Engineering, Technology & Applied Science Research

Vol. 14, No. 6, 2024, 18695-18701 18695

Geospatial Modeling of Aeolian Dynamics in
the Algerian Steppe from Zahrez Chergui to

Hodna

Abdelmalek Rerboudj

Laboratory of Geomorphology and Geo-risks, Faculty of Earth Science, University of Sciences and

Technology Houari Boumediene, Algeria

a.rerboudj @univ-batna2.dz (corresponding author)

Mohamed-Said Guettouche

Laboratory of Geomorphology and Geo-risks, Faculty of Earth Science, University of Sciences and

Technology Houari Boumediene, Algeria
mguettouche @usthb.dz

Yann Callot

University of Lumiere Lyon 2, Archeorient, Maison de 1'Orient et de 1a Mediterranee, France

yann.callot@univ-lyon2.fr

Received: 25 September 2024 | Revised: 23 October 2024 | Accepted: 31 October 2024

Licensed under a CC-BY 4.0 license | Copyright (c) by the authors | DOI: htips://doi.org/10.48084/etasr.9095

ABSTRACT

Assessing the hazards associated with aeolian geomorphological processes requires a fundamental
understanding of their spatial distribution. These phenomena often have detrimental impacts on the
environment, economy, and society. This problem is prevalent in the Algerian steppe, encompassing the
Zahrez, Chergui, and Hodna regions. This study proposes a research method for developing more accurate
and simpler indices to evaluate the extent and directionality of sand migration. Specifically, it examines
surface characteristics, such as altitude, slope, and slope exposure. However, some tools used for spatial
modeling of wind dynamics necessitate corrections to account for the effects of topography and surface
features on wind, which for this study are implemented using spatial techniques. The results are
incorporated into the model developed by Fryberger, which requires wind data and a Digital Surface
Model (DSM) to estimate the factors included in this model. The findings indicate that the average
potential quantity of sand movement is 64 t m™ yr'' over the entire study area, with 37.3% of the region
experiencing severe deflation of 140 t m™” yrl. This result can be utilized to enhance the understanding of
the direction and magnitude of sand movement in any region.

Keywords-spatial modeling; aeolian dynamics; wind exposure index; wind amplification index; algerian

steppe

I.  INTRODUCTION

The spatial distribution of aeolian processes is critical in
assessing the risks associated with this phenomenon. The
consequences can have environmental and socioeconomic
impacts, several of which are more severe in arid and semi-arid
regions [1-3]. Wind erosion and sand displacement are
problems in the Algerian steppe, which
encompasses/constitutes the study area [4]. Topography
influences sand movement patterns, affecting the spatial
distribution of dunes, particularly in the area south of the
Algiers Steppe at Hodna or Zahrez Chergui [5-8].

The Fryberger method has become the dominant and
effective approach for quantifying aeolian geodynamics since

its development [9]. While this formula is not foolproof, it
remains widely utilized to evaluate wind patterns in vector
units and estimate the potential for sand transport in these wind
conditions [10, 11]. This method was based on the Lettau H.
and Lettau K. equation, which primarily relied on aerological
data [12]. The Fryberger method produces adequate results
when other factors are conducive, such as the conditions
observed at Cap Juby in Morocco [13, 14]. However,
corrections for any additions or modifications, or the
concurrent use of a complementary index, may be necessary in
other circumstances.

Natural phenomena are heavily influenced by topographic
features that impact climate, wind erosion, and sand
displacement in various scales [15-18]. Obstacles, such as
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rocks or vegetation of different sizes and textures, affect the
shape and geometry of dunes [19]. A relationship between
potential sand movement and dune slope has been developed
on a local level [20], given by:

aQ _

i Ctana €))
where, v is the density of sands, C is the displacement rate, and
o is positive in windward areas and negative in leeward areas
[21]. A correction coefficient has been also developed in the
form given by [22]:

q' = G=*q 2

where, G is the coefficient of correction of slope effects on the
quantity of sand transported, g represents the quantities of
potential sand displacements on a plane, while g’ denotes the
quantities of potential sand displacements on the slope + 8. To
account for the effects of slope on the sand transport rate, G is
calculated as:

G = tana/(cos O x (tana + tan 9)) 3)

where, o is the internal friction angle of the sediments and
assumed to be 32° and @ is the slope of the surface with
positive and negative values depending on the exposure to the
wind.

The wind amplification factor (A,) represents the ratio of
the average wind speed at height z (V) to the average speed in
a flat area (V;) [23, 24]. This factor ranges from 1.1 to 2 for
small and medium-sized dunes [25, 26]. Additionally, on a
dune in Silver Peak, Nevada accelerations are measured and
range from 1.50 to 3.19 [27]. Sand deposition is strongly
correlated with the obstacle height-to-width ratio, as observed
and tested in a wind tunnel [26, 28]. The formation and
thickness of dunes are determined by the obstacle's
characteristics, such as height, width, length, and slope, as well
as the direction of sand movement. For example, the shape of a

dune can be expressed as h = (g) * tan 0 [29]. It is shown that

topography can affect the threshold velocity of sand particles
[30, 31]. Furthermore, using Bagnold's equation, the sand
transport rate is more related to terrain slope [20, 32].
Therefore, two correction coefficients were created: one to
correct the threshold velocity of movement and another to
correct sand transport. Wind tunnel experiments were
conducted to test the effect of slope on wind, saltation
threshold, and sand transport across a granulometric range of
124-544 um [33, 34].

On a regional scale, it was determined that the rocky massif
had a significant impact on the formation of the Fachi-Bilma
erg [28]. Wind speed changes are strongly correlated with the
characteristics of the obstacle. The position of ergs in relation
to large reliefs can influence the shape of erg dunes, and the
aerodynamics of this obstacle's position facing the wind flow
[35, 36]. Additionally, ergs are consistently found in
topographic depressions, either on the windward or leeward
side [37-39]. These ergs are frequently affected by wind action
or hydro-aeolian activity. A correlation was discovered
between the surface roughness index, topography, and
vegetation in coastal areas [40]. The amount of sand deposited

is largely determined by the obstacle's distance and height [26,
41-43].

This study seeks to develop a model for quantifying aeolian
geodynamics, enabling estimates of sand flux displacement
direction. The proposed approach involves creating a climate
index that utilizes spatial techniques to account for the
influence of topography on winds, incorporating the
amplification coefficient. The wind power was assessed by
analyzing topographic features derived from the DSM covering
the study area, and this index was subsequently incorporated
into the Fryberger model.

II. MATERIALS AND METHODS

A. Study Area

The study area expands over 9694.8 km®, situated between
the Zahrez Chergui basin and the southern and southwestern
Hodna basin, bounded by latitudes 34.82 ° and 35.47 ° north
and longitudes 3.01 ° and 4.80 ° east, and is present in Figure 1.
This region exhibits a prominent sand ridge that stretches
approximately 161 km, with a width ranging from 3 to 5 km
and a total area of around 644 km?2. The surface of this feature
is subject to fluctuations driven by climatic conditions.
Scholarly research suggests that dunes can form in a belt-like
pattern due to various factors, such as climate and topography,
resulting in a wind corridor pattern across the landscape [44,
45].
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Fig. 1.

Location of the study area.

The study region exhibits a semi-arid climate in the
mountainous areas and an arid climate in the vicinity of Chott
Hodna. The winter months are characterized by cold
temperatures, with the average monthly temperature range
fluctuating between 1 °C and 5 °C, while the summer season is
marked by dry conditions and average temperatures between
34 °C and 40 °C. From 1984 to 2015, the annual mean
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temperature varied from 15 °C at Zahrez Chergui to 20 °C at
Hodna. The annual relative humidity was recorded as 51% in
Boussadda and 58% in Djelfa. During the winter and spring
seasons, the predominant wind directions were from the north
and northwest, with an average monthly wind speed from 3.4
to 4.7 m/s. Conversely, the summer and autumn periods were
dominated by winds from the south and southwest, with
average monthly wind speeds ranging from 3.4 to 5 m/s.

B. Data Collection

The study obtained wind data from Algeria's National
Office of Meteorology (ONM) and the NOAA website [46].
The dataset spans 20 years, from 1995 to 2015, for four stations
including Boussadda, M’sila, Djelfa, and Ksar Chellala. The
station of Barika provided data for 4 years. The wind
recordings are taken at intervals of 1, 3, or 8 hours depending
on the station. The quality of the data was evaluated by
comparing the number of gaps to the total number of
measurements. For example, the Boussadda station had 0.96%
and 0.99% gaps in wind speed and direction, respectively.
Additionally, the study utilized USGS Landsat OLI and Google
Earth Pro imagery, as well as the ALOS Global DSM [47, 48].
Field data were collected through 1 kg mobile sand samples
from dune crests using a Garmin 62s GPS, distributed along the
sand transport direction. The sand bulk density along the dune
belt between the Zahrez Chergui and Hodna basins was
estimated at the Lumieére Lyon 2 University's OMEA platform
laboratory.

C. Methodology

The data enabled the implementation of multiple treatments
using the steps outlined in the flowchart depicted in Figure 2.
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Flowchart of the adopted methodology.

1) Calculation of the Wind Regime

The method is primarily based on calculating a set of
parameters, modified by (4) and (5), specifically the Potential
Sand Displacement (DPS) and the Resultant Drift Direction
(RDD) [2, 3,9, 12, 49, 50].

DPS = %8, U% (U - Uyt )
RDD = arctan(XL8, (VU) sin(Dir;) / £18,(VU) cos(Diry))  (5)

where U is wind velocity, and U, is the impact threshold
velocity, which for this paper is considered approximately 6

m/s [3, 51, 52]. Moreover, ¢ is the time during which U receives
higher values than Ut, expressed as a percentage, Dir; is the
angle of wind direction and is measured clockwise from the
north, which has the 0 ° value, and VU in/is the drift potential
in each wind direction class.

2) Topographic Correction of DPS and RDD Parameters

To begin with, Wind Exposure Index (WEI) is calculated as
[53]:

WEI =cos8 = cosu * sinf8 + sinu * cosf§ *
cos (6 —v) (6)

where u is the slope of the terrain, y is the slope exposure, J is
the azimuth of winds and in this study is considered equal to
RDD, and f is the horizon angle in the wind direction equal to
0 [53]. The WEI values spanned the range from -1 to +1. The
slopes facing the wind exhibited positive values, while those on
the leeward side exhibited negative values.

Furthermore, the wind amplification for topography is
calculated as:

Uzq z1\ ¢
= (%) @
where Uy, is the wind speed at height z/, Uy, is the wind speed
at reference height z2 equal to 10 m, and a is an exponent equal
to 1/7 [54]. This parameter represents the topographic
roughness, which influences wind profiles and flows over flat
terrain [55]. Its value commonly falls within the range from 0.1
to 0.3, with 1/7 denoting the average condition [56-58].

Furthermore, the interpolation and correction of
topographic effects on the wind regime follows a number of
steps depicted below. Assuming that Q = DPS and Q, =
DPS,, are on the same flat zone, the DPS is equal to the cubic
value of the wind speed, Q o« V3 [20]. If the value of the
speed (V) is replaced using (8), the following ratio is received:

Q@ _vi_Vv _ (2)*

@ V@ o (Zo) @)

Thus, the correction of the topographic effects of DPS is
calculated using:

DPS = DPS, * (%)a ©9)

Additionally, the DPS vector is calculated by (10), its
magnitude by (11), and its direction by (12) [9, 59]:

(U - _ <UzZ * (%)1/7) * (sin(Dir) + sin(9))\|

DPS= y (10)
\V =- <UZZ * (;—;) 7) * (cos(Dir) + cos(H))/

DPS = VUZ + V2 (11)

RDD (°N) = atan (%) £57.296 F 180 (12)

The proposed method quantifies DPS and the resulting
RDD across the study area, including the dune crest. This
information can be leveraged to enhance the understanding of
the wind patterns and the scale of sand displacement.
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This approach generally comprises three stages, illustrated
in Figure 3. Firstly, the data acquisition phase, which
incorporates wind data and calculations of wind regime
parameters, as well as the DSM utilized to determine
topographical factors, such as slope, elevation, and slope
orientation. This is then followed by the modeling phase, which
primarily focuses on wind exposure indices, wind amplification
indices, and vectors of wind regime parameters, and finally the
results phase, which concentrates on wind dynamics. These
findings provide insights into the magnitude and direction of
aeolian sand transport.

Spatial |
( Modeling
» Wind Exposure Index
» Wind Amplification Index
» Wind regime (Vectors U and V)

« Sand displacement and
dominant direction
quantification

» Wind regime
» Topographic (DSM)
Data Aeolian
collected Dynamics

Fig. 3. Flowchart of the general methodology of topographic correction of
DPS and RDD parameters.

III.  RESULTS

A. Wind Regime

Table I summarizes the application of the Fryberger's
model to the study stations and the sand density along the dune
cord.

TABLE L. DPS CONVERSION TO VOLUME AND MASS PER
STATION
. A . . . Ksar
Station Boussadda | M’sila | Barika | Djelfa Chellala
DPS (VU) 823 685 832 758 625
RDP (VU) 538 328 124 288 456
CT 0.65 0.48 0.15 0.38 0.73
RDD (°N) 299.0 301.2 17.9 270.4 276.1
W (%) 19.7 24.2 25.9 24.8 21.0
Potential
erosion 57 47.4 57.6 52.5 433
(m’ m" yr')
Density of
sand 1717 1717 1717 1769 1769
(kg my*
Potential
erosion 97.9 81.4 98.9 92.9 76.6
(tm' yr'h”

a. Sample. Density of sand was estimated at the OMEA laboratory of Lumiére-Lyon2 University.

b. These masses present only potential and punctual quantities.

The DPS values exceed 400 VU across the study area, with
a maximum observed in the center and eastern regions. The
dominant winds originate from the west and north-northwest,
except at the Barika station, where they are from the northeast.
The directional variability coefficient (CT) is unimodal, except
at Barika which is multimodal. The percentage of effective
winds ranges from 19.7% at Boussadda to 25.9% at Barika.
The sand volumetric mass is 1717 kg m™ at the Hodna stations

and 1769 kg m™ at Zahrez Chergui. To convert vectors to
volumes, a mean volumetric mass of 1,743 t m™ was used.

B. Interpolation and Correction of Topographical Effects on
the Wind Regime

The sand movement parameters were interpolated using an
Inverse Distance Weighting (IDW) method applied to the DPS
and RDD datasets at a 30-meter spatial resolution. The DPS
values ranged from 560 to 811 VU, with the highest values
concentrated from the central to eastern portions of the study
area. The resulting RDD directions spanned from west-
southwest to west-northwest, specifically from 255 °N to 298
°N.

i 1IDW_DPS (UV)
Value
= High: 2087 e High : 810

Low : 255,7 Low : 560

6, po. Index

- Value
B 7)) Value
= High : 0,79 - 7~ oo High: 2,1

B ow: 0,73

- Low :1,7

Fig. 4. Parameters of spatial modeling (a) IDW for RDD, (b) IDW for
DPS, (c) WEI, and (d) is a topographic index.

The effects of elevation on DPS are adjusted using an
amplification coefficient that varies from 1.7 to 2.1. The lowest
values were noted in the vicinity of Chott Hodna, whereas the
highest values were detected in the mountainous regions. The
WEI was calculated and ranges from +0.79 in upwind areas to -
0.73 in downwind areas [53].

C. Sand Displacement and Dominant Direction
Quantification

The quantification of DPS reveals distinct wind energy
patterns across the study region, as depicted in Table II and
Figure 5. Table II indicates that 40% of the area experiences
low wind energy, lower than 200 VU, with an estimated DPS
below 24.1 t m" yr'. This low-energy zone encompasses the
central and southern portions of the cordial dune belt at Zahrez
Chergui, the western section of Erg Siouf, and the downwind
areas. Conversely, 23% of the region is subjected to moderate
wind energy between 200 VU and 400 VU, with a DPS ranging
from 24.2 to 482 t m" yr'. This moderately exposed zone
surrounds the low-energy area, located northeast of Zahrez
Chergui and Erg Siouf. Furthermore, 37% of the study area is
characterized by strong wind energy above 400 VU, with a
DPS exceeding 48.3 t m” yr'. This high-energy class is
situated in the central part of the study area, between Djebel
Zemra, Temsa, Boussaida, and Baniou, as well as to the east of
M'cif, where the highest values are observed. The average DPS
across the entire study area is 64 t m™ yr.
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Fig. 5. (a) Corrected RDD, (b) Corrected DPS, and (c) DPS values on the
Zahrez Chergui-Hodna dune belt.

TABLE II. SPATIAL DISTRIBUTION BY MASS DPS
CLASSES AT ZAHREZ CHERGUI-HODNA (1995-2015)
DPS classes Area
(tm”'yr?) Km2 %

0-24 3868.4 39.9
24.1-48 2207.5 22.8
48.1-237.3 3618.9 37.3
Total 9694.8 100

IV. DISCUSSION

The point-based results are initially interpreted, followed by
the interpolated findings deploying the IDW approach. In
Boussadda, with a total transport capacity of 823 VU, the
potential movable sand volume is 56.9 m3 m” yr', amounting
to a mass of 97.7 t m™ yr''. The observations are analogous to
those from Barika, yet some reservations exist regarding the
data from this station. Djelfa exhibits a slightly lower quantity
compared to the previous locations, but it remains significant.
Lacking in situ measurements, the reliability of these results
cannot be assured. Nonetheless, they can be juxtaposed with
findings from other studies. The proposed DPS spatial model
aims to quantify DPS and their RDD using the factors depicted
in Figure 3. According to the DPS interpolation map, areas
with considerable sand accumulations correspond to regions
with low or moderate wind energy. The amplification
coefficient ranged from 1.7 to 2.1, which are comparable to the
values of 1.1 to 2, and the 1.5 and 3.19 reported in several
studies [25-27].

The areas with the lowest potential for sand displacement,
i.e. less than 24.1 t m™ yr', due to low wind energy (less than
200 VU), are situated in the leeward regions. Zones with high
wind energy, greater than 400 VU, and a hrgh potential for sand
displacement, greater than 48.3 t m™ yr”', are found in wind-
deflation zones. Furthermore, there is a zone with average wind
energy, between 200-400 VU, that connects these two zones,
characterized by an average DPS of 24.1 to 48.3 t m™ yr', such
as the central area of Zahrez Chergui's dune belt and Erg Siouf
in Hodna. Additionally, the region between Temsa, Boussaada,

and Baniou is known for its high wind energy. Large dune
accumulations are absent, except for those trapped by
topographical features, such as Djebel Kanfoude, as illustrated
in Figure 6. The sand displacement is primarily from the west,
which aligns with the directions reported by previous studies
[8, 60].

(oS00 2032

Fig. 6. Quantification of sand dynamics and silting risk between
Kanfoude Mountain and Maiter Valley.

The analysis of the findings is based on previous studies
[61]. For wind speeds exceeding 8 m/s, the 10-year average
sand transport rates were determrned to be 4.5 t m" yr'
Khiva, Uzbekistan, 38.7 t m! yr in Kazandzhik, and 63.9 t m’!
yr' in Nebit-Dag, Western Turkmenistan. The latter result
aligns with the present study’s findings, which indicate a
weighted average of 64 t m” yr' for the entire study area. In
the Tarfaya region, a total displacement capacrty of 1864 VU
was previously estimated, with a volume of 120 m’ m yr but
the actual drsplacement was found to be 160 m® m™ yr',
equivalent to 200 t m ! [14). This accounts for around 1/3,
or more than 3 t m™ yr”', which is consistent with the proposed
methodology. The impact of vegetation on sand displacement
was not considered in this study.

According to similar studies, in regions with moderate wind
energy, the amount of sand transported is approximately 20 to
30tm” yr' [51]. In the present study, the average quantrty for
this class is 36 t m” yr exceedrng the class's maximum
threshold by over 6 t m™ yr'. The topographic characteristics
of the study area, particularly elevation, slope, and slope
exposure, significantly influence these results. Sand deposition
is more prominent in downwind areas or as wind plating, while
strong sand displacement occurs in regions which are the most
exposed to winds. These values indicate satisfactory outcomes
that accurately reflect the ground reality. The accuracy of this
work could be improved by increasing the density and
distribution of weather stations, as well as enhancing the spatial
resolution of the DSM for better surface roughness estimation.
Despite these limitations, the study remains valuable as it
provides a simple and efficient approach to determine wind-
driven sand movement.

V. CONCLUSION

This study presents a systematic and rigorous approach to
modeling the sand movement dynamics on the southern steppe
of Algiers. It provides a tool for pinpointing, strategizing, and
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protecting areas susceptible to wind-driven processes, as well
as informing future land use planning efforts. The goal of this
approach is to develop more precise and user-friendly metrics
for evaluating the potential magnitude and trajectories of sand
mobilization driven by wind forces.

The result of applying this method shows that Hodna is
more exposed to wind deflation phenomena, with a sand
displacement rate exceeding 48.3 t/m/year. Furthermore, the
medium and low rates are found in downwind areas. Over the
entire study area, a weighted average Potential Sand
Displacement (DPS) of 64 t/m/year from the west direction was
estimated. These results are very much in line with field reality
and with previous work indicating that this model gives very
satisfactory results [13, 61].

This approach offers a research tool for generating more
precise and user-friendly indices to assess the potential volume
and direction of aeolian sand migration. It provides a valuable
asset for identifying, forecasting, and safeguarding areas
susceptible to aeolian dynamics, as well as for planning future
land-use initiatives. Currently, there is an ongoing
advancement in the development of a more accurate approach
that integrates space-based remote sensing and machine
learning technologies.
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