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ARTICLE INFO ABSTRACT

Keywords: The characteristics of the wind regime and the development of dune morphology in the Taklamakan Desert have
Dunes ] been the focus of scholars. In this study, we used ERAS reanalysis wind data at a height of 10 m from 1979 to
ERA; reanalysis data 2019 to examine the sand transport and wind regime characteristics of the entire Taklamakan Desert. We
Wm, regime combined the two latest dune development modes, i.e., bed instability and elongation modes, and determined
Bed instability mode . A . ) i
Elongation mode that: (1) Taklamakan Desert is overall characterized by a lower wind energy environment; the wind and sand
Taklamakan Desert activity intensities are highest in the eastern part of the desert, with a decreasing trend from the east to the west.
The wind direction in the eastern region shows unimodal characteristics due to the backward easterly wind; the
wind regime gradually becomes complicated from the northeast to the southwest; (2) the morphological
alignments of dunes can be predicted by such modern wind regimes combined with the latest dune development
modes. Large longitudinal dunes in the middle of the desert can be predicted with the elongation mode, whereas
secondary transverse dunes, which derive from these composite dunes, can be predicted using the bed instability
mode. Collectively, this paper fills the gap of the lack of uniform and standardized macro-scale wind data in the
Taklamakan Desert, and the two modes of dune development derived from ERA5 reanalysis data can match the
morphology and trend of most modern dunes.

1. Introduction supply of sand and a unidirectional wind regime; 2) barchan dune chains

or transverse dunes that form in areas with freely available sand under

1.1. Dune classification

The formation and development processes of sand dunes have been
the focus of research in sandy landscapes because they are an important
aeolian geomorphological feature (Bagnold, 1941; Pye and Tsoar, 1990;
Charru et al., 2014). Dunes form from certain sand sources, under
effective wind regimes, and suitable timing concerning sand transport
and accumulation (Bagnold, 1941; Pye and Tsoar, 1990). The spatial
and temporal variability in the wind and subsurface conditions influence
their types.

There are different classification criteria for dune morphology and
orientation. Based on the wind regime and sand availability, dunes can
be classified into the following basic forms (Wasson and Hyde, 1983,
Fig. 1): 1) barchan dunes, which generally form in areas with a finite

Abbreviations: DP, Drift Potential; RDP, Resultant Drift Potential.

the same wind regime; and 3) pyramid dunes (star dunes) that generally
form in areas with complex wind regimes and sufficient sand sources. 4)
Large-scale longitudinal dunes develop only where sand sources are
abundant (Courrech du Pont et al., 2014). The angle between the sand
ridge-line of the longitudinal dune and the resultant drift direction is less
than 15°. 5) Shadow dunes develop on the lee slopes of obstacles such as
bushes, grasses, rocks and nebkhas, and are one of the main aeolian
dunes on Earth and other planets (Bagnold, 1941; Hesp, 1981; Gunati-
laka and Mwango, 1989; Mottola et al., 2015; Xiao et al., 2015; Hesp and
Smyth, 2017; Yang et al., 2019; Zhao et al., 2019, 2021). They are likely
to be observed in conditions of high wind direction variability and low
sand supply. 6) Network dunes are generally formed under two nearly
vertical wind regimes, with the main wind shaping the main beam and
the vertical secondary wind shaping the secondary beam (Ping et al.,
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Fig. 1. Sand dune classification is based on the abundance of the sand source
and wind complexity (Modified from Wasson and Hyde, 1983). RDP/DP is the
ratio of resultant drift potential to drift potential, which reflects the complexity
of wind direction variation.

2014), and there are deep sand nests between dunes. Linear dunes
develop under bimodal or more complex wind regimes (Pye and Tsoar,
1990); their sand ridgelines are oriented in nearly the same direction as
the resultant drift direction. However, researchers have found that
linear dunes are also formed in many places under the action of unidi-
rectional wind, especially when blocked by nebkhas because of the
deflection flow on the crest of longitudinal (Zhou et al., 2020). In
Wasson and Hyde’s classification criteria, wind intensity and the role of
vegetation were not considered.

Sand dunes can also be classified based on their orientation;
considering the angle, ¢, between the resultant drift potential and the
dune ridgeline, they can be classified as transverse dunes (¢ > 75°),
oblique dunes (15° < ¢ < 75°), and longitudinal dunes (¢ < 15°)
(Hunter et al., 1983). Barchan dunes are simple transverse dunes with
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dune ridges approximately perpendicular to the resultant drift direction.
Pyramid dunes (star dunes) have more than three sand ridgelines with
no exact alignment (Zhang et al., 2012) and thus cannot be classified
according to dune alignment. For linear dunes, studies have reported
that their orientation is not merely parallel to the resultant drift direc-
tion (Livingstone and Warren, 1996; Lancaster, 2010; Courrech du Pont
et al., 2014; Gao et al., 2015), therefore, linear dunes can be either
longitudinal or oblique.

1.2. Sand dune development mechanisms

The formation and development mechanisms and morphological
characteristics of dunes, particularly simple dunes, have been studied
globally; however, conducting advanced studies on complex dunes has
remained difficult owing to the complexity and diversity of study areas
and limitations associated with observational technology.

As a basic component of aeolian geomorphology, various factors,
including topography, wind regimes, and climate, influence dune
morphology and orientation. Based on the complex and diverse dune
types, many sand dunes development patterns have been generated,
such as wind erosion, accretion, deposition, and the evolution of simple
to complex dunes (Bagnold, 1941; McKee, 1982; Tsoar, 1984; Pye and
Tsoar, 1990; Livingstone and Warren, 1996; Bristow et al., 2000; Wang
et al., 2004; Dong et al., 2009; Rubin, 2012; Zhang et al., 2012; Gao
et al., 2015). The crest-normal net sand transport mechanism is derived
from Rubin and Hunter (1987), which is a significant breakthrough in
understanding the relationships between bedform orientation and flow
pattern. As reported by Gao et al. (2015), when considering a bidirec-
tional flow regime, they experimentally showed that sediment bedforms
select the orientation for which the sum of the normal to crest compo-
nents of the two transport vectors reaches its maximum value. Thus,
they introduced the gross bedform-normal transport rule, which can be
generalized to multidirectional flow patterns (Werner and Kocurek,
1997; Ping et al., 2014; Gao et al., 2015). Based on such rule together
with the dune type classification, Courrech du Pont et al. (2014) pro-
posed two dune development modes through underwater experiments,
remote sensing image verification and theoretical analysis. They have
demonstrated that there are two modes for dune orientation depending
on sand availability. Each mode is associated with a specific dune
growth mechanism. For periodic bidirectional wind regimes and two
different conditions of sand availability, Gao et al. (2015) documented
all the possible dune morphologies and orientations in the numerical
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Fig. 2. Location of Taklamakan Desert. Sample site distribution of the selected ERAS5 data (temporal resolution: 1 h; spatial resolution: 0.25° x 0.25°) in Taklamakan
Desert. a, b, ¢, and d represent the weather stations we selected in the desert. Blue points represent the ERA5 data points while orange stars represent the locations of
the weather stations. (For interpretation of the references to colour in this figure legend, the reader is referred to the Web version of this article.)
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Fig. 3. Verification of the ERA5 reanalysis wind data accuracy. Panels a, b, c and d show the comparison of wind direction and speed from the observation station

data and the ERAS reanalysis data, respectively.

model.

Through indoor experiments and numerical simulation, it is shown
that identical wind regimes can produce dunes with different orienta-
tions (Taniguchi et al., 2012; Parteli et al., 2014). The dune orientation
under both development modes is defined by the angle between the sand
ridge orientation and resultant drift direction. The angle of the bimodal
wind regime and sand transport ratio affect the final dune orientation
(Rubin and Hunter, 1987; Gao et al., 2015). Courrech du Pont et al.
(2014) established a theoretical equation that describes the dune
orientation as a function of the divergence angle of the wind regime. In
this study, we analyzed the dune types in the Taklamakan Desert based
on this theoretical mechanism.

1.3. Taklamakan status

Taklamakan Desert (known as the “dry pole” of the world), located in
the Tarim Basin in Xinjiang, China, is the largest desert in China (Fig. 2)
and the second-largest mobile desert worldwide (Zhu, 1980), with an
area of 34 x 10* km? (Sun et al., 2009). The dune types in Taklamakan
Desert are complex and diverse, ranging from simple dunes to com-
plex/compound dunes. Their sandy landscapes and wind regimes have
been the focus of recent studies. Owing to traffic restrictions and a lack
of updated technology, studies on the Taklamakan Desert are limited
compared with other global sand seas (Wang et al., 2002). Since the
1960s, scholars have examined the formation and movement of sand
dunes along desert margins, such as in the southwest region (Zhu, 1964),
drifting sand along desert roads (Dong et al., 2000), and sand transport
wind characteristics (Chen et al., 1995). More recently, studies have
been conducted on the wind regime and dune formation in the north-
eastern part of the desert (Wang et al., 2002). Some scholars also studied
the near-surface wind regime in the Taklamakan Desert by using the
data of meteorological stations (Zu et al., 2008). Including the influence
of vegetation and temperature on surface wind speed (Liu et al., 2022).
Some scholars have also studied wind erosion events in Tarim Basin
under different wind speed levels (Zhou et al., 2020). However, with the
development of reanalysis data, analyzing the wind regime and sand
transport across the entire desert has become possible.

1.4. Research purpose

Using ERAS reanalysis data, this study aims to analyze the charac-
teristics of the wind regime and sand transport across Taklamakan

Desert to effectively predict the dune morphology and orientation based
on calculations of two dune development modes (bed instability mode
and elongation mode) and verify whether the near-surface wind regime
can explain the morphology and orientation of the modern dune types in
Taklamakan Desert.

2. Methods
2.1. Dataset

The European Center for Medium-Range Weather Forecasts
(ECWMF) was one of the earliest institutions to perform data reanalysis
(https://www.ecmwf.int/). ERA5 is produced using 4D-Var data
assimilation and model forecasts in CY41R2 of the ECMWF Integrated
Forecast System (IFS), with 137 hybrid sigma/pressure (model) levels in
the vertical and the top level at 0.01 hPa. Jon Olauson (2018) compared
the modelling performance of ERA5 and MERRA-2 reanalysis data and
found that ERAS5 data had a higher correlation and the distribution and
variation of hourly data were closer to the measured data. Meng et al.
(2018) compared the data of 10 observation stations in Shandong, China
and surrounding areas with ERA5 and ERA-Interim reanalysis data, and
found that the assimilation data had a good correlation with the
measured data. ERAS data are more applicable than ERA-Interim data.
Therefore, we selected ERA5 wind data (1979-2019) with a height of 10
m, a spatial resolution of 1 h, and a horizontal resolution of 0.25° x
0.25° (Fig. 2) to calculate the corresponding wind-sand parameters.

In addition, remote sensing images, such as Google Earth satellite
images, and measured weather data from four weather stations in the
Taklamakan Desert were used in this study.

2.2. Verification of ERAS5 data accuracy

To evaluate the accuracy of the ERAS reanalysis data, the data were
compared with measured data from four meteorological stations in the
eastern (39.25° N, 88.31° E), southeastern (37.65° N, 84.43° E) and
middle (39.49° N, 82.95° E; 39.89° N, 84.22° E) of Taklamakan Desert.
This is because some dates are missing from the measured weather
dataset as well as because of the presence of certain singular values
within the dataset. Therefore, we selected wind data from a continuous
time series of weather stations in the east (from January 05, 2016 to 10/
31/2016), southeast (from January 06, 2018 to 12/31,/2018) and
middle (from January 01, 2012 to 12/31/2012; from January 01, 2013
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Fig. 4. Spatial analysis of assimilated data correlations for ERA5 and Observed datasets. Two weather stations in Fig. 2 (a and b).

Fig. 5. Sketch of a linear dune submitted to a bimodal wind regime. Reproduced from Gao et al. (2015).

to 12/31/2013) (Fig. 3).

We have plotted the scatter-plot with correlation coefficients to
compare the local measured wind data and the ERA5 wind data (Fig. 4).
We found a high correlation between ERA5 data and weather station
data, through wind speed frequency plots and scatter plots with corre-
lation coefficients. Therefore, the above evidence could verify and
support our results to some extent.

In general, the assimilated data were consistent with the measured
data, demonstrating that the ERA5 data can be used to calculate the
wind regime and sand transport characteristic parameters.

2.3. Wind regime

Here, we only used the complete time series from the 10-m wind data
for the latitudinal and longitudinal components.
According to the ERAS dataset, we calculated the wind speed, u;, and

step i, we computed the shear velocity as follows:

direction, X;, at different times, f; < t; < tn,,> i€[1; Nops]. For each time

M,'k

log(z/z)’

i

(€Y

where z = 10 m is the height of the measured wind data, zo = 1073 m is
the characteristic surface roughness (Courrech du Pont et al., 2014), and
k = 0.4 is the von Karman constant. The value of the roughness z, de-
pends on u, as, in transport conditions, 2, is controlled by the transport
layer thickness. The threshold velocity us. for motion inception can be
determined using the formula of Iversen and Rasmussen (1999):

Ps
us. =0.1, [—gd
\/Pr

where the gravitational acceleration, g, is 9.81 ms™2, p, = 2.55x
103 kg/m?, p; = 1.293 x 10® kg/m?, and the grain diameter, d, is 180
um. These parameters are generally the global average values. In a given
scope, resultant drift direction (RDD) is less dependent on the grain size
and aerodynamic roughness. We selected the global average grain
diameter. The sand-driving wind speed, u«. ~ 0.19 ms~!.

Many sand transport relationships have been obtained via wind-
tunnel experiments, both analytical and phenomenological (Bagnold,
1941; Owen, 1964; Lettau and Lettau, 1978; Ungar and Haff, 1987;
Iversen and Rasmussen, 1999; Andreotti, 2004; S¢grensen, 2004; Duran
and Herrmann, 2006; Duran et al., 2011; Sherman and Li, 2012; Pahtz
et al., 2019; Wang et al., 2020). After a series of tests, Ungar and Haff

(2)
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Fig. 7. Distribution of the drift potential (DP) and resultant drift potential
(RDP) in Taklamakan Desert from 1979 to 2019. Based on the ERA5 wind data
at a height of 10 m, the normal Kriging interpolation method is used to generate
the continuous graph. The DP and RDP are in m?/yr.

(1987) proposed such a relationship:

0= 25%\/;2@3 —i2), ©)
N

where g is the acceleration due to gravity, d is the grain size, p, is the
density of sand, and p; is the density of air. Equation (3) is used to
calculate Q, the sediment transport per unit length of a saturated
volume.

Next, we calculated the saturated sand flux on a flat sand bed for

each time step:

— { Q;x;, forul, > u, @)

;= )
0,for u, < u,

where Q; = Q (u+ = u') using Egs. (1)-(3).
According to each saturated sand flux vector, E), the average sand

flux, also referred to as the drift potential (DP), can be estimated for a
flat erodible bed:

—
Sy Ot — tio)
Nobs
2t = t2y)
This quantity does not consider the directionality of sand transport

over an entire period (Simmons et al., 2007). Therefore, the calculation
of the resultant drift potential (RDP) is important:

Zﬁv"fz@(n -t )
St = 42 y)

The RDP is normal to the sum of all the individual flux vectors and is
strongly dependent on the wind direction. As a dimensionless param-
eter, the RDP/DP ratio is an important indicator of changes in the wind
regime (Pearce and Walker, 2005; Tsoar, 2005). RDP/DP—1 indicates
that sediment transport tends to be unidirectional. RDP/DP—0 means
that most conveying components cancel each other out.

According to each saturated sand flux vector, we estimate the
average sand flux of a flat erodible bed, which is used to represent the
drift potential (DP). Sand flux is defined as the volume (or mass) of sand
passing through a line of unit length perpendicular to the wind direction
per unit time. Sometimes it is also noted as the dimensionless equivalent
mz/yr. Here, we follow the work of Courrech du Pont et al. (2014) and
Gao et al. (2015). We consider that this definition of DP and RDP is more
physical and has the physical unit.

DP = ()

RDP = (6)
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Fig. 9. Two modes of dune orientation in Taklamakan Desert. (a) Elongation mode and (b) bed instability mode. The modes were derived from the wind regime
based on the ERA5 reanalysis assimilated dataset.

2.4. Two modes of dune orientation studies have proposed that there are two dune development modes ac-
cording to varying sand supply quantities (Courrech du Pont et al.,
Based on flume experiments and theoretical analyses, previous 2014). The direct manifestation is the difference in the dune orientation
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Fig. 10. The cases when the direction of sand transport corresponds well with the shape and strike of the dune. The green illustration represents the local sand flux
roses; the red bi-directional and black one-directional arrows represent the bed instability and elongation modes, respectively. The resultant drift potential (RDP)
represents the movement capacity of wind sand, while the RDP/DP (wind directional variability) ratio represents a change in the wind regime. (For interpretation of

the references to colour in this figure legend, the reader is referred to the Web version of this article.)

and shape (Taniguchi et al., 2012; Parteli et al., 2014; Gao et al., 2015;
Li et al., 2017).

Under the action of a bi-directional wind, i.e., Wl and WN, the di-
rection of a linear dune is , the width is W, and the height is H (Fig. 5).
The angles between the dunes and wind determine the actual sizes of the

_
sand fluxes. The maximum value of the saturated sand flux Qgy, asso-

. . R S
ciated with the main wind, Wy, is as follows:

related to the wind, Wl, as follows:

. H
0= {H'ﬁw

sin(0 — a)

] (cos 077 +sin 97) ®

Owing to the correlation and interaction between dune shape and
sediment transport, the direction of a dune determines the direction of
the average aeolian sand transport throughout an entire period. With
this effect and the constant aspect ratio, H/W, the direction can be ob-

aw —0, (1 +ﬁ£) =0 <1 +ﬂ§ sina >?7 ) tained over time:
Ly w
— 1 — — . . —.> . . —.)
(Q)) =NT1 ( O+ Qﬂ) = Q_: 1 {[N(l +7|sina|) + cos(1 +y|sin(@ — @)|)] i +sind(1+y|sin(6 — a)]) j }, ()]

where Qg is the value of saturated aeolian sand flow over a flat aeolian
sand bed and g is the dimensionless coefficient for the wind speed. We

also calculated the maximum value of the saturated sand flux, _Q;l,

where y = fH/W. 0 1is the angle between the bi-directional wind. y = fH/
W is a dimensionless topography parameter that accounts for the wind
velocity increase from the flat sand bed to the sand dune crest (speed-up)
(Jackson and Hunt, 1975). y = 0 and y = +oo represent that the wind
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velocity increase is O (i.e., there is no speed-up effect) and the wind
velocity increase tends to be infinite (i.e., an extreme case, theory of
existence). Usually, we use y = 1.6 to study the dune orientation and
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regimes, the actual direction of development is the direction with the
highest growth rate (e.g., do/da = 0). In conclusion, the dune extension
direction, a;, maximizes sediment migration perpendicular to the top of
the dune (Rubin and Hunter, 1987). If we consider that the aspect ratio
does not change with time, the range of o, based on the value of coef-
ficient y, is therefore between:

N 0
tanq; = —&, forO<m /2
sin 6
, wheny=0 an
N — cosf
tanqy = ———, for 0=>x / 2
sin 6

which is when the flow is undisturbed. Equation (12) describes the so-
lution when only considering an airflow disturbance caused by sand
dunes:

sin(26)

2a) =)
tan(2a) cos(20) + N

, wheny= + o 12)

2.4.2. Elongation mode

When a dune develops from a fixed sedimentary source and the
angle, 6, between the main and secondary winds is > z/2, finger-like
elongation of the dune can be observed. Therefore, if the sand source
is fixed, the strike of the dune should be consistent with the resultant
drift direction [Eq. (9)], forming an angle, ar, with the main wind, WN,
such that we obtain the following:

sinf[1 + ysin(@ — ar)]

tanay = - - (13)
sand transport (Gao et al., 2015). If y = 0, the dune orientation of "TN(L + ysinay) + cosf[l + ysin(0 — ar)]
elongation mode is the same as RDD. The range of the dune direction ay, varies with the value of y:
2.4.1. Bed instability mode . anar=—9  hen y=0 14)
When the height and width of the dune remain unchanged, the N + cos @
average growth rate, o, of the entire cycle is as follows:
1 O Ow Qo . .2 . .
o'cxm (Ti +N i ) == Wi DEw [|sin(6 — @) | + ysin* (0 — @) + N|sina| + Nysin’a] 10)
where the growth rate, o, is a function of the direction, a, of the dune. sin 0
When the dune is large and can integrate multi-directional wind tan ar "N + cos & when y = +oo. as

[ IKilometershms

Fig. 12. The case when the direction of sand
transport did not match well with the shape
and strike of the dune. The green illustration
represents the local sand flux roses; the red
bi-directional and black one-directional ar-
rows represent the bed instability and elon-
gation modes, respectively. The resultant
drift potential (RDP) represents the move-
ment capacity of wind sand, while the RDP/
DP (wind directional variability) ratio rep-
resents a change in the wind regime. (For
interpretation of the references to colour in
this figure legend, the reader is referred to
the Web version of this article.)
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Fig. 13. Two modes of dune orientation under an identical wind regime. The green arrow represents the bed instability mode and the blue arrow represents the
elongation mode. Wind roses indicate the strength and direction of the wind, while the sand flux roses indicate the direction of sand transport.

The solutions of Egs. (14) and (15) are the dune orientation, af, in et al., 2014, 2015; Fernandez-Cascales et al., 2018; Rozier et al., 2019;

elongation mode. Gadal et al., 2019, 2020). Two modes may locally coexist as a result of
Combined with the dune type classification, two dune growth changes in sand availability or due to the development of superimposed
mechanisms can be used to predict all dune types on Earth and other bedforms. Gao et al. (2015) demonstrated a detailed study to investigate

planetary bodies (Courrech du Pont et al., 2014; Gao et al., 2015; Lucas all simple dune types (from simple barchan dunes to pyramid dunes)
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through numerical modelling based on two dune growth mechanisms,
indicating that the two dune growth mechanisms can explain all dune
types under any wind conditions (not only bi-directional regimes).
Therefore, the two modes of dune orientation can be generalized to
multidirectional wind regimes.

3. Results
3.1. Morphological characteristics of sand dunes

Taklamakan Desert, as the largest desert in China, contains almost all
types of dunes (Fig. 6). We divided the Taklamakan Desert into eastern
and western regions using the Keriya River as a boundary. East of the
Keriya River, from the north to the south, almost all dune types are
present. According to the classification criteria of Mckee (1979), there
are simple barchan dunes and barchan chains (Wang et al., 2002) in
desert areas along the northern edge, as well as some large compound
domed dunes. The dune types that occupy most of the eastern Keriya
River are large complex/compound mega dunes that extend east to west
to the Keriya River. Among them, compound transverse dunes are the
main dunes. The southern part of the desert belongs to the
alluvial-diluvial plain on the Northern Slope of Kunlun Mountains, and
the main geomorphic type is the Gobi. A small amount of shrub vege-
tation developed around seasonal rivers derived from the Kunlun
Mountains. Influenced by unimodal northeasterly winds, barchan dunes
and barchan dune chains are mainly developed in the southeastern
margin of the desert. Asymmetrical barchan dunes can also be observed
under the influence of regional wind systems. Compound linear dunes
are also present. Along the southern edge of the desert, it moved to the
southwest, and the influence of the northwest wind gradually became
stronger. With the complexity of the wind regime, the dune types were
mainly pyramid dunes (star dunes) and reversing dunes.

West of the Keriya River, a large number of compound longitudinal
dunes are present in the areas. The desert to the west of the Hotan River
is divided into two parts, north and south, with Mazatag Mountain,
Gudong Mountain and Rostag Mountain as the boundary. North of the
mountain range, complex/compound longitudinal dunes dominate, but
on the windward slope of the mountain range, complex dunes such as
pyramid dunes (star dunes) develop in abundance. However, the lee
slope of the mountains extends to the southwest of the desert. Influenced
by the northwest wind crossing the Pamir Plateau, the types of dunes are
relatively rich, mainly consisting of compound longitudinal dunes and
longitudinal dunes. The landscape of network dunes and linear dune
symbiosis is developed in the southwest margin of the desert. Longitu-
dinal dunes, which are particularly prominent, are mainly distributed in
the south of the mountains, especially between the Hotan and Keriya
rivers.

3.2. Wind regime and DP

3.2.1. DP distribution

Numerous factors, among which the wind regime is one of the most
important, affect sand dune formation and development (Bagnold, 1941;
Pye and Tsoar, 1990; Lancaster, 1995).

We refer to the global map of standard DP by Yizhagq et al. (2020) and
find the same trend as our calculated results. The results of ERA5 data
show that DP in the desert is relatively high. In this study, the DP and
RDP of the entire Taklamakan Desert were calculated using ERA5
reanalysis wind data. As shown in Fig. 7, the entire Taklamakan Desert
lies in a low wind energy environment, where the DP is significantly
larger in the eastern part of the desert at the wind gap; the DP and RDP
gradually decrease from the northeast to the southwest. Wind erosion in
the eastern part of the Taklamakan Desert is very strong if the erosivity is
expressed as drift potential by Wang et al. (2007).
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3.2.2. Distribution of wind directional variability

The RDP/DP-value is a non-dimensional parameter that is often used
to characterize the directional variability of the wind regimes. Wind
direction variability is an important index reflecting wind regimes and a
measure of wind direction. If the ratio of RDP/DP is larger, the wind
direction variability is smaller, indicating that the wind direction is
unimodal. The smaller the RDP/DP ratio is, the greater the wind direc-
tion variability is, indicating that the wind direction is more complex
and changeable. This quantitative measure can be compared with syn-
thetic landforms. On a macroscopic scale, the RDP/DP decreased from
the east to the west (Fig. 8).

There is a small wind directional variability in the eastern part of the
desert, which corresponds to a larger RDP with a single wind direction,
dominated by northeasterly winds. A large RDP/DP ratio also exists near
Ingisha County in the southwestern part of the desert, dominated by
northwesterly unidirectional winds. South of the Mazatag and Rostag
mountains and in the southern region of the desert, the RDP/DP ratio is
small and the winds are complex, originating from all directions, cor-
responding to a smaller RDP.

3.2.3. Dune orientation

Dunes in two different directions can develop under a single multi-
directional wind regime (Courrech du Pont et al., 2014). Two different
patterns of dune development were identified based on the wind regime
and sand availability (Fig. 9). When the sand source is abundant, the
dunes mainly grow taller; the direction of the dunes is the direction that
achieves maximum vertical resultant drift direction, corresponding to
the bed instability mode of dune development (Fig. 9b). The east,
southeast and south transverse dunes in the Taklamakan Desert have a
general northwest-southeast trend, which is in better agreement with
our calculated bed instability mode. The transverse dunes east of the
Keriya River and the secondary transverse dunes developed on the
longitudinal dunes west of the Keriya River can also be predicted by the
bed instability mode.

When sand is scarce and for non-erodible beds, dunes develop and
extend in the direction of resultant drift direction, corresponding to the
elongation mode of sand dune development (Fig. 9a). In the desert re-
gion west of Hotan River, bounded by Mazatag Mountain, the longitu-
dinal dunes in the north trend from northeast to southwest, and the
longitudinal dunes in the south trend from northwest to southeast under
the influence of northwest wind. A large number of the compound and
complex longitudinal dunes developed in the west of the Keriya River
and southwestern regions of the desert, which is more consistent with
our calculated elongation mode, matching the overall resultant drift
direction. Including in the southeastern part of the desert, linear dunes
developed under unimodal wind regimes can also be matched with
elongation mode.

3.3. Dune alignment predictions for dunes in the field

Using satellite images in combination with our calculated sand rose
and the two dune development modes, we effectively predicted the
orientation of some simple dunes (Fig. 10), such as barchan dunes that
develop in areas with scarce sand sources and a single wind direction
(Bagnold, 1941; Fryberger and Dean, 1979), and transverse dunes that
gradually develop with increasing sources of sand. Barchan dune chains
and transverse dunes match the bed instability mode, while linear dunes
match the elongation mode, indicating that the orientation of linear
dunes involves the scarcity of sand sources. Taking typical dunes in
various directions of the desert as an example, 40 years of ERA5 wind
data can well predict modern dune morphology in the desert.

Two modes are quantitatively compared to all field data in Fig. 11,
suggesting that the 40 yr data of modern winds used to predict dune
orientation provide an accurate picture of the wind regimes that built
these sand seas in the past.

However, due to the influence of various factors, such as geological



W. Sun and X. Gao

time, topographic relief, vegetation cover, rivers and so on, the shape
and direction of sand dunes in some areas of the desert cannot be well
explained (Fig. 12).

4. Discussion

4.1. Coexistence of two dune orientation modes under the same wind
regime

Elongation mode means that dunes grow by extension away from the
source in the direction of the resultant sand flux at the crest, usually
indicating the dune elongation direction. Bed instability mode means
dunes grow in height and migrate selecting an orientation that maxi-
mizes the normal to crest components of transport, referring to the
ability for a flat sand bed to organize in periodic bedforms as soon as
there is sediment transport. Therefore, the same wind regime can lead to
two dune orientations based on the sand availability. According to the
Google satellite images, we located the areas where the two dune
development modes occurred under the same wind regime (Courrech du
Pont et al., 2014). According to the wind rose diagram of four ERA5 data
points around the study area and the weather station data in the study
area, we can confirm that the two modes develop under the same wind
regimes. In other regions of the desert, the two modes exist in super-
position. Courrech du Pont et al. (2014), based on flume experiments,
showed that dunes with two different directions can form under a single
multi-directional wind regime, with a nearly vertical direction along the
sand ridgeline. Gao et al. (2015), based on numerical simulations,
concluded that this situation results from an abundance or scarcity of
sand sources, i.e., the availability of sand. In the bed instability mode,
the erodible sand bed provided unlimited sand availability and the di-
rection of resultant drift direction was nearly perpendicular to the wind
direction, thus allowing for the development of more transverse dunes.
However, in the longitudinal extension mode, the unerodable sand bed
limited the availability of sand and the direction of resultant drift di-
rection aligned with the wind direction, forming semi-developed linear
dunes (Courrech du Pont et al., 2014). This is consistent with the
morphology and strike of the dunes observed in the field (Fig. 13).

4.2. Wind regime interpretation over past 40 years for modern dunes

Understanding the characteristics of the near-surface wind regime is
of great significance for studies on dune morphology and strike. The
zonal general circulation model controls the near-surface wind regime in
the Taklamakan Desert, with the influences of the topography and un-
derlying surface (Zu et al., 2008). Owing to limitations associated with
the meteorological stations in the desert, we used the ERAS reanalysis
wind data at a height of 10 m, which covers the entire desert, to calculate
the near-surface wind regime. We found that the wind regime charac-
teristics of most areas can explain the shape and direction of large
modern sand dunes and several smaller sand dunes. For example, owing
to the influence of northeastern winds in the eastern and southeastern
regions of the desert, barchan dune chains and transverse dunes mostly
occur in areas with abundant sand sources. Linear and asymmetric
barchan dunes, extending along the southwest, mostly occur in areas
near the edge of the desert, with scarce sand sources. The northern and
middle regions of the desert are also affected by the northeastern wind,
with the development of complex longitudinal or transverse dunes.
These transverse and longitudinal dunes, which tend to occur in a su-
perposition, occupy much of the Taklamakan Desert. However, in the
southwest region of the desert, the northwestern wind dominates the
complex longitudinal dunes. The modern wind field over the past 40
years can only explain the morphology and trend of modern sand dunes.
Of course, for the regions where the wind regime has not changed over a
large time scale, our prediction can also be matched with large dunes
that have been formed for a long time.
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5. Conclusions

A computational study of the wind regimes and sand transport in the
Taklamakan Desert over the past 40 years revealed that the entire desert
is mainly controlled by northeastern and northwestern wind systems.
The wind regimes correspond well with the orientation and morphology
of modern dunes. The southern part of the desert lies in the convergence
of northwest and northeast winds, so wind conditions are more
complicated (wind variability is mostly less than 0.3). Barchan dune
chains and transverse dunes occur in the eastern and southeastern re-
gions, where sand sources are abundant and influenced by a single
northeasterly wind (wind direction variability is higher than 0.8). The
development of dunes is mainly the increase in height and lateral
extension. This is dominantly controlled by the bed instability mode.
Moreover, the extension direction is almost perpendicular to the main
wind direction. However, along the southeastern edge of the desert,
many linear dunes and compound longitudinal dunes develop, mainly
influenced by sand sources; they have developed on the non-erodible
bed surface, with a scarce sand supply. The dune orientation is
roughly aligned with the resultant drift direction and is mainly
controlled by the elongation mode. Combined with the predicted results
and sand transport distribution, we believe that the two modes can
effectively explain the morphology and trend of most dunes, especially
simple dunes. However, some dune geomorphology is not well inter-
preted by ERA5 wind data due to the influence of various factors, such as
mountains, rivers, etc.

The ERAS reanalysis data can effectively explain the morphology
and orientation of modern dunes in the Taklamakan Desert. At a macro
scale, most of the transverse and longitudinal dune trends in the
Taklamakan Desert can also be well explained by ERA5 data. Although
these large dunes formed in much longer periods. However, the simu-
lation results may deviate from the actual dune orientation owing to the
influence of subsurface conditions or topography in a specific area. The
use of standardized macro data such as ERA5 reanalysis data to study
wind and sediment transport in the Taklamakan Desert is innovative.
The relationship between wind regime and dune formation and devel-
opment is of great significance to the study of aeolian geomorphology
and the prevention and control of aeolian disasters in the Taklamakan
Desert.
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