated using images from NOAA's AVHRR sensor. This index is
very useful for characterizing thermal stress over long periods of time and over large areas (Kogan,
1997). Combined with other vegetation indices such as VCI, it provides a more comprehensive

assessment of the vegetation condition of a given area. It is calculated as follows (Layelmam, 2015):

LST max — LST (i)
LST max — LST min

TCI =



240
241
242

243

244

245
246
247
248
249
250

251

252
253
254

255

256

257
258
259
260
261
262

263

264
265
266

267

where LSTmax is the maximum surface temperature of the period studied, LSTmin is the minimum
surface temperature of the period studied and LST (i) is the surface temperature of the month

concerned.
¢) Combined Reflectance and Brightness Temperature-Based Indices
VHI (Vegetation Health Index)

Because it combines a thermal factor and plant reflectance, the VHI is the most‘appropriate indicator
for vegetation. This index was developed by (Kogan, 1995), and is very effective imnterms of studying
and managing agricultural drought by assessing vegetation health. It works by combining the
Vegetation Condition Index (VCI) and the Temperature Condition Index (TCI), while relying on their
negative correlation, to detect, monitor and provide early warning of the frequency and intensity of

agricultural drought (Justice et al. 1998; Seiler et al. 1998). It is expressed by the following equation:
VHI = a -VCI + B -TCT

where o and P are coefficients assigned to each of these combination factors and refer to the negative
correlation between the thermal index and the ‘plant index. These coefficients are equal to 0.5,

according to (Wilhite et al., 2000).
d) Rainfall variation-based indices
SPI (Standardized Precipitation Index)

The SPI index (McKee et al.;, 1993, 1995) is a powerful yet easy to calculate tool that requires
only precipitation datato quantify precipitation deficits or surpluses. It measures variations in
precipitation relative to historical averages over a specified period, whether deficit or surplus,
over perieds ranging from 3 months to 2 years. Its optimal calculation requires monthly
measurements,over 20 to 30 years, ideally 50 to 60 years, although missing data can affect the
reliability of the results (WMO, 2012). The SPI index can be expressed as:

P—-Pm
oP

SPI =

where P is the total precipitation for a given period (mm), Pm is the historical mean precipitation
for the period (mm), and oP is the historical standard deviation of precipitation for the period

(mm).
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PDSI (Palmer Drought Severity Index)

The PDSI is a meteorological drought index developed by Palmer (Briffa et al., 1994; Scian &
Donnari, 1997; Cook et al., 1999). Its ultimate goal is to provide standardized measurements of
moisture conditions so that comparisons can be made using this index between different
locations and between different months. To achieve this, the PDSI relies on data on
precipitation, current and past temperatures, and available soil moisture (Mika et al., 2004),
However, it does not directly consider surface hydrological resources (groundwater, rivers,
reservoirs), that can influence drought conditions (Layelmam, 2015). The<PDSI index is
calculated using:

0.897 X(i—1)+Z(i)

PDSI = X(i) = :

where X (i-1) is the PDSI of the previous period, and Z(i) is/the moisture-anomaly index

which is calculated by the following formula:
Z(1) = K(P-Pc)

where K is a weighting factor (see Alley 1984), P is the current precipitation (mm), and Pc is
the CAFEC precipitation (mm; Climatically Appropriate for Existing Conditions), representing
the amount of rainfall needed to maintain a balanced water supply (i.e., neither drought nor
excessive humidity) under normal elimatic conditions. It is expressed as: CAFEC = Potential

Evapotranspiration (PE).+'Recharge +Runoff — Soil Moisture Loss/Gain.

NOAA/AVHRR I:I Data Sources
l :’ Processing chain
:I Validation approach
Preprocessing:
Pixel filli
EEk ity Landsat 5/8
i Google Earth Engine
NDVI & LST TerraClimate ABHDON NDWI Calcul.
Min/Max Computation (Temperature & Precipitation) Observed Rainfall (LT (Landsat 5, MOD13Q1)
l / \ / Validation 3: X
Validation 2: Correlation NDWI Surface & Perimeter NDVI Extraction
VCI+TCL — VHI SPI & PDSI TerraClimate vs ABHDON Precipitation vs
Reservoir Volume (ABHDON)

Validation 1:

Indices (SPI, PDSI, NDVI, VCI, TCI, VHI)vs Temp (TerraClimate) & Rainfall (ABHDON) 1<

Figure 2. Workflow diagram illustrating the main steps of the adopted work methodology.
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Results
Reflectance-Based Indices
VCI

The map of spatiotemporal variation of the Vegetation Condition Index (VCI) (Figure 3) shows
an increasing trend towards drought between 1984 and 2023. During the period from 1989 to
2009, conditions appear relatively normal, with slight fluctuations observed between 1989 and
2009, and spatially between the High Atlas and Anti-Atlas regions. These fluctuations can be
attributed to topographic variations, which have a direct influence on'the amount of
precipitation and the diurnal temperature variations. In fact, the varied topography of the
mountainous areas of the High Atlas and Anti-Atlas results in distinct microclimates. Higher
altitudes generally receive more precipitation, while lower areas.can be.more arid. Since 2009,
a significant increase in drought has been observed, leading to a progressive deterioration of
vegetation conditions and an increase in periods of‘water stressiThis deterioration could be

linked to climate change, which is strongly affecting precipitation patterns and temperatures.
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Figure 3. Spatiotemporal variation map of the Vegetation Condition Index (VCI).
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NDVI

Analysis of the normalized vegetation index (NDVI) in Figure 4 clearly indicates a significant
shift in the climatic conditions of the Draa watershed since the 2000s. Even land in the Atlas
regions shows progressively lower NDVI values, specially from 2004 to 2023. Bare soil and
Saharan zones occupy about three quarters of the watershed surface area, which is explained
by regional climatic conditions. These changes indicate a gradual degradation of vegetation
cover, highlighting water stress and a decline in biological productivity. Analysis of the NDVI
data during this period shows the severe impact of the climatic conditions on the ecosystem of
the Draa watershed. Green zones with high NDVI values continue to show resilience,
especially in the foothills of the high mountains, largely benefiting from the effect of
snowmelt. These areas of dense vegetation also extend along the Draa River, from the High

Dadgés in the east and Tidili-Iriri in the west, to Mhamid El Ghizlane in the south (Figure 1).
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Figure 4. Normalized Difference Vegetation Index (NDVI) map illustrating spatial variations

in vegetation cover across the study area.
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Brightness Temperature-Based Indices
TCI

As shown in Figure 5, the temporal variation of the temperature condition index (TCI) shows
some cyclicity. Any year with extremely high temperatures could indicate a period of drought,

followed four years later by a year with lower temperatures, indicating wet conditions.

This index examines the effect of temperature on vegetation, showing that even the lowest
temperatures can have a negative effect on plant cover. Therefore, it is important to use this
index alongside the Vegetation Condition Index (VCI) rather than in isolation. The combination
of these two indices results in the Vegetation Health Index (VHI). Basically, years with
favorable vegetation conditions are confirmed by the VHI, enhancing the reliability of the

conclusions drawn from their analysis.
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Figure 5. Spatiotemporal variation map of the Temperature Condition Index (TCI) illustrating

thermal stress conditions across the study area during the observation period.
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Combined Reflectance and Brightness Temperature-Based Indices
VHI

With regards to the Vegetation Health Index (VHI), the observed trends are consistent with
those of the NDVI, VCI and TCI. Initially, conditions appear favorable throughout the
watershed, with varying intensity due to the different microclimates of each region, influenced
by their specific topographic context. However, from 2004 onwards, the calculations show a
significant upheaval, with the class indicating unfavorable vegetation conditions invading
almost the entire watershed. This trend indicates an alarming drought, which, can be
corroborated by the other indices based on the local meteorological conditions, hence the
importance of a multidimensional analysis of the indices for .a complete and accurate

understanding of the drought in the study area.
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Figure 6. Vegetation Health Index (VHI) variation map showing spatiotemporal changes in

vegetation health across the study area.
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Rainfall variation-based indices
SPI

Analysis of the graph showing variations in the Standardized Precipitation Index (SPI) for the
Draa watershed from 1950 to 2023 reveals several important trends (Figure 7). During this
period, the SPI shows marked variability, with prolonged episodes of severe drought,
particularly notable in the years 1961, 1962, 1976, 1982-1985, 1999-2002 and 2016-2023 (with
the exception of the year 2018-2019), when SPI values fall below -1.5, indicating exceptionally
dry conditions. In contrast, significant peaks of excess precipitation occur between 1952-1957,
1963-1969, 1988-1994, 1996-1998, 2003-2007, and 2014-2015, with SPIwvalues reaching +1.5,

indicating periods of abundant precipitation.

The overall trend in the SPI appears to oscillate between perieds.of intense drought and excess
precipitation, with a notable variation in the frequency of évents between the 1990s and 2000s.
Prior to 2002, droughts had a significant amplitude/but a limited duration of 3 or 4 years at
most, while wet periods were more prolonged, with somewhat lower amplitudes. Since 2002,
wet periods have become rarer, with an average amplitude and generally lasting only one or
two consecutive years. On the other hand, a precipitation deficit extends over about 17 years,
from 2007 to 2023, with a few one-year breaks, as in 2014-2015 and 2018-2019. In terms of
SPI, over a period of 23 years (2000-2023) the watershed has experienced only 9 relatively wet
years compared with to 14 dry years. These rainfall deficits, spread over a long period, and in
parallel with the rise dn temperatures, confirms the results of the other indices reflecting

vegetation health.
PDSI

Variations in the Palmer Drought Severity Index (PDSI) corroborate the fluctuations observed
through the SPI indices (Figure 8). This is to be expected, as the Palmer index is based on
similar parameters to those used to assess rainfall deficits and surpluses. The periods most
severely affected by drought, identified by the lowest PDSI values, include the intervals 1982-
1984, 1999-2000, and the long dry period from 2015 to the present day. Conversely, wet periods
are less frequent, with significant peaks recorded in the years 1987-1989, 2002, and 2014. These
observations confirm the harmonization of drought and precipitation indices in the assessment
of climatic conditions in the watershed, underlining their complementarity in the analysis of

climatic trends.
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Figure 7. Variations of the Standardized Precipitation Index (SPI).illustrating the temporal evolution

of meteorological drought conditions in the study area.
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Figure 8. Variation of the Palmer Drought Severity Index (PDSI) between 1970 and 2023, showing

long-term trends in drought severity across the study area.
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Validation of findings
Observed climatic and hydrological parameters

As a performance test, we implemented a rigorous validation, comparing the results with variations in
climatic parameters. Specifically, we compared precipitation data from 27 hydrological stations along
the Draa River with temperatures provided by the TerraClimate satellite and with the results of drought

indices derived from remote sensing.

To assess the performance of the TerraClimate satellite itself, we compared spline-with-barriers
interpolation based on precipitation data provided by the Draa-Oued Noun Hydraulic Basin Agency
with those derived from satellite observations. This comparison allowed us to calculate a correlation
index, which serves as a basis for assessing the accuracy of the data provided by TerraClimate. A high
correlation index, on the order of 79% (Figure 9), confirms the reliability of the satellite data. This not

only ensures the accuracy of the climate data used in our analyses, butalso increases confidence in the

results obtained and their relevance to the assessment drought conditions and climate trends in the

Draa catchment.

a + b * x;(a=-4.431, b=0.769); N=31227; R’=79.18%

88

72 80

(mm)
48 56 64

32

24

Rainfall data_TerraClimate
40

16

8

0
10 20 30 40 50 60 70 80 90 100 Point
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Figure 9. Results of the correlation analysis between TerraClimate precipitation data and ground-

based (in-situ) precipitation observations.

Figure 10 illustrates the variations in mean annual precipitation in the Draa watershed, as determined

by “spline with barriers” interpolation using ArcGIS software, between 1960 and 2023. In general, the
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pattern of oscillations reveals a downward trend in annual precipitation in the watershed over time.
There were significant precipitation peaks, with values reaching 244.5 mm in 1967, and 246.5 mm in
1996. In contrast, troughs reflect periods of low precipitation, with minimum values dropping to 85.9
mm in 2023. It is important to note that it has now been 27 years (1996-2023) since the Draa watershed
recorded an average annual rainfall of more than 200 mm. This observation underscores a prolonged
downward trend in precipitation levels in the region, reflecting a significant change from previous

periods when higher values were common.

With regard to maximum temperatures (Figure 11), an interpolation based on satellite data provided
by TerraClimate shows variations in maximum temperatures in the Draa watershed from 1960 to 2023.
The graph derived from this analysis shows a general trend of increasing temperatures over the past
several decades. Maximum temperatures have ranged from a low of 25.5°C in 197 1.to a high of 30.6°C
in 2023. In other words, the region has experienced an average increase of 5°C over the past 52 years.
More specifically, in the last two decades, i.e. between 2000 and 2023, the maximum temperature has
risen by 3°C, from 27.6°C in 2000 to the peak recorded in 2023. This increasing trend in maximum
temperature raises significant concerns about the future impacts of global warming on the watershed.
It is crucial to consider how these changes could affect local ecosystems, water resources and living

conditions in the region as temperatures continue to rise.
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Figure 10. Temporal variation in average annual precipitation in the Draa Watershed, based on data

from ABHDON (2023).
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Figure 11. Temporal variation in the annual mean maximum temperatures in the.Draa Watershed,

based on TerraClimate data (2023).

In a third validation step, we applied the Normalized Difference»Water Index (NDWI) to the El
Mansour Eddahbi reservoir to monitor its spatio-temporal evolution in response to climatic variations
(Figure 12). Analysis of the data covering forty years, from 1984 to 2023, reveals the significant
influence of rainfall deficits on the reservoir extent: In 1984, following two consecutive years of
drought, a sharp reduction in the reservoir's water surface area was observed (4,152 km?). By contrast,
in 1989, the wettest year of the period according to annual precipitation records, drought indices and
vegetation vitality indices saw a substantial increasein reservoir surface area and perimeter (47.39 km?
and 157.35 km, respectively). Although wet years became less frequent after 2000, some, such as 2009,
still resulted in significantincreases in reservoir surface area and perimeter (44.52 km? and 176.07 km,
respectively). From that date enwards, the gradual decline in precipitation, combined with rising
temperatures and increased evaporation rates, has severely affected water levels. By 2023, the reservoir
had shrunk considerably (11 km? in area and 73 km in perimeter), clearly illustrating the devastating
effects of drought on the regional water resources. Surface and perimeter variations derived from the
NDWI were validated by reservoir volume measurements provided by the Drda Oued Noun Water
Agency, covering the period from dam construction in 1972 to 2023, with a particular focus on key

years (Figure 12).
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Figure 12. Variation in the water surface area and perimeter of the El Mansour Eddahbi Dam Reservoir

between 1984 and 2023 (a); location of the dam in relation to the tributaries of the Upper Draa (b);
variation in the reservoir volume between 1972 and 2022 (¢) (ABHDON, 2022)

Discussions

Vegetation indices include NDVI and NOAA indices include VCI, TCI and VHI. Although they are

based on different measurement principles - NDVI is based on the reflectance of vegetation surfaces,

while NOAA indices are based on brightness temperature - these indices ultimately show variations in
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time and space, with a trend towards a decrease in vegetation cover in recent decades. It is important
not to interpret the results of these indices in isolation, as they provide only a partial overview of
vegetation health. Vegetation health can be adversely affected not only by periods of drought, but also
by flooding. In addition, heavy rainfall combined with extremely low temperatures can also adversely
affect vegetation health. It is therefore important to complement the analysis of these indices with other
information to obtain a complete picture. It should also be emphasized that the indices analyzed refer
to vegetation health for only the month of April over the nine years of comparison (1984, 1989, 1994,
1999, 2000, 2004, 2009, 2014, 2019, 2023). April is chosen as the reference month because at this time
vegetation growth is most sensitive to environmental conditions. This explains, for example, why the
drought indices show a severity in 2014, even though there was significant precipitation in that year
(Figures 10). Indeed, this precipitation only occurred in September,Novemberand December, and not
during critical vegetation months such as April. Focusing on the variation in VHI index, an index that
assesses vegetation health by integrating vegetation conditions, we can observe that the health of the
vegetation cover varies according to topography, proximity to the High Atlas, and fluctuations in
meteorological parameters. One year is not enough to restorevegetation after three or four consecutive
years of drought, even if rainfall increases. In fact, vegetation health has deteriorated from 2009 to
2023, despite some slightly wetter periods between 2014-2015 and 2018-2020. The same trends apply
to the NDVI index, except that this index clearly illustrates the progression of desertification over most
of the watershed. The ubiquitous green belt.(Figure 6) represents the south-facing slope of the High

Atlas, with their elevations and relatively favorable climate for crop development.

The results obtained from the, SPI and PDSI indices show a strong correlation with variations in
precipitation and maximum temperatures. In fact, these indices confirm the trends revealed by the raw
climate data (Figures, 10 and 11). To illustrate this correlation, it is relevant to look at the years
considered the wettest on the basis of high annual precipitation (244.5 mm in 1967, 222.6 mm in 1988
and 246.5 mm in 1996). In fact, the SPI indices for these years are 1.50 in 1967, 2.15 in 1988 and 1.80
in 1996. These high values indicate a period of exceptionally above-average rainfall, confirming the

trend towards wetter conditions during these years.

The PDSI is also part of this correlation with variations in raw climatic parameters. To illustrate this
correlation, we have analyzed in detail the years most prone to drought, as well as the wettest periods
according to the available data. The year 2023, for example, characterized by particularly dry
conditions, shows an extremely low PDSI index of -3.50, accompanied by a high average maximum
temperature of 30.6°C. This result confirms a severe and persistent drought situation. On the other

hand, the year 1971, which records the lowest mean maximum temperature (25.5°C) of the period
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(1960-2023) and an annual rainfall of 147.8 mm, is associated with a PDSI index of 3.40. This value
indicates relatively wet and humid conditions and suggests a low vulnerability to drought this year.
The 83% positive correlation between the SPI and PDSI indices (Figure 13), illustrated by the
scatterplot and fitted regression line, confirms their strong relationship, indicating that water deficits
detected by the SPI are well reflected by the PDSI. PDSI increases when SPI increases, as precipitation

is the main variable influencing both indices.

a)

‘ - SPI
\ - - PDSI

SPI and PDSI Indices
o
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b) Correlation between the SPI and PDSI indexes : 0.83
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Figure 13. Comparison of the temporal evolution of the Standardized Precipitation Index (SPI) and
the Palmer Drought Severity Index (PDSI) from 1960 to 2023 (a), and scatter plot showing the
correlation between the SPI and the PDSI values (b).
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The SPI measures precipitation anomalies directly, so when it is positive, it means that there is an
excess of rainfall compared to normal. Since the PDSI also incorporates this precipitation into its
calculation, an increase in the SPI generally indicates a recharge of soil moisture, thus reducing water
stress and leading to a rise in the PDSI. However, the PDSI responds more slowly to variations in SPI,
as it takes into account evapotranspiration and the soil's capacity to retain water, which can dampen or

delay its variations compared to the SPI.

The response of surface water bodies to weather conditions is often direct and rapid, particularly in
semi-arid environments where water availability is heavily influenced by rainfall variability and
evaporation processes. In this context, large reservoirs are highly sensitive indicators of hydroclimatic
stress. The El Mansour Eddahbi reservoir, which regulates surface water resources in the Upper Draa
sub-basin, is an essential indicator for assessing the hydrological impacts of drought at the basin scale.
The results highlight a close link between climate variability and surface water.dynamics, as evidenced
by the strong correlation between surface variations derived from NDWI and measured reservoir
volumes. Periods characterized by pronounced rainfall deficits lead to a rapid contraction in reservoir
extent, reflecting reduced inflows and increased evaporation dug to rising temperatures. Conversely,
episodic wet years lead to short-lived recoveries in reservoir surface area, illustrating the system's
dependence on interannual precipitation variability rather than long-term storage resilience. Overall,
the consistency between the NDWI maps.and the observed variations in reservoir volume confirms the
relevance of remote sensing-based hydrological indices for monitoring surface water dynamics in

regions where data are scarce.

Beyond validation objectives, these results highlight the vulnerability of surface water resources in the
Draa basin to prolenged drought conditions and reinforce the importance of further studies in this

region for effective water resource management.
Conclusion

As part of this study, the results derived from satellite imagery were validated using ground-based data.
Today, data availability is no longer a major barrier to studying drought risk over time and space.
Thanks to sources such as NOAA and TerraClimate, along with band analysis from satellite images
like Landsat, Modis, and others, it is now possible to access essential global parameters. These datasets
allow for the calculation of various drought indices, enable correlation with observed conditions, and
support the development of representative maps illustrating the evolution of climatic situations. The
Draa watershed, like much of Morocco, has long experienced alternating dry and wet periods.

However, in recent decades, the frequency of drought years has significantly increased, marked by
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greater severity and broader spatial extent. The few relatively wet years are no longer sufficient to
restore water resources or regenerate vegetation cover. Located in the southern part of Morocco, the
Draa Basin's climatic context makes it particularly vulnerable to meteorological, hydrological, and
hydrogeological droughts. Since the droughts of the 1980s, the region has shown a cyclic pattern of
alternating dry and wet seasons, with a recurrence interval of approximately two to three years. Yet,
since the 2000s, both the frequency and impact of drought years have intensified, particularly in terms
of vegetation loss and declining water availability in the reservoir of the El Mansour Eddahbi dam.
This situation is reflected in the variation of several indicators including the Vegetation Condition
Index (VCI), Temperature Condition Index (TCI), Vegetation Health Index (VHI), and the Normalized
Difference Vegetation Index (NDVI), along with climate-based indices including the Standardized
Precipitation Index (SPI), the Palmer Drought Severity Index (PDSI), and the Normalized Difference
Water Index (NDWI) applied to the dam reservoir. The interpretation of resulting maps and graphs
required an integrated approach, combining advanced remote. sensing data with ground observations
from hydrological stations across the Draa watershed, to ensure a' coherent and comprehensive
analysis. Ultimately, the findings have confirmed that the observed variations closely follow the
fluctuations of key climatic parameters—namely, annual average precipitation and average maximum

temperatures.
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