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Abstract: Star dune is one typical kind of aeolian
geomorphology in global sand seas. It has attracted
scholars in various research fields for years because of
its unique morphologic features like Egyptian
pyramid. The landform pattern of star dune is mainly
dominated by factors such as regional wind regime,
sand availability, and local topography. Star dunes
grow vertically as they accumulate sand brought in
from different directions; however, little is known
regarding morphologic changes during this process.
The stability of star dunes based on quantitative data
is another unsolved question due to the limitation in
measuring equipment or other factors. And whether
the star dune can grow into star sand hills is another
scientific problem which needs to be discussed. In this
paper, the heightening development process and
morphological changes of star dunes were monitored
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in Mingsha Mountain of Dunhuang with the 3D laser
scanner. Results show that the star dunes in Mingsha
Mountain were formed by a group of relatively steady
winds, which were northwest, northeast and south
winds. With the increase of the height of the star
dunes, the morphological parameters of the dune,
such as the volume and bottom area, did not show
regular changes. The surface erosion of both Dune 1
and Dune 2 during the observation period was closely
related to the regional wind conditions. During the
growth of the star dunes, the overall trend of the
dunes was relatively steady and the dune shape
maintained its stability although the aspect and slope
of the sand dunes changed, indicating that the
stability of star dune was not complete and was
dynamic. Moreover, the variation range of the dune
slope was proportional to the volume change of the
dune.

Keywords: Star dune; 3D laser scanner; Dunhuang;
Morphologic change
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1 Introduction

In the world’s sand—sea area, star dunes are the
tallest sand dunes, which are classified as composite
type with a unique, steady and less movable shape. Its
pattern is dominated by heightening and balanced
development, which is affected by wind direction,
sand source, topography, and atmospheric boundary
layer (Andreotti et al. 2002; Rubin et al. 2008; Ulrike
1999; Wasson et al. 1984). Star dunes grow vertically
as they accumulate sand brought in from different
directions (Lancaster 2010; Lancaster 1989; Zhang et
al. 2000; Zhang et al. 2016). The movement of star
dunes was different from those of transverse and
longitudinal sand dunes (Breed et al. 1979; Qu et al.
1992; Zhang et al. 2000; Wang et al. 2005). Based on
the combination of its morphological features, Breed
and Grow (1979) categorized star dunes into simple
and composite star dunes, which could also be divided
into rudimentary and large mature star dunes
according to its formation stage. Rudimentary star
dunes that are subjected to strong winds for a long
time easily lose their basic morphological features and
evolve into other forms of sand dunes. Large mature
star dunes are large in scale and have typical pyramid
characteristics that retain even if they are subjected to
strong winds for a long time (Breed et al. 1979).

For a long time, researchers have used field
observations, wind tunnel experiments, and
numerical simulations to investigate the formation
and development of star dunes and to determine the
various developmental patterns of star dunes. For
example, Bagnold (1941) discovered that star dunes
formed before mountains and that airflow was
blocked by the mountains, such that the return
airflow interfered with the original airflow and
convective updraft played an important role. Zhu
(1981) found that the formation and development
conditions of star dunes included multi-directional
winds and ups and downs in the underlying terrain
along with residual hills and terraced areas. Xu (1983)
believed that the interference of air movements in the
mountains caused multi-directional and balanced
winds, which had important effect on the formation of
star dunes. Qu (1992) indicated that star dunes
formed downwards by three groups of winds and
reproduced the formation process in the wind tunnel
experiments. In recent years, with the maturity of
numerical simulation technology and the use of
observation equipment, the complex flow field
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structure of the star dune surface has been revealed
(Breed et al. 1979; Zhang et al. 2012; Blocken et al.
2015). For instance, the results of Tan (2016) showed
that incident flow conditions (longitudinal or
transverse airflow) controlled by the angle between
incident flow and dune ridgeline exert a considerable
effect on wind flow patterns over star dunes. Zhang
(2016) had shown that airflow stagnation and
deflection caused by topography were the major
mechanisms for the formation of star dunes.
Andreotti (2009) showed that giant aeolian dune size
was determined by the average depth of the
atmospheric boundary layer.

The previous researches have verified the various
formation and development patterns of star dunes
and indicated that star dunes were dominated by high
and balanced development and grow vertically (Zhang
et al. 2000; Zhang et al. 2012; Zhang et al. 2016; An et
al. 2018; Andreotti et al. 2009). But two problems
remain on account of measuring equipment or other
factors. The first problem is morphologic changes of
star dunes during the vertically increasing process.
The second problem is how to define the stability of
star dunes in different formation stages. And whether
the star dune can grow into star sand hills is another
scientific question which needs to be resolved.
Although it proves that the star dune shape is steady
and less movable, it is mostly based on morphological
analysis without enough quantitative data. The reason
is that the previous equipment, such as total station,
only obtains a single point data every time and has to
spend a long time to measure the whole dune (An et al.
2016). The accuracy grade of aerial photo can not fully
meet data requirements (Zhang et al. 2000). Thus,
previous research mainly focuses on the formation
and change of sand dunes on a two-dimensional scale,
while those on the changes in the three-dimensional
shape of sand dunes, such as morphological
parameters of slope direction and angle are still
relatively weak.

As a high-tech product, 3D laser scanners have
been successfully applied in many fields such as
cultural relics protection, urban building surveying,
topographic  surveying, highway and railway
construction, and many other fields ( Hanke et al.
2015; Isa et al. 2017; Leng et al. 2006; Zhu et al. 1981).
The 3D laser scanner can directly obtain the spatial
point cloud information and construct the complex
and irregular 3D visualization model, which can save
much time. The measurement data include not only X,



Y, Z information, but also R, G, B color and other
information. Compared with the two-dimensional
results obtained by traditional measurement methods,
its advantage is huge. To data the 3D laser scanning
technology has gradually become one of the
indispensable technical means in surveying. In the
study of aeolian geomorphology, 3D laser scanners
have gradually begun to be applied (An et al. 2018).

In view of this, this study used a 3D laser scanner,
which had a rate of 1,000,000 ptst and
measurement distance between 580 m and 2,050 m,
to monitor the typical star dunes in Mingsha
Mountain of Dunhuang and analyzed morphological
changes of star dunes during vertically increasing
process, and tried to define the stability of star dunes
quantitatively.

2 Study Area

The Mingsha Mountain extends from southwest
to northeast for approximately 40 km with a width of
15 km and is located approximately 5 km south of
Dunhuang City, which is a well-known historical and
cultural city in Gansu Province, China. Within such a
range, tall and compound mega star dune are widely
distributed (Fig. 1).

Dune 1 is a three-armed star dune with a relative
height of 4.6 m. Its three arms extend to the
directions of northwest (10°), southeast (130°), and
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Fig. 1 Location map of the study area and the
monitored star dunes (The picture is from Google
Earth).
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southwest (225°). The lengths of the arms are 18.3, 32,
and 31.8 m. Moreover, there are three faces between
every two adjacent sand arms, which are the NW, NE
and S slope faces. The ratio of the three slope faces is
relatively balanced and has no significant difference.
The lengths of the slope faces are 10.1, 10.7 and 18.3
m from the top to the bottom of every face. The west
and northeast slope faces are slightly steep, showing a
typical slip surface, and the northwest slope is slightly
low. Dune 2 is located on the east of Dune 1, with the
distance of 200 m. The relative height is
approximately 5 m. Its three arms extend to the
northwest (30°), east (90°), and southwest (205°)
directions. Among the three arms, the southwest arm
has the longest length of 36.2 m, and the northwest
and east arms are 15 and 19.7 m, respectively.
Moreover, there are three slope faces between every
two slope faces, which are the W, NE and SE slope
faces. Of the three slopes, the W and SE slope faces
are slightly larger than the NE slope face. The area
percent of the W and SE slope face is approximately
35%, whereas that of the NE slope face is
approximately 30%. The slope lengths are 9, 17 and
8.7 m. The west and southeast slopes are slightly
steep, showing a slip surface, and the northeast slope
is slightly low.

3 Methods

The application possibilities of 3D laser
scanning methods under polar conditions were tested
using the RIEGL VZ2000 scanner. The operation of
the scanner model tested is based on stationary laser
distance measurements with a rate of 1,000,000 pt-s-.
The scanning geometry of the RIEGL VZ2000
scanner (i.e. up to 360° horizontally and up to 100°
vertically) enables measurements in almost any
terrain condition. The measured distance is between
580 m and 2050 m (Fig. 2b).

Topographic data acquisition can be divided into
two parts, namely, field operations and indoor work.
Specifically, the time of field operations were in
November 2015, April 2016 and November 2016 to
lay out the control points and obtain data. Firstly, not
only the control points were laid out but also a local
coordinate system was established within the survey
region to guarantee that the scanned data were within
an identical coordinate system through the GPS RTK.
Secondly, the 3D laser scanner was used to conduct
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Fig. 2 Observation instruments. (a) HOBO U3o
weather station; (b) RIEGL VZ2000 3D laser scanner.

multi-station scanning of the survey region.
Specifically, the density of the scanned data set was
7 cm X 7 cmin 100 m.

The principal indoor work involves the post-
processing of data, which includes the combination,
optimization and extraction of point cloud data. The
first step is to open the original scanned data of each
station and check whether the data covered the
required terrain completely. The second step is to
check the coordinates of each scanning station and
conduct the multi-site splicing according to the GPS
RTK of each target piece. The third step is to optimize
the data. Data optimization refers to the elimination
of point cloud data irrelevant to the research object,
as well as point cloud integration and simplification.
By removing the error points from the original point
cloud data, the initial characteristics of the research
object can be restored to improve the signal-to-noise
ratio of the data. The fourth step is to check the
corresponding error. If the corresponding error is
more than 6 mm, then we should process the data
again.

After implementing the previous steps, we
exported the selected point cloud data, including the x,
y and z, to text file, with precision higher than 6 mm.
We opened the text file using ArcGIS 10.2 to show all
the points on the screen. The final step is to create the
raster data model and calculate the height, basal area,
and volume of dunes.

To calculate the dune volume, an elevation of 0 m
was used as the reference base level. And the area of
the base level is defined as the basal area and the edge
of dune. The elevations of the two dunes reference
base level are the same. The height of the dune is
defined as the highest point above the base level.

A HOBO U30 weather station was set up in the
study area to measure the wind speed and direction
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(Fig. 2a). It was on the top of Dune 1, which was the
highest point in the study area. Around the
meteorological instrument were the sand dunes. The
surrounding vegetation coverage was low. The kind of
vegetation type was mainly Nitraria (Nitraria
tangutorum Bobr). The height of the wind speed and
wind direction sensors was 2 m above the ground. The
data acquisition time interval was 10 min. Sand Drift
Potential (DP) was calculated using the following
transport equation (Fryberger et al. 1979):

DP = V2x(V - Vt)xt (1)
where DP is the sand drift potential expressed in
vector units (VU). Wind speed, V;, is greater than the
value of sand-moving wind. Vt is the threshold wind
speed for sand-moving (Vi=5 m-s1). t is the time
affected by sand-moving wind (unit: min).

4 Results

4.1 Sand drift potential

From 2015 to 2017 (Fig. 3), three distinct wind
directions were observed in the region, namely, the
northwest, northeast and south winds. Among them,
the annual sand DP was 23145 VU in 2015, the
resultant sand DP was 74.47 VU, the resultant drift
direction was 39.64° and the direction variability was
0.32, which was the ratio of the resultant sand DP to
the sand DP. In 2016, the annual sand DP was 474.95
VU, the resultant sand DP was 73.92 VU, the resultant
drift direction was 70.09°, and the direction
variability was 0.16. In 2017, the sand DP was 285.74
VU, the resultant sand DP was 9.96 VU, the resultant
drift direction was 215.96°, and the direction
variability was 0.03. Although the three groups of
winds had slightly different sand transport potentials
during every year, the wind direction was basically
steady and the resultant sand DP was close. This
finding indicated that star dunes were formed by a
group of steady winds.

4.2 Morphological characteristics

During the period from November 2015 and
November 2016, the heights of both Dune 1 and Dune
2 increased (Table 1). The height of Dune 1 increased
from 4.3 m to 5.07 m, and the height increased by
0.77 m. The movement distance of the center of
gravity of sand dune was 0.63 m. The height of Dune
2 increased from 4.46 m to 4.7 m, and the height
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Fig. 3 Rose of sand drift potential during 2015-2017.
RDP means Resultant Drift Potential (unit: VU). DP
means Drift Potential (unit: VU).

increased by 0.24 m, which was less than that of Dune
1. And the movement distance of the gravity center of
sand dune was 0.24 m, which was also less than Dune
1. The analysis of the changes in sand dune
morphological parameters showed that there was no
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Table 1 Morphological parameters of the star dune in
different monitoring periods.

Sand . Basal area Superficial Ht
dune Period (m?) aregl (m?) Vol.(m3) i)
201511 1001.00 1074.62 1882.1  4.30
No.1 201604 1024.24 1091.01 1828.23 4.84
201611 980.06 1051.45 1892.64 5.07
201511 835.99 892.40 1370.54 4.46
No.2 201604 873.69 935-43 1354.9 4.53
201611 840.20 900.73 1422.58 4.70

obvious correlation between the variation of each
parameter and the height of the sand dunes. Both the
bottom and surface areas of Dune 1 and Dune 2
initially increased and subsequently decreased.
However, the volumes of the star dunes showed a
trend of initial decrease and subsequent increase.

The relationship between the direction and
distance of sand dunes and the wind energy
environment showed that the direction of sand dune
movement was obviously related to the regional wind
conditions. The direction of gravity of the dune was
similar to that of the synthetic sediment transport
potential. Moreover, the moving distance was
proportional to the synthetic sediment transport
potential. The larger the resultant sand DP was, the
longer the moving distance. Furthermore, the moving
distance was inversely proportional to the dune
volume. The larger the dune volume was, the shorter
the moving distance. Thus, wind condition was one of
the main factors that affected the movement of sand
dunes. Nevertheless, the volume of sand dunes,
surrounding topography and vegetation also affected
the movement of sand dunes.

4.3 Erosion and deposition

Based on previous observations, during the
period from November to April of the following year,
the prevailing wind direction in Dunhuang was the
west and northwest wind. The period from November
2015 to April 2016 was selected as a typical wind
season to analyze the wind erosion accumulation of
star dune during wind seasons. As shown in Fig. 4, the
sand DP was 166.46 VU during November 2015 to
April 2016, the resultant sand DP was 26.48 VU, the
resultant drift direction was 82.13°, and the direction
variability was 0.16.

As shown in Fig. 5, during the period from
November 2015 to April 2016, the sand dune volume
decreased in both Dune 1 and Dune 2. The volume of
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Fig. 5 Dynamics of the monitored star dune in the three
monitoring periods. (a) Dune 1, from November 2015 to
April 2016; (b) Dune 2, from November 2015 to April
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(d) Dune 2, from April 2016 to November 2016; (e)
Dune 1, from November 2015 to November 2016; (f)
Dune 2, from November 2015 to November 2016. When
the value is positive (+), it represents accumulation;
when the value is negative (-), it represents erosion.

Dune 1 decreased by 53.87 m3, whereas the volume of
Dune 2 decreased by 15.64 m3. The surface erosion
area of both Dune 1 and Dune 2 was larger than the
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accumulation area. The proportion of the wind
erosion area of Dune 1 was 55.71%, and the
proportion of the accumulation area was 44.29%. The
maximum wind erosion depth was 0.93 m, and the
maximum accumulation thickness was 0.66 m. The
proportion of the wind erosion area of Dune 2 was
51.87%, and the proportion of the accumulation area
was 48.13%. The maximum wind erosion depth was
1.17 m, and the maximum accumulation thickness was
1.14 m. The analysis of the locations of wind erosion
and accumulation showed that the wind erosion area
of Dune 2 was mainly located on the south slope face,
and the accumulation site was located on the
northwest and northeast slope faces. Meanwhile, the
wind erosion site of Dune 1 was mainly located on the
southeast slope face and the accumulation site was
located on the west and northeast slope faces. During
the observation period, the sand-moving wind was
dominated by the southeast, west, and northeast
winds. Notably, the erosion status of star dunes was
closely related to the wind conditions during this
observation period. The southeast slope face of Dune
1 and the south slope face of Dune 2 were windward
slopes. Thus, these slope faces showed the wind
erosion status of star dunes. The other two slopes
were stacked and leeward areas.

There were differences in terms of erosion and
accumulation between the period from November
2015 to April 2016 and April 2016 to November 2016.
Both Dune 1 and Dune 2 accumulated sand from April
2016 to November 2016, indicating that the dune
volume increased. The volume of Dune 1 increased by
64.41 m3 and the thickness per unit area was 0.07 m.
Meanwhile, the volume of Dune 2 increased by 67.68
m3 and the thickness per unit area was 0.1 m. The
proportion of the wind erosion area of Dune 1 was
38.47%. The maximum wind erosion depth was 0.53
m and the average wind erosion depth was 0.21 m.
The proportion of the accumulation area was 61.53%.
The maximum accumulation thickness was 0.66 m
and the average accumulation thickness was 0.24 m.
The proportion of the wind erosion area of Dune 2
was 51.56%. The maximum wind erosion depth was
1.35 m and the average wind erosion depth was 0.4 m.
The proportion of the accumulation area was 45.44%.
The maximum accumulation thickness was 0.57 m
and the average accumulation thickness was 0.25 m.
The distribution area showed that the wind erosion
area of Dune 1 was mainly concentrated near the sand
ridgeline and on the upper part of the southeast slope



face. Both the northeast and west slope faces were
stacked. Meanwhile, the wind erosion area of Dune 2
was mainly concentrated near the sand ridgeline. The
other areas were stacked. In terms of the wind
conditions from April 2016 to November 2016, the
wind direction was still the northwest, northeast and
southeast winds, which was consistent with the main
wind directions during the typical wind season.

As shown in Fig. 6, the sand DP was 317.26 VU
during April 2016 to November 2016, the resultant
sand DP was 31.36 VU, the resultant drift direction
was 117.8°, and the direction variability was o.1.
Combined with regional wind conditions, we found
that its frequency was slightly lower and its speed was
relatively slower than that of the typical wind season.
This finding indicated that the regional wind energy
environment was slightly low, and thus the sand dune
movement was small, which was one of the main
reasons for the accumulation from April 2016 to
November 2016.
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Fig. 6 Rose of sand drift potential from April 2016 to
November 2016.

From November 2015 to November 2016, the
winds in the region were dominated by the southeast,
northeast, and northwest winds. Moreover, the
southeast and west winds had slightly higher
frequencies than the northeast wind. Both Dune 1 and
Dune 2 exhibited accumulation, and the volumes
increased during the observation period (Fig. 5). The
accumulation amount of Dune 1 was 10.54 ms3,
whereas the accumulation amount of Dune 2 was
52.04 m3. The average accumulation thickness of
Dune 1 and Dune 2 was 0.08 m and 0.12 m,
respectively. The proportion of the wind erosion area
of Dune 1 was 61.69%, which was mainly distributed
on the southeast and west slope faces. The maximum
wind erosion depth was 0.92 m, and the average wind

J. Mt. Sci. (2022) 19(4): 1095-1106

erosion depth was 0.34 m. The proportion of the
accumulation area was 38.31%, which was mainly
located on the northeast slope face. The maximum
stacking thickness was 0.8 m, and the average
stacking thickness was 0.22 m. The proportion of the
wind erosion area of Dune 2 was 50.36%, which was
mainly distributed on the middle and lower parts of
the south slope face and the lower part of the
northwest slope face. The maximum wind erosion
depth was 0.69 m, and the average wind erosion
depth was 0.17 m. The proportion of the accumulation
area was 49.64%, which was mainly located on the
northeast slope face. The maximum stacking
thickness was 0.93 m, and the average stacking
thickness was 0.34 m. Notably, from 2015 to 2016,
both for Dune 1 and Dune 2, the wind erosion area
was mainly concentrated on the south and west faces.
However, the northeast slope face had a large
proportion of the deposition area. During the
observation period, the frequencies of the southeast
and west winds were slightly higher than those of the
other winds. This finding is consistent with the wind
conditions, wind erosion on the windward slope, and
sand accumulation on the leeward slope.

4.4 Dune aspect

According to Fig. 7, in periods of November 2015,
April 2016, and November 2016, the dune aspect of
Dune 1 was mainly northeast, southeast, and west,
respectively, and the area proportion was 75.61%,
71.28% and 72.21%, respectively. The dune remained
fairly steady, which was consistent with regional wind
conditions. During the observation period, the
southeast slope area was the largest, the west slope
area was the second largest, and the northeast slope
area was the smallest. The average area proportions of
the slope faces during the observation period were
31.59%, 27.52% and 13.92%. The range of the slope
area ratio from November 2015 to April 2016 showed
that the proportion of the north, northeast, east,
south, and northwest slope area increased. By
contrast, the proportion of the other slope faces
decreased, and the total area change rate was 9.33%.
From April 2016 to November 2016, the proportion of
the north, northeast and east slope faces decreased,
whereas the proportion of the other slope faces
increased. The total area change rate was 3.51%,
which was smaller than that from November 2015 to
April 2016. The area where the dune aspect changed
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was mainly located near the ridgeline, where the
change of the dune aspect mainly occurred in the
ridgeline movement process.

In November 2015, April 2016 and November
2016, the dune aspects of Dune 2 were mainly
northeast, south and northwest, respectively, and the
corresponding area proportions were approximately
87.94%, 84.33% and 91.15%, which were slightly
larger than those of Dune 1. Among the three slope
faces, the southward slope face was the largest, the
northeast slope face was the second largest, and the
northwest slope face was the smallest. The average
proportions of the slope faces were 44.44%, 24.85%
and 18.51%. From November 2015 to April 2016, the
proportion of the north, northeast, east and southeast
slope faces increased, whereas the proportion of the
other slope faces decreased. The total area change rate
was 8.13%. From April 2016 to November 2016, the
proportion of the south and west slope faces increased,
whereas the proportion of the other slope faces
decreased. The total area change rate was 9.41%,
which was greater than the former.

In summary, although the slope changed, the
shape of both Dune 1 and Dune 2 remained basically
steady during the growth process. The change of the
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dune aspect of the dunes was closely related to the
sand-moving wind environment during the
observation period. The change of the dune aspect
was mainly concentrated near the ridgeline, which
was consistent with the erosion area of the dune.
However, the analysis of the slope changes showed
that the slope proportion of Dune 1 change from
November 2015 to April 2016 was greater than that
from April 2016 to November 2016. Meanwhile, the
slope proportion of the Dune 2 change from
November 2015 to April 2016 was smaller than that
from April 2016 to November 2016. The reason for
this finding was the influence of regional topography,
that is, there were many small dunes around Dune 2.
Although the regional-scale circulation was similar,
the terrain was undulating, which led to a low wind
energy environment and weak sand transport capacity.
Thus, the change of the dune was not obvious.

4.5 Slope angle

According to the previously presented analysis
results, during the observation period, the aspect of
the dune did not change significantly under the action
of wind. However, the slope of the dune surface



changed significantly because of the change of the
erosion or deposition status. As shown in Fig. 8, from
November 2015 to April 2016, the area proportion of
Dune 1 within the range of 10° to 15°, 20° to 25°
and >30° decreased from 25.86%, 20.3%, and 13.16%
to 21.8%, 15.99%, and 9.45%, respectively. The total
range of slope change was 12.08%, and the range of
other slope changes increased. From April 2016 to
November 2016, the area proportion of Dune 1 within
the range of 10° to 15°, 20° to 25° and >30° increased
from 21.8%, 15.99%, and 9.45% to 25.09%, 25.6%,
and 15.15%, respectively. The other slope area
proportions all reduced, with the total slope change of
18.6%, which was greater than the area change rate
during the typical wind season.

Compared with that of Dune 1, the slope of
Dune 2 varied slightly both from November 2015 to
April 2016 and from April 2016 to November 2016.
From November 2015 to April 2016, the area
proportion of Dune 2 within the range of 10° to 15°,
20° to 25° and 25° to 30° increased from 17.78%,
22.02%, and 9.27% to 24.08%, 25.5%, and 25.08%,
respectively. The total gradient of the slope was
24.98%, and the other slope area proportions all
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reduced. From April 2016 to November 2016, the area
proportion of Dune 2 within the range of 10° to 15°,
20° to 25°, and 25° to 30° decreased from 24.08%,
25.5%, and 25.08% to 15.29%, 10.23%, and 17.38%,
respectively. The total slope change was 31.76%,
which was greater than the area change rate from
November 2015 to April 2016. The other slope area
proportions all reduced.

Notably, whether it was Dune 1 or Dune 2, the
sand dune slopes changed considerably under the
wind effect. The main area where the slope changed
was located on the area where the erosion changed
frequently, such as the top of the dune and the sand
ridgeline. During the change process of sand dunes,
the proportion within the range of 10° to 15°, 20° to
25°, and >30° of Dune 1 and Dune 2 synchronously
changed in both the typical wind season and other
time. The reason for this conclusion was that the
dunes maintained a steady state during the
observation period. In addition, the proportion of the
area change of the dune from April 2016 to November
2016 was greater than that from November 2015 to
April 2016. We observed that there was a correlation
between the change of the dune volume during the
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typical wind season and other time. The amount of
volume change during the other time was greater than
that during the typical wind season. The larger the
variation of the sand dune morphology was, the larger
the proportion of the slope changes.

5 Discussion

The star dune is one of the tallest sand dunes in
the world’s sand—sea area. Given its formation in a
multi-directional wind environment, the near-surface
flow field and sedimentary structure are complex and
have a field of aeolian geomorphology. However, in
this study, both Dune 1 and Dune 2 formed under
three steady wind conditions, although the sand DP
was different in 2015, 2016, and 2017. Thus, the slight
difference in wind conditions is inadequate to cause
the change of sand dune shape, and star dunes of
different scales are steady under certain wind
conditions. However, the stability degree needs
further study. During the growth of the sand dunes,
although the height of the sand dunes increases, the
volume, length, width, and bottom area of the sand
dunes do not increase completely in a positive
proportion; it even changes irregularly. Moreover, the
variation of sand dune volume during the typical wind
season is smaller than the other time. In view of this,
we propose two reasons for this phenomenon. The
first reason is that the star dunes investigated in this
study have not yet developed into mature star dunes;
thus, there is still instability between the
morphological parameters. The second reason
involves the wind condition, sand source, and
surrounding terrain environment. When the sand
source is insufficient and the wind power is strong,
the dune output is more than the dune input in unit
time. When the height of the dune increases, the
volume of the dune decreases.

The regular dune erosion and deposition are
closely related to the regional wind conditions and the
sand dunes themselves, such as the shape of dune and
the length and direction of dune ridge. The specific
performance was that under the influence of wind,
and the windward slope of the dune was eroded. But
due to the influence of the dune ridge, the airflow
separated near the top of sand dune. And then they
crossed the ridgeline to the other slopes along the left
and right sides. When the wind was strong, the
particles could be transported farther and reached the
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middle and lower parts of the leeward slope. When
the wind was weak, the particles stopped near the
ridgeline and collapsed under the action of gravity.
However, due to the complex surface airflow of the
star dunes, the main wind direction, the angle of the
ridgeline, wind strength, and the length and direction
of ridgeline could have an impact on the erosion of the
dune slope.

We analyzed the degree of the slope change of the
star dune during the typical wind season and other
time. The distribution of erosion and deposition
confirmed that the change of the aspect direction was
closely related to the regional wind conditions and
dune erosion. However, the variation of the typical
wind season was smaller than that of the other time.
We determined that slope change was affected by the
wind force and dune volume. The larger the volume
change of the sand dune was, the greater the change
of dune slope. The reason for this finding was that,
during the change process, when the wind was strong
enough, the sand could climb over the sand ridgeline
to reach the leeward slope. Thus, the area of the slip
face increased. However, the area within the 20° to 30
slope which was located on the upper part of the
windward slope decreased. The sand dunes within
this range became the sand source and cross the
ridgelines under the wind. Although the height of the
sand dunes increased, the volume of the sand dunes
decreased. When the wind was not strong enough, the
sand could not cross the dune ridgeline. Given that
the start-up wind speed of sand within the range of 10
to 20° was slow, the sand accumulates on the top of
the dune. And the area ratio within the range of 10° to
20° decreases. During the movement of sand dunes,
the kinetic energy of the sand dunes transformed into
potential energy. The movement speed of the sand
particles decreased. The kinetic energy during the
movement of sand dunes was inadequate to maintain
the conversion and consumption of the potential
energy, so the slope stayed within the range of 20° to
30°. The proportion of the area within the range
increased. The height and volume of the dunes
increased. Another question was that from November
2015 to April 2016, the area proportion of the Dune 2
within the range of 25° to 30° increased from 9.27%
to 25.08%, which was a huge change. But the Dune 2
maintained a steady state. This was another evidence
for the steadiness of star dune.

According to the previous study, small-scale
dunes were formed by destabilization of sand bed

o

o



with a wavelength determined by the sand transport
saturation length. The length of wavelength was a few
tens of meters (Elbelrhiti et al. 2005). The growth of
aeolian giant dunes was affected by the atmospheric
boundary layer. The atmospheric boundary layer
caused small-scale dunes to superimpose and formed
the giant dunes (Andreotti et al. 2002). But in our
study, the authors monitored two small-scale star
dunes and found the growth rate was very low. There
are many giant star dunes near our study area. So
according to the results of Andreotti (2002), the
small-scale star dune maybe at the initial stages of
their development and was expected to grow until
they will interact the atmospheric boundary layer. But
until now they have not changed significantly even
keep their infancy. Our studies prove the possibility of
the star dune changing into star sand hills. But this
process requires a long time and during this period,
the wind conditions in the area cannot change
drastically. Therefore, in the later research, the
authors will pay more attention to the conditions and
factors which can cause the initial stages into giant
dunes and then define the key factor.

6 Conclusion

1) There are three groups of winds in the study
area, namely, northwest, northeast, and south winds.
Although the annual sand drift potentials of the three
groups of winds are slightly different, the wind
direction is basically steady. Notably, the star dunes
are formed by a group of relatively steady winds,
which confirms the results of previous research. But
the differences lie in the huge change of the aspect
and slope changed hugely. So the stability of star dune
is not complete and it is in a dynamic process.

2) With the increase of the height of the star
dunes, the morphological parameters, such as the
volume and bottom area, of the dune do not show
regular changes.

3) The results of our study showed that the height
of the pyramid dunes increases during the typical
wind season, but the volume decreases. The height of
the sand dunes increases during the other time, but
the volume of dune increases. The larger the volume
of the dune is, the smaller the change of star dune.

4) The surface erosion during the observation
period is closely related to the regional wind
conditions for both Dune 1 and Dune 2. However, the
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change of the dunes is affected by the wind condition.
The sand source also determines the change of the
volume and shape of the dune.

5) The larger the star dune is, the slower the
increase speed, and the smaller the volume, bottom
area, and the moving speed under the same wind
conditions, indicating that the scale of the dune is
proportional to its stability. The larger the size of the
dune, the more stable the dune.

6) The research results showed that the growth
process of the star dunes should be this: When the
wind was strong, the sand particles would transport
from the windward slope to the leeward slope under
the action of the wind. The volume the star dune
decreases, But the height of star dune increased
without enough sand supply. When the wind was
weak, the sand moved from surrounding to the top of
the dune under the action of the wind. Not only the
height of the sand dune increases, but also the volume
of the sand dune increases.

7) During the growth of the star dunes, although
the slope direction of the sand dunes changes, the
overall trend is steady. Moreover, the dune shape
maintains its stability during the growth process. The
variation of the slope direction during the observation
period is closely related to the regional wind
conditions and dune erosion.

8) The slope ratio of the sand dunes changes
during its growth process, but the overall trend is
steady. The stability of the star dunes is verified.
Nevertheless, the variation range of the dune slope is
proportional to the volume change of the dune. The
volume and slope of the sand dunes vary considerably.
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