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Abstract

This article focuses on the quantitative assessment of desertification in the Middle Moulouya
basin located in the North-East of Morocco. Indeed, this study aimed to map the degree of
desertification at the level of the basin in 2018 using the Sentinel-2 image. To do this, we have
adopted a methodology based on several stages. First, we extracted the spectral indices, in
particular, the NDVI, the albedo, the TGSI and the MSAVI. Then, different combinations of
these indices were the subject of a linear regression analysis (NDVI-albedo, MSAVI-albedo,
albedo—TGSI and TGSI-MSAVI) to use the best correlated combinations to construct the
feature space. The results obtained showed that the NDVI-albedo and MSAVI-albedo
combinations are the best correlated with respective correlation coefficients of r=—0.73 and
r=—0.76, respectively. As a result, they were used to propose the desertification degree index
(DDI) by exploiting the NDVI-albedo and MSAVI-albedo feature spaces. Finally, a
desertification map was generated for the entire basin. It has five degrees of desertification
(extreme, severe, moderate, low, non-desertification). According to our results, the situation of
desertification in the basin is alarming. Indeed, 86.86% of the study area is located in the
moderate to extreme desertification class. While only 12.25% and 0.89% fall in the low and no
desertification categories, respectively. The MSAVI-albedo model gave a high overall
accuracy of 93.75%, so it is perfectly effective for the quantitative analysis and monitoring of

desertification at the level of the basin studied.
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1 Introduction

Globally, desertification is one of the most complex environmental issues (Kosmas et al. 2014),
affecting the socioeconomic conditions of millions of people in different regions (Adger et al. 2001;
Reynolds et al. 2007). Desertification primarily occurs in arid, semi-arid, and dry sub-humid regions
due to various climatic and anthropogenic forcings such as climate change and overexploitation of
natural resources (overgrazing, exploitation of natural land for agriculture, deforestation, etc.) (UNEP
1994; Brandt and Thornes 1996; Yassoglou and Kosmas 2000; UNCCD 2004; Yu et al. 2018). This
natural hazard can lead to extreme land degradation, loss of biodiversity, habitat loss, species
endangerment, and loss of productivity of lands (Verbist et al. 2010; Herrmann et al. 2020; Hu et al.
2020) by altering biogeochemical, ecological, and hydrological processes of the surface (Reynolds et al.
2005). According to the United Nations Convention to Combat Desertification (UNCCD 2015), 25% of
the earth’s land area has been degraded or is prone to degradation. The proportion of degraded lands is
likely to increase to 30—40% of the total area in the future (Veron et al. 2006; Reynolds et al. 2007,
Nkonya et al. 2016), which could affect approximately three billion people, particularly those living
below the poverty line (Middleton and Thomas 1997; Hu et al. 2020).

Desertification has been a major concern for different regions of the earth, particularly the
Mediterranean, Sahelian, African, and Chinese regions (Dregne 1986, 2002). Morocco is characterized
by a Mediterranean bioclimate, where a large area is under the threat of desertification. Notably, this
country's arid and semi-arid regions are the most ecologically sensitive areas. Actually, nearly 92% of
the national territory is under the effect of this phenomenon (Ghanam 2003; Hammouzaki 2013;
Lamgadem et al. 2018). A combination of climatic (irregular precipitation and increased frequency of
periods of drought) and anthropogenic processes (overexploitation of the environment, continuous
overgrazing, destruction of vegetation areas) contributes to desertification (Darouiche et al. 2015;
Benmohammadi et al. 2001; Benbrahim et al. 2004; Houlidi et al. 2004; SEGHIR et al. 2019).

Aware of the extent of the phenomenon, several researchers have been interested in studying the
phenomenon of desertification at the level of Morocco (Ghanam 2003; Benbrahim et al. 2004; Mahyou
et al. 2010; Sinsin 2018) as well as at the level of several regions concerned by this problem, in
particular, the basin of the high Ouergha—Central Rif (Ech-Chahdi et al. 2022), the basin of Guercif—
Eastern Morocco (Bengrich 1988), the basin of the Moulouya (Mokhtari 2016), the plain of Tafrata—
Central Eastern Morocco (SEGHIR et al. 2019), the Souss basin (Bouabid et al. 2010), the watershed
Oued El Maleh (Lahlaoi et al. 2017). However, our studied basin has never been the subject of similar

studies despite the fact that it suffers from high levels of desertification. Our choice to lift the veil on
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the situation of desertification in the region is backed up by the need to raise the attention of decision-
makers and serve as basis for adequate management actions.

Monitoring the spatiotemporal pattern of desertification is essential to limit the adverse effects of
this hazard (Meng et al. 2007; Guang et al. 2017). Several methods exist to investigate the desertification
process. The methods include direct observation (Collado et al. 2002; Lam et al. 2010), the use of
mathematical algorithm (Afrasinei et al. 2017, 2018), and remote sensing technologies (Huang and Cai
2009; Li et al. 2013; Xue et al. 2013). Over the last three decades, the remote sensing-based approach
has been emerging as an effective means to monitor spatiotemporal patterns of desertification (Huang
and Siegert 2006; Pan and Li 2013). Remote sensing, in combination with a geographic information
system (GIS), is a cost-effective approach that enables a quick assessment of various land features in
space and time due to the availability of high-resolution multitemporal satellite images (Hostert et al.
2001; Helldén and Tottrup 2008; Wang et al. 2012).

The existing studies offer a range of remote sensing-based techniques for monitoring desertification,
such as spectral mixture analysis (Collado et al. 2002; Huete et al. 2003; Khiry 2007; Pu et al. 2008;
Sun et al. 2017), bi-temporal change (Pannenbecker 2006), image transformation, such as TCT (Louis
et al. 2016; Zanchetta et al. 2016) and spectral index (Xiaodong et al. 2013; Lamchin et al. 2016; Feng
et al. 2018). Various index-based approaches are widely used to investigate the degradation of various
land features (Zhao et al. 2013). For instance, Normalized Difference Vegetation Index (NDVI) and
Modified Soil Adjusted Vegetation Index (MSAVI) are commonly used to monitor the conditions of
vegetation while assessing desertification (Linli et al. 2006; Xu et al. 2009; Yu et al. 2013; Ren et al.
2014; Wuet al. 2019). Indices such as albedo and the Topsoil Grain Size Index (TGSI) can detect spatial
heterogeneity of soil texture (Xiao et al. 2006; Liu et al. 2018a). Indeed, many researchers worldwide
have successfully used these indices for desertification assessment (Ma et al. 2011; Mfondoum et al.
2016; Vorovencii 2017; Jiang and Lin 2018; Liu et al. 2018b; Wei et al. 2018).

Zeng et al. (2006) proposed the albedo—NDVI feature space model to analyze desertification in a 2D
feature space. For their part, Feng et al. (2018) developed another feature space model albedo-MSAVI.
Other authors have used feature space based on albedo—TGSI (Guo et al. 2020; Wei et al. 2020).
Nevertheless, the NDVI-albedo model is the most widely used by researchers. Nevertheless, the NDVI-
albedo model is the most used by researchers thanks to its relevance and efficiency for the quantitative
assessment of desertification in several regions of the world. Indeed, the NDVI and the albedo present
a robust negative correlation reflecting the state of desertification.

The application of different approaches is context dependent. Our study will be based on the method
of spectral indices, which makes it possible to extract many indices (TGSI, albedo, NDVI and MSAVI).
Several combinations of these indices will be tested thanks to the correlation. The best combinations
will be used to construct the corresponding feature spaces. The precision will be evaluated to determine

the study area's most suitable model. The latter has never been studied in desertification despite all the
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apparent signs showing that it suffers from the phenomenon (silting, erosion, degradation of the plant
cover, soil salinization, etc.).

This study has set the following objectives: 1—map the different classes of desertification in the
Middle Moulouya basin in 2018 using Sentinel-2 imagery which has the best resolution (10 m). 2—
integrate indicators derived from remote sensing data to detect areas affected by desertification in 2018
and assess local processes. 3—make a correlation of the different biophysical indices (NDVI, albedo,

MSAVI and TGSI) and a linear regression for the strongly correlated indices.

2 Materials and methods

2.1 Study area

This study focused on the Middle Moulouya basin, located in the Center East of Morocco (Fig. 1)
between latitudes 32°50°-33°50” North and longitude 4° West. The basin has a total area of 14,355 km?2,
with an altitude varying from 534 to 3321 m (Mountain Bounacer). The High Plateaus limit this zone to
the East, the Middle Atlas pleated to the West, the High Atlas to the South, and the threshold of
Bouyacoubat to the North. The area is adjacent to three regions: Fez-Meknes, Oriental, and Daraa
Tafilalt.

Due to its geographical position, the basin is characterized by an arid to semi-arid climate with hot
summers and cold-dry winters. The region receives varying mean annual precipitation ranging from 160
to 300 mm. Temperatures also significantly vary from a maximum of 45 °C in summer to—2 °C in
winter. The basin also has a very high potential for evapotranspiration (Kaemmerer et al. 1990;
HassaniM et al. 2013; Saadi et al. 2021).

The study area is crossed by the river Moulouya which drains the waters towards the Mediterranean.
Two species of natural vegetation are prevalent: Alfa (Stipa tenacissima) (over 80%) and Wormwood
(Artemisia Herba-Alba) (Tag 2003). However, the locals overexploited such vegetation cover as part of

pastoral activities. Agropastoralism is the major source of livelihood in the study area.



Evaluation of desertification in the Middle Moulouya Basin (North-East Morocco) using sentinel-2 images and spectral index techniques

42250 H 3o500" W 3e1s'onw
1 1 1
N @ Lower Moulouya
% { Rchida
X =
z
o s
: 5
Laz]
£
=
-
=
)
<
100 200 Km =
)
P §
75 Study area Moulouya Bassin o
= = L5
= | : N
g = o
- S = [~
s ~ -s-ﬁ
§ =
=
20
T
; - =
.-z e : gTalsint =
S High Atlas g 15 30 km [
& &
- A
& Altitude point @ Locality /-\\/ Hydrographic network m Study area
T T T
4925'0" W 3°50'0""W 3ers0nw

Fig. 1 Geographical location of the Middle Moulouya Basin A Location relative to the map of
Morocco, B Location of the basin relative to the map of the administrative division of the regions and

C map of the basin
2.2 Data

In this work, the evaluation of the degrees of desertification in the basin of the Middle Moulouya
was carried out using six images, which cover the whole basin, produced by the Sentinel-2 satellite,
which was chosen because of the high temporal, spectral and spatial resolution of the images captured
which will allow getting good results reflecting the truth of the ground. The Sentinel-2 multispectral
images are composed of 13 spectral bands at different spatial resolutions of 10 m (4 bands), 20 m (6
bands) and 60 m (3 bands). These 13 bands cover a wide range of wavelengths from 440 to 2200 nm.

To realize the present work, we used the bands of the red and the infrared, blue, green, SWIR-1 and
SWIR-2.

Satellite images of June 2018 were used, when the cloud cover was low (less than 10%). Besides,
June images enable separating agricultural lands with natural vegetation as crops are usually harvested
before that month. These multispectral images were obtained from https://scihub.copernicus.eu. Table

1 presents the characteristics of Sentinel-2 satellite images.
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Table 1 Characteristics of Sentinel-2 satellite imagery used in this study

Bands Spatial resolution (m) Wavelength (um)
B 01: Aerosols 60 m 0.443
B 02: Blue 0.490
B 03: Green 10 m 0.560
B 04: Red 0.665
B 05: Near infrared 2 0.705
B 06: Near infrared 3 0.740
20 m
B 07: Near infrared 4 0.783
B 08: Near infrared 1 10 m 0.842
B 08A: Near infrared 5 20 m 0.865
B 09: Atmosphere 0.945
B 10: Cirrus 60 m 1.375
B11: Medium infrared 1 1.610
B12: Medium infrared 2 20 m 2.190

2.3 Analytical approaches

The methodology adopted in this study was based on the extraction of various spectral indices such
as NDVI, albedo, TGSI and MASVI that allowed to assess and monitor desertification. An overview of
the methodology is shown in Fig. 2. It includes the following steps:

e Acquisition of Sentinel-2 satellite images;

e Data pre-processing (geometric correction, radiometric correction, etc.);

e (alculation of spectral indices (NDVI, albedo, TGSI and MSAVI);

e Analysis of the linear correlation between the spectral indices (NDVI-albedo, MSAVI-
albedo, albedo—TGSI and TGSI-MSAVI) to choose the best correlated indices;

e (Calculation of a degree of desertification index (DDI) based on the results of the regression
analysis;

e Verification and validation of the desertification sensitivity map with Feld data.
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Fig. 2 Methodological flowchart

2.3.1 Preprocessing of satellite images

Before estimating values of various indices, this study carried out radiometric, atmospheric, and
geometric corrections of the obtained satellite images. The radiometric correction aimed to eliminate all
kinds of distortions in the images caused by the sensor, while the atmospheric correction removed the
error caused by atmospheric radiation. To conduct radiometric calibration, digital number (DN) on the
images were converted into radiance units first and then into Top of Atmosphere (TOA) surface
reflectance units. This operation was performed using the Fast Line-Atmospheric Analysis of
Hypercubes (FLAASH) tools based on a MODTRAN radiative transfer model integrated into the ENVI
5.3 software (Dao and Liou 2015).

The geometric correction was performed for all these images by selecting ground control points from
topographic maps at 1/100.000, covering the study area: Immouzer of Marmoucha, Berkine, Debdou,
Missour, Hassi and Ahmar, Midelt, Ksabi, Tameslent and Talsint. These maps were used for
georeferencing satellite images concerning the conformal conical projected coordinate system of
Lambert Nord-Morocco.

A total of six scenes were used to create mosaic imagery and then clipped to the boundaries of the

study area as the final step in the pre-processing sequence.
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2.3.2 Estimating different indices to evaluate desertification

Using the processed Sentinel-2 images, this study estimated values of four indices: NDVI, surface
albedo, MSAVI and TGSI.
¢ Normalized Difference Vegetation Index (NDVI)

The Normalized Difference Vegetation Index (NDVI) is a dimensionless radiometric measure. NDVI
has been widely used to investigate desertification in arid and semi-arid areas due to its extreme
sensitivity to the presence, density, and state of the health of vegetation (Qi et al. 1994; Li and Liu 2003;
Badreldin et al. 2014; Zhao et al. 2014; Lamchin et al. 2016; Lamqgadem et al. 2018). The index
incorporates the near infrared and red bands of satellite images using the following equation (Eq. 1)

(Carlson and Ripley 1997):

NIR — RED
NDVI =

=— 1
NIR + RED M

where RED and NIR are the red and near infrared bands of the Sentinel-2 image, respectively.

e Surface Albedo:

The albedo of land surface determines the radiant energy balance on the ground, indicating the extent
of energy absorbed by the underlying surface (Liang 2001). It also shows the rate of solar radiation
reflected by the surface in the shortwave spectral range (Ma et al. 2011). The values of albedo can be
affected by soil moisture, vegetation cover, snow cover, and other soil surface conditions. An increased
value of surface albedo could exhibit the evidence of desertification (Robinove et al. 1981; Xiao et al.
2006; Wang and Yan 2017). Albedo is inversely associated with NDVI. albedo was estimated using the
following equation (Eq. 2) (Liang et al. 2003):

Albedo

[(0.35 * BLUE) + (0.13 * RED) + (0.373 * NIR) + ( 0.085 * SWIR 1) + (0.072 * SWIR 2) — 0.018)] (2)
1.016

where BLUE, RED, NIR, SWIR-1 and SWIR-2 are the bands of blue, red, medium infrared, near
infrared 1 and near infrared 2 in the Sentinel-2 image, respectively.
Several researchers have used this basic equation designed for Landsat images for Sentinel-2 data

(Kyalo 2017; Naegeli et al. 2017; Lamgadem et al. 2018; Guo et al. 2022).

e Modified Soil Adjusted Vegetation Index (MSAVI):

Although NDVI effectively assesses vegetation conditions, the index has inherent limitations in
detecting sparsely vegetated areas where the influence of soil background is important. To address such
an issue, this study utilized MSAVI to minimize the external effects and enhance the vegetation signal

(Qi et al. 1994). The MSAVI is usually used in areas where the NDVI does not reflect the true state of
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the vegetation, either due to lack of chlorophyll or low vegetation present in situ. It provides information
on the state of the vegetation in these areas while separating the effects of the ground. Several studies
showed that a lower MSAVI means sparser vegetation that indicates the presence of desertification (Li

et al. 2016). The MSAVI was estimated using the following equation (Eq. 3) (Qi et al. 1994):

2 xNIR+1— /(2x NIR + 1)2 — 8 (NIR — RED)
2

where RED and NIR are the red and near infrared bands of the Sentinel-2 images, respectively.

MSAVI = (3)

e Topsoil Grain Size Index (TGSI):

To detect areas with low vegetation and bare lands, this study estimated values of an index associated
with soil texture, i.e., TGSI (Wang et al. 2002). The coarser grain size indicates a greater probability of
desertification. The TGSI is based on both field spectral reflectance measurements and physical
laboratory analyzes of the grain composition of the soil surface layer (Xiao et al. 2006). A negative
TGSI value indicates vegetation or water bodies, while positive values correspond to a coarse soil. The
higher the TGSI, the rougher the ground surface. The TGSI was estimated using the following equation
(Eq. 4):

RED — BLUE

= 4
TGS = RED + BLUE + GREEN @

where RED, BLUE and GREEN are the red, blue, and green bands of Sentinel-2 satellite images,
respectively.

2.3.3 Normalization of spectral indices

The estimated values of various spectral indices were normalized to eliminate the dimensional
differences between the different indices used. The normalization process was carried out using the Egs.

5, 6, 7 and 8, listed in Table 2.

Table 2 Normalization equation for spectral indices

Spectral indices Equation of normalization Equation no.
(Albedo — Albedoy;,)
Albedo = oA )
(Albedo,, 4, — Albedoin )
MSAVI — MSAVI_;
MSAVI _ ¢ min) x 100 (6)
(MSAVL,, 4 — MSAVI,4in)
(TGSI — TGSl ;)
TGSI = AL !
(TGSImax - TGSImin) ( )
NDVI — NDVI;
NDVI ( min) 100 (8)

~ (NDVI,.x — NDVI;)

2.3.4 Extraction of the different degrees of desertification in the basin Middle Moulouya
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The extraction of the different degrees of desertification is based on the analysis of several pair
combinations of spectral indices to choose the one that best discriminates against the other classes of
desertification. These indices were extracted for 345 randomly selected points throughout the study area
using a regular grid where the points were spaced 3000 m apart. We extracted the pixel values for each
point corresponding to each chosen index (NDVI, albedo, TGSI and MSAVI).

We have chosen to test four combinations, namely: Albedo—NDVI, albedo-MSAVI, albedo—TGSI
and TGSI-MSAVI, to take the best correlated combination to build the characteristic space which will
make it possible to extract the index degree of desertification and, thus, produce the desertification map
of the study region.

Linear regression analysis is based on the following equation (Eq. 9):
Y =a+bx 9)

where x represents an independent variable; y represents a dependent variable; a is the point of
intersection of the regression line and the y axis; b is the slope of the regression line.

The statistical regression analysis of the four feature space indices was then carried out using SPSS
software, which made it possible to study the quantitative relationships between these different chosen
indices. We will construct the feature space model from the pair of indices whose correlation is the most
significant. This model will be used to draw up a map of degrees of desertification in the study area.

2.4 Construction of the desertification degree index (DDI)

The Index of Degree of Desertification (DDI) is a model used by researchers to map the sensitivity
to desertification, with precision, at the level of arid to semi-arid (Ma et al. 2011; Pan and Li 2013;
Becerril-Pifia et al. 2016). The IDD is based on the spatial classification of constructed feature space.

According to the research results of Verstraete and Pinty (1996), different desertification zones can
be effectively distinguished by dividing the albedo—NDVI feature space in the vertical direction which
represents the desertification trend. The equation (Eq. 10) for the degree of desertification index is as

follows:
DDI = K x NDVI — Albedo (10)

where "IDD" is the index of degree of desertification for the two feature space models and K is
determined by the slope of the fitted straight line in the feature space.

The calculated values of the degree of desertification are then classified into five categories using the
Jenks natural break algorithm (Jenks 1963; Ma et al. 2011). These five categories of desertification are
as follows: extreme desertification, high desertification, moderate desertification, low desertification
and no desertification.

The classification of degrees of desertification is based on the method of natural breaks which
consists of the natural grouping of data. Its limit is set at the position where the data values are relatively

different.
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2.4.1 Accuracy assessment

To verify and evaluate the accuracy of the desertification map, we selected 160 points that were the
most representative of all the desertification classes obtained. 60 of these verification points were taken
in the field using a GPS. The other 100 verification points were extracted from high-resolution remote
sensing images. These images are uniformly selected and interpreted based on Google Earth data and
Sentinel-2 true color images.

The verification points were chosen to cover all degrees of desertification: extreme, severe, moderate,
low and no desertification. Finally, the confusion matrix was constructed to have the classification
accuracy of the producer, the user, and the accuracy of the overall classification, as well as the Kappa

coefficient. The result of the accuracy calculation was used for the validation of the desertification map.

3 Results
3.1 NDVI, Albedo, MSAVI and TGSI

Figure 3 represents the calculation results of the four spectral indices (NDVI, albedo, TGSI and
MSAVI). NDVI values range from — 0.16 to 0.74 (Fig. 3a). The low values of NDVI correspond to the
denuded areas with desert behavior which are generally found on the borders of the Moulouya river. In
contrast, the high values reflect soils with high vegetation cover corresponding to the forests in the
Middle Atlas Plissé and the High Atlas, as well as the irrigated lands along the Moulouya river.

Surface albedo values vary between 0.03 and 0.89 (Fig. 3b). The results obtained by this indicator
are consistent with the results obtained by the Normalized Vegetation Index (NDVI). Indeed, the low
values of the albedo representing a dense vegetation cover are also located at the level of the Middle
Atlas Plissé and the High Atlas Mountains as well as at the edges of river Moulouya. As for the high
values of the albedo, they reflect areas with low vegetation, such as steppe areas. The TGSI index
provides information on the topsoil grain size. The values of this index vary between 0 and 0.92 (Fig.
3¢). The highest values indicate a coarse grain size of the topsoil and, thus, a high sand content and
consequently more degraded areas located mainly at the level of the center of the Middle Moulouya
basin. The MSAVI index values range from — 0.10 to 0.65 (Fig. 3d). Low values represent water and
bare soil, while high values correspond to dense vegetation.

As the study area comprises several landscape units (forests, steppe rangelands), we resorted to the
use of different spectral indices that better fit the type of landscape unit. Indeed, the MSAVI gave better
results in areas where vegetation is sparse, while the NDVI presented these areas as bare, especially in
the center of the basin.

The albedo index highlighted areas with bare soil, while the TGSI index focused on areas with coarse

soil where desertification is advanced, as is the case along the Moulouya river.
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3.2 Construction of the different features spaces

A feature space image is a plot of the data file values of one band against another (essentially a scatter
plot with one point for each pixel in the image). The position of the pixels in the feature space image is
defined by the spectral values of the two selected bands.

From the four surface indices chosen previously, we performed four combinations to construct the
corresponding features spaces, using the 2D scatterplot tool of the ENVI 5.3 software. These
combinations are as follows: albedo—NDVI, albedo—TGSI, albedo—-MSAVI and TGSI-MSAVI. Figure

4 groups together the four feature spaces constructed.
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Fig. 4 The different characteristic spaces constructed: (a) NDVI-Albedo; (b) Albedo-MSAVI; (c)
Albedo-TGSI; (d) TGSI-MSAVI

The feature space image is represented as a raster image and has a color associated with each pixel.
The colors (or grayscale intensity) represent the cumulative frequency, i.e., the number of pixels in the

original image that have the given (x, y) combination.
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We, thus, constructed four feature spaces using typical desertification indices to reflect the interaction
effect between these indices. Thus, areas where desertification is at an advanced stage, surface
vegetation cover decreases (with low values of NDVI and MSAVI) and exposed soil surfaces increase
(with high values of TGSI and albedo). These different feature spaces will be compared to choose the
one best suited to our study area.

Indeed, the choice of the most suitable model for our region will be based on the results of the

significant linear correlation.

3.3 Calculation and analysis of the linear regression between the indices of the feature space

Four combinations of typical desertification indices were tested. In three of these combinations, we
chose albedo as the dependent variable and NDVI, TGSI and MSAVI as independent variables. For the
fourth combination, TGSI is the dependent variable and MSAVI is the independent variable.

The linear regression equations between the two surface parameters constituting each feature space,
along with the correlation and determination coefficients are presented in Fig. 5. Significant negative
correlations were observed between albedo and MSAVI (r=-— 0.76) and between albedo and NDVI
(r=— 0.76) (Fig. 5a, b). This indicates that albedo decreases when NDVI and MSAVI increase,
indicating little to no desertification and vice versa. When they decrease, albedo increases showing that
the area is affected by desertification. While albedo and TGSI as well as MSAVI-TGSI show a weak
correlation with respective correlation coefficients of (r =— 0.43) and (r = 0.39) (Fig. 5c, d).

From the results obtained from the linear regression analysis, the feature space models selected are
albedo—-NDVI since it explains 54% of the observed variability (R2=0.54) and the MSAVI-albedo
which explains 59% of the observed variability (R2=0.59). Therefore, they will allow us to make

predictions for desertification and extract the degrees of desertification.
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Fig. 5 Correlation analysis between the variables of the different features spaces: (a) NDVI- Albedo; (b)
Albedo-MSAVI; (c) Albedo-TGSI; (d) TGSI-MSAVI

3.4 Principle of construction of a monitoring model based on the feature space: case of the

NDVI-Albedo feature space

Several studies have demonstrated the effectiveness of using the albedo—NDVI feature space to
distinguish between different classes of desertification. Indeed, areas with high albedo and low NDVI
show low vegetation cover and Reduced surface roughness. Consequently, these areas are affected by
severe desertification, contrary to areas with low Albedo and high NDVI. To construct the albedo—-NDVI
scatterplot (Fig. 6b) and the albedo—-NDVI feature space (Fig. 6a), we based ourselves on the values of
the NDVI and the albedo previously extracted. We assumed a trapezoidal shape of the feature space by
taking the albedo as the ordinate and the NDVI as the abscissa, as shown in the figure below (Fig. 6).

This figure shows the different areas of desertification. A, B, C and D represent four extreme states.
Indeed, point A represents a dry soil devoid of vegetation (low NDVI, high albedo), point B represents
a soil with high vegetation and low moisture (high NDVI, high albedo), point C indicates soil water
abundance with high vegetation cover (high NDVI, low albedo) and point D indicates bare soil with
water abundance (low NDVI, low albedo). The upper boundary (AB) represents the high albedo line, it
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reflects lands affected by drought and aridity with low vegetation cover (Albalawi and Kumar 2013).
The lower boundary (CD) represents the low albedo line, which corresponds to wetlands.

The ABCD area contains all types of ground objects with a specific spatial differentiation rule.
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Fig. 6 (a) feature space of Albedo-NDVI; (b) Scatter plot of the Albedo-NDVI.

3.5 Results and comparison of the desertification degree index (DDI)

The Desertification Degree Index (DDI) is a model used by researchers to map desertification
susceptibility accurately in arid to semi-arid areas (Ma et al. 2011; Pan and Li 2013; Becerril-Pina et al.
2016). The IDD is based on the spatial classification of constructed feature spaces.

For our study, the construction of the characteristic models NDVI-albedo and MSAVI-albedo will
allow us to extract the different degrees of desertification at the level of the Middle Moulouya basin.

According to Verstracte and Pinty (1996), different desertification zones can be effectively
distinguished by dividing the two characteristic spaces albedo—NDVI and MSAVI-albedo in the vertical

direction that represents the desertification trend as shown in the figure below (Fig. 7).
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Fig. 7 (a) Different degrees of desertification in the Middle Moulouya basin: (a) NDVI-Albedo; (b)
MSAVI-Albedo
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Indeed, the closer one gets to point O (0, 0), the greater the desertification. The distance between the
sets of extreme desertification points and the point O (0, 0) is the smallest, followed by the sets of severe,
moderate, weak desertification points, and the distance between the sets of non-desertification points is
the largest.

Based on the linear relationship, the region perpendicular to the albedo-MSAVI feature space and
the albedo—-NDVI feature space can be determined by a simple binary linear polynomial, as proposed
by Pan and Li (2013). The DDI can be obtained, therefore, from the following equations (Egs. 11 and
12):

where "DDI" is the index of degree of desertification for both feature space models, and K is
determined by the slope of the fitted straight line in the feature space. The table below (Table 3) shows
the value of K according to the model used.

Table 3 Statistical values of K for the two feature space models

Feature space models K
Albedo—NDVI 1.51
Albedo—MSAVI 1.05

The calculated values of the degree of desertification are then classified into five categories using
Jenks' natural break algorithm (Jenks 1963; Ma et al. 2011). Several researchers have successfully used
this algorithm (Ma et al. 2011; Pan and Li 2013; Becerril-Pifa et al. 2016) to classify the phenomenon
of desertification in the drylands. It is a data clustering method designed to determine the best
arrangement of values in different classes (Becerril-Pifia et al. 2016). The variance within classes is
reduced and the variance between classes is maximized (Jenks 1963).

Therefore, the five categories of desertification obtained by Jenks' classification are as follows:
extreme desertification, high desertification, moderate desertification, low desertification and non-
desertification. These different categories as well as the corresponding DDI values are represented in
Table 4.

Table 4 Statistical analysis of the results of extraction of information on desertification by Albedo-

NDVI, Albedo-MSAVI and Albedo-TGSI.

Classes de desertification DDI1 of NDVI-albedo DDI of MSAVI-albedo
_ DD1 = 89.23 DD1 = 30.77
Low 89.23 < DDI < 56.85 30.77=DDI = 14.77
Moderate 56.85<=DDI =43.20 1477 =DDI=7.07
Severe 43.20 = DDI < 32.38 7.07=DDI<0.78
_ DDI = 32.38 DDI=0.78
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3.6 Desertification mapping

After extracting the degrees of desertification using the DDI and Jenks classification, a mapping of

the DDI distribution was performed for the two models (albedo—NDVI) and (albedo—-MSAVI) as shown

in Fig. 8.
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Fig. 8 Map of the state of desertification in the Middle Moulouya basin in 2018. (a) NDVI- Albedo; (b)
MSAVI- Albedo.

The calculation results of the two models used: NDVI-albedo and MSAVI-albedo are shown in
Table 5.
Table 5 Statistical analysis of the extraction of information on desertification by albedo—NDV]I, albedo—

MSAVI and albedo-TGSI

Desertification categories NDVI-Albedo MSAVI-Albedo
Area (Km?) Portions (%) Area (Km?) Portions (%)

NGRSO, 1145 0.80 127.99 0.89

Low 1595,62 11,12 1758,77 12,25

Moderate 3522,74 24,54 3720,10 25,92

Severe 6087,07 42,40 5899,02 41,09
D 303525 21,14 2849,12 19,85
Total 14355 100,00 14355 100,00

According to the results obtained by the NDVI-albedo model, 88.08% of the Middle Moulouya basin
is affected by desertification, including 24.54% for moderate desertification, an area of 3522.74 km?2,

42.40% for severe desertification is an area of 6087.07 km2 and 21.14% for extreme desertification is
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an area of 3035.25 km?2. As for areas with low desertification and non-desertification, they, respectively,
represent 11.12% or 1595.62 km?2 and 0.8% or 114.32 km?2 of the study area.

The MSAVI-albedo model, for its part, shows that 86.86% of the Middle Moulouya basin suffers
from moderate to extreme desertification, of which 25.92% for moderate desertification, or 3720.10
km?2, 41 0.09% for severe desertification, or 5899.02 km2 and 19.85% for extreme desertification, or
2849.12 km2. As for areas with low desertification and non-desertification, they, respectively, represent
12.25% or 1758.77 km2 and 0.89% or 127.99 km?2 of the study area.

The two models gave an almost similar spatial distribution of desertification with a slight difference
in the areas of each category (Fig. 8). The zones of extreme and severe desertification are the most
common at the basin level. They are located mainly at the level of the center and the High plateaus of
Rekkam. Moderate desertification affects the borders of the High Atlas and the Middle Atlas Plissé and
part of the High plateaus of Rekkam. The low desertification is located in the irrigated areas along the
Moulouya river, its tributaries, and the forests of the High Atlas and the Middle Atlas Plissé.

The different categories of desertification and the description of each category with their satellite
images are summarized in Table 6.

Table 6 Summary and description table of the different categories of desertification

Class Description Image Sentinel-2 image

Located at the borders of the river Moulouya
and its tributaries and the forests of the Middle
Atlas Plissé and the High Atlas. These zones
are characterized by low degradation factors,
and a good balance between socio-economic

components and land use.

Make up most of the Middle Atlas Plissé and
High Atlas. These areas require the application

Low

of good land management practices to

maintain ecosystem balance.

Located at the borders of the Pleated Middle
Atlas and the High Atlas as well as at the level
of the Rekkam High Plateaus. Being very

susceptible to desertification, they require

Moderate

intervention to maintain the balance between

environment and anthropogenic activities.
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Located at the level of the center of the basin

and the High Plateaus of Rekkam. The human-

Severe

environment balance is completely broken and

needs to be rebuilt again.

Located at the level of the center of the basin | ; >
and the High Plateaus of Rekkam. It affects the 4

entire basin at different scales and manifests

poor management of the territory.

3.7 Evaluation and comparison of the accuracy of the desertification map

As mentioned, we used 160 points surveyed with GPS to verify and validate the results with the field
data. Indeed, the evaluation of the accuracy allows us to verify if the pixels of the satellite image,
especially those corresponding to the verification points chosen in the field, correspond to the correct
output class. To do this, we have constructed the confusion matrix of the two models selected, as shown
in Tables 7 and 8. This matrix compares the classes obtained by classification with the reference points
(160 points) by calculating specific indices such as the global accuracy index, the Kappa coefficient, the
user's accuracy, and the producer's accuracy.

According to the results obtained, the overall accuracy reached 91.88% with a Kappa index of 0.89
for the NDVI-albedo model, and it reaches 93.75% with a Kappa index of 0.92 for the MSAVI-albedo
model.

For NDVI-albedo, the use and production precisions of each class were 93.75% and 96.77% for non-
desertification, 88.46% and 92% for low desertification, 90.91% and 88.24% for moderate
desertification, 90.91% and 85.75% for severe desertification, 94.44% and 97.14% for extreme
desertification.

As for the MSAVI-albedo model, the use and production precisions are superior to those of the
NDVI-albedo model for all classes. Indeed, the precisions of use and production are of the order of
94.12% and 96.97% for non-desertification, 89.29% and 92.59% for low desertification, 89.29% and
90.63% for moderate desertification, 93.33% and 90.32% for severe desertification, 94.74% and 97.30%
for extreme desertification. It can be seen that the two feature space models selected have a high overall
classification accuracy, with equally high Kappa indices. Nevertheless, the overall accuracy, as well as

the Kappa index of the MSAVI-albedo model, are slightly higher than the NDVI-albedo model.
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Table 7 Confusion matrix of the desertification map of the NDVI-Albedo model

Ground Truth
User
Desertification Accuracy
category Low Moderate ' Severe Total (%)
_T 2 0 0 0 32 93,75%
Low 1 23 2 0 0 26 88,46%
Moderate 0 0 30 3 0 33 90,91%
Severe 0 0 2 30 1 33 90,91%
_ 0 0 0 2 34 36 94,44%
Total 31 25 34 35 35 160
Producer Accuracy
(%) 96,77% 92,00% 88,24% 85,71%  97,14%
Overall Accuracy 91,88%
Kappa index 0,89
Table 8 Confusion matrix of the desertification map of the MSAVI-Albedo model
Ground Truth
User
Desertification Accuracy
category Low Moderate ' Severe Total (%)
2 0 0 34 94,12%
Low 1 25 2 0 28 89,29%
Moderate 0 0 29 1 30 96,67%
Severe 0 0 1 28 1 30 93,33%
_ 0 0 0 2 36 38 94,74%
Total 33 27 32 31 37 160
Producer Accuracy
(%) 96,97% 92,59% 90,63% 90,32%  97,30%
Overall Accuracy 93,75%
Kappa index 0,92

4 Discussions
This work aimed to establish a model that quantitatively assesses the degree of desertification in the
Middle Moulouya basin. Several typical spectral indices namely NDVI, albedo, MSAVI and TGSI were
used to construct different feature spaces (albedo—NDVI, albedo-MSAVI, albedo—TGSI and TGSI-

MSAVI). The values of these indices were extracted from at high-resolution (10 m) Sentinel-2 satellite
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images. The linear correlation established for the different combinations revealed that only the albedo—
NDVI and albedo-MSAVI combinations are significantly correlated. Therefore, the other two
combinations (albedo—TGSI and TGSI-MSAVI) had to be discarded.

The degree of desertification was then calculated for the two models retained, by linear adjustment
of the vertical position in the two feature spaces, thus making it possible to establish the map of the
degrees of desertification of the study area. The latter showed a spatial gradient of the desertification of
the Middle Moulouya basin, which goes from the center to the extremities of the basin. Indeed, the
center of the basin is marked, in its majority, by severe to extreme desertification. In contrast, the further
away one goes, the moderate to low desertification (High Plateaus of Rekkam, Middle Atlas, and High
Atlas).

In our study area, we do not have a reference to compare our results because no study on
desertification has been conducted to date in the study area. That is why we resorted to comparing the
results obtained with Google Earth's image at high resolution. This comparison perfectly coincides with
this work's results and the field's reality.

The construction of several feature spaces was mandatory because a single feature space model can
only illustrate the state of desertification with high precision in areas with similar characteristics.

Indeed, the albedo—-NDVI feature space model gives more accurate results for areas with dense
vegetation cover (the High and Middle Atlas Plissé) than areas with sparse vegetation (the High Plateaus
of Rekkam and the center of the basin). Because at the level of this kind of zone, the NDVI is influenced
by the bottom of the soil, thus implying the reduction of the precision of classification of zones with
moderate desertification.

As for the albedo-MSAVI feature, space model is more accurate for areas with low vegetation cover
because it eliminates the influence of the soil background. As our study area is characterized mainly by
areas with low vegetation cover (the High Plateaus of Rekkam and the center of the basin), we have
introduced this index for a more precise assessment of desertification.

A comparison between the two models NDVI-albedo and MSAVI-albedo, showed that the results
of the two classifications were almost similar. However, the accuracy of the MSAVI-albedo model is
slightly higher for all classes.

These results prove that the MSAVI-albedo model better detects the vegetation in our study area,
which is generally characterized by a sparse vegetation cover, as it makes it possible to extract better
information relating to non-desertification, low desertification, and moderate desertification. As a result,
this model is the most suitable for monitoring information and quantitative assessment of desertification
in the study basin and regions with similar characteristics (arid and semi-arid regions).

The spatial distribution of desertification observed in our study is similar to those of Mokhtari (2016),
who conducted a study on the dynamics of desertification in the Moulouya basin. He noted that the areas
most affected by the phenomenon of desertification are both in the High Plateaus of Rekkam and the
valley of the Middle Moulouya (center of the basin).

22



Evaluation of desertification in the Middle Moulouya Basin (North-East Morocco) using sentinel-2 images and spectral index techniques

Many studies have used the same models as in the present research work, notably Wei et al. (2018,
2020) and Wu et al. (2019) in Mongolia, Guo et al. (2020) in Naiman Banner (China) and Becerril-Pifia
et al. (2016) in Mexico.

All the regions where these models have been applied have similar characteristics to our area study,
mainly in arid to semi-arid climate. Therefore, these models are reliable and give an accurate assessment
of desertification, thus making their use in the Middle Moulouya basin of great relevance.

The state of desertification raised by this study can be explained by two types of driving forces:
climatic and anthropogenic. The analysis constitutes a primordial step for understanding and the fight
against this phenomenon.

The first driving force is related to climatic conditions. Indeed, aridity and drought are the main
characteristics of the Middle Moulouya basin, where aridity is more accentuated in the areas closest to
the Moulouya river or at low altitude, which confirms our results raising a desertification severe to
extreme in these areas.

For the drought, the basin experienced a succession of several dry years (1982—-1984, 1986—-1988,
1992-1993, 1998-1999, 20042005, 2011-2012 and 2013-2014). Climate data analysis shows that the
region is characterized by low, irregular, and variable rainfall over time. These precipitations hardly
exceed 200 mm year—1 (Fig. 9). The basin is also characterized by high temperatures which can reach

45 °C in July and August.
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Fig. 9 variability of annual precipitation totals compared to the average of the Outat El Haj station for
the period 1980-2017

These severe climatic conditions favor the appearance and evolution of the phenomenon of
desertification, which is closely linked to the availability of water necessary for the growth of vegetation,
which in turn protects the soil against water and wind erosion.

As for the second driving force, it is exercised by the anthropogenic activities of a population that
continues to increase (Fig. 10). Indeed, the study area has experienced significant population growth, as

its population increased from 203,529 inhabitants in 1994 to 233,856 in 2004, reaching 247,837

inhabitants in the last census of 2014 with a growth rate of 1.68%.
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Population in 2014 Populationin 2004 —— Population in 1994

POPULATION

COMMUNES
Fig. 10 Evolution of the population of the Middle Moulouya basin between 1994 and 2014 (Source:
RGPH 1994, 2004 and 2014)

This rapid increase in population puts considerable pressure on natural resources. The
overexploitation of these resources takes place in several forms, namely overgrazing and excessive
cutting of woody plants in pastoral lands for domestic purposes. These activities modify land use by
reducing and destroying the vegetation in these areas, thus exposing the soil to different types of
degradation and the expansion of the phenomenon of desertification.

Moreover, human activity plays an important role in the salinity of soils in the region through
anarchic practices related to agriculture and irrigation of land. This salinity leads to the loss of
productivity of these lands (Fig. 11).

NN 1 e
— P

Fig. 11 Soil salinity problem in the Middle Moulouya basin

The combination of these two driving forces has led to the current state of desertification determined
by this work. Indeed, the further one moves away from the center of the basin, the climatic conditions
are better, and the population density is relatively low, which explains the classes of desertification of
these areas, which range from low to moderate desertification.

This study has lifted the veil on the very advanced state of desertification on the scale of the Middle
Moulouya basin, requiring rapid and immediate intervention to develop a program to combat this

phenomenon and strategies for the rehabilitation of seriously affected areas.
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5 Conclusions

Through this study, we proceeded to the construction of two models of feature spaces (NDVI-albedo
and MSAVI-albedo) which were used for the quantitative characterization of desertification at the level
of the Middle Moulouya basin. The results obtained using these models are much better than traditional
methods based solely on vegetation cover indices, which have several limitations, especially in a low
vegetation region. Of these two models, the MSAVI-albedo model can be the best suited to the study
area consisting mainly of vast rangelands with sparse vegetation (High plateaus of Rekkam). At the
same time, the NDVI-albedo model gives better results for areas with dense vegetation, such as the
Middle Atlas and the High Atlas of our basin. However, these areas represent only a small portion of
the territory studied. Given its effectiveness in monitoring desertification in our study area, the MSAVI-
albedo model can serve as a reference for decision-makers working in national and regional natural
heritage protection. This model can also be applied to other areas with the same surface characteristics.
Based on the results of this work, an action plan should be put in place urgently to overcome the
advanced situation of desertification in 2018 in the basin and limit land degradation. This work opens
the opportunity in front for works in progress to be able to rule on the spatiotemporal evolution of the

desertification at the level of the basin of the Middle Moulouya between 1984 and 2022.
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