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The middle areas of China’s Hexi Corridor Desert are distributed within or at the edge of
oases in continental river basins in Northern China. Recently, researchers found that rivers
can provide sediment material for dune formation and development, but the mechanism
has not been investigated in detail. In this study, the relationships among the wind
environment, spatial distribution of continental rivers, sand availability, and dune field
patterns in the middle area of Hexi Corridor Desert were analyzed. In terms of the wind
energy environment, the study area can be divided into three regions: high-energy
environment in the north, intermediate-energy environment in the middle, and low-
energy environment in the south. The results showed that the resultant drift potential is
predominantly from the NW quadrant. The directional variability of wind is intermediate in
the northern andmiddle region and low in the southern region. The directions of winds with
critical speed are SW in the northern region, NW andWNW in the middle region, and NW in
the southern region. Themain dune types are barchans, reticulate dunes, star dunes, linear
dunes, and coppice dunes, which differ from previous results (mainly barchans and
coppice dunes). Dune field patterns are controlled by the wind energy environment. In
addition, the spatial distribution of continental rivers and sand availability are important
factors affecting dune formation and development. Sand dunes are distributed downwind
of continental rivers, which confirms the hypothesis that rivers can provide sediment
material for dune formation. The spatial distribution and different dune types in the middle
area of Hexi Corridor Desert reveal that their formation and development are controlled by
the wind regime and sediment supply.
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INTRODUCTION

The wind regime, sediment supply, and surface characteristics (vegetation and topography) of a
region are the main factors controlling dune formation and development in the region (Hack, 1941;
Thomas, 1997; Zhang et al., 2015a; Lü et al., 2018). In particular, the formation of aeolian
geomorphology is driven by energy from wind, which also guides subsequent development.
Therefore, wind regime and wind energy environment have both been widely used in studies of
aeolian geomorphology, including the classification of this geomorphology (Melton, 1940;
Fedorovich, 1948; Wu, 1987; Lancaster, 1995; Thomas, 1997). For example, a narrow unimodal
wind regime creates transverse dunes, a bimodal wind regime creates linear dunes, and a complex
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wind regime creates star dunes (Fryberger and Dean, 1979).
Fryberger and Dean studied the wind regime and wind energy
environments associated with several classic dune types (crescent,
linear, and star dunes), and found that the ratio of the resultant
drift potential to the drift potential (RDP/DP) tended to decrease
from crescent dunes to star dunes. For crescent and linear dunes,
both wind energy and RDP/DPwere high. Other researchers have
confirmed that the wind regime is strongly related to the dune
types that form in a given environment (Wasson and Hyde, 1983;
Lancaster, 1994; Livingstone and Warren, 1996). Specifically,
persistent winds control dune formation and development, but
strong winds control dune orientation (Fitzsimmons et al., 2020).

The formation and development of dunes are undoubtedly
affected by sediment supply, geometry of the sediment source
and deposition areas, and size of the dune field, but these
factors have not been extensively investigated (Beveridge
et al., 2006; Ewing et al., 2006; Derickson et al., 2008;
Ewing and Kocurek, 2010a, Ewing and Kocurek, 2010b). Lü
et al. (2018) suggested that sediment availability has an
important effect on dune types and dune formation and
development. Recently, aeolian–fluvial interactions in
dryland environments have been widely studied worldwide
(Bullard and McTainsh, 2003; Nottebaum et al., 2015; Yan
et al., 2015; Han et al., 2016; Liu and Coulthard, 2017).
However, such interactions in the arid and semiarid region
of northwestern China have rarely been studied (Yan et al.,
2015; Han et al., 2016). Yan et al. (2015) and Zhang et al.
(2021) investigated the interactions between deserts and large
rivers in Northern China and confirmed the hypothesis of
Bullard and McTainsh (2003), which states that rivers can
provide sediment material for dune formation and
development. Nevertheless, they also noted that the

relationship between smaller rivers and dunes require
further investigation.

Surface characteristics, such as vegetation and
geomorphology, also control the types, formation, and
development processes of dunes. The formation of almost all
linear dunes and nebkhas is determined by the presence of an
obstacle (Livingstone and Warren, 1996). Nevertheless, different
sand dune types can occur in a region with different wind
directions (Zhang and Dong, 2015; Lü et al., 2018).

Within the Hexi Corridor in Northern China, desert areas
occur in the middle and western parts of Gansu Province
(Figure 1). These areas have received little attention owing to
their small coverage (approximately 1,100 km2) compared with
other Chinese deserts. To fill in some of the missing data, this
study investigated the wind energy environment and dune field
patterns in these desert areas. To this end, variations of the wind
energy environment, sand dune patterns, and controlling factors
of dune geomorphology were analyzed. The objectives of the
research are as follows: 1) assessing the effect of the wind energy
environment on dune pattern variations; 2) considering the
implications of sediment supply on dune pattern variations; 3)
determining the relationship between continental rivers and sand
dunes; 4) comparing the results of this study with those of
previous studies in the Hexi Corridor Desert.

MATERIALS AND METHODS

Study Region
Themiddle area of Hexi Corridor is located in the temperate zone
hungriness taken in the middle latitudes of the northern
hemisphere, with arid climate and little rainfall (40–410 mm)

FIGURE 1 | Locations of the six weather stations in the present study and location of the study region.
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and large annual evaporation (1,500–3,311 mm) (Jia, 2012; Luo
et al., 2021). The region’s weather is affected by the cold front in
the winter seasons, with frequent windy days, and the wind
direction is mainly northwest wind, west wind, and southwest
wind. In the summer seasons, it is influenced by the monsoon,
and the wind speed is low and the east wind increases (Guo,
2015). Also, the region’s weather is characterized by the same
period of wind and drought. The study area is sparsely distributed
at the edges of the middle and lower reaches of a continental river
basin. The study area includes two large continental rivers: the
middle reaches of the Heihe River and the lower reaches of the
Baida River. From east to west, three small continental rivers run
through the study area: the Bailang River, Maying River, and
Fengle River. The middle areas of the Hexi Corridor lie between
the Baida River and Heihe River and in the lower reaches of the
Bailang, Maying, and Fengle rivers. In the lower reaches of these
rivers, large amounts of alluvial sediments are deposited, serving
as the source areas of sediments for downwind dune formation
and development (Nottebaum et al., 2015, Figure 1). Nottebaum
et al. (2015) suggested that sand material in the middle area of the
Hexi Corridor Desert was derived from the QilianMountains and

transported by hydrological processes. However, Zhang et al.
(2021) suggested that eolian sediments in the middle area of Hexi
Corridor Desert were derived from the Qilian Mountains in the
southwest and the Beishan Mountains in the north. Upwind
sediment sources control dune formation and development in the
middle area of the Hexi Corridor Desert. Barchans that formed on
the Gobi surface move at an average rate of 8–53 m year−1, and
their movement is related to their width (Zhang et al., 2018). Sand
grains in this area are mainly very fine sand and fine sand (Zhang
and Dong, 2015).

Dunes are mainly distributed in two regions. The first is in
the western part of the Jinta County and the lower reaches of
the Baida River. This dune area covers approximately 40 km
from north to south and 10–20 km from west to east, with a
total area of approximately 650 km2. The main dunes were
reported to be coppice dunes (Wu, 2009). The second area is in
the northwestern part of the Gaotai County, along the middle
reaches of the Heihe River. This dune area covers
approximately 10–30 km from north to south and 75 km
from west to east, with a total area of 450 km2 (Li, 1998).
The main dune types are crescent dunes, crescent dune sheets,

TABLE 1 | Weather conditions of Gaotai and Jinta.

Location Wind speed (m s−1) Air humidity (%) Air temperature (°C) Precipitation (mm)

Gaitai 1.8 52 7.9 103.2
Jinta 2.4 43 8.5 60.5

FIGURE 2 | (A) Spatial distribution of vegetation cover (based on NDVI values). (B) and (C) crescent dunes and chains; (D) reticulate dunes; (E) coppice dunes; (F)
raked linear dunes; (G) reversing linear dunes.

Frontiers in Earth Science | www.frontiersin.org June 2022 | Volume 10 | Article 8183383

Zhang and Zhang Dune in Hexi Corridor Desert

https://www.frontiersin.org/journals/earth-science
www.frontiersin.org
https://www.frontiersin.org/journals/earth-science#articles


and sand sheets (Wu, 2009). The weather conditions of the
Gaotai and Jinta are shown in Table 1.

Vegetation cover influences the development of dune fields
and sand seas. Figure 2 shows the vegetation cover in the study
region in 2010. The vegetation cover is denser near and in the
lower reaches of the rivers, with values of the normalized-
difference vegetation index (NDVI) usually larger than 0.3; in
some areas, the NDVI is between 0 and 0.1. The land surface is
mainly covered by the Gobi (gravel), and dune fields (with NDVI
< 0) are discontinuously distributed between rivers and in the
northeastern part of the study area.

METHODS

We used automatic weather station data (wind speeds), HJ-1A/B
remote-sensing images, and Google Earth high-resolution images
to investigate the wind energy environment, wind regimes, and
eolian dune geomorphology of the study area. Using these data,
we examined the relationships between dune types and wind
characteristics to extract information on the regional sand
environment.

Wind data were obtained from six automatic weather stations
in the study area: Dazhuangzi, Luocheng, Yanchi, Luotuocheng,
Minghua, and Qingshui (Figure 1). Wind speed data were
acquired at 1-h intervals in 2010, which is the earliest year for
which wind data were recorded at these stations. At each station,
wind speed and direction sensors were installed in a clear area at a
height of 10 m above the land surface. We calculated the
following parameters of the wind energy environment using
Fryberger and Dean’s (1979) method: drift potential (DP, in
vector units), resultant drift potential (RDP), and resultant
drift direction (RDD, which represents the direction of sand
transportation) and directional variability (RDP/DP).

DP � u2(u − ut)t, (1)
RDD � Arctan(C/D), (2)
C � Sum(VU)sin(θ), (3)
D � Sum(VU)cos(θ), (4)
RDP � (C2+D2)1/2, (5)

where u is the wind velocity, in knots; ut is the threshold wind
velocity (the velocity required to entrain the sediment), in knots; t
is the proportion of time during which the wind velocity is greater
than the threshold velocity required to entrain the sediment; θ is
the angle measured clockwise from 0° (north); and VU is the drift
potential in each orientation class. ut in the study region was
estimated to be 12 knots under dry conditions (Fryberger and
Dean, 1979), and the mean sediment size is approximately
0.22 mm. Accordingly, the threshold wind velocity was also set
as 12 knots.

Livingstone and Warren (1996) classified dune field patterns
as transverse dunes, linear dunes, and star dunes. In our study
region, the patterns also included crescent dunes and chains,
coppice dunes, and sand sheets (Cook et al., 1993). For the desert
and oases boundary were not our main research aims, we used

HJ-1A/B remote-sensing images with 30 m spatial resolution
obtained from the China Center for Resources Satellite Data
and Applications (http://www.cresda.com/n16/n92006/n92162/
index.html). Data analysis methods were similar to those used by
Han et al. (2015).

We determined dune crest orientations through visual
interpretation and manual tracking using Google Earth high-
resolution images with 1.5 m spatial resolution. The images were
extracted using ArcGIS software (Esri, Redlands, CA,
United States). We have enlarged every satellite image at a
scale of 1:250 before drawing the dune’s contour by hand. The
detailed methods can be found in the study by Zhang et al. (2018).

An expectation-maximization (EM) algorithm was applied to
fit the distribution of dune and wind orientation using a Gaussian
mixture model (Lü et al., 2014). We assumed that the probability
distribution function of critical wind and dune orientation may
be described by a sum of normal distributions:

P(θ) � ∑nθ

i�1
wi

σ i

��
2π

√ exp( − (θ − θi)2
2σ2

i

), (6)

where θi is the mean wind or dune orientation; wi is the weight of
wind or dune orientation in the θi direction; σi is the standard
deviation of wind or dune orientation in the θi direction. Using
the wind data set, the dune crest orientation was determined
following the gross bedform-normal transport rule (Rubin and
Hunter, 1987). According to this rule, dune orientation can be
predicted using the transport ratio between primary and
secondary winds and the angle between primary and
secondary winds, as shown in Eq. 7.

Tanα � ±
R + ∣∣∣∣cos γ∣∣∣∣∣∣∣∣sin γ∣∣∣∣ , (7)

where α is the angle between primary wind and dune crest
orientation; R is the transport ratio between primary and
secondary winds (R = w2/w1, in this w2>w1); and γ is the
angle between primary and secondary winds.

In this study, we calculated sediment availability with the t/P′
ratio, where t is the percentage of the time when the wind is above
the threshold velocity for sediment entrainment and P′ is the
effective precipitation. Effective precipitation is expressed as P/
Etp, where P is the precipitation and Etp is the potential
evapotranspiration.

RESULTS

Wind Regime
The wind regimes in Chinese deserts are controlled by high-pressure
systems and large-scale geomorphology (Wang et al., 2005). In the
middle areas of China’s Hexi Corridor Desert, winds associated with
the Mongolia–Siberia high-pressure system occur in late spring and
early summer, dominantly in the NW,W, and SW directions (Dong
et al., 1993; Wang et al., 2005; Zhang et al., 2016).

Considering that only winds above the threshold wind speed
(ut) are important for dune formation, we focused on the
proportion of winds above this threshold. Wind data from the
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six weather stations are summarized in Figure 3. In the study region,
the directions of winds exceeding the threshold were generally
bimodal, except Luocheng, but the primary and secondary wind
directions varied in different parts of the study region (Figure 3A).

The threshold wind direction can be divided to three categories:
Dazhuangzi, Yanchi, and Luocheng and Minghua, Qingshui, and
Luotuocheng. At Dazhuangzi, the primarywind directionwasWSW
(27.2% of the annual time) and the secondary direction was W
(15.6%). At Yanchi and Luocheng, the primary threshold wind
direction was from NW (25.7% and 25.8%, respectively of the time)
and the secondary direction was fromWNW at Yanchi (14.8%) and
E at Luocheng (15.2%). At Minghua, Qingshui and Luotuocheng,
the primary threshold wind direction was from NW (28.5–34.2%),
and the secondary direction was from WNW (21.5–32.9%).

The wind speed and wind energy environments at the six
weather stations in 2010 are summarized in Table 2. The mean
wind speeds were the highest in the west (3.95 m s−1 at
Dazhuangzi) and lowest in the east (1.49 m s−1 at
Luotuocheng), with the highest maximum wind speed in the
middle of the region (20.5 m s−1 at Yanchi) and the lowest
maximum in the south (13.4 m s−1 at Minghua).

Wind Energy Environment
Fryberger and Dean’s (1979) parameters of the wind energy
environment can be used to identify areas with high (DP >

400) and low (DP < 200) wind energy in 2010 (Table 2;
Figure 3B). According to their criteria, high wind energy
occurred in the north (Dazhuyangzi) and low wind energy
occurred in the middle and south of the region (Luocheng,
Yanchi, Minghua, Luotuocheng, and Qingshui). This indicated
that potential sand transport was larger in the north region than
in the middle and south.

RDD ranged from 274 to 330° and could be divided into
three regions: in the north, RDD was about 274° at Dazhuangzi;
in the middle of the region (at Luocheng, Yanchi, and
Minghua), RDD is between 317 and 330°; and in the south
(Luotuocheng and Qingshui), RDD is between 305 and 308°.
These results showed that sand transport directions were from
northwest to southeast, and sand dunes moved to the
southeast.

RDP/DP ranged from 0.53 to 0.93, indicating intermediate
(Dazhuangzi, Luocheng, Yanchi, and Qingshui) and low
(Minghua and Luotuocheng) directional variability. RDP/DP
was the highest in the southeast and lowest in the middle of
the study area.

Figures 4, 5 shows the monthly wind energy environment at
the six stations. DP reached its maximum in April for most
stations, except Dazhuangzi in December, when the RDD was SE
(Table 3). The RDDwas SE for almost all stations. The directional
variability (RDP/DP) was generally low to intermediate.

FIGURE 3 | (A) Critical wind directions (with wind speeds above the threshold wind velocity required to entrain sediment). (B) Annual wind energy environments.

TABLE 2 |Wind speed and wind energy environments at the six stations in 2010.Ms, mean speed, m s−1;Mws, maximum wind speed, m s−1; DP, drift potential, VU; RDP,
resultant drift potential, VU; RDD, resultant drift direction, °; RDP/DP, directional variability.

Station

Dazhuangzi Luocheng Yanchi Minghua Luotuocheng Qingshui

Ms 3.95 2.05 3.07 1.87 1.49 2.25
Mws 18.4 17.4 20.5 13.4 15.8 18.5
DP 482.17 14.77 154.04 6.12 5.69 16.97
RDP 361.36 8.64 81.90 5.17 5.31 11.67
RDD 94 145 150 137 125 128
RDP/DP 0.75 0.59 0.53 0.85 0.93 0.69
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Dune Field Patterns
According to a previous study, the main dune patterns in the
study area are crescent dunes, coppice dunes, and sand sheets
(Wu, 2009). In the present study, we used HJ-1A/B remote-
sensing images, field investigation data, and Google Earth high-

resolution images to identify the dune field patterns. Dunes in this
desert include crescent dunes, coppice dunes, reticulate dunes,
linear dunes, star dunes, and so on. Reticulate dunes are also
known as “dune networks,” “dune reticules,” “aklés,” “rhombic
waffle patterns,” or “alveolar dunes” (Cook et al., 1993). They

FIGURE 4 | Monthly wind energy environment at Dazhuangzi; other sites shown in Supplementary Figures S1–S5.

FIGURE 5 |Monthly wind energy environment in the study region. (A) DP, drift potential, VU; (B) RDP, resultant drift potential, VU; (C) RDD, resultant drift direction,
°; (D) RDP/DP, directional variability.
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TABLE 3 | Monthly wind energy environment characteristics at the six stations. DZZ, Dazhuangzi; LC, Luocheng; YC, Yanchi; MH, Minghua; LTC, Luotuocheng; QS,
Qingshui; T-max, maximum DP time; Period, total DP = 0 months; C, complicated.

Stations DP DP = 0 RDD RDP/DP

T-max RDD Period

DZZ December ENE 0 S Intermediate
LC April SE 4 C 6 months low; 6 months intermediate
YC April SE 0 SSE 6 months low; 6 months intermediate
MH April SE 3 S low
LTC April SE 5 SE 6 months low; 1 month high
QS April SE 1 SSE 7 months low; 4 months intermediate

FIGURE 6 |Dune field patterns and dune orientation rose plots at nine locations in the study area. (A)Crescent and coppice dunes; (B) crescent dunes and chains;
(C) crescent chains; (D) crescent dunes and chains; (E) crescent dunes and chains; (F) crescent chains and linear dunes; (G) linear dunes; (H) star dunes; (I)
reticulate dunes.
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develop under a wind regime with a bidirectional wind
regime where the dominant wind directions are
perpendicular (Cook et al., 1993; Livingstone and Warren,
1996; Hasi et al., 1999; Ewing et al., 2006; Zhang et al., 2015)
and are characterized by network patterns (Zhang et al.,
2015b, Zhang et al., 2015c). Crescent dunes and chains
develop under a unidirectional wind regime or a
bidirectional wind regime with dominant winds in
opposite directions. Linear dunes develop under
bidirectional wind regimes with winds that were not
oriented in opposite directions. Star dunes develop under
complex wind regimes. Figure 6 shows the main patterns in
the study region. The dune patterns included crescent dunes
and chains (Figures 6A–E), linear dunes (Figures 6F,G), star
dunes (Figure 6H), and reticulate dunes (Figure 6I), coppice
dunes (Figure 6A), and sand sheets (Figure 6E). Reticulate
and crescent dunes were distributed in most parts of the study
region, whereas star and linear dunes were uncommon and
found mostly in the eastern and northeastern parts of the
study area.

Crescent dunes are mainly distributed at the edges of the
desert or in areas with low vegetation cover (Figure 6A). Coppice
dunes are mainly distributed near oases, with some interspersed
with crescent dunes (Figure 6A). Linear dunes are mainly
distributed in the middle part of the study region, usually at
the edges of dune fields (Figures 6F,G). Star dunes are
uncommon and distributed in the east of the Jinta County
and north of the Gaotai County (Figures 6D,H). Reticulate
dunes are relatively common and mostly distributed in the
north of the Gaotai County (Figure 6I).

The middle area of Hexi Corridor Desert has a wide range of
dune crest orientations (0°–180°) (Table 4; Figure 6).
Nevertheless, the dune crest orientations are mainly
NE–SW, followed by NW–SE. Moreover, the dune crest
orientations in the Hexi Corridor Desert are spatially
heterogeneous. In dune fields A, C, D, E, and G, dune crest
orientation is unidirectional, with mean orientations of 176°,
26°, 22°, 25°, and 155°, respectively (Table 5). In dune fields B,
F, and I, dune crest orientations are bidirectional, with mean
primary (secondary) orientations of 44° (158°), 140° (47°), and
41° (128°), respectively. Dune field H has three orientations,

with mean orientations of 78° (primary), 154° (secondary), and
16° (tertiary).

DISCUSSION

Wind Regime and Sand Dunes
The wind regime is a very important factor for dune formation
and development. In this study, we used wind data from only
1 year (2010) to analyze the relationships between dune types and
wind regime because detailed weather station data of the study
region before 2010 are lacking. Moreover, detailed weather
stations are difficult to acquire and not freely available. We
used wind velocity and direction data from 2010 to analyze
dune evolution, mainly because wind velocity in Jinta and
Gaotai counties has been relatively larger in the recent
28 years (Figure 7). We believe that these data are
representative of the wind climatology for linking with dune
types. At present, a number of interpretative simplifications and
assumptions are applied in the estimation of the wind energy
environment (Bullard et al., 1996; Bullard, 1997), such as acquired
wind data time-scale (Zhang et al., 2016), wind direction section
range, and wind velocity classification values (Pearce andWalker,
2005). However, the wind energy environment is widely used for
studying sand dune classification and formation (Bullard et al.,
1996; Al-Awadhia et al., 2005; Wang et al., 2005; Saqqa and
Saqqa, 2007; Hereher, 2010).

Spatial variations in the wind regime and sand supply can lead
to the formation of different dune patterns. Crescent dunes are
mainly distributed at the upwind edge of dune fields but with
different crest orientations in different regions. Here, we focus on
crescent dunes in the southeast of Dazhuangzi (Figure 6A), the
west of Luocheng (Figure 6B), and the northeast of Qingshui
(Figure 6E).

Southeast of Dazhuangzi (Figure 6A), the crest orientation
(longest extension) was between 175° and 200° and the dunes
moved ESE (85–110°). The calculated RDD was 94° (i.e., E),
indicating similarities between the actual and predicted dune
movement directions. In this region, the primary wind direction
changes between SW and NW due to which the southwestern
wings of some crescent dunes were elongated, forming

TABLE 4 | Dune orientation statistics at nine locations in the study area. A, crescent and coppice dunes; B, crescent dunes and chains; C, crescent chains; D, crescent
dunes and chains; E, crescent dunes and chains; F, crescent chains and linear dunes; G, linear dunes; H, star dunes; I, reticulate dunes.N is the analyzed dunes number.
Locations are shown in Figure 1.

Dune fields Dune orientation

Primary (°) Percentage (%) Secondary (°) Percentage (%) Tertiary (°) Percentage (%)

A (N = 624) 123−176 50 2−57 44 — —

B (N = 511) 2−91 68 127−177 30 — —

C (N = 411) 2−66 85 — — — —

D (N = 448) 2−90 79 148−177 19 — —

E (N = 634) 1−77 74 143−177 20 — —

F (N = 348) 118−168 68 2−63 21 — —

G (N = 449) 128−177 81 — — — —

H (N = 730) 47−107 41 123−173 24 2−38 18
I (N = 358) 8−72 62 113−143 22 — —
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asymmetrical crescent dunes. West of Luocheng (Figure 6B), the
dune crest orientation is between 195° and 213°, and the dunes
move SE (105–123°). The predicted RDD was 145°, indicating
differences between the actual and predicted dune movement
directions. In this region, the primary wind direction changes
between SW and NW due to which the southwestern wings of
some crescent dunes were elongated, forming asymmetrical
crescent dunes. Northeast of Qingshui (Figure 6E), at the edge
of the dune field, there were some single crescent dunes, but the
inner dune field was dominated by crescent dunes and dune
chains due to changes in the sediment supply. Specifically,
sediment supply increased from the edge to the inner part of
the dune field. In this region, dune crest orientation also changed
from the upwind edge (between 166 and 210°) to the downwind
edge (about 225°) of the dune field, and the dunes move ENE or
ESE (76–120°) at the upwind edge of the dune field and SE (135°)
at the downwind edge, but the calculated RDD was 128°.

The dune spacing of the crescent dunes decreases from 220 m
in the northwest (with a maximum of 344 m) to 40 m in the
southeast. Linear dunes are mainly distributed northwest of
Luocheng and formed by the merger of crescent dunes
(Figures 6F,G). In this region, dune spacing ranges from 36 to
81 m (Figure 6F) and from 124 to 156 m (Figure 6G). The dune

crest orientation ranges between 145° and 161°, but the calculated
RDDwas between 145 and 150°. Star dunes are mainly distributed
northwest of Luocheng (Figure 6H) and east of Minghua
(Figure 6I). In this region, star dunes are common, with
spacing between 161 and 540 m. Reticulate dunes are widely
distributed in the middle and southern parts of the study region
(Figure 6I). The primary crest orientation ranges between 201°

and 226°, but it is mostly around 215°; the secondary crest
orientation ranges between 114° and 153°, but it is mostly
around 114°. The dune spacing is approximately 70 m between
primary crests and approximately 40 m between secondary crests.

Spatial variations in wind direction can lead to different dune
patterns. Changes in wind direction may cause crescent dunes to
evolve into linear dunes or into reticulate and star dunes. In the
desert area of Jinta County, dune patterns include crescent dunes
(Figures 2B,C), reticulate dunes (Figure 2D), coppice dunes
(Figure 2E), and linear dunes (comprising raked linear dunes
and reversing linear dunes (Figures 2F,G). According to wind
data from the two nearest meteorological stations (Yanchi and
Luocheng), wind directions in this region are NW, SE, and NE.
The critical wind direction from the NW quadrant (270° ≤ wind
direction ≤360°) in Yanchi and Luocheng is 53 and 56%,
respectively, and from the NE quadrant (22.5° ≤ wind

TABLE 5 | Results of the Gaussian mixture model fitting the dune crest and wind orientation distribution and the real and predicted values of dune crest orientation. (H* is a
star-shaped dune with three directions of crest orientation and the tertiary direction ofw3, θ3 and σ3 are 0.19,16, and 10, respectively). DZZ, Dazhuangzi; LC, Luocheng;
YC, Yanchi; MH, Minghua; LTC, Luotuocheng; QS, Qingshui. D, Dune orientation. Locations shown in Figure 1.

w1 θ1 (°) σ1 (°) w2 θ2 (°) σ2 (°) D (°)

A/DZZ 0.52/0.71 150/275 17/36 0.48/0.29 27/54 22/29 176/173
C/YC 0.88/0.57 32/308 19/21 0.12/0.43 170/83 8/39 26/28
D/MH 0.8/0.81 39/308 26/19 0.2/0.19 162/180 11/72 22/18
E/QS 0.79/0.77 41/302 25/22 0.21/0.23 161/102 13/38 25/27
I/LTC 0.65/0.95 41/309 21/22 0.35/0.05 128/131 23/89 41/39
B 0.7 43 26 0.3 151 15 44
F 0.7 141 12 0.3 47 26 140
G 0.82 145 12 0.18 39 32 155
H* 0.55 78 29 0.26 154 18 78
LC 0.46 95 34 0.54 289 33 12

FIGURE 7 | Annual wind velocity in the Jinta and Gaotai County from 1990 to 2017.
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direction ≤90°) is 26 and 36%, respectively. Crescent dunes and
linear dunes are formed under the NW wind direction, whereas
linear dunes are mainly distributed in the upwind edge of the
dune areas. This implies that these two dune types formed under
the same wind regimes (Figure 2 Yanchi and Luocheng). The
coexistence of barchan dunes and linear dunes was also found in a
previous study, and the linear dunes are mainly caused by the
asymmetry of sand sources in the upwind (Lü et al., 2018; Zhang
et al., 2018). Reticulate dunes are distributed in the downwind of
the dune areas and formed under NW and NE wind directions
(Figure 2 Yanchi and Luocheng). In this region, the movement
direction of linear dunes was reversed by the action of ES winds
(Figure 2 Luocheng) and reversing linear dunes formed
(Figure 2G).

In the northwestern part of the desert area of Gaotai County,
dune patterns are mainly crescent dunes (Figures 6C–E) and
reticulate dunes (Figure 6I). According to wind data from three
meteorological stations (Minghua, Qingshui, and Luotuocheng),
the wind direction in this region is mainly NW. Qingshui and
Luotuocheng receive little wind from the SW quadrant,
promoting the formation of reticulate dunes.

Using wind speed data from meteorological stations, the dune
crest orientations were predicted according to the gross bedform-
normal transport rule and compared with the dune crest
orientation of the nearest dune field determined based on
visual interpretation and manual tracking. Regarding the
dominant dune crest orientation of dune fields, A, C, D, E,
and I, the actual values (176°, 26°, 22°, 25°, and 41°)
corresponded well to the predicted values (173°, 28°, 18°, 27°,
and 39°) with an angular deviation of 3 ± 1°. Dune fields A, C, D,
E, and I are consistent with Rubin and Hunters’ theory. In
contrast, dune fields B, F, G, and H did not exhibit such
correspondence. This suggests that wind direction is the main
factor controlling dune crest alignment in dune fields A, C, D, E,
and I. Moreover, other factors such as degree of surface relief and
sand availability influence dune development in dune fields B, F,
G, and H. These areas feature many tall sand hills, which can
change the near-surface airflow field, such as the formation of
helical vortices, resulting in a deviation of the dune crest
orientation from the gross bedform-normal transport rule.

We reanalyzed DP and mean annual wind velocity given by
Zhang et al. (2015b), and found thatDP is directly related tomean
wind velocity (DP = 3.92umean

3.39, R2 = 0.87, p < 0.05, Zhang et al.,
2015b). Therefore, we calculated DP in Jinta and Gaotai with
annual mean wind velocity and found that the wind environment
corresponded to a low-energy environment (DP < 200) in the
recent 28 years. Nevertheless, DP in Jinta was larger than that in
Gaotai (about 1–11 times). The higher DP at the upwind of the
study region is conducive to the transport of erodible sediment to
the downwind region, supporting the formation of sand dunes.
Accordingly, the downwind region includes larger areas of sand
dunes than the upwind region (Figure 1).

Sand Availability and Sand Dunes
Aeolian geomorphology reflects the complex external
environment within which dune patterns develop, and the key
factors responsible for their formation and evolution include the

local wind regime, wind energy, sediment supply, source and
deposition area geometry, areal limits (deposition area), and
antecedent environmental conditions (Ewing and Kocurek,
2010a, Ewing and Kocurek, 2010b; Kocurek et al., 2010; Lü
et al., 2018).

Aeolian sediment supply includes sediments with a sufficiently
small grain size that can be transported by wind. The generation
of aeolian sediment supply involves the accumulation of fluvial,
alluvial, lacustrine, or coastal sediments, which may subsequently
undergo deflation by wind (Kocurek and Lancaster, 1999).
Sediment supply, sediment availability, and transport capacity
correspond to the basin-scale sediment state of aeolian dune fields
and sand seas (Kocurek and Lancaster, 1999). In sediment supply,
the actual transport rate is used as a proxy for sediment
availability, and the potential transport rate is used as a
measure of the transport capacity of wind (Kocurek and
Lancaster, 1999). Although this parameter is difficult to
quantify, the dune mobility index is widely used as a measure
of sediment mobility (e.g., Muhs and Maat, 1993; Bullard et al.,
1997). For this calculation, we used data from 1980 to 2010
obtained from the meteorological stations in each part of the
study area (Figure 1). The dune mobility index reached its
maximum value in the northern part of the study region
(10.19), followed by the middle part (4.92). In contrast, the
minimum value (0.19) was observed in the southern part. This
phenomenon indicated that dunes formed easily in the north
than south.

In the arid regions, rivers are very important for the formation
and development of aeolian dunes and sand sea distribution
(Bullard and McTainsh, 2003; Yan et al., 2015). Rivers can not
only serve as an index of sand sediment supply and sand
availability, but they also affect the spatial distribution of
aeolian dunes patterns. For instance, rivers can limit the
downwind expansion of dune fields, particularly in wide parts
of rivers. One such example is the north (Luocheng) and south
(Luotuocheng). In the north, sediment materials are not
transported across the river, but farther south, where the river
is relatively narrow, they are transported across the river.

Crescent dunes form in areas with relatively low sediment
availability, under a unimodal wind regime (Cook et al., 1993).
Under the same wind conditions, several factors, such as
sediment supply, dune formation age, and climate change,
could affect variations in dune types. For the same dune
formation age under the same wind regime, sediment supply
is the key factor because sediment supply increases during the
evolution from crescent dunes to reticulate and star dunes.
However, under different dune formation ages, climate could
be the key factor, such as in the study region (Figures 6G,H).
Figure 6H shows high star dunes, which lie adjacent to linear
dunes (Figure 6G). At the edges of oases and upwind of dune
fields, the limited sediment supply and unimodal wind regime
lead to the formation of crescent dunes (Figures 2; Figures
6A,B). With increasing distance downwind of the upwind
edge of oases, the sediment supply increases and the dune
field pattern changes to reticular dunes and a few star dunes
(Figures 6H,I), as is the case southeast of Jinta County.
Northwest of Luocheng, small linear dunes formed due to
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changes in wind direction and the limited sediment supply. The
primary wind direction in Dazhuangzi is SW, but it changes to
NW in Luocheng. As a result, the southwestern wings of crescent
dunes eventually elongate to become linear dunes (Figures 2F,
6G), as Bagnold (1941) hypothesized.

Dune field patterns have been described using many classification
systems, such as those by Melton (1940), Bagnold (1941), Fedorovich
(1948), McKee (1979), Wu (1987), Cook et al. (1993), Lancaster
(1995), Livingstone and Warren (1996), and Thomas (1997).
However, no consensus has been reached on the nomenclature of
dune patterns. For example, reticulate and star dunes are considered to
be different patterns in the Fedorovich (1948) and Cooke et al. (1993)
classification systems, whereas McKee (1979), Lancaster (1995), and
Thomas (1997) do not include reticulate dunes. Furthermore,
Livingstone and Warren (1996) consider reticulate dunes and star
dunes to be the same pattern, andWu (1987) suggested that reticulate
dunes are part of the group of transverse dunes, whereas star dunes
form under multidirectional wind directions. All these disputes are
caused by reticulate dunes located in remote regions. In our study
region, there are many reticulate dunes, and based on the local wind
regime and sediment supply characteristics, reticulate dunes should
belong to the category of star dunes. This is supported by the fact that
reticulate dunes are frequently distributed in the same locations as the
star dunes, and in some areas, linkages between two or more large
reticulate dunes resemble star dunes. This suggests that reticulate
dunes belong to the group of star dunes.

CONCLUSION

In this study, we analyzed the wind regime, wind energy
environment, and dune patterns in the middle areas of
China’s Hexi Corridor Desert. The results provide information
on regional aeolian geomorphology and wind energy
environment in a part of northern China that has rarely been
studied. The main conclusions are as follows:

In the middle area of Hexi Corridor Desert, the dune patterns
include crescent, reticulate, coppice, star, and linear dunes, and
sand sheets. In particular, reticulate dunes are distributed in the
same areas as star dunes, suggesting that reticulate dunes belong
to the group of star dunes.

The region’s wind energy environment ranges from high to
low, with the energy decreasing fromNW to SE. The RDD is from
NW to SE, but there are some differences within the region. The
directional variability is low to intermediate and increases from
north to south.

Dune crest orientations were calculated according to the gross
bedform-normal transport rule. The predicted dominant
orientation showed good correspondence with the actual
orientation.

The middle areas of Hexi Corridor Desert lie between the
middle and lower reaches of two large continental rivers. Along
with these rivers, other rivers in the region provide large amounts
of alluvial source materials. Therefore, sand dune types in the
middle area of Hexi Corridor Desert are controlled by the wind
regime, and the spatial distributions of sand coverage are
controlled by the spatial distribution of rivers.

Although our study demonstrated that the types and spatial
distributions of sand dunes are controlled by the wind regime and
sediment supply, the development and migration of dunes
require further investigation. It is noteworthy that we analyzed
data from only 1 year because wind regime data are not freely
available and difficult to obtain. Therefore, additional monitoring
will be required to determine whether these results are
representative of long-term patterns.
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