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The Alxa Plateau in north China is characterized by frequent sand dust storm activity, desertification, var-
ious blown sand hazards and extensive sand dunes. Three of China’s major sand deserts, the Badain Jaran
(BJ), Tengger and Ulan Buh (UB), are distributed in this region. The BJ desert lies to the northwest and is
separated from the other two deserts by mountains Yabrai and Alateng. However, the dominant north-
west wind could transport sand from the BJ to the other two deserts through several corridors. Locating
the sand source for these deserts is fundamental in understanding the formation and evolution of the
aeolian landforms. It has been proposed that the sand in the Tengger desert is from the BJ desert. How-
ever, evidence supporting the hypothesis is still limited. To estimate the sand contribution of the BJ to the
Tengger desert, we measured wind speeds at a 2 m height above the ground for the period from Novem-
ber 2010 to December 2011. We then calculated the amount of sand transport and observed the speed of
dune migration in the junction part of the two deserts. Sand-transporting winds (P6.0 m s�1) occurred
mostly in spring and winter, and accounted for 16.4% of the total of the year. The prevailing wind direc-
tions were NW, WNW and NNW, and were occupied 61.9% of the total frequency of sand-transporting
winds. The frequencies of winds decreased with increasing wind speed, and strong wind frequencies
(P17.0 m s�1) were 5.3% of the sand-transporting winds. In comparison to adjacent areas, the drift poten-
tial in the corridor was several times higher, indicating an obvious effect of narrowing. During the period
of observation, 752 sand-transporting events occurred with durations from 10 to 1940 min (32 h). In the
corridor, the sand transport flux was 372 tons m�1 yr�1, an order of magnitude larger than previous esti-
mation, and the annual total amount of sand transported through the corridor was over 5 million tons,
indicating a substantial sand supply from the BJ to the Tengger desert. Sand transport in spring and win-
ter accounted for 99.8% of annual total. The amount of sand transported by a single sand-transporting
event varied greatly, up to five orders of magnitude.

� 2014 Elsevier B.V. All rights reserved.
1. Introduction complex process affected by many variables, including surface
Aeolian sand transport occurs mostly in the world’s drylands. It
is an important terrestrial process that leads to sand encroach-
ment, dune migration and the formation of desert landscape. Sand
encroachment into oases can cause extensive loss of farmland in
arid areas, and dune migration can bury residential buildings, rail-
ways, highways and other facilities in many desert areas (Zhu et al.,
1980; Lei et al., 2003; Dong, 2004). Aeolian sand transport is a
wind conditions (Lancaster, 1985; Anderson and Haff, 1988; Gil-
lette et al., 2001; Zou et al., 2001; Liu et al., 2005), grain size and
sand surface moisture (Jackson and Nordstrom, 1998; Wiggs
et al., 2004), surface crusting (Leys and Eldridge, 1991; Rice and
McEwan, 2001), topography (Iversen and Rasmussen, 1994; Hesp
et al., 2005) and vegetation cover (Buckley, 1987; Kuriyama
et al., 2005). Numerous previous studies have been conducted to
estimate sand transport through both field measurement and the-
oretical calculation (Bagnold, 1936, 1937, 1941; Kawamura, 1951;
Zingg, 1953; Owen, 1964; Lettau and Lettau, 1978; Sørensen, 2004;
Al-Awadhi and Al-Awadhi, 2009; Dong et al., 2011; Sherman and
Li, 2012; Sherman et al., 2013).
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The Alxa Plateau is one of the most severe sandy desertification
areas in China, and on the plateau, the frequency of sand and dust
storms has continuously increased in the last 5 decades (Wang
et al., 2001; Yao et al., 2008; Lee and Sohn, 2011). Three of China’s
major sand deserts, the Badain Jaran (BJ), Tengger and Ulan Buh
(UB), are distributed in the region (Fig. 1). Studies in this region
have focused on orogenesis (Yang, 1978), environmental changes
(Wang, 1990; Zhang et al., 1999, 2002; Yang, 2000), and the forma-
tion of mega-dunes and lakes (Yan and Wang, 2001; Chen et al.,
2004; Dong et al., 2004, 2009, 2013). It has been proposed that
the Tengger desert developed from the sand supply of the BJ desert,
although little evidence exists to support this assertion (Guo,
1986). On satellite images, distinct sand corridors connecting the
BJ and Tengger deserts could be readily recognized, manifesting
long distance southeastward dune sand transport. However, stud-
ies investigating sand transport in the region are limited (Yao et al.,
2007), and there were few detailed studies that quantify sand
movement between the deserts. Therefore, in this study, we ana-
lyzed the magnitude and frequency of sand-transporting winds
and events based on field data, calculated the sand transport flux,
and quantitatively determined the contribution of the BJ to the
Tengger desert.

2. Study area

The Alxa Plateau (37�N–43� N, 97�E–107� E) is situated in north
China. The eastern edge of the plateau is the Helan Mountains, the
Fig. 1. Location of study area. The red pentagram indicates the location of the observation
in China. The image is TM data, which is from http://www.usgs.gov.
Langshan Mountains and the Yellow River. To the north, the pla-
teau lies close to the Mongolian Gobi. The plateau is bounded to
the west and southwest by the Mazong Mountains and the Longs-
hou and Beida Mountains, respectively (Fig. 1). The plateau has an
elevation of 900–1939 m a.s.l., and is defined bioclimatically as a
transition zone from semi-arid and arid grasslands to extremely
arid desert (Yao et al., 2008). Precipitation is concentrated in the
months of July, August and September, with 100–150, 70–100
and 50 mm of annual mean precipitation in the eastern, central
and western regions, respectively (China Meteorological Adminis-
tration, 1994). The mean day-night and summer-winter tempera-
ture differences are approximately 30 and 67 �C. The annual
strong wind occurs 50–100 days in the northwest and 15–30 days
in the southeast. Accordingly, aeolian activity (Fig. 2d) is particu-
larly active in this region, which is one of the sources of sandstorms
in China. The dominant plant species are Chenopodiaceae, Astera-
ceae, Zygophyllaceae, Rosaceae and Leguminosae (He et al., 2010).

The three deserts cover a total area of 100,000 km2, approxi-
mately one-third of the area of the plateau. The BJ desert covers
an area of 49,000 km2 and is the second largest desert in China
(Zhu et al., 2010). More than 50% of the desert is covered by
mega-dunes with a height up to 200–300 m. The highest mega-
dune is as high as 437 m, possibly the highest dune on Earth and
Mars (Qu et al., 2003; Lancaster, 2006; Zimbelman, 2010). More
than 100 lakes of different sizes lie among the mega-dunes and
are concentrated in the southeast of the desert (Yang, 2000; Dong
et al., 2013) (Fig. 2a). The eastern and southern edges of the desert
point. The red rectangle of the bottom left shows the general position of study area

http://www.usgs.gov
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Fig. 2. Typical landforms of Alxa Plateau. (a) Mega dunes and lakes distribute together in BJ desert; (b) star dune in the southwest border of the BJ desert; (c) barchan dune in
the corridor of the study (the height is approximately 10 m); (d) severe wind erosion on the ground in the corridor of study. Because wind erosion the roots of zygophyllum
xanthoxylum are above the ground.
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are covered by star dunes, whereas the margin is covered by trans-
verse dunes (Fig. 2b and c). The Tengger desert covers an area of
36,700 km2, and is the fourth-largest desert in China. More than
420 lakes (mostly saline) of various sizes and extensive latticed
dunes are distributed throughout the desert (Zhu et al., 1980).
The UB desert covers an area of 10,000 km2. Shifting, semi-fixed
and fixed sand dunes account for 36.9%, 33.3% and 29.8%, respec-
tively, of the region’s landscape (Zhu et al., 1980).

Two corridors connect the BJ and Tengger deserts. The first
crosses the Yabrai Mountains and spans 100 km in length and 5–
45 km in width. The second lies between the Allah Teng (altitude
up to 1890 m) and the Yabrai Mountains (altitude up to 1939 m)
and has a length and width of 150 and 10–40 km, respectively
(Figs. 1 and 3).

Our field observation was conducted in the second corridor,
where the local landforms include primarily barchans and barchan
chains of various sizes and sand sheets and nebkhas (Fig. 2c and d).
The elevation of the corridor decreases from the eastern margin of
the BJ desert to the north margin of the Tengger desert, providing
favorable topography for sand transport (Fig. 3).
3. Methods and materials

3.1. Wind speed

The wind measurement instrument used in this study was de-
ployed from November 22, 2010 to December 14, 2011 in the area
of the junction between the BJ and Tengger deserts (40�03012.8800

N, 103�51023.5900 E, 1404 m a.s.l.) (Fig. 1). It consists of a data logger
(UGT Data Logger), propeller anemometer, wind vane, temperature
sensor, humidity sensor and solar panels (Fig. 4). The climate vari-
ables measured included wind speed, relative humidity and air
temperature. The anemometer was calibrated in a wind tunnel
using standard pitot tubes before measurement in the field. Wind
speeds at 2 m above the ground were measured using the
anemometer with fixed measurement intervals of 10 min. This
measurement height was used because many studies have demon-
strated that wind speeds at 2 m are well correlated with sand
transport (Wu, 2010; Liu et al., 2005). Data were collected every
three months.

Meteorological data from 1973 to 2012 for Bayan Mod, Ejin Qi,
Guaizihu and Minqin stations were obtained from the National Cli-
matic Data Center (NCDC) Global Integrated Surface Hourly (ISH)
database (NCDC, 2011) (Table 1). The ISH database includes world-
wide surface weather observations from 20,000 stations, collected
and stored by sources including the Automated Weather Network
(AWN), Global Telecommunications System (GTS) and Automated
Surface Observing System (ASOS). Quality control analysis of these
data demonstrates that errors occur in less than 0.1% of the NCDC
data (Deganto, 1997). Wind speeds for all stations were recorded at
4 h intervals; however, in some cases, wind speeds were not re-
corded in the late evening or early morning. Data bias because of
the absence of nocturnal winds was not considered to be an issue
in this study because sand transport is believed to take place only
at wind speeds P6 m s�1 (Bagnold, 1941; Liu et al., 2005). For each
station, a total of 1.01–1.16 � 105 wind records were examined, of
which 3.8–37.5% exceeded the 6 m s�1 threshold which was be-
lieved to be required to transport sand (Bagnold, 1941) (Table 1).
3.2. Analysis of sand-transporting events

Wind is a dynamic force in deserts responsible for sand trans-
port when wind speeds exceed a given threshold. The threshold
at a height of 2 m above the ground is typically 5–6 m s�1 in arid
shifting sand environments (Stout, 2004, 2007; Wu, 2010; Barchyn
and Hugenholtz, 2012). In this study, a sand-transporting event is
defined as a duration in which all wind speeds were continuously
greater than or equal to 6 m s�1. A given sand-transporting event is
assumed to terminate once the instantaneous wind speed drops
below 6 m s�1.



Fig. 3. Topography of the corridor between the BJ and the Tengger deserts and surrounding areas. (a) Is the elevations variation from start point to the end point of the
corridor, along the central axis showing arrow dotted line (b), and the location of the measurement filed; (b) is the central axis of the corridor; (c) is DEM of the corridor and
surrounding areas. This illustrates that the corridor is located between two mountains. The red dot marks observing filed the same with (b). The data of elevation data are
from http://datamirror.csdb.cn/index.jsp and the resolution is 30 m. The image of (b) is from GoogleEarth. (For interpretation of the references to color in this figure legend,
the reader is referred to the web version of this article.)
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Fig. 4. Instruments used to measure meteorological data. (1) Wind vane. (2)
Propeller anemometer. (3) Solar panels. (4) Battery. (5) Datalogger. (6) Temperature
and humidity sensor. (7) Sediment collector. (8) Fence. (9) Shifting dune.

Table 1
Meteorological data stations information.

Station(ID) Lat./lon. Elevation Period of record

BaYan Mod(524950) 40.75/104.50 1329 m 1973–2012
Ejin Qi(522670) 41.95/101.07 941 m 1973–2012
Guaizi Hu(52378) 41.37/102.37 960 m 1973–2012
Minqin(526810) 38.63/103.08 1367 m 1973–2012

Table 2
The grain size of the study area.

Particle-size grading (mm) <0.002 0.002–0.0625 0.0625–

Volume percent (%) 1.40 5.76 3.42
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3.3. Calculation methods

3.3.1. Sand transport calculation
The sand transport rate was calculated using the equation of

Lettau and Lettau (1978):

q ¼ Cb

ffiffiffiffiffiffiffiffiffi
d=D

q q
g
ðU� � U�tÞðU�Þ2; ð1Þ

where q is the amount of sand transported per meter per second
(kg m�1 s�1); Cb is a constant (4.3; Sherman et al., 1998); d is the
grain size for the study site (0.27 mm; Table 2); D is a reference
grain size (0.25 mm); q is the air density (held constant at
1.22 kg m�3); g is the acceleration due to gravity (9.81 m s�2), and
U⁄ and U⁄t are the surface friction velocity and threshold friction
velocity, respectively. The surface friction velocity was determined
by rearranging the law of the wall as follows (Sherman et al., 1998):

U� ¼
jUz

lnðz=z0Þ
; ð2Þ

where j is von Karman’s constant (0.41). Uz is the wind speed at
elevation z (2 m), and z0 is the aerodynamic roughness length,
used Total records Records P 6 m s-1 (% of total) DP

113783 24,925(21.9%) 220.5
116119 16,871(14.5%) 176.9
100527 37,677(37.5%) 245.7
116194 10,667(9.2%) 194.4

0.125 0.125–0.25 0.25–0.5 0.50–1.00 >1.00

35.19 49.66 4.59 0.00

http://datamirror.csdb.cn/index.jsp
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which is assumed to be 1/30th of the mean grain size. U⁄t is the va-
lue when Uz is equal to 6 m s�1 at a 2 m height. Assuming a total
transport time of 10 min, the amount of sand transported during
each 10 min measurement interval (qt) was calculated as follows:

qt ¼ 600q; ð3Þ

where q is calculated from Eq. (1).
Calculation of the resultant sand transport flux, the annual

amount of sand transported in unit width requires consideration
of the speed, duration of sand transporting wind in all 16 direc-
tions. To obtain qc (the calculated resultant sand transport flux),
we assumed that all amount sand transport (qt) in different direc-
tions in 10 min occurred in the horizontal plane and orthogonally
decomposed qt into two different directions within the same coor-
dinate system, such that the x-axis and y-axis represented east–
west and north–south transport, respectively. qt has two compo-
nents, qx and qy:
Fig. 5. Distribution of wind speed in different months. The red line is the threshold of w
references to color in this figure legend, the reader is referred to the web version of thi
qx ¼ qt sin b; ð4Þ

qy ¼ qt cos b; ð5Þ

where b is the angle between the wind direction and north (0–
360�).

The calculated resultant sand transport flux (qc) was obtained
by:

qc ¼
ffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiX

qx

� �2
þ

X
qy

� �2
r

; ð6Þ

The resultant drift direction (RDD) is expressed as the direction
of the net trend of sand drift:

RDD ¼ arctan
X

qx=
X

qy

� �
; ð7Þ

In the final, qc was rectified by the formula proposed by
Al-Awadhi and Al-Awadhi (2009):
ind speed (6 m s�1). The x-axis is the date of each month. (For interpretation of the
s article.)



Fig. 6. Frequency (%) of sand-transporting wind at different wind speed levels
throughout the year.
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qcr ¼ CLqc; ð8Þ

where qcr is the rectified resultant sand transport flux, expressing
total annual sand transport in unit width in the study area, and CL

is a coefficient for rectification (0.558).

3.3.2. Drift potential calculation
Wind speeds at a height of 2 m were converted to wind speeds

at 10 m using the equation of Liu et al. (2005):

V10 ¼ 1:16� V2 þ 0:81; ð9Þ

where V2 and V10 represent wind speeds at heights of 2.0 m (in the
observation field) and 10 m, respectively.

The drift potential (DP) was calculated according to the equa-
tion of Fryberger and Dean (1979):

DP ¼ V2
10 � V10 � Vtð Þ � t; ð10Þ

where V10 is the recorded wind speed (P6 m s�1) at a height of
10 m; Vt is the threshold wind speed (6 m s�1 in this case). t is
the time increment relative to the total time for all measurements
expressed as a percentage. The total DP is represented by values ob-
tained according to Eq. (10), summed for all wind directions over a
given amount of time (e.g., yearly or monthly). Fryberger and Dean
(1979) defined low, intermediate and high DP as being <200,
200 < DP < 400 and P400, respectively.

3.4. Dune migration and height measurement

A Landsat Enhanced Thematic Mapper Plus image in August
1999 (ETM+ image, band 8, 15 m per pixel) and an Advanced Land
Observing Satellite image in September 2009 (ALOS image, 2.5 m
per pixel) were used to observe dune migration in the study area.
The quality of the images was good enough for our purpose, with
no cloud cover obscuring the areas of interest. We used the level
1T and level 1B2 images, conducting orthographic projection of
these images in the ENVI software using several topographic maps
(1:50,000) produced by surveys. Then, the two images, which have
different resolutions of 15 and 2.5 m, respectively, were resampled
to a common ground resolution of 10 m using ArcGIS 10. Finally,
mapping of dune outlines, measurement of dune perimeters and
areas and calculation of dune migration speeds were conducted
according to the methods described by Yao et al. (2007).

In August 2011, we used a differential global positioning system
(G9-RKT; vertical accuracy of 15 mm + 1 ppm) to measure dune
height. Dune height (H) can also be derived according to the rela-
tionship H = L sina, where L and a are the length and angle of re-
pose of the slip face, respectively. Based on measurements of
sample dunes in the study area, sin a was approximately 0.5.
Therefore, we calculated dune heights using the length of the slip
face of dunes in the ALOS image of 2009 (2.5 m per pixel).

4. Results and discussion

4.1. Sand-transporting winds

Our results demonstrated that wind speeds fluctuated widely
during the study period. The maximum wind speed (28.6 m s�1)
occurred in December. Moreover, maximum wind speeds were
above 20 m s�1 in spring and winter (except May) and below
15 m s�1 in summer and autumn (Fig. 5). Sand-transporting winds
accounted for 16.4% of the entire year duration. The frequencies of
sand-transporting winds decreased with increasing wind speed.
The frequency of normal winds (<17 m s�1) accounted for 94.7%
of sand-transporting winds and 15.5% of the entire year, whereas
strong winds were observed during 5.3% of sand-transporting
winds and 0.9% of the year (Fig. 6). The frequency of strong winds
was higher than that reported in observations by Liu et al. (2005),
which were in the Yijinhole and Dalate stations, only 0.6% and 0.2%
of a year. Therefore, sandstorms were frequent and aeolian sand
activity was stronger in this area.

The sand-transporting winds occurred primarily in spring and
winter, particularly in March, when the frequency of sand-trans-
porting winds reached its maximum, accounting for 36.8% of this
month duration. Winds with a speed of 9 m s�1 were more fre-
quent than those at other speeds in this month, occurring 15.1%
of the sand-transporting wind duration. While strong winds were
more frequent than other winds in December and occurred 20.8%
of sand-transporting wind duration. Overall, the sand-transporting
winds were the least frequent in September, and occurred during
only 3.6% of the month duration (Fig. 7).

Sand-transporting winds were observed in three prevailing
directions, NW, WNW and NNW, making up 61.9% of the total fre-
quency of sand-transporting winds. The respective frequencies of
the prevailing winds in NW, WNW and NNW, were 10.4%, 10.1%
and 5.1% in spring; 4.5%, 2.2% and 1.9% in summer; 2.9%, 2.4%
and 0.5% in autumn; and 9.9%, 8.8% and 3.0% in winter. Thus, the
highest frequencies of sand-transporting winds were observed in
spring, although the highest frequencies of winds in the three pre-
vailing directions occurred during different months. March, April
and May were the months with the highest frequencies of 2.23%,
3.51% and 3.79% in the NNW, WNW and NW directions, respec-
tively, whereas the lowest frequencies of prevailing directions
were observed in August, which were 0.3%, 0.3% and 0.06%, respec-
tively. The wind frequencies along the NE direction were 2.6%,
0.8%, 1.5% and 2.1% in spring, summer, autumn, and winter, respec-
tively, which were only lower than those in the three prevailing
wind directions. The NE direction was the prevailing direction in
September (Fig. 8). This occurred likely because the research area
is located at the southeastern outer edge of a zone of high atmo-
spheric pressure from Mongolia that generates in September (early
autumn), when the influence of the pressure gradient force, the
Coriolis force and friction results in the clockwise flow of pressure
isobars in the Northern Hemisphere.

Except September, the prevailing directions of sand-transport-
ing winds were NW, WNW, NNW in the most of the year, the cor-
ridor was almost under unidirectional northwest winds. Moreover,
sand availability is limited in the study area because it is located at
the edge of the BJ desert. Therefore, massive barchans and bar-
chains are distributed throughout the corridor, providing empirical
evidence for the theory of barchan formation (Wasson and Hyde,



Fig. 7. Distribution of different sand-transporting wind frequencies in different months.

Y. Yang et al. / Aeolian Research 12 (2014) 143–156 149
1983). However, these barchans are asymmetric owing to the
occurrence of three prevailing wind directions, mirroring the mor-
phology that has been observed elsewhere on Earth and other
planets (Fig. 9) (Mainguet, 1984; Radebaugh et al., 2010; Bourke,
2010).

4.2. Sand-transporting events

We detected a total of 752 sand-transporting events during the
study period. The monthly distribution of all sand-transporting
events is illustrated in Fig. 10. The highest and lowest frequency
of sand-transporting events occurred in spring and autumn,
respectively. Moreover, the highest and lowest number of sand-
transporting events occurred during February and September,
respectively. The durations of sand-transporting events were from
10 to 1940 min. The average duration of all sand-transporting
events was 110 min, whereas we observed 255 events that lasted
for only 10 min. Sand-transporting events were also found to occur
at certain times of a day, with the most occurring during 14:00–
18:00 and the least occurring during 06:00–08:00 AM (the local
time) (Fig. 11). Overall, more sand-transporting events occurred
during daytime than during the evening, although nine events
lasted for an entire day. These results were in agreement with
the daily patterns of dust storms described by Yao et al. (2011).
The sand-transporting events observed here were consistent with
daily patterns of wind speed variation and were likely related to
air temperatures and amounts of solar radiation.

4.3. Comparison of the wind regime with other neighboring stations

During the study period, the drift potential (DP) of the study
area was higher than that of the Bayanmao Dao, Guaizihu, Ejina
Qi and Minqin stations, particularly in spring and winter
(Fig. 12). Our study area is located between the Yabrai Mountains



Fig. 8. Distribution of frequency (%) of sand-transporting winds in different directions in different months.
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and the Allah Teng Mountains, and thus, it was likely that funnel-
ing led to increased near surface airflow and wind speeds. The
resultant DP in the study area was 729.3 vector units (VU), indicat-
ing a high-energy wind regime, whereas the DPs at the Bayanmao
Dao, Guaizihu, Ejina Qi and Minqin stations were 162.1, 195.6, 57.8
and 74.1 VU, respectively. In general, the DPs of the other stations
have decreased since 1973 and reached a minimum in 2011,
particularly at the Minqin and Bayanmao Dao stations (Fig. 13). Be-
cause these two stations are located relatively near the study area,
we assumed that the DP of our study area has also decreased since
1973 and reached its minimum value in the study year. The wind
direction of different months in the study area was concentrated
and similar to that observed at Bayanmao Dao, although the direc-
tion in other stations varied significantly.



N

Fig. 9. Examples of asymmetric barchans dunes in the corridor (40�01007.5800N,
103�56048.6600E). The main wind directions that formed the barchans are oblique to
the elongated right horn. Image used with permission from Google Earth. The white
arrows point to the asymmetric horn.

Fig. 10. Frequency of sand-transporting events in different months.

Fig. 11. Frequency of sand-transporting events during different periods. 0:00–6:00
(the local time) is the wee hours of the morning; 6:00–8:00 is the morning; 8:00–
12:00 is the time between morning and noon. 12:00–14:00 is the noon; 14:00–
18:00 is the afternoon; 18:00–0:00 is the night.
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4.4. Sand transport flux

4.4.1. Seasonal and directional variation of sand transport flux
The resultant flux of sand transported from the BJ to the Teng-

ger desert over the entire year was 372 tons m�1, with transport
direction primarily in SE (Table 3). This sand transport flux is great-
er than those in the Mu Us sandy land, Qubqi desert (Liu et al.,
2005), and the desert of Kuwait (Al-Awadhi and Al-Awadhi,
2009). Moreover, based on the low DP during the study period
(Zhang et al., 2011), the annual sand transport flux during the stud-
ied year may be the lowest in the past 40 years.

The sand transport in spring and winter represented 99.8% of
the resultant sand transport flux. In particular, the greatest sand
transport (161 tons m�1) was in December, accounting for 43.4%
of the resultant. Conversely, the lowest sand transport
(0.7 tons m�1) was in September and accounted for only 0.2% of
the resultant. Sand transport directions varied in different months
but generally fell within the range 119–152� (Table 3).

The percentages of amount of sand transported in the WNW,
NW and NNW directions were 36.4%, 34.8% and 6.1%, respectively,
accounting for 77.3% of the total sand transport during the study
period. The greatest amount of sand transported (approximately
172 tons m�1 yr�1) occurred in the WNW direction, whereas
sand-transporting winds occurred most frequently in the NW
direction in February and March. This resulted in greater amounts
of sand being transported in the direction in these months with
amounts of 21 and 39 tons m�1 (Table 4).

4.4.2. The influence of wind on sand transport flux
Sand transport is influenced by wind direction, magnitude and

frequency (Liu et al., 2005; Hu et al., 2009). With the decreasing
of sand-transporting wind frequency and increasing of wind speed,
the amount of sand transport has increased firstly, reached the
maximum at the speed of 10 m s�1 and then decreased. The fre-
quency of wind speed at 6 m s�1 was the highest, whereas the
amount of sand transported was the lowest. Therefore, the amount
of sand transport is influenced by both frequency and magnitude of
wind speed (Table 5). Our results demonstrate that 50.5% of total
sand transport occurred owing to normal (i.e., <17 m s�1) high-fre-
quency sand-transporting winds, whereas the remaining 49.5%
transport occurred owing to strong winds, particularly those in
December. Therefore, the proportions of sand transported by the
normal and strong winds were almost equal, despite the inherent
difference in transport mechanisms, namely, the normal sand-
transporting winds achieved such high sand transport flux owing
to their higher frequency, whereas the strong winds achieved such
flux owing to their high energy. In our study area, the relatively
high frequencies of strong winds led to a large amount of sand
transport. In particular, two continuous sand and dust storms were
observed during the study period. The first lasted for 900 min from
18:10 (the local time) on December 27, 2010 until 02:00 AM on
December 28, 2010, and the other lasted for 1940 min from
11:00 AM on December 28, 2010 to 17:10 on December 29, 2010.
During the second sand-transporting event, the maximum instan-
taneous wind speed was 28.6 m s�1 and the amount of sand trans-
ported was 86 tons m�1, which accounted for 23.1% of the
resultant amount of sand transported throughout the study period
(Table 5).

4.4.3. The sand transport flux of sand-transporting events
Fig. 14 illustrates the amount of sand transported during each

transporting event in each month. The maximum amount of sand
transported of transporting events was 86 tons m�1 in December,
whereas the minimum amount was 0.06 kg m�1 in every month.
The amounts of each sand-transporting event varied by five orders
of magnitude. In spring (except May) and winter, the amount of



Fig. 12. Drift potential and direction of study area and neighboring stations in different months (left: drift potential, right: direction). DP is drift potential. Unit of DP is vector
unit (VU).

Fig. 13. Yearly variation in DP for 4 neighboring stations. DP is drift potential. Unit of DP is VU. Dash line is the average drift potential and black line is the drift potential
levels. Low energy is DP < 200; intermediate energy is 200 < DP < 400; and high energy is DP P 400.

Table 3
The amounts and directions of sand transported in each month and year. Unit is tons m�1.

Amounts and directions Months

Jan. Feb. Mar. Apr. May Jun. Jul. Aug. Sep. Oct. Nov. Dec. Year

Amouts of sand transport 18.34 39.39 79.94 62.96 9.09 4.18 1.47 1.54 0.73 1.40 1.58 161.12 371.55
Directions of sand transport 149� 126� 119� 152� 140� 13 7� 139� 116� 128� 110� 145� 148� 130�
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Table 4
The amounts of sand transported in different directions in different months. Unit is tons m�1.

Directions Jan. Feb. Mar. Apr. May Jun. Jul. Aug. Sep. Oct. Nov. Dec. Total (tons m�1 yr�1)

N 0.23 1.61 3.71 0.96 0.35 0.02 0.18 0.26 0.04 0.02 0.02 0.01 7.41
NNE 0.02 6.23 10.32 1.19 0.04 0.03 0.00 0.11 0.06 0.21 0.00 0.05 18.26
NE 0.14 2.13 18.92 2.02 0.36 0.06 0.02 0.14 0.12 0.55 0.00 0.31 24.78
ENE 0.07 1.01 2.58 0.25 0.05 0.01 0.02 0.00 0.00 0.02 0.00 0.27 4.27
E 0.05 0.45 0.92 0.74 0.07 0.00 0.01 0.00 0.00 0.01 0.00 1.49 3.74
ESE 0.00 1.24 1.16 0.95 0.00 0.00 0.00 0.02 0.00 0.00 0.00 0.00 3.37
SE 0.02 1.66 2.36 1.18 0.00 0.00 0.00 0.03 0.00 0.00 0.00 0.00 5.26
SSE 0.02 0.94 2.29 1.17 0.00 0.01 0.01 0.02 0.00 0.00 0.00 0.00 4.45
S 0.01 0.12 1.48 0.07 0.01 0.01 0.03 0.01 0.00 0.00 0.00 0.01 1.73
SSW 0.00 0.10 0.59 0.04 0.00 0.00 0.08 0.00 0.00 0.00 0.00 0.26 1.06
SW 0.03 0.07 0.75 0.08 0.00 0.00 0.01 0.00 0.00 0.00 0.01 0.92 1.88
WSW 0.28 0.19 1.48 2.81 0.08 0.02 0.02 0.00 0.00 0.00 0.01 1.03 5.92
W 2.04 1.53 6.58 10.29 0.65 0.17 0.08 0.00 0.02 0.08 0.07 8.31 29.83
WNW 11.38 12.54 23.22 35.62 3.71 1.11 0.30 0.17 0.32 0.51 0.67 82.48 172.03
NW 2.93 21.33 39.05 20.28 3.73 2.12 0.97 0.78 0.29 0.50 0.79 73.43 166.18
NNW 2.93 6.23 14.14 1.38 1.34 0.97 0.11 0.40 0.08 0.17 0.09 2.32 30.15

Table 5
The amounts of sand transported at different wind speed levels in different months. Unit is tons m�1.

Wind speed (m/s) Jan. Feb. Mar. Apr. May Jun. Jul. Aug. Sep. Oct. Nov. Dec. Total (tons m�1 yr�1)

6 0.22 0.37 0.31 0.40 0.58 0.37 0.20 0.13 0.37 0.26 0.16 0.21 3.56
7 1.01 1.38 1.25 1.25 2.00 0.78 0.69 0.51 0.25 0.76 0.51 0.61 11.01
8 2.06 2.39 3.00 0.01 1.99 1.30 0.37 0.82 0.14 0.53 0.61 1.37 14.60
9 3.28 3.85 6.09 3.64 1.65 1.18 0.15 0.45 0.33 0.50 0.21 2.47 23.80

10 2.98 4.16 5.80 3.91 2.22 0.71 0.36 0.03 0.04 0.03 0.17 2.55 22.96
11 2.85 4.52 8.61 4.33 1.25 0.33 0.35 0.00 0.00 0.00 0.00 2.80 25.04
12 2.83 2.99 10.69 4.16 0.07 0.23 0.18 0.00 0.03 0.00 0.00 4.37 25.53
13 3.93 3.48 9.67 5.72 0.22 0.00 0.21 0.00 0.00 0.00 0.00 5.88 29.11
14 3.00 2.82 9.89 6.11 0.40 0.00 0.00 0.00 0.00 0.00 0.00 7.29 29.51
15 3.47 5.44 7.90 9.00 0.00 0.00 0.00 0.00 0.00 0.00 0.00 7.12 32.91
16 3.78 4.91 7.51 6.07 0.00 0.00 0.00 0.00 0.00 0.00 0.00 6.87 29.13
17 1.90 3.14 5.49 2.17 0.00 0.00 0.00 0.00 0.00 0.00 0.00 4.58 17.27
18 2.61 1.88 7.66 7.17 0.00 0.00 0.00 0.00 0.00 0.00 0.00 6.92 26.23
19 0.79 1.19 4.69 5.76 0.00 0.00 0.00 0.00 0.00 0.00 0.00 8.91 21.33
20 0.92 2.41 7.90 3.22 0.00 0.00 0.00 0.00 0.00 0.00 0.00 10.66 25.10
21 0.00 3.20 10.81 3.68 0.00 0.00 0.00 0.00 0.00 0.00 0.00 10.25 27.94
22 0.00 0.00 1.99 6.82 0.00 0.00 0.00 0.00 0.00 0.00 0.00 13.92 22.73
23 0.00 3.60 3.72 2.14 0.00 0.00 0.00 0.00 0.00 0.00 0.00 14.69 24.14
24 0.00 0.00 4.98 0.00 0.00 0.00 0.00 0.00 0.00 0.00 0.00 23.54 28.52
25 0.00 0.00 3.76 0.00 0.00 0.00 0.00 0.00 0.00 0.00 0.00 12.45 16.21
26 0.00 0.00 6.47 0.00 0.00 0.00 0.00 0.00 0.00 0.00 0.00 9.68 16.14
27 0.00 0.00 0.00 0.00 0.00 0.00 0.00 0.00 0.00 0.00 0.00 6.18 6.18
28 0.00 0.00 0.00 0.00 0.00 0.00 0.00 0.00 0.00 0.00 0.00 4.10 4.10
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sand transported by events that transported more than 100 kg m�1

accounted for 26.8–35.1% of the resultant amount of sand trans-
ported in each month. Conversely, in summer, such events contrib-
uted only 9.7–11.5% of resultant sand transport and more than 60%
of sand-transporting events transported less than 10 kg m�1 of
sand. Similarly, in spring (except May) and winter, the amount of
sand transported by events that transported more than
1000 kg m�1 occurred over 10% of the resultant amount of sand
transported in each month, whereas very few events transported
more than 1000 kg m�1 of sand in summer (except June) and
autumn.

4.4.4. The verification of resultant sand transport flux
To validate the results, we selected ten barchan dunes in the

study area at random and measured the speeds of migration and
morphological parameters. According to Bagnold (1941),

Q d ¼ C � H � c;

where Qd is the amount of sand transported through dune migra-
tion (measured in kg m�1 yr�1), C is the speed of dune migration
(m yr�1) and c is the density of dry sand (which we assume to be
2200 kg m�3). The speed of dune migration has been estimated to
be 7–13 m yr�1 during 1999–2009, and is thought to depend on
the height (size) of the dunes (Gay, 1999; Andreotti et al., 2002).
In the present study, the direction of dune migration was 119–
133�, which corresponds to the resultant drift direction of 130� in
Table 6. The morphologies of barchans changed differently, and
sand transport flux through dune migration was 257–
323 tons m�1 yr�1, which is considerably less than our previous
estimate of 372 tons m�1 yr�1. In the present study, we have not
considered vegetation cover, the moisture conditions of surface sed-
iments or the geomorphologic setting. The study area is located in
shifting sandy drylands, where vegetation cover is <5% (Zhu et al.,
1980), particularly in spring and winter. Therefore, the influence
of vegetation on sand transport could be negligible. Furthermore,
the study area lies within the transition zone between arid and ex-
tremely arid conditions (Ye and Chen, 1992), where evaporation far
exceeds precipitation (Liu, 2004), and moisture at the sediment sur-
face is very limited, except during rainy or snowy days. Typically,
precipitation is concentrated in summer when the amounts of sand
transported are relatively low. Thus, the influence of moisture on
the study area is also low. And we only focused on sand transport
in both shifting sand dune and inter-dune flat areas. However, it
is possible that we have overestimated sand transport in winter,



Fig. 14. The amounts of sand transported of each sand-transporting event in different months.
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when snowfall, low temperatures and sand-transporting events
occur simultaneously. Therefore, snowfall and low temperatures
in winter may have reduced dune migration and affected sand
transport. The difference of sand transport between the two
methods was only approximately 10%. Our estimate value of
sand transport flux of 372 tons m�1 yr�1 differed by an order of



Table 6
Dunes morphological parameters, speeds and amounts of sand transported of barchans dunes migration in 1999–2009.

No. Latitude Longitude Data
(year)

Width
(m)

Length
(m)

Left
horn
length
(m)

Right
horn
length
(m)

Perimeter
(m)

Area
(m2)

Height
(m)

Migration
distance
(m)

Migration
speed
(m yr-1)

Qd (tons
m�1 yr�1)

Directions
(�)

1 40�405000N 103�5602600E 1999 282 373 216 100 1167 43,376 9 132 13 257 123
2009 294 522 320 80 1436 53,105

2 40�403400N 103�560800E 1999 310 370 157 140 1262 61,862 14 98 10 308 126
2009 272 339 110 115 1164 61,760

3 40�303300N 103�5503400E 1999 326 245 105 88 1074 53,771 12 110 11 290 130
2009 280 283 128 71 982 44,035

4 40�403500N 103�5301700E 1999 366 267 100 133 1119 52,829 21 65 7 323 129
2009 376 328 128 120 1233 60,165

5 40�405000N 103�530600E 1999 266 190 63 124 860 30,539 15 88 9 297 126
2009 252 221 69 83 851 31,226

6 40�505000N 103�5101700E 1999 278 220 59 112 899 33,437 20 69 7 308 128
2009 293 258 120 112 980 36,466

7 40�603400N 103�5105500E 1999 334 318 122 130 1153 51,017 18 79 8 317 132
2009 287 278 83 113 1099 51,323

8 40�702400N 103�5001600E 1999 318 281 101 162 1113 48,102 16 83 8 282 133
2009 347 286 84 123 1105 52,209

9 40�704800N 103�4701900E 1999 385 306 120 135 1219 57,165 26 55 5 286 118
2009 443 315 150 161 1390 65,628

10 40�601200N 103�5201400E 1999 397 242 86 142 1253 62,807 21 67 7 323 130
2009 432 347 120 122 1498 85,819
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magnitude from those of Yao (2006), who suggested sand transport
flux was 32 tons m�1 yr�1 based on neighboring station (Bayan
Nuru) wind speeds at a 10 m height.
4.5. The annual total amount of sand transport

The width of the corridor in our measurement field is approxi-
mately 28 km which includes shifting sand dune area (the length is
5.5 km) and inter-dune flat area (the length is 22.5 km). The
amount of sand transported in the inter-dune flat area is almost
37% of bulk flux (Wiggs, 1992). The total amount of sand trans-
ported is the sum of bulk flux and inter-dune flux (Sarnthein and
Walger, 1974). Therefore, the total amount of sand transported
across the corridor was over 5 million tons yr�1. Based on these
data, the sand transported from the BJ to the Tengger desert could
cover the Tengger desert by a thickness of 0.6 mm each year (based
on the Tengger desert having an area of 36,700 km2). Approxi-
mately 16,000 years the Tengger desert can be increased by 1 m
because of the sands transported from the BJ desert through this
corridor if the atmospheric condition was similar to the present
situation all through the time.
5. Conclusions

We measured wind speeds at a 2 m height above the ground for
the period from November 2010 to December 2011 in one of the
corridors between the BJ and the Tengger deserts. Our results
showed that sand-transporting winds accounted for 16.4% of the
entire year duration and occurred mostly in spring and winter.
The prevailing wind directions were NW, WNW and NNW, making
up 61.9% of the total frequency of sand-transporting winds. The
frequencies of winds decreased with increasing wind speed, and
the frequency of strong winds made up 5.3% of the sand-transport-
ing winds. In total, 752 sand-transporting events were detected,
with the period of 14:00 to 18:00 (afternoon) containing the great-
est number of sand-transporting events. The resultant drift poten-
tial for the study period was 729.3 VU, indicating a high-energy
wind regime. This value was higher than those recorded at neigh-
boring stations, illustrating an obvious effect of narrowing.
Our estimate value of sand transport flux of 372 tons m�1 yr�1

is larger by an order of magnitude than that of Yao (2006) who sug-
gested sand transport flux was 32 tons m�1 yr�1. The sand trans-
port direction was 130�. The speed of dune migration in the
study area was 7–13 m yr�1. The resultant amount of sand trans-
ported calculated with two methods could be calibrated and vali-
dated each other. The annual total amount of sand transport
across the corridor was over 5 million tons, with 77.3% being trans-
ported by the prevailing winds, indicating a substantial sand sup-
ply from the Badain Jaran to Tengger desert. Moreover, the
amount of sand transported in the spring and winter accounted
for 99.8% of total sand transport. The amount of sand transported
during different transporting events varied by five orders of mag-
nitude, ranging from 0.06 kg m�1 to 86 tons m�1. Additionally,
both normal sand-transporting winds and strong winds played
dominant roles in sand transport in the study area, despite the dif-
ferent transport mechanisms involved.

The results of sand transport in the corridor may help to eluci-
date the contribution of the BJ to the Tengger desert, the ecological
impact of sand encroachment on adjacent oases, and the construc-
tion of sand-fixing protection systems.
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