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INTRODUCTION

The growing scale of sand encroachment and 
its impacts on ecosystems have attracted the in-
terest of many scientists worldwide (Wang et al., 
2022; Cai et al., 2025). Studies have mostly fo-
cused on defining the phenomenon, identifying 
its factors and processes, examining sand dynam-
ics, and developing techniques to combat sand 
encroachment. Aeolian dunes cover about 6% of 
the Earth’s surface, with 93% located in arid zones 
(Rahdari and Rodríguez-Seijo, 2021). They form 
large accumulations whose size, shape, orienta-
tion, and morphogenesis processes vary according 
to wind direction and intensity (Lancaster, 2023; 
Manzolli et al., 2023), topography, sand supply, 
and the granulometry of the local sandy material. 

Current literature about dune dynamics indi-
cates that the most studied type of dunes in terms 
of processes and movement is the barchan. It is 

considered a prototypical model for dune dy-
namics and provides a useful basis for studying 
dune morphology (Hersen, 2004), as the evo-
lution of barchan dunes is the best understood 
(Tsoar et al., 2008; Livingstone et al., 2007). 
Barchans develop and evolve through the inter-
action of sand, wind, rainfall and drought, to-
pography, and human activity (Callot and Crépy, 
2018; Bristow and Duller, 2024).

Dune migrations, in particular, are one of the 
major processes in the external geodynamics of 
arid regions, essential for understanding dune 
movements and for the management of arid re-
gions (Callot and Oulehri, 1996; Benbih et al., 
2025). Barkhanate dunes are the most common 
dune form in the Tafilalet region, located in south-
eastern Morocco. These crescent-shaped dunes 
are very active (Génois et al., 2012; Elbelrhiti, 
2005). The movement of dunes along the western 
edge of the Tafilalet plain, particularly near the 
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Jorf palm grove, poses a serious environmental 
and socio-economic threat. Determining the cur-
rent rate of barchan dune migration and prevail-
ing wind directions is therefore essential for as-
sessing desertification risks and developing effec-
tive control or mitigation strategies.

To illustrate the mobility of barchan dunes 
and their potential for damage, this study focuses 
on the Jorf palm grove and its surroundings in 
the Tafilalet plain, which is one of the Moroccan 
regions most severely affected by desertification 
and sand encroachment. The latter results directly 
from land degradation driven by climatic arid-
ity and unsustainable human activity (Benmo-
hammadi et al., 2000; Benalla et al., 2003). This 
research analyses the migration rate of barchan 
dunes and examines their socio-economic and 
environmental impacts. High-resolution satellite 

imagery provides valuable data on the evolution 
of these dune formations in the Jorf area.

METHODS

Description of the study area

The Jorf sector lies in the pre-Saharan zone of 
southeastern Morocco (Figure 1). It is bordered 
by the Cretaceous hamada of Meski to the north, 
the Rissani palm grove to the south, the Arfoud 
palm grove to the east, and the eastern slope of 
the Anti-Atlas to the west. The study area is part 
of the Tafilalet plain, which includes the Rissani, 
Jorf, and Arfoud palm groves. These groves form 
part of the UNESCO Biosphere Reserve and are 
recognised as sites of biological and ecological 

Figure 1. Location of the study area: (a) Jorf sector in in the Tafilalet plain, (b) an overview of Morocco map,
(c) regional scale
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interest (Laaouane and Ben Kacem, 2018). Ad-
ministratively, the Jorf palm grove covers the 
communes of Arabe Essebbah Ghéris, Munici-
pality of Jorf, and Fezna Ouled Jellal. These 
communes, under the Arfoud circle, have a com-
bined population of 21,023 residents across 4.278 
households (HCP, 2024). The experimental site 
selected for this study is a dune field located east 
of Qsar Fezna, northwest of the Jorf palm grove, 
and about 8 km north of Jorf town.

The Tafilalet plain was formed by the conver-
gence of the Ziz and Ghéris rivers, which shaped 
this alluvial basin. Three main landforms can be 
distinguished: the plain, which is the most exten-
sive and covers about 65% of the total area; the 
hamada; and the mountains, which occasionally 
appear as isolated peaks (Jbel Bine Jbilat, 854 m; 
Jbel Elgara, 809 m; Jbel Fezna, 926 m; and Jbel 
Elmenqara, 880 m). The lithological formations 
of the Jorf sector consist mainly of schist-sand-
stone layers that are highly susceptible to erosion. 
Quaternary deposits have left behind substantial 
alluvial accumulations that are sandy-silty in na-
ture, providing a large reservoir of material that is 
easily mobilised by prevailing winds, especially 
during sandstorms. The sediments carried by the 
Ghéris and Ziz rivers and their tributaries are pre-
dominantly clay-sandy, making them highly sen-
sitive to wind transport processes (Margat, 1958; 
Alali et al., 2013)

Aridity is the defining feature of the climate 
throughout southern Atlas Morocco (Joly, 1962; 
Akdim et al., 2017), where continental influences 
are predominant. The mean aridity index is 0.03 
(Lamqadem et al., 2018). Maximum temperatures 
can reach 45 °C in summer, while winter minima 
range between –3 °C and 7 °C. Average annual 
rainfall is 67.7 mm (1967–2023), showing strong 
temporal variability. Potential annual evapotrans-
piration is about 1,200 mm (Navas et al., 2013). 
Wind conditions vary in both intensity and direc-
tion across seasons. Average monthly wind speed 
peaks at 9.1 m/s in May and June and decreases 
to around 5.8 m/s during winter (December–Feb-
ruary). Wind rose data indicate a predominant 
southwest–northeast (SW–NE) direction associ-
ated with the Sahlé wind, along with secondary 
northeast–southwest (NE–SW, Chergui wind) 
and northwest–southeast (NW–SE) directions.

The population of Jorf has demonstrated 
the ability to exploit the advantages of their 
environment while adapting to its constraints. 
Through accumulated knowledge and practice, 

they have developed a highly complex and inte-
grated agrosystem. This ingenuity is evident in 
spatial organisation, crop stratification, architec-
tural forms, cultivation methods, and the diverse 
techniques used to mobilise water resources 
(Laaouane et al., 2019). Such achievements are 
also rooted in social organisations governed by a 
strict customary law that regulates not only hu-
man relations but also the management of eco-
nomic and patrimonial resources.

Traditional oasis agriculture in the Jorf sector 
constitutes a key component of the desert environ-
ment. It embodies the knowledge and resilience 
of a society that has managed to thrive within an 
arid and settlement-constraining context (Hadeid 
et al., 2018; Hamamouche et al., 2018). Agricul-
ture in the ancient palm groves is characterised 
as traditional and community-based, relying on 
local knowledge, solidarity, and collective labour 
and governed by social and communal norms 
(Lavie and Marschall, 2017). Historically, the 
Tafilalet region has played a central role in Mo-
rocco’s history. It served as a major crossroads 
of trade and cultural exchange whose influence 
extended beyond regional boundaries. The city 
of Sijilmassa, now in ruins, stands as tangible 
evidence of this legacy. Tafilalet is also the birth-
place of the Alaouite Dynasty, which continues 
to rule Morocco.

Data sources and preprocessing

Depending on the spatiotemporal scale of 
the study, various techniques worldwide moni-
tor dune mobility and morphological changes. 
These include aerial photographs and satellite 
imagery (Bogle et al., 2015; Bouarfa and Bel-
lal, 2018), and GPS measurements (Sbai and 
Mouadili, 2023a,b). Currently, drones and Li-
dar systems are commonly used (Robine et al., 
2023; Ma et al., 2024).

In this study, the rate and direction of barchan 
dune mobility were determined using satellite 
images obtained freely via the Google Earth Pro 
platform. These images have a spatial resolution 
of 2 m (satellite Pleiades images from Google 
Earth Pro.). The analysis involved digitising dune 
deposits by creating KML files in Google Earth 
Pro, which were then imported and processed in 
vector format using ArcGIS for a final analysis.

Accurate measurement of barchan dune dis-
placement requires identifying reference points 
(Figure 2). In this study, the right and left horns, 
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the dune foot, and the avalanche face were select-
ed as reference points. Monitoring at the Fezna 
site covered 12 years (2012–2024), divided into 
three time series (2012–2016, 2016–2020, and 
2020–2024) to capture spatio-temporal variations 
in displacement rates.

Dune mobility measurements were coupled 
with climatic data (wind, precipitation, tempera-
ture, humidity, and evaporation) and sedimento-
logical information to determine dune progres-
sion rates and the factors controlling sand move-
ment variability. Surface mapping was used to 
measure silted agricultural areas (ha) across the 
Jorf palm grove. Field missions were conducted 
to validate results and assess the role of human 
activity, including interviews with local infor-
mants, particularly elders.

Auxiliary data was used to characterise the 
main drivers of dune mobility. Meteorological 
data were obtained from the Guir-Ziz-Ghéris Hy-
draulic Basin Agency (ABH, GZR) and the Gen-
eral Directorate of Meteorology (DGM), while 
socio-demographic information came from the 
High Commission for Planning (HCP). 

RESULTS 

Displacement rate of barchan dunes in the 
Fezna site between 2012 and 2024 

Analysis of the results from high-resolution 
satellite images allowed accurate measurement 
of barchan dune movement (Table 1). Over the 

12-year study period, the dunes migrated an av-
erage of 108.6 m, corresponding to an annual 
rate of 9.1 m/year. Mobility rates varied among 
individual dunes, with the highest displacement 
recorded at 11.3 m/year (B2) and the lowest at 
6.1 m/year (B11). Examination of different ref-
erence points indicated that sand progression 
across morphological units (right horn, left horn, 
and dune foot) is relatively uniform. Specifically, 
the mean displacement rate was 110.2 m (9.18 m/
year) for left horns, compared to 9.0 m/year for 
right horns and 8.98 m/year for dune feet.

The monitoring of barchan dunes displace-
ment revealed significant variations both between 
the periods studied and among the individual 
dunes (Figures 3–4). At the Fezna site, the high-
est average displacement rate occurred during the 
second period (2016–2020), with a mean rate of 
11.3 m/year, a maximum of 13.3 m/year (B15), 
and a minimum of 5.3 m/year (B22). The period 
2012–2016 recorded the lowest average displace-
ment rate, at 7 m/year, with the highest individual 
dune movement reaching 10.2 m/year (B18) and 
the lowest around 2.5 m/year. Between 2020 and 
2024, the average displacement rate was approxi-
mately 9 m/year. Displacement rates also varied 
among dunes depending on their size and volume. 
For example, during the first period (2012–2016), 
dune B6, with an area of 488 m², exhibited an 
exceptionally high displacement rate of about 10 
m/year, whereas the larger dune B11 (2004 m²) 
recorded a minimum average rate of 2.5 m/year 
over the same period.

Figure 2. Morphological and morphometric units of barchan: f – foot, A – apex, F – flank, R.H. – right horn,
L.H. – left horn, A.F. – avalanche face, L – length, W – width 
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Table 1. Mobility of the 12 barchans in the Fezna site between 2012 and 2024

Barchans Right horn (m) Left  horn (m) Foot (m) Overall average 
displacement (m)

Annual average 
displacement (m/year)

B1 117 110 108 111.7 9.3

B2 132 123 152 135.7 11.3

B3 113 126 115 118 9.8

B4 69.7 109 88.4 89 7.4

B5 123 121 110 118 9.8

B6 134 132 120 128.7 10.7

B7 112 103 105 106.7 8.9

B8 136 121 122 126.3 10.5

B9 92.4 99.3 95.4 95.7 8

B10 95.6 97 88.6 93.7 7.8

B11 69.6 70.8 79 73.1 6.1

B12 98.6 110 112 106.9 8.9

Average 107.7 110.2 108 108.6 9.1

Figure 3. Morphological variations and mobility of barchan dunes in the Fezna site between 2012 and 2024
(a) from barchan 1 to barchan 6; (b) from barchan 7 to barchan 12
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Variations in the orientation and migration 
direction of barchan dunes at the Fezna site

The determination of barchan dunes move-
ment directions in the Fezna area was based on 
the monitoring and measurements described 
above, as well as on the orientation of the dunes 
(Table 2; Figure 5). Unlike classical wind roses, 
the dune displacement roses produced here do not 
represent the prevailing wind regime or potential 
sand transport, but rather the directions of active 
winds responsible for actual sand movement at 
the Fezna site. In this context, we observed a clear 
dominance of the southwest–northeast (SW–NE) 
direction, corresponding to the Sahlé wind, which 
accounts for 80% of movements. Field observa-
tions and dune monitoring also revealed the oc-
currence of the Chergui wind (NE–SW direction) 
at a frequency of 13%, and the northwest–south-
east (NW–SE) direction at 6.7%. Although the 
Chergui wind is less frequent, it plays a crucial 
morphological role by significantly modifying 
the dune shapes created by the Sahlé wind, affect-
ing ridge orientation, avalanche face slopes, and 
dune length.

Role of the climate and sandy material in the 
mobility of barkhanes in Jorf 

Wind is a key climatic agent in dune morpho-
genesis, distribution, and mobility (Tsoar et al., 
2009; Mainguet et al., 2006). The Tafilalet plain is 
highly vulnerable to sandstorms and dust events 
due to its location. Each year, from February to 
July, the season of strong winds, locally called 
Maoussem Elaajaj, begins. High wind speeds, ex-
treme temperatures, very low relative humidity, 

and elevated evaporation accompany sandstorms 
in the Jorf area. For instance, during a sandstorm 
on 25 May 2023, wind speeds exceeded 24 m/s. 
The critical threshold for sand mobilisation and 
dune morphological change ranges from 4 to 
6.25 m/s (Bagnold, 1941; Fryberger, 1979). Dur-
ing the same event, the maximum temperature 
reached 43.2 °C, and relative humidity dropped to 
16.5%. Evaporation was also exceptionally high 
in June 2023, reaching 403.2 mm, compared to an 
annual average of approximately 235 mm.

Analysis of sedimentary data from the sandy 
material identified four sand fractions: coarse, 
medium, fine, and very fine, occurring in varying 
proportions (Table 3). In the Jorf sector, the sand 
is composed of 79.4% fine sand, 11.2% very fine 
sand, and 6.8% medium sand.

Environmental and socioeconomic impacts of 
sand encroachment

In pre-Saharan Morocco, the traditional oasis 
agricultural system represents an important heri-
tage. Historically, oasis agriculture has played a 
central role in maintaining ecological, social, and 
cultural balance (Hadeid et al., 2018; El Khoumsi 
et al., 2017). The Jorf palm grove, due to its loca-
tion, acts as a barrier against particle-laden winds 
and contributes to their deposition at the edge of 
the grove (Figures 6–7).

Quantifying the socio-economic impact of 
sand encroachment is essential to assess its ad-
verse effects. Surveys and interviews with farmers 
in the Jorf palm grove, combined with analysis of 
aerial imagery, indicate that dune sand has invad-
ed 351 hectares, including more than 20 percent of 

Figure 4. Temporal variations in the displacement rate of barchans in the site of Fezna
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Hannabou, 18 percent of Elmenqara, and 12 per-
cent of Fezna (Table 4). According to Laaouane 
and Ben Kacem (2018), the financial value of this 
lost agricultural heritage amounts to 14,040,000 
DH. Maintaining each hectare of cultivable land 
requires the labour of eight people, which repre-
sents a significant loss of working days that exac-
erbates local precarity and drives migration. Fur-
thermore, surveys conducted in 2023 indicate that 
35 percent of farmers in the Qsours de Jorf plan to 
leave their land, with 46 percent of them choosing 
the city of Fès as their destination.

DISCUSSION

The mobility of free dunes is common in 
arid zones where sandy material is abundant 
(Dłużewski and Woronko, 2024). Plains and de-
pressions in the Moroccan pre-Sahara are par-
ticularly favourable for wind-driven sedimenta-
tion (Mainguet et al., 2010). Several studies have 
documented the migration rates of barchan dunes 
in the Jorf area (Chemin, 1984; Kabiri et al., 
2003). Chemin (1984) analysed the spatiotempo-
ral evolution of sand encroachment and the pro-
gression of barchans to the west of the Hannabou 
palm grove. Using aerial photographs from 1951 
to 1965, this study detected a displacement of 
320 m, corresponding to an annual rate of 24 m. 
Kabiri and colleagues examined the wind regime, 
dune migration, and sand transport at the Elkraire 
site between 2000 and 2003 (Kabiri et al., 2003; 
Navas et al., 2013). Their results indicated an av-
erage displacement rate of 15 to 28 m/year toward 
the palm grove, that is, in a northeast direction.

Referring to the results obtained at the Fezna 
site (Figures 3–4) and to the studies conducted by 
Chemin (1984) and Kabiri et al. (2003) (Table 5), 
it is possible to conclude that the displacement rate 
of barchan dunes in the Jorf sector has decreased 
between 1950 and 2024. All studies consistently 
highlight the dominance of the southwest–north-
east direction (Sahlé wind). The northeast–south-
west (Chergui) and south–north directions are 
less significant for annual dune migration but 
play a notable role at the morphodynamic level. 
Although the work of Chemin (1951–1964) and 
Kabiri (2000–2003) provides important informa-
tion about dune system dynamics, these results 
no longer reflect current displacement rates. This 
is due to significant socio-spatial changes in the 
Hannabou, Elkraire, Elbouia, and Fezna sec-
tors, particularly in land use and silting control. 
Protection systems against silting, installed up-
stream instead of at downstream termini where 
dunes meet the edge of the palm grove, have 

Table 2. Orientation and direction of movement of the 
barchan dunes in the site of Fezna 

Situation Direction of 
movement Observation tool

28/09/2011 SW-NE Pleiade satellite

01/03/2012 NE-SW Pleiade satellite

23/09/2012 SW-NE Pleiade satellite

15/10/2012 SW-NE Pleiade satellite

19/11/2012 SW-NE Pleiade satellite

20/07/2013 NE-SW Pleiade satellite

07/08/2013 SW-NE Pleiade satellite

11/02/2016 SW-NE Pleiade satellite

18/02/2016 NW-SE Pleiade satellite

08/11/2018 SW-NE Pleiade satellite

10/10/2020 SW-NE Pleiade satellite

31/10/2022 SW-NE Pleiade satellite

23/08/2023 SW-NE On ground

03/04/2024 SW-NE Pleiade satellite

30/05/2025 SW-NE On ground

Figure 5. Rose of movement of the barchans in the 
site of Fezna from 2011 to 2025

Table 3. Relative proportions of the different types 	
of sands contained in the sites constituting the Jorf sector

Sand proportion % Sand proportion %

Coarse sand 2.6%

Medium sand 6.8%

Fine sand 79.4%

Very fine sand 11.2%
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Figure 6. Sand encroachment of the palm grove, the Qsours and the infrastructure in the Jorf sector 

Figure 7. Photographic views illustrating the reclamation of agricultural land and infrastructure in Jorf:
(a) Elbouia, (b) Elkraire, (c) Ouled Ghanem, (d) road linking Elkraire and Elbouia
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reduced wind-driven saltation and partially stabi-
lised wind deposits. Furthermore, studies of sand 
encroachment impacts in the Rissani palm grove 
indicate that sand has invaded 390 hectares, with 
over 80 percent affecting the western front. The 
financial value of this lost agricultural heritage is 
estimated at 15,600,000 DH (Laaouane and Ben 
Kacem, 2018).

CONCLUSIONS

This study combined morphological, meteo-
rological, and environmental data to analyse the 
mobility and impact of active sand dunes at the 
Fezna site in Jorf. The findings indicate that the 
Fezna barchan field remains active, although the 
rate of dune migration has slowed over time. Cli-
matic aridity, sand availability, flat topography, 
and human activity are the main factors influ-
encing dune dynamics along the western edge of 
the palm grove. Dune migration has major con-
sequences, threatening the stability of the oasis 
agrosystem and nearby settlements. These results 
are essential for developing effective dune control 
and land management strategies.
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