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Abstract

Morphologies of highly complex star dunes are the result of aeolian dynamics in past

and present times. These dynamics reflect climatic conditions and associated forces

like sediment availability and vegetation cover, as well as feedbacks with adjacent

environments. However, an understanding of aeolian dynamics on star dune mor-

phometries is still lacking sufficient detail, and their influence on formation and evolu-

tion remains unclear. We therefore investigate the dynamics of a complex star dune

(Erg Chebbi, Morocco) by analysing wind measurements compared to morphometric

changes derived from multitemporal high-accuracy 3D observations during two sur-

veys (October 2018 and February 2020). Using real-time kinematic global navigation

satellite system (RTK-GNSS) measurements and terrestrial laser scanning (TLS), the

reaction of a star dune surface to an observed constant unimodal sand-moving wind

is presented. TLS point clouds are used for morphometric analysis as well as direct

surface change analysis, which relates to sand transport. RTK-GNSS measurements

enable the assessment of horizontal crest movement. Observed surface changes lead

to the identification of an overall shielding effect, resulting in sand accumulation

mainly on windward slopes. Our results point to a self-sustained dune growth, which

has not yet been described in such spatial detail. Steep slopes, often found on star

dunes around the globe, seem to partly hinder upslope sand transport. Though a

comparatively short observation period, we therefore hypothesize that, besides wind

intensity alone, slope angles are more decisive for sand transport than previously

assumed. Our methodological approach of combining meteorological data and high-

resolution multitemporal 3D elevation models can be used for monitoring all dune

forms and contributes to a general understanding of dune dynamics and evolution.
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1 | INTRODUCTION

The evolution and dynamics of star dunes in sand seas (ergs)

around the globe are, to date, only partially understood (Goudie

et al., 2021). Published studies concerning star dune generation and

evolution so far focus on larger regional wind systems with a high

directional variability depending on seasonal changes (Herzog

et al., 2021; Lancaster, 1989a, 2005; Tsoar, 2001; Zhang

et al., 2012). The location of star dunes seems to be bound to

depositional centres (Dong et al., 2004; Mainguet & Callot, 1978;

Zhang et al., 2016) and the star dunes, once established, tend to

add sand to their bulk and act as depositional centres themselves.
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The morphometry of star dunes is highly variable, for example

ranging from simple pyramids over complex coalescing stars to stars

in transfer to dome dunes (Goudie et al., 2021). Causes for these

different and multifaceted forms are unclear, but most likely reflect

a multiphase polygenetic evolution as well as variable process

intensities (Dong et al., 2004, 2013; Lancaster, 2008; Wang

et al., 2005). With abundant sand supply, sand transport depends

almost exclusively on wind intensities, where saltation and creep

are initialized at around 6 m/s (12 knots) (Kok et al., 2012). How

the complex morphometric forms of star dunes react to local wind

system changes is largely unknown and remains in a research stage

of modelling concepts (Parteli et al., 2014; Tan et al., 2016; Zhang

et al., 2004, 2012). To access, monitor and understand star dune

dynamics in relation to changes in the local wind system in reality,

multitemporal morphometric data in detailed spatial resolutions

are required (Baughman et al., 2018; Bryant & Baddock, 2021;

Schmid et al., 2022).

Recent advances in satellite-based remote sensing techniques

allow the investigation of aeolian sand dunes up to a resolution of a

few metres and the measurement of dune migration by calculating

pixel-wise directional displacement in the frequency domain (Zheng

et al., 2022). Aeolian sand dunes and their migration have further

been observed using acquisitions from uncrewed aerial vehicles

(UAVs). Photogrammetric techniques therein depend on the surface

structure and texture (e.g. depending on the composition of sand) for

3D reconstruction of the dune surface. Accordingly, measurement

accuracies were reported between 0.08 and 1.6 m for UAV photo-

grammetry of dunes (Grohmann et al., 2020; Solazzo et al., 2018).

However, centimetre scale and centimetre accuracy multitemporal

georeferenced measurements of large star dunes in hyper-arid envi-

ronments are, to our knowledge, not yet available, beside wind tunnel

experiments and computational modelling. The large complex mor-

phology of a star dune can, as demonstrated with smaller dune forms

(Grohmann et al., 2020; Nield et al., 2017), be captured with

millimetre to centimetre accuracy and at centimetre scale spatial detail

using terrestrial laser scanning (TLS), also referred to as ground-based

LiDAR (Telling et al., 2017). By repeating the acquisition, multi-

temporal 3D point clouds can be used to assess changes of the

surface position or of morphometric variables (Qin et al., 2016), for

example the local aspect or slope. Direct comparison of point cloud

epochs provides a quantification of surface changes between

acquisition times. These surface changes can be related to volume

changes within the star dune system, for example due to transport of

sand at the dune arms.

To assess sand drift and mass transport for a local star dune,

we investigate the relation of multitemporal morphometric star

dune measurements with in-situ meteorological data (i.e. wind

speed and wind direction). Morphometric changes using multi-

temporal 3D observation [TLS point clouds and real-time kinematic

global navigation satellite system (RTK-GNSS) measurements] pro-

vide insight into surface reactions to active sand drift. In this

paper, two detailed 3D surface models of a star dune in the Erg

Chebbi, Morocco and corresponding local wind data are used to

identify major sand-dislocating winds in a period from October

2018 to February 2020. In combination with 3D surface changes,

these data are used to interpret the surface reaction of the

local star dune.

2 | STUDY AREA

The study area of Erg Chebbi is located in southeastern Morocco, in

the centre of a large basin in the most eastern Anti-Atlas foreland,

around 700 m above sea level (a.s.l.) (Figure 1), cf. Barczuk et al.

(2008). It is built up by Paleozoic clastic rocks of Variscan origin

(Fetah et al., 1986). The surrounding higher flatlands (hamada) are pre-

dominantly formed of Neogene and Cretaceous sediments. Quater-

nary deposits exist in the form of widespread alluvial fans of the Oued

Rheris and Ziz, with their watersheds as well as pediments and larger

sand/dune field deposits (Barczuk et al., 2008; Herzog et al., 2021;

Robert-Charrue, 2007). The basin floor is flat overall, with a slight

inclination to the south. From a geomorphological point of view, the

basin, except the erg, is strongly influenced by the ephemeral river

system of Oued Rheris and Ziz, originating in the Atlas Mountains and

watering the Tafilalt oases around Rissani. Both river systems desic-

cate in the central basin near Merzouga and further south in Algeria

(Herzog et al., 2021).

The regional climate can be described as continental hyper-arid

(BWh after Köppen) with potential evaporation rates >2500 mm/yr.

Scarce precipitation with irregular rain events varies from 30 to

140 mm/yr and concentrates usually in the autumn to winter months.

The average temperature is around 20�C, with strong variations sea-

sonally as well as between day and night cycles. Especially above sand

surfaces, maximum temperatures can reach 50�C (Alali &

Benmohammadi, 2013; García-Rodríguez et al., 2014).

Regional wind regimes in the Tafilalt Basin and especially around

Erg Chebbi are described as bimodal, mainly with northeast and

southwest direction (Biejat, 2012). According to descriptions by local

residents, sandstorms occur with strong east to west and contrasting

west to east winds. Supra-regional wind data were recorded in the

Draa Valley, located 150 km to the southwest, over a period of

10 years in the GLOWA IMPETUS project (Schulz & Fink, 2016;

Schulz et al., 2010). The southernmost of these stations (Jebel Brahim:

latitude, 29.936�; longitude, �5.628�; elevation, 725 m a.s.l.) at the

southern border of the central Anti-Atlas displays the known north-

east and southwest wind pattern (Puy et al., 2018).

The sediments of the studied star dune are built up by well-sorted

grain sizes between fine and medium sands (Puy et al., 2018), mostly

consisting of quartz (Barczuk et al., 2008). The dune covers an area of

around 50 ha and is assumed to have formed under bimodal to multi-

modal wind systems (Herzog et al., 2021; Puy et al., 2018).

3 | METHODS

We investigate the dynamics of the star dune by analysing local wind

measurements compared to morphometric changes derived from mul-

titemporal high-accuracy 3D observations. During two surveys in

October 2018 and February 2020, dune crests were recorded using

RTK-GNSS measurements (Section 3.1). The full 3D surface of the

dune was captured via TLS (Section 3.2). TLS point clouds are used to

derive morphometric variables describing the star dune, particularly

slope and aspect (Section 3.3), and changes of the dune surface are

determined via point cloud-based distance computation (Section 3.4)

in relation to volume changes due to sand transport. To assess the

dynamics in the morphology and volume of the star dune, changes are
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related to the local wind system using meteorological data of wind

speed and direction. These data were recorded for the complete

timespan between the two point cloud epochs and used to calculate

sand drift potential (Section 3.5). Based on the results of this analysis,

the development of star dunes and their surface behaviour during

sand transport is discussed beyond the local case study.

3.1 | RTK-GNSS surveying of crest movement

GNSS measurements were obtained in RTK mode with a Leica Viva

rover (Leica GS15) and base station (Leica GS10). The base station

was installed on the roof of a hotel adjacent to the erg (latitude,

31.1311�N; longitude, 4.0149�E). No official geodetic survey point

is available nearby for precise absolute global referencing of coor-

dinate measurements. Therefore, a local system was established

over a newly determined fixed point. The location of the fixed

point was marked, so that the same local reference frame could be

used during both survey periods and also in the future. Within this

local reference frame, RTK-GNSS measurements can be acquired

with an accuracy of around 1.5 cm (according to the manufac-

turer’s specification). The achieved nominal measurement accuracies

are partly lower (up to 5.0 cm) at locations in the shadow of the

dune itself.

F I GU R E 1 (a) Location of the Tafilalt Basin and the Erg Chebbi in its centre, east of Merzouga. (b) Aerial photograph of the analysed star
dune with TLS scan positions. Data sources: left—Landsat 8 RGB false colour composite highlighting sand cover (band 7, 4, 2); right—ESRI,
DigitalGlobe, GeoEye, i-cuved, USDA, FSA, USGS, AEX, Getmapping, Aerogrid, IGN, IGP, swisstopo and the GIS user community for satellite
image. (c, d) Photography by Manuel Herzog of the observed star dune and its west-facing flank. The position and orientation where the photos
were taken are marked in B [Color figure can be viewed at wileyonlinelibrary.com]
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During both surveys, GNSS measurements of the sand surface

were obtained along the main crests of the star dune (cf. Figure 2b).

Measurements were taken every few metres along the crest. These

can be used to assess the horizontal shifts of the dune crests between

the surveys in 2018 and 2020. Distances between 232 GNSS points

on the crests from 2018 were derived via shortest horizontal

(2D) distance to crest lines of connected points from 2020 (using the

point distance method in ESRI ArcGIS 10.8.1).

3.2 | Acquisition of terrestrial laser scanning point
clouds

Terrestrial laser scanning of the dune surface was performed with an

angular resolution of 0.017� (i.e. 0.03 m point spacing at 100 m mea-

surement range), using a Riegl VZ-400. To obtain a high coverage of

all parts of the star dune, point clouds were acquired from 31 scan

positions in October 2018 and 38 scan positions in February 2020,

which were distributed over the whole area of the dune

(cf. Figure 1b). During each of the two campaigns, one scan position

was georeferenced using RTK-GNSS measurements of the instrument

position and two cylindric reflector targets. Point clouds of all other

scan positions within the respective epoch are registered and fine

aligned to the georeferenced point cloud in the scanner software

RiSCAN PRO (Riegl LMS, vers. 2.9).

Given the laborious TLS acquisition in the sand-covered environ-

ment of the large dune area, scanning was performed over several days

per epoch, respectively. In October 2018, strong wind conditions led to

changes in the dune morphology between days, including a storm

event after the third of four days of surveying. To avoid introducing

error or uncertainty in the surface representation through averaging of

points which were acquired in overlapping areas on multiple days, we

process point clouds of each day in the 2018 epoch individually

(i.e. merging only scan positions acquired on the same day). Data are

merged only after the derivation of morphometric variables and surface

changes (Sections 3.3 and 3.4), by prioritizing earlier days of acquisition

and using later days to successively complete coverage. The rationale

for this is that the earliest state of the dune at the beginning of the

observation in October 2018 should be compared to the end of the full

observation period in February 2020, before the onset of dynamic

changes due to windy conditions during the 2018 survey. The full point

clouds of each epoch (merged scan positions, by day for October 2018

and full for February 2020) are subsampled to a point spacing of 1 cm,

which represents the morphometry of the star dune in adequate detail

while reducing high measurement redundancy where there is overlap

between multiple scan positions and in close vicinity of the instrument.

Accordingly, the full point cloud of February 2020 consists of around

450 million 3D points, while the point clouds of acquisition days in

October 2018 consist of a total of around 330 million points.

For change analysis of the dune surface, co-registration between

multitemporal point clouds is essential to minimize the effects of

alignment errors (Qin et al., 2016). Since no stable objects are avail-

able in the acquired area of the star dune, there are no unchanged sur-

faces that could be used for further alignment after georeferencing of

each epoch via RTK-GNSS measurements. The accuracy of the sur-

face representation in the TLS data is assessed by comparing GNSS

measurements of the crest to the terrain derived from the point

clouds. The derivation of the terrain is explained in Section 3.3, and

subsequent change analysis is detailed in Section 3.4.

3.3 | Filtering and morphometric analysis of 3D
point cloud data

As part of the general preprocessing of point cloud data, we apply a

statistical outlier removal (SOR) (Rusu et al., 2008) to filter isolated

points from the data (with number of nearest neighbours set to 8 and

a standard deviation multiplier of 10.0). Off-terrain points (i.e. objects

on the dune surface such as persons passing the scene) and strong

noise are removed by applying the simple morphological filter (SMRF)

(Pingel et al., 2013) with a cell size of 0.5 m and a slope parameter of

2 (PDALContributors, 2020). Areas where this filtering did not fully

remove all off-terrain points exhibit a high local surface roughness.

Points are therefore further filtered if their roughness exceeds a value

of 0.3 (determined via visual inspection of the point cloud data). The

surface roughness is derived as the standard deviation of residual

distances of plane adjustment to the local neighbourhood of each

point in a search radius of 0.25 m. For this, we use the robust plane fit

algorithm for local surface normal estimation in OPALS (OPALS

Team, 2019; Pfeifer et al., 2014). PDAL is used to apply all filtering

methods (PDAL Contributors, 2020).

The terrain points which remain after filtering are used for deriv-

ing a digital terrain model (DTM) of the star dune, which is the basis

for deriving morphometric raster maps. Points are interpolated via a

robust moving planes method (OPALS Team, 2019) with a search

radius of 2.0 m to create a DTM of 0.25 m grid resolution. Gaps in the

DTM are filled using the mean elevation value in the eight-

neighbourhood of no data cells (i.e. the 3 � 3 pixel neighbours). We

check the accuracy of the surface representation in each epoch by

quantifying the distances of GNSS measurements at the dune crests

(cf. Section 3.1) to the derived terrain elevation. Point-to-mesh dis-

tances of GNSS points to the meshed grid locations of the DTM

amount to a median of �1.9 cm and a standard deviation of 4.7 cm

for the 2018 epoch, and to a median of �3.9 cm and a standard devia-

tion of 5.5 cm for the 2020 epoch. The comparison could contain an

effect that the GNSS survey pole partly sank into the sand when mea-

suring the surface, or the surface simply changed between TLS and

GNSS measurements over multiple surveying days. Overall, the sur-

face distances between the two methods are well within the expected

total accuracy of measurement, co-registration and georeferencing.

As morphometric features, we derive the slope and aspect of the

dune surface from the local grid neighbourhoods in the DTM. Both

are derived from the best-fitting plane in the eight-neighbourhood of

a grid location (OPALS Team, 2019). For analysis of surface dynamics,

we compute the change in slope and aspect by differencing the

respective rasters of the two epochs.

Additionally, a layer of vegetation cover on the dune is derived by

calculating the slope-adaptive echo ratio following Höfle et al. (2009), a

measure of local 3D point cloud transparency, within a search radius of

0.25 m. The echo ratio is calculated for the unfiltered point clouds, where

shrub cover has not been removed by terrain filtering. Though other

objects or noise may be contained in the unfiltered point clouds, the

approach is sufficient for our purpose. Areas of vegetation can be clearly

identified and separated from the dune surface at low echo ratios.
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3.4 | Surface changes via direct point cloud
comparison

Direct point cloud comparison is used to quantify surface changes

between the two epochs. This approach is beneficial over DTM

differencing, as changes are assessed in full 3D rather than purely

vertically (Girardeau-Montaut et al., 2005; Qin et al., 2016), which

better accounts for the morphology of the dune surface. We use

the state-of-the-art multiscale model-to-model cloud comparison

(M3C2) algorithm (Lague et al., 2013), which measures change along

the normal direction of the local surface. This way of measuring

change is less influenced by slope compared to standard vertical

DTM differencing. Normal vectors at each location are determined

using the radius at which the surface is most planar, respectively,

within a range of 0.25–1.0 m at 0.25 m steps for our dataset. The

elevation at a location in the reference cloud, here the 2018 epoch,

is averaged among all points in a cylinder with 0.25 m radius

oriented in the normal direction. The averaged position of points in

the compared cloud within the same cylinder is then determined,

and the surface distance quantified between the reference and the

compared position. For computational purposes, we set the maxi-

mum cylinder depth to 10.0 m, hence limiting the distance at which

points are searched in the compared point cloud for change detec-

tion to a distance largely exceeding the expected surface change.

We compute point cloud distances at so-called core point locations,

a spatial subset of the input point cloud with 0.05 m point spacing.

All points in the input data are considered for normal estimation

and distance computation.

An important aspect of surface change analysis is to account for

uncertainty in derived changes. Uncertainties are caused by the align-

ment uncertainty between multitemporal point clouds (cf. Section 3.2)

and also by variable roughness of the local surface (i.e. at the scale of

plane fitting for position averaging). To account for this, the M3C2

algorithm calculates an associated uncertainty in addition to each dis-

tance value. This so-called level of detection (Lague et al., 2013) indi-

cates if a quantified distance can be considered real change (distance

> level of detection) or cannot be separated from noise (distance ≤

level of detection).

As input to the level of detection assessment, we quantify the

alignment uncertainty between the two epochs of point clouds based

on the georeferencing accuracy of each epoch, following the formula-

tion for uncorrelated errors in Anderson (2019):

σ1þ2 ¼
ffiffiffiffiffiffiffiffiffiffiffiffiffiffiffi
σ21þσ22

q
ð1Þ

where σ1 is the georeferencing accuracy of epoch 1 (October 2018,

�1.9 cm) and σ2 is the georeferencing accuracy of epoch 2 (February

2020, �3.9 cm), derived as the median distances of GNSS measure-

ments, respectively (cf. Section 3.3). This yields an alignment uncer-

tainty of 4.3 cm for surface change analysis of our data. Besides the

alignment uncertainty between two point cloud epochs, the level of

detection considers the local roughness of points and is hence spa-

tially variable.

For joint interpretation of change analysis results and morpho-

metric features, surface changes and associated uncertainties are

rasterized to their mean value at 0.25 m resolution. The different

layers obtained from the morphometric and surface change analysis

are examined for their relation to local wind dynamics and considered

in the context of the modelled sand drift potential, which is explained

subsequently.

3.5 | Acquisition wind speed and directions and
analysis of wind dynamics

Meteorological data of wind speed and wind direction were collected

with a cup anemometer (Wind Sensor PCE-WL 2 at 5.0 m above the

ground surface) located on an unobstructed rooftop of a local hotel at

the western border of the erg itself (latitude, 31.1311�N; longitude,

4.0149�E) and southwest of the observed star dune (cf. Figure 1b).

Data were recorded from 14 October 2018 to 27 February 2020 with

a recording interval of 1 min, resulting in 626 730 values. Wind speed

was measured in metres per second (up to 40 m/s) and wind direction

with a precision of 2.5� in classes of 22.5�, resulting in 16 possible

wind directions. Using these wind data, we calculate the sand drift

potential after Fryberger and Dean (1979), for which we converted

the recorded units from metres per second to knots. To calculate the

relative amount of sand migration (drift), Fryberger and Dean used a

simplified equation:

Q/V2 V�Vtð Þ� t ð2Þ

based on the Lettau equation:

q �g=C00p¼V2 V� �V�
tð Þ ð3Þ

where Q describes the proportionate amount of sand drift, V the mea-

sured wind velocity in knots, Vt the threshold velocity at which sand

movement initiates (12 knots), and t is the timespan in which this

threshold was surpassed, expressed as a percentage of total time. The

resulting Q describes the sand-moving capacity and is called drift

potential (DP). It is calculated for all 16 wind directions and expressed

in vector units (VU). The results are visualized in sand roses where

resultant drift direction (RDD) can be best displayed. The RDD is a

single resultant from all vectors which are solved accordingly. Beyond

that, the ratio between the resultant drift potential RDP (calculated by

subtraction of opposite vectors) and the total drift potential DP (cal-

culated through addition of all vectors) describes the character of the

wind regime. In numbers, a ratio near one describes a unimodal wind

regime with mono-directed sand transport, whereas a ratio near zero

describes a multimodal wind system where sand drift is non-existent

(Tsoar, 2001).

To calculate the sand drift in our study, values grouped in 16 wind

directions were reduced to values with wind speeds above 12 knots

as the minimum wind speed threshold that can reliably initiate sand

movement (Kok et al., 2012). Wind speeds are then classified into six

categories of 12–17, ≥17–22, ≥22–27, ≥27–34, ≥34–40 and ≥40

knots. For each category the sand transport capacity of the wind sys-

tem at the observed star dune is calculated using Equation (2. The

resulting VU are plotted in a sand rose plot describing the sand trans-

port capacity of the wind system at the observed star dune. Meteoro-

logical data of wind speed and direction are displayed in a classic wind

rose for visual inspection.
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4 | RESULTS

4.1 | Morphometric characterization of the star
dune

The star dune can be morphometrically characterized using the

detailed terrain representation in the TLS-based DTM and the derived

slope and aspect (Figure 2). The exact boundaries of the observed

star dune cannot be determined as a distinct object in the dune field,

since barchanoid and transverse dune forms coalesce in the outer

parts of the star dune or partially overlay its broader base. The size of

the star dune can be estimated with a diameter of around 830 m and

a relative height of 103 m above the surrounding hamada plain. A

central peak at an elevation of 867 m a.s.l. and a secondary peak of

850 m a.s.l. to the north, which are connected through a central ridge

on a south–north axis, dominate the topography (Figures 2a and b).

From these two peaks, three and two major arms radiate in

southern and northern directions, respectively. Areas between

these primary dune arms are characterized by multiple hollow

bowl-like structures conditioned by several minor dune branches

and ridges, creating a highly complex morphology. Generally, the

dune can be separated into a southeastern part with slip faces to

an eastern, southeastern and southwestern direction, and a north-

western part with slip faces to a western and northwestern direc-

tion (Figures 2b and d). The northwestern part is dominated by

lower absolute heights than the southeastern part, giving the dune

an oblique form. Overall, slip faces near the summit reach maxi-

mum angles around 34� at almost all major arms, in some parts

on windward and leeward sides alike (Figure 2c). In consequence,

some arms are of isosceles form, reaching maximum slope angles.

In contrast, arms at the lower parts of the star dune (i.e. below

800 m a.s.l.) are magnitudes smaller than at its centre, and are

characterized by overall smaller slope angles. The lower-lying,

outer parts of the star dune arms tend to have a more

barchanoid or transverse form, associated with freely migrating

dunes.

F I GU R E 2 (a) DTM with 0.25 m resolution of the star dune with contours at 10 m intervals. (b) DTM with major and secondary dune
branches as well as central peaks. (c) Slope and (d) aspect of the star dune derived from the DTM [Color figure can be viewed at

wileyonlinelibrary.com]
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4.2 | Wind dynamics

The characteristics of the local wind system in the observation period

are presented as a wind rose in Figure 3a. This indicates a wind sys-

tem with two main directions coming from the west to west-

southwest as well as the southeast. Overall, the strongest and most

continuous winds are coming from the west-southwest, with pro-

longed timespans above or at 22 knots and maximum wind speeds

reaching 58.4 knots. Mean wind speed is logged at 5.7 knots for

62.9% of the recorded points in time. Based on the recorded data, the

local wind system can be described as bimodal, where the main modes

have an obtuse angle to each other.

The sand drift potential (i.e. those winds with the potential to

move sand in the form of saltation and creep) is illustrated in a sand

rose in Figure 3b. The sand rose of the observation period presents

three dominant directions with drift potentials above 200 VU in west-

ern, west-southwestern and southwestern directions, as well as a

weaker drift from southeastern directions which is below 100 VU.

Overall, the drift potential is 1091.8 VU, which describes the local sys-

tem as a high-energy wind environment according to Fryberger and

Dean (1979). The relative drift potential is 936.2 VU and the RDP/DP

ratio of 0.857 reflects the unimodal character of the local sand-

moving wind dynamics in the observed timespan.

4.3 | Assessment of crest movement

The observed high-energy wind environment, with sufficient wind

speed to initiate sand transport (Fryberger & Dean, 1979; Kok

et al., 2012), leads to crest movement on all sides of the star dune.

Crest movement is quantified by comparing GNSS measurements of

the dune ridges between the 2018 and 2020 survey epochs. This

reveals an average unsigned displacement of 2.97 m (mean) and

2.04 m (median). Total values range from almost no movement to a

maximum displacement of 17.1 m. However, only 13 data points at

two arms with lengths of 25 and 125 m are moved more than 9 m,

and the majority of the crest measurements yield a movement <6 m

(Figures 4 and 5). The highest and most consistent crest movement

along dune branches concentrates on the western and southern flanks

of the star dune (Figure 5).

Less displacement is concentrated on the northern and eastern

flanks, where in some cases smaller crest movement in opposite direc-

tions of the overall dominant north-northwest and east-bound move-

ment is observed. In the centre of the star dune near its two peaks,

almost opposite movement is occurring spatially close, with moderate

(3–8 m) distances (Figure 5b).

F I GU R E 3 (a) Wind rose displaying wind directions and wind speed in knots for the full observation period from October 2018 to February
2020 recorded at 1-minute intervals at the meteorological station 1 km southwest of the star dune. (b) Sand rose based on wind data records
presenting a unimodal drift potential with the strongest winds coming from the southwest [Color figure can be viewed at wileyonlinelibrary.com]

F I G U R E 4 Frequency distribution of observed horizontal crest
movement derived from multitemporal RTK-GNSS measurements at

the dune ridges [Color figure can be viewed at wileyonlinelibrary.com]
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F I GU R E 5 Dune crest movement on major star dune arms derived from multitemporal GNSS measurements of the ridges. (a) Overview of
the dune crest with small to large displacements displayed in yellow to red colouring. Movement directions are dominated by a northeastern

movement (displayed with green arrows). (b, c) Two examples of dune crest movement between 3.0 and 8.0 m (areas are marked by numbered
boxes in the top figure). Source: Own RTK-GNSS data from 2018 and 2020 [Color figure can be viewed at wileyonlinelibrary.com]
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4.4 | Sand transport dynamics derived via 3D
change analysis

Surface changes in star dune morphology are analysed via direct com-

parison of TLS point clouds from October 2018 and February 2020.

Derived changes and their directions can be directly related to sand

transport, which dynamically shapes the geometry of the crests and

causes their displacement. Surface increase and decrease therein cor-

respond to the accumulation and erosion of sand, respectively. Results

of 3D change analysis are visualized in Figure 6.

F I GU R E 6 (a) 3D surface changes between 2018 and 2020 indicating accumulation (positive changes) and erosion (negative changes) and
corresponding sand rose. Spatial distribution of surface changes is visualized in Figure 7. (b) Frequency distribution of surface change values
derived via comparison of full point clouds of 2018 and 2020 with mean of �0.12 m (i.e. overall volume decrease). (c) Spatially variable
uncertainty of quantified changes (in terms of the level of detection from M3C2 distance computation) depending on georeferencing accuracy

and local surface roughness in the point clouds [Color figure can be viewed at wileyonlinelibrary.com]
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Strong erosion concentrates in the dune centre and the southern

to eastern flanks (Figure 6a, rows 4 and 5) with up to 1.5 m surface

decrease in the interdune spaces and on steep leeward slopes. The

highest surface changes are reached in the centre near the major

peaks (Figure 6a, squares B3–4, C2–4, D2–3). On the western flank of

the star dune, moderate erosion is concentrated mostly on steep lee-

ward slopes (Figure 6a, squares A1–4, B1–3, C1). Surface changes in

the interdune spaces in this part are close to zero and widely below

the level of detection. These areas of ‘no change’ further provide a

clear indication of the suitable georeferencing and co-registration of

the TLS point clouds. Overall, the uncertainty of quantified changes

(i.e. level of detection from M3C2 distance computation) ranges

mostly between 8.0 and 10.0 cm (Figure 6c), strongly influenced by

the uncertainty in multitemporal point cloud alignment. Around 76%

of the dune surface experiences significant change (i.e. change values

which exceed the level of detection and can be confidently detected

as surface change).

Accumulation with up to 1.5 m surface increase is observed on

the flanks of the dune in areas close to slopes and in vegetated inter-

dune spaces. For example, accumulation is identified on the windward

sides (southwest-facing slopes) at major dune branches on the

southeastern and western flanks (Figure 6a, squares C2–4 to D2–4)

where erosion occurs at the corresponding steep leeward slope. In

contrast, opposite erosion on windward slopes is observed on slopes

with smaller slope angles (Figure 6a, squares A4–5, B4–5 and

Figure 2c). The distribution of all surface change values yields a mean

of �0.12 m (Figure 6b), with a mean surface increase of 0.28 m and

decrease of �0.34 m (derived for positive and negative change values

only, respectively). Around 36% of the dune surface experiences accu-

mulation, around 64% of the area experiences erosion in the full

observation period.

Changes in slope angles are most strongly found close to the

major crest lines (Figure 7). This highlights the complex topographic

dynamics and mobility of top crest lines on the star dune. The slope

changes correspond to surface changes, resulting in a steepening of

windward slopes (Figure 7, squares B1 and C2, D2–3 or B4) and flat-

tened leeward sides. Exceptions to this pattern are again located on

flatter slopes of the dune, mostly at its broader base. For example, the

windward side in square A4 of Figure 7 is flattened and the leeward

side increases in steepness. Another example located in the centre

(upper left part of square C3 in Figure 7) shows a decrease in steep-

ness of the flatter south-facing slope.

F I GU R E 7 Changes of slope angle on the star dune derived by differencing the DTM-based slope from October 2018 to February 2020.

Accordingly, positive values indicate slope increase, negative values slope decrease [Color figure can be viewed at wileyonlinelibrary.com]
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Overall, areas with vegetation cover across the star dune denote

surface increase (i.e. accumulation of sand) (Figure 8a). This is to be

expected, as vegetation in the form of small bushes (Figure 8b) is

often associated with initial nabkha formation. These bushes are con-

centrated on lower parts of the dune, with higher coverage in the

western part of the star dune area (Figures 2 and 8a). They are often

found in the lower levels of the bowl-like dune structures. In flat inter-

dune spaces, accumulation occurs in areas with denser vegetation

cover on all flanks of the dune. However, even completely vegetation-

free slopes show the changes described above.

5 | DISCUSSION

From a morphometric perspective, the analysed large star dune

can be classified as complex, with multiple arms which culminate in a

depositional centre following the classification of Goudie et al. (2021),

as is common for star dunes (Lancaster, 1983; Mainguet & Callot,

1978). The summit area is characterized by steeper flanks reaching

maximum slope angles of 34�, with several radiating arms on a

broader, flatter circular basis. This is a typical morphometric order

known from star dunes around the globe (Lancaster, 1989a).

Formation of the star dune most probably took place under a bi- to

multimodal wind regime, which is identified as the main factor in the

evolution of star dunes in general (Beveridge et al., 2006; Dong et al.,

2013; Lancaster, 1989a, 2005; McKee, 1979; Tsoar, 2001; Zhang

et al., 2016).

Almost all crests of the star dune reacted to the unimodal wind

conditions during the observation period, with movements ranging

between north-northwest to north-northeast and with an average

travel distance of 2.0–3.0 m. One exception to this pattern occurred

in the centre of the star dune, likely due to topographically induced

variations of the wind field or effects of secondary leeward-side air-

flow (cf. Lancaster, 1989b). Another exception occurred at the border

of the northeastern flank, with almost reversed crest movement, but

at much lower intensities than on the southwestern flank, probably

caused by the weak winds coming from northeast to east, which had

no impact on aligning these crests into the general southwest

direction because the winds were blocked by the dune itself.

At the presented study site, a shielding effect for sediment trans-

port of the local star dune was observed based on results of 3D point

cloud-based change analysis, resulting in accumulation of sand on the

local high windward slopes and erosion on its leeward slopes. Sand

accumulation on windward slopes and an increase in mass on these

slopes, in combination with crest movement in wind direction, seems

counter-intuitive regarding dune migration known for smaller dunes,

like barchans, where windward slopes are eroded (Goudie, 2020;

McKee, 1979; Tsoar, 2001). However, such typical windward erosion

and downwind accumulation took place on the smaller and flatter

windward slopes at the southwestern rim of the dune. Sediment accu-

mulation is concentrated on the foot areas of the steep slopes, mostly

at the major branches near the centre of the star dune and its peaks

(cf. Figure 6a). We hypothesize that these steep angles hinder upslope

transport via saltation and creep, and hence caused the observed

accumulation and growth of dune branches on their windward sides.

We assume that, viewed over a longer timespan (decades), this effect

leads, in addition to normal sand accumulation on the leeward sides

during storm-wind phases, to the formation of the observed isosceles

slopes of dune sections growing under overall bimodal wind condi-

tions. Due to the opposite wind directions, both slopes reach the

same maximum inclination. Boundary conditions (height, grain size,

slope angle and wind speed) at which sand is transported over the

crests (or not) cannot be fully defined up to now and are subject to

continued research. However, based on the results of this study, slope

effects (angle and height) seem, compared to wind speed, to have a

higher influence on erosion and accumulation of sand than hitherto

assumed. The observed effect is in accordance with related work,

which suspects that star dunes initiate a form of self-reinforced

growth (McKee, 1979; Tsoar, 2001), for example through secondary

leeward winds (Lancaster, 1989a) and overall upslope wind-speed

acceleration (Zhang et al., 2016). It is questionable if this effect holds

under the strongest currents (i.e. higher wind speeds than recorded

during our observation period), but the boundary can only be deter-

mined through continued measurements.

F I GU R E 8 (a) Vegetation cover in black on map of surface changes. Vegetation cover can be associated with increasing sand cover.
(b) Photograph of vegetation cover on the star dune, with position and orientation marked on the map (photo by Manuel Herzog) [Color figure
can be viewed at wileyonlinelibrary.com]

2736 HERZOG ET AL.

http://wileyonlinelibrary.com


Vegetation on the lower slopes generates an expected sediment

trapping mechanism on the star dune as it acts as a wind barrier. The

resulting reduced wind speeds lead to sand accumulation, expressed

as a surface increase resulting from our 3D change analysis. The local

vegetation is the result of the erg being an important water aquifer,

providing enough moisture and ground water for scrub vegetation

(García-Rodríguez et al., 2014). Linked to the height of the water

table, the vegetated areas are restricted to lower levels of the dune

and especially its flat base. Our first results do not prove the signifi-

cance of vegetation for local star dune growth yet, although it is men-

tioned as an important control for star dune growth (e.g. in the Badain

Jaran Desert) (Dong et al., 2004).

Overall, comparing the two datasets, we found a slight decrease

in overall sediment cover on the star dune (mean of 0.12 m surface

decrease, negative surface change in 64% of the dune area), which

corresponds to the recorded strong winds and leads to the relocation

of sands in the centre of the erg. The observation fits an expected net

removal of sediment in the local system (star dune), since there is no

current active sand source southwest of the dune, where winds

mainly originate during the observation period. The resulting volume

decrease may intensify if the unimodal character of the sand-moving

winds remains over a longer period of time. Under a bimodal system

with an opposite wind direction, a reversion associated with the relo-

cation of sands from the centre of the erg back to the star dune could

occur, as it acts in general as a sediment sink (cf. Tsoar, 2001).

The presented results summarize the reaction of a star dune sur-

face in very high spatial resolution, where the star dune was exposed

to a constant unimodal sand-moving wind throughout the observation

period from October 2018 to February 2020. This is in contrast to the

recorded overall wind dynamics (including lower wind intensities not

capable of sand transport), which are indeed bimodal. Therefore, the

occurring monodirectional wind, which was capable of sand transport,

could represent a singularity in an otherwise regionally bi- to multi-

modal wind field with expected much lower drift potentials (Puy

et al., 2018; Schulz & Fink, 2016). Reasons for the observed wind sys-

tem properties are assumed due to the short recording period and

natural wind field variances from year to year. However, the local dif-

ference of wind systems between winds capable of sand transport or

not highlights the importance of considering sand drift potential

(Fryberger & Dean, 1979) for all observations concerning dune

dynamics.

6 | CONCLUSION

We investigate the reaction of star dune morphology to the local wind

system to contribute to an understanding of complex aeolian surface

dynamics. For this, high-resolution and georeferenced 3D point clouds

acquired with TLS and RTK-GNSS of a large star dune in the Erg Che-

bbi, Morocco are compared with corresponding wind data recorded

from the beginning of the observation period in October 2018 until

the second epoch in February 2020. Change analysis of the surface

between the two epochs of point clouds, as well as slope changes

derived from terrain modelling, summarize the cumulated reaction of

the dune surface with regard to the exposition to an observed

unimodal sand-moving wind current. This led to overall unidirectional

movement of dune crests and spatially variable relocation of

sediments depending on slope angles, vegetation cover and overall

morphometry. The high spatial resolution and accuracy of the TLS-

based surface changes and slope differences enable us to further

identify an overall shielding effect of the star dune. Furthermore, our

results indicate, to our knowledge, a hitherto undescribed mechanism

for dune growth on star dune forms. Therein steep slopes, under the

observed wind conditions, seem to hinder upslope sand transport and

lead to accumulation and, ultimately, probably the formation of isos-

celes dune slopes. Evaluation of the magnitude and boundary condi-

tions of this mechanism require long-term monitoring, including 3D

observation. Overall, the results of our analysis indicate that slope

angles and heights are more decisive for sand transport, and hence

local accumulation and erosion on the dune, than previously assumed.

Particularly, dune slopes reaching maximum inclinations of 34� seem

to act as sediment traps if a certain relative height of the dune arm is

reached. In consequence, the described process can also contribute to

a self-sustained growth of the star dune under conditions of sufficient

sand supply. From a methodological point of view, multitemporal

georeferenced 3D point clouds and their comparison for deriving

surface changes prove a highly valuable approach to identify sand

erosion and accumulation via aeolian transport in unprecedented

detail. In the future, UAV-based laser scanning may be deployed to

obtain similarly accurate and more frequent surface models of large

dune forms, with strongly reduced effort compared to TLS

acquisitions. The methodological approach of combining meteorologi-

cal data, relevant for sand transport, and high-resolution multi-

temporal surface models can be applied for all dune forms at varying

scales (barchan to star dunes) in order to understand dune dynamics

and evolution.
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