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Abstract

The characteristics of eolian sand activity are greatly influenced by the wind regime, and wind regimes have been changing
around the world in response to climate change. This has also been true in the desert area of northwestern China since 1965, and
these changes have changed the region’s landforms, sandstorm frequency, and desertification. In this study, we analyzed the
temporal and spatial variation of the region’s near-surface wind field since 1965. We found an average annual wind speed during
this period of 1.7 m's™', with a decreasing trend from 1965 to 2000 and an increasing trend from 2000 to 2015. The maximum rate
of decrease occurred in the spring and in the eastern Taklimakan Desert. The variation of the average wind speed depended on the
frequency of winds strong enough to entrain sand (with a wind speed >6 m s ). We also found that variations of the drift
potential were primarily controlled by three prevailing wind groups (winds from the northwest, north, and northeast), but showed
complex changes between seasons and regions. The wind direction in the Taklimakan Desert is characterized by two character-
istics of branch and steering, the branch line is swinging in the direction of the east and the west (81.5° E~84° E). The changes in
wind speed were mainly caused by a decreased frequency of strong winds, precipitation, and urban development. However, the

variation of wind speed had less impact on the desert environment than the variation of wind direction.

1 Introduction

The near-surface wind is a crucial component of atmospheric
circulation, as it represents the interface between the atmo-
sphere and Earth’s surface. It is the main driving force that
shapes the Earth’s surface morphology. Variation in the wind
regime has many consequences, such as changes in wind dam-
age, vegetation propagation, dune fixation, the spread of de-
sertification, and utilization of wind power (Azorin-Molina
et al. 2016a; Zhao et al. 2015; Pryor et al. 2005; Paredes
et al. 2017). Globally, near-terrestrial surface wind speeds
have decreased significantly over the past few decades, and
the rate of decrease has been faster for categories that include
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strong winds than for categories that include weak winds
(Vautard et al. 2010), with confirmation of these trends ob-
served in Italy (Pirazzoli and Tomasin 2003), China (Xu et al.
2006; Guo et al. 2011), the USA (Klink 1999; Pryor et al.
2009), the Netherlands (Smits et al. 2005), the
Czech Republic (Brazdil et al. 2009), and Australia
(McVicar et al. 2008). In contrast, winds above the world’s
oceans (Gulev and Grigorieva 2004) and at high latitudes
(Aristidi et al. 2005; Lynch et al. 2004) have shown a greater
increase for the category that includes the strongest winds.
Guo et al. (2011) revealed that the weakened dust storms that
have been described since the beginning of the twenty-first
century in northern China have resulted from the decreased
wind speed. In addition, the accumulation of haze in east-
central China is also a direct result of reduced surface wind
speeds, since weaker winds take longer to disperse the haze.
Therefore, the study of wind regimes and their evolution rep-
resents an essential part of research on the Earth’s surface
system, particularly since climate change and variability influ-
ence key aspects of the surface environment.

Desert regions account for a third of the world’s land area,
and desert landscapes are the direct product of atmospheric
circulation patterns. These phenomena have been studied in
depth for northern China’s deserts. In the middle reaches of
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the Heihe Basin, the wind energy environment differs among
regions (Zhang et al. 2010), and in the Kumtagh Desert, the
resultant drift direction (RDD) differs between the northern
and southern parts of the desert (Zhang and Dong 2014).
The Badain Jaran Desert shows obvious local circulation pat-
terns in the pattern of its megadunes and lakes (Zhang et al.
2013). The Taklimakan Desert is China’s largest desert, and
the second-largest desert in the world (Zhang 1984). Thus,
changes in the environment of this region have serious im-
pacts on local human survival and economic development.
This desert has been well studied. For instance, Wu (1981)
analyzed the desertification processes in this desert. Li et al.
(1990, 1995) described the eolian landforms throughout the
desert. Chen et al. (1995) studied the distribution of winds
strong enough to transport sand. Zu et al. (2008) analyzed
the characteristics of the near-surface wind regime before
2005. Rittner et al. (2016) explored the sources of the desert’s
sand and Huo et al. (2017) observed the particle sizes and
fluxes of eolian sediment in the near-surface layer during sand
and dust storms.

However, there have been few long-term studies of how the
desert’s wind regime has evolved (Cui et al. 2017). This
makes eolian landform research difficult. To provide some
of'the missing data, we designed a study to quantify the chang-
es in wind speed and drift potential (DP) in the Taklimakan
Desert since 1965 (the date of the earliest widespread and
reliable data). Our analysis examined the annual, seasonal,
monthly, and regional changes in wind speed and DP. Based
on our analysis, we mapped sand transport directions through-
out the desert and their spatial and temporal variation. Based
on these results, we discuss the factors that have influenced
the changes. The results will support future studies of eolian
geomorphology and will enrich our understanding of the wind
environment of mid-latitude inland deserts.

2 Physiographic setting

The Taklimakan Desert (Fig. 1) is the world’s largest mid-
latitude desert, covering an area of 337,600 km? (Zhu et al.
1981). Wind and fluvial hydrology control the desert’s current
landscape. Geological evidence suggests that this desert
evolved about 7 Ma ago in the center of the Tarim Basin,
which is the largest inland basin in China and lies in the rain
shadow of the Tibetan Plateau (Besler 1995). The desert then
gradually expanded outward from the center.

It has plenty of sand sources and wind affect; three types of
sand dunes exist, namely compound/complex crescent dunes
and crescent chains, compound dome dunes, and compound/
complex linear dunes; besides these three compound/complex
types, single simple dunes are also distributed throughout the
desert (Wang 2001). It also has a road of 519 km across the
north and south. Climatically, the desert has a typical
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temperate continental climate, but because it lies in the rain
shadow of the Tibetan Plateau, it is extremely arid; the average
annual precipitation ranges from 100 mm in the east to less
than 50 mm in the central desert (Yang 1992). The desert is
surrounded by the Kunlun Mountains in the south and the
Tianshan Mountains in the north. Under the impact of this
physical setting, wind regimes become complicated. Despite
the prevailing mid-latitude westerly atmospheric circulation
pattern, the underlying topography and other wind systems,
such as the winds produced by the Siberian high-pressure
system, divert the wind flow locally.

3 Data and methods

To begin our research on the region’s wind regime, we first
selected appropriate wind data from weather stations distrib-
uted around the desert (Fig. 1). We chose these data sources to
cover as much of the desert as possible, while providing con-
tinuous and high-quality data for as long a period as possible.
Wind data, daily average air precipitation, daily average tem-
perature, daily average sunshine time, and daily average sun-
shine percentage were obtained from the China
Meteorological Data Service Center (http://data.cma.cn). In
total, we identified 14 meteorological stations in or around
the Taklimakan Desert that followed national standards for
data collection and that could provide at least 50 years of
data. The topography around each station is flat and open.
The desert’s remoteness and harsh environment have
prevented researchers from maintaining stations inside the
desert; so, coverage within the desert is limited and it was
necessary to exclude some sites with missing data.

China’s national standards prescribe wind data collection at
a height of 10 m above the surface. This data included the
daily average wind speed and the daily maximum wind speed,
as well as wind directions. The standards define the daily
average wind speed as the average of the values measured at
02:00, 08:00, 14:00, and 20:00 local time (which is equivalent
to +08:00 GMT). The data available at all 14 stations was
collected between 1 March 1965 and 29 February 2016. We
divided each year’s seasons into spring, from March to May;
summer, from June to August; autumn, from September to
November; and winter, from December to February of the
following year. The 14 stations were Tieganlike and
Ruogiang in the east; Yiitian, Minfeng, and Qiemo in the
south; Kashi, Shache, Pishan, and Bachu in the west; and
Alaer, Akesu, Kuche, and Luntai in the north. Only one station
(Tazhong) was available near the center of the desert.

Because some winds are not strong enough to entrain
and transport sand, it was necessary to find a way to
identify sand-moving winds capable of creating dune
landforms (Xiao et al. 2018). Short-term intense winds
are the main force that shapes eolian landforms
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Fig. 1 Location of the study area and distribution of the meteorological stations in the Taklimakan Desert

(Bagnold 1941). In the present analysis, we used the max-
imum wind speed and wind direction to determine the
frequency of intense winds (Cui et al. 2017).

From the original data, we selected the 95% percentile
to remove extremes (Young et al. 2011) and improve ho-
mogeneity (Jiang et al. 2010). Using the remaining data,
we performed regression analysis, spatial analysis with
version 10.2 of the ArcGIS software (www.esri.com),
wavelet analysis, and the Mann-Kendall mutation test in
Matlab (https://www.mathworks.com) to analyze the
temporal and spatial variation in the wind regime.
Furthermore, we analyzed the variation in the drift
potential (DP) proposed by Fryberger and Dean (1979):
DP = U*(U-U)) t (1)
where DP is the sediment’s drift potential, which repre-
sents the relative rate of drift, and is calculated in vector
units (VU); U is the measured 10-min mean wind speed at
a height of 10 m above the surface, in knots; U; is the
threshold wind velocity (in knots) at which sand transport
begins, which was 6 m s™' in this paper (Geng 1985;
Wang et al. 2002); and ¢ is the proportion of the recorded
time during which the wind speed exceeded the threshold
velocity (Fryberger and Dean 1979).

DP quantifies the long-term wind and sand activity and is
the most widely used index for this purpose. In addition to
wind speed, the wind direction is important because it deter-
mines sand sources and migration directions (Zhu et al. 1981).
DP can be used to reflect the magnitude of the sand transport
capacity in each wind direction and to identify the prevailing
sand transport directions, and RDD represents the resultant
direction of the sand transport. Both parameters are usually
presented in a wind-rose diagram that summarizes the distri-
bution of sand transport and its direction. The length of each
arrow in the wind-rose diagram represents the relative magni-
tude of sand transport in that direction.

Using vector mathematics, we also calculated the resultant
drift potential (RDP), the directional variability (RDP/DP),
and RDD. Fryberger and Dean (1979) also proposed a classi-
fication for the wind energy environment based on the calcu-
lated DP: low energy (DP < 200), intermediate energy (200 <
DP <400), and high energy (DP >400). We divided the ob-
served wind regimes into five types according to the charac-
teristics of the wind-rose diagram and three types based on the
value of RDP/DP.

To discuss the impact of wind energy changes on the desert
environment, we quantified the vegetation change using the
normalized-difference vegetation index (NDVI), a widely
used index of surface greenness that is derived from
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Fig.2 a Variations at annual and decadal time scales of wind speed in the
Taklimakan Desert during 1965-2015. b Wind speed distribution
evolution: respectively for the frequency (in % per year) of winds

multispectral remotely sensed images (Mason et al. 2008; Xu
et al. 2016). We obtained MODIS NDVI data from 2000 to
2015 from Land Processes Distributed Active Archive Center
(https://Ipdaac.usgs.gov/), at a resolution of 500 m and a
temporal resolution of 16 days. We synthesized the 16 years
of data by season and calculated the annual value as the
average NDVI value for the 16-year period. We then mapped
the spatial distribution across each part of the study area.

4 Results and analysis
4.1 Temporary variation of wind speed

The average annual wind speed in the Taklimakan Desert
since 1965 was 1.7 ms .

Figure 2a shows the overall trend, which can be divided
into two sections. Wind speeds decreased from 1965 to 2000,
then increased until the end of the study period. The averaged
decade wind speeds have a similar trend as annual wind speed,

which decreased from 1965 to 2004, and then increased:

stronger than 1, 2, 3, and 6 m s ', The numbers represent all stations in
the domains taken together as well as all days and seasons

1.9 ms ' (1965-1974), 1.7 m s ' (1975-1984), 1.5 m s !
(1985-1994), 1.5 m s ' (1995-2004), and 1.6 m s ' (2005—
2015). A slight increase occurred in the twenty-first century.
From the evolution of wind velocity distribution (Vautard
et al. 2010), we find that the frequency of wind speeds >
I ms ' was the highest (66.7%) and there is no clear change
in this speed Fig. 2b. Further accurate analysis, the frequencies
of wind speeds >2 m s ' and >3 m s ' were 40.9% and
36.1%, respectively, representing a slight decrease. Although
the frequency of wind speeds >6 m s ' was only 8.7%, the
fluctuation was comparatively highest and consistent with the
overall wind speed change; it was the main factor of the
change in the overall average wind speed.

We also analyzed the data for each season (Fig. 3). The
average wind speed was strongest in spring (2.1 m s '),
followed by that in summer (1.9 m s 1), autumn (1.4 ms ),
and winter (1.2 m s ). From the monthly data at each mete-
orological station shown in Fig. 3b, the average wind speed
was strongest in May (2.2 m s ') and weakest in November
(1.1 m s "). With respect to wind speed change, the rate of
decrease in spring (Fig. 4a) was the largest, followed by
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Fig.3 a Seasonal variations of wind speed in the Taklimakan Desert from 1965 to 2015. b Monthly changes of wind speed at each meteorological station
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Fig. 4 Evolution of the wind speed distribution for the frequency of winds stronger than 1, 2, 3, and 6 m s ' for a spring, b summer, ¢ autumn, and d

winter

summer (Fig. 4b), autumn (Fig. 4c), and winter (Fig. 4d).
However, the recovery of wind speed in spring was not as
strong as that in other seasons after the year 2000.

Figure 4 shows the frequency distributions of the wind
speeds. As in the overall wind speed data in Fig. 2b, wind
speeds >1 m s ' accounted for the largest proportion of the
winds, and this proportion was relatively stable. The overall
trend throughout the year showed that wind speed first de-
creased and then increased, with the greatest increase in win-
ter. The frequency of wind speeds >2ms 'and >3 ms ' in
spring and summer first decreased and then increased; in au-
tumn, they first decreased, and then increased with fluctuation,
versus nearly continuous decreases in winter. The proportion
of winds with a wind speed >6 m s ' in spring decreased
before 1990, and then stabilized, with fluctuation. Summer
showed a similar pattern, but with the steady decrease ending
around 1990. Autumn showed a roughly continuous decrease,
though with missing data, and winter showed no clear pattern
due to high variation and missing data. The wind speed greatly
increased in the twenty-first century, and the frequency even
surpassed the maximum of the 1960s after 2005.

The average wind speed from 1965 to 2015 was
highest (2.2 m s ') at the Ruoqiang station, followed by
the Tazhong and Kuche stations, whose average wind

speed was 2.1 m s '; the lowest average wind speed was

1.4 m s~ at the Tailun site. When we grouped the stations
by region and analyzed the data separately for each re-
gion, the average wind speed from 1965 to 2015 was
highest in the eastern region, followed by the southern,
northern, and western regions. Figure 5a shows that the
wind speed decreased from 1965 to somewhere between
1990 and 1995 in all regions. However, the average wind
speed increased in every region except the east after 1995.
Figure 5b shows the wind speed frequency distribution in
every region. There was no obvious difference in the
trend over time for the four regions in the proportion of
the winds with a wind speed >1 m s ', but the actual
proportions differed by a factor of nearly 2 times between
regions. The difference between regions increased for
higher wind speeds, especially for the winds with an av-
erage wind speed >6 m s '. Although the frequency of
winds with a wind speed >6 m s™' in the east increased
slightly around 1995, it continued to decrease thereafter.
In the other three regions, the frequency of winds with a
wind speed >6 m s increased in the twenty-first century,
although their proportions for this speed category
remained less than that in the east. The average wind
speeds in the eastern and southern regions of the
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Taklimakan Desert were greater than those in the western
and northern regions, and this spatial difference was
mainly determined by the proportion of the wind speeds

>6ms .

4.2 Spatial and temporal variation of drift potential

Figure 6 shows the spatial distribution of the wind speeds,
based on kriging interpolation between the meteorological
stations. Early researchers adopted 2-min and 10-min aver-
ages, 10-min maximums, and 1-h instantaneous maximum
wind speeds to calculate DP. We chose the maximum 10-
min wind speed per day because it is more accurate, and re-
moved extreme values to improve homogeneity for the calcu-
lation of DP. Previous research suggested that the dominant
RDD in the Taklimakan Desert was towards the SW, SSW,
and E, under a low-energy wind environment with wide
unimodal wind regimes (Zhu et al. 1981; Zu et al. 2005).
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Year

4.2.1 Temporal variation of drift potential

DP for the Taklimakan Desert for the year as a whole
averaged 189 VU from 1981 to 2015 (Fig. 7). The an-
nual RDP averaged 68 VU, and RDP/DP averaged 0.36,
indicating an intermediate ratio that reflects a strongly
bimodal wind regime. NW and NE were the main wind
directions. The average annual RDD was 335°, which
indicates that the main wind direction in the region was
from the NW.

Based on the availability of data, we divided the study
period into three 10-year periods (1981 to 1990, 1991 to
2000, 2001 to 2010) and one S5-year period (2011 to
2015). DP and RDP decreased from 1981 to 2010, then
increased from 2011 to 2015. RDP/DP ranged from 0.27
to 0.64 and showed no clear trend. The main directions of
sand transport were SW, SSW, and E. DP in the SSW
direction gradually decreased, whereas in the SE



Spatial and temporal variation of the near-surface wind regimes in the Taklimakan Desert, Northwest China 439

80°E

L 7__ ~ / 4

42°N

38°N

J

[
DP=6
r=0.7

DP=21
r=0.6

Légend

@® Meterorological station

| .High:1.93
-Low:1.54
I:] Alluvial fan
// “ " Mountains 0'—5|0Km

Fig. 6 Spatial distribution of the average wind speed from 1965 to 2015 based on kriging interpolation between meteorological stations in the
Taklimakan Desert. Circles and arrows show the wind-rose diagram for each station. DP, drift potential; 7, the directional variability

direction, it first decreased and then increased. RDD was
mostly between 138° and 182°.

The maximum DP occurred in the spring, followed by
summer, autumn, and winter. RDP was highest in spring,
followed by summer, autumn, and winter. RDP/DP ranged
from 0.33 to 0.43. In spring, autumn, and winter, SE and
SW were the most prominent sand transport directions,
with strongly bimodal wind regimes, and RDD was
SSE. Although the summer wind regimes were complex,
there were winds from the NW, W, SW, and NE, and
RDD was SSE. For the spring, DP for winds from the
NW first decreased and then increased, whereas DP for
winds from the NE gradually decreased, and RDD moved
from SSE to SSW and then back to SSE. In the summer,
DP for winds from the SW, W, and NE decreased greatly,
whereas DP for winds from the NW and N increased dur-
ing the twenty-first century. In the autumn, DP was small-
er than that in the spring and summer. From 1981 to 2000,
DP for winds from the NW, WNW, and NE decreased,
and RDD changed from S to SSE. Since 2000, the trans-
port potential for winds from the NW decreased, and
RDD returned to SSE. RDP was lowest in winter, and
DP increased and then decreased, with RDD fluctuating
between east and west. DP showed complicated patterns
in both direction and size. Before the 2010s, the wind in
the direction of sediment transport decreased greatly in
strength, but increased somewhat thereafter.

4.2.2 Spatial variation of drift potential

Figure 8 shows the spatial distribution of the DP, RDP, RDD,
and RDP/DP values throughout the study period. DP was
largest in the east in all periods except 2011 to 2015, generally
followed by the north, south, and west, but all four regions had
a low-wind-energy environment (<200 VU). For the eastern
region, DP was mainly for winds from the NE and exhibited a
wide unimodal wind regime. For the northern region, DP was
mainly for winds from the NNW and WNW and showed an
acute bimodal wind regime. For the western region, DP was
focused on winds from the NW and was a narrow unimodal
wind regime. For the southern region, DP was mainly for
winds from the NNW, and it exhibited a wide unimodal wind
regime. The RDP/DP values of the four regions ranged be-
tween 0.36 and 0.80, which represent intermediate values.
Over time, the direction of sediment transport generally
showed relatively little variation, but with a large clockwise
shift in the western and northern regions after 2010, and the
magnitude of DP generally decreased continuously, except for
increases for the western and northern regions after 2010.
Figure 9 illustrates the spatial variation in wind directions
based on averages from 1971 to 2015. RDD reflects the net
flow direction created by the effective sand-moving wind, and
the size of the arrow indicates the size of the DP. The airflow
appears to form two distinct regions on either side of 83.5° E:
the western region was more complex, but winds originated
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Fig. 7 Temporal variation of the wind regime (DP, drift potential; RDP, resultant drift potential; RDP/DP, directional variability; RDD, resultant drift
direction) in the Taklimakan Desert from 1981 to 2015

mainly from the NW to N, whereas the eastern region was
simpler, and the winds originated mainly from the N to NE.
Figure 10 shows the spatial distribution of RDD during
each season. Although the overall pattern is similar to that in
Fig. 9, with a division of the airflow into distinct regions, the
position of the division changes between seasons. It moves
westward early in the year, then moves eastward later in the
year. The division for the spring flow field was near 8§1.5° E,
with airflow west of this line primarily originating from the
NW and east of this line mainly from the NE. The flow field in
summer is more complex, with division into three regions
divided at roughly 81.5° E and 84.0° E. West of 81.5° E,
winds originated mainly from the NN'W, whereas east of 8§4°
E, winds originated mainly from the NE; between these two
regions, winds originated primarily from the N. The autumn
air flow in the desert returns to two distinct regions, with the
division near 81° E. West of this line, the flow is
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predominantly from the NW, and east of the line, it is primar-
ily from between E and NE. In winter, the airflow returns to a
pattern similar to the spring pattern, with two distinct regions.

4.3 The impact of wind variation on the environment

Plant productivity in desert areas is more sensitive to the en-
vironment than it would be in wetter areas. The desert areas in
our study area have low vegetation cover and are dominated
by partially to fully active dunes. The wind regime is the main
driving force for the formation and evolution of these eolian
sandy landforms, and vegetation growth and cover respond to
these changing landforms. Our analysis of remote sensing
images let us monitor changes in vegetation cover during the
study period, and compare this with the temporal and spatial
variation of the wind energy environment in the Taklimakan
Desert (Fig. 11). Figures 5 and 7 suggest that the wind speed
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has increased significantly in much of the study area since
2010, with DP increasing by an average of 88.1% throughout
the study region. In the northern part of the study area, DP
increased to nearly two times the 2010 level, and vegetation
cover decreased. In the southern part, both DP and vegetation
cover increased. DP did not increase significantly in the west,
but the wind direction changed greatly. Vegetation cover in-
creased in much of the southwestern part, with a significantly
increasing trend near the relatively wet areas around the
Hetian River and the Keliya River. However, as the wind
speed is much higher in spring and summer than in autumn
and winter, the vegetation growth rate is slightly lower than
that in autumn and winter. DP increased least in the spring,
and the vegetation cover slightly increased in the northeastern
and southwestern parts of the desert, but significantly de-
creased in the center of the desert. In autumn, the differentia-
tion was greater, with the NW wind’s DP increasing to nearly
three times the summer level, but the vegetation cover in the
west increased, although 20.7% of the area showed signifi-
cantly decreased vegetation cover. In winter, RDD changed
greatly, with the NE wind weakening and NW wind strength-
ening. The vegetation cover in the west increased significant-
ly, but for the study area as a whole, it decreased, despite the
slight increase in the west. In general, the increased wind
energy had little obvious impact on vegetation cover, which
agrees with previous research results in semi-arid northern

China (Mason et al. 2008). However, the change of wind
direction had a greater impact on the increase of vegetation
coverage and the landform of desert surface.

4.4 Wavelet analysis and Mann-Kendall mutation test

We performed wavelet analysis for the wind speeds in the
Taklimakan Desert from 1965 to 2015 (Fig. 12a), and found
alternation between positive phases (solid lines) and negative
phases (dashed lines). This represents alternation between pe-
riods with a high average wind speed and periods with a low
average wind speed. The region’s average wind speed had two
peaks that corresponded to time scales of 8 and 27 years.
However, because of the short period covered by our study,
it will be necessary to confirm the existence of the 27-year
cycle over a longer monitoring period.

Figure 12b shows the results of the Mann-Kendall mutation
test (Mann 1945; Kendall 1975). The UF curve for the
Taklimakan Desert from 1965 to 2012 showed that the aver-
age annual wind speed in the Taklimakan Desert has de-
creased significantly since the 1960s; the M-K statistic
exceeded the line that represents significance at p <0.05 in
1981 and exceeded the p < 0.001 significance level in 1986.
According to the location of the intersection of the UF and UB
curves, the annual mean wind speed in the Taklimakan Desert
decreased significantly starting in 1976.

@ Springer
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5 Discussion

Wind energy is of concern in the context of global warming
both because it is a new energy source that can reduce fossil
fuel use and because it is an important driving force in envi-
ronmental change. In a complex environment, changes of
wind direction and speed are complex and variable. The in-
land desert area of northwestern China is strongly affected by
its wind energy regime, which has shaped its eolian landscape
and its vegetation. In the present study, we provided more
information about the region’s wind regime and its temporal
and spatial variation.

5.1 Wind speed change

Von-Axe (1975) estimated that the wind energy available on
Earth is around 106 MW, and that wind energy resources in
arid regions are the dominant ones. However, numerous stud-
ies have shown that wind speeds have decreased since the start
of the twenty-first century (Klink 1999; Pryor et al. 2009;
McVicar et al. 2008; Aristidi et al. 2005). According to our
analysis of 50 years of wind regime data, the average wind
speed in the Taklimakan Desert was 1.7 m's ', and gradually
decreased during the first 10 years of the study period, abrupt-
ly decreased in 1976, and then increased during the twenty-
first century. This finding is similar to the results of Fu et al.
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(2011) and Guo et al. (2011), who detected similar oscillation
periods to those in Fig. 12. The maximum average wind speed
appeared in the spring and May, with the weakest winds in the
winter and December. The largest decrease in the mean wind
speed appeared in the spring, particularly for winds with a
speed >6ms .

5.2 Variation in DP and RDD

Previous research suggests that the Taklimakan Desert was an
environment with high wind energy in the 1960s and 1970s,
but changed to an environment with low wind energy in the
1990s (Zu et al. 2005; Wang et al. 2007). This agrees with the
present results, which show a gradual decrease in the mean
wind energy to produce an environment with a low wind
energy between 1981 and 2010. The DP in the study area first
decreased and then increased, and the wind directions were
mainly from the NW, NE, and N. The DP for winds from the
NE gradually decreased, whereas DP for the winds from the
NW and N first decreased and then increased. DP was stron-
gest in the spring, followed by summer, autumn, and winter.
The largest DP values appeared in the eastern region, followed
by the northern, western, and southern regions. Winter and
spring winds are mainly influenced by the anti-cyclones of
Mongolia—Siberia, which create a strong NE wind, whereas
summer and autumn winds in the western region of the desert
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Fig. 10 Season sand drift direction in the Taklimakan Desert from 1971 to 2015. Longer arrows represent stronger drift

are dominated by the prevailing westerlies and by NW and N
winds from the Tianshan Mountains. RDP was mainly affect-
ed by the decrease in the number of events with high wind
speed from the NW and NE, although the increase in RDP in
2000 mainly resulted from increased wind strength from the
NW. A previous study showed that the direction of the dunes
(the dune ridge lines) in the Tengger Desert, near our study
area, was strongly related to the wind speed and direction (Lii
etal. 2013). The change of DP since 1965 is therefore likely to
have strongly influenced the Taklimakan Desert landscape.
Wang (2001) showed that the strength of the East Asian mon-
soon circulation has been decreasing since the 1970s.
However, the increasing wind speed we observed since 2000
may indicate that the strength of the atmospheric circulation is
beginning to increase again.

5.3 Possible causes of observed wind speed trends

The reasons for the change of terrestrial surface winds
include precipitation, temperature, and other factors
(Zhang et al. 2007; Yang et al. 2009; Vautard et al.
2010; Azorin-Molina et al. 2016b; Zheng et al. 2017).
This paper used SPSS20.0 software for the wind speed
and air precipitation, temperature, sunshine time, sunshine
percentage, and other factors influencing the correlation
analysis.

5.3.1 Precipitation

Wind speed and precipitation exhibited a strong and signifi-
cant correlation. When we performed Mann-Kendall trend
analysis, the precipitation z value was 1.776, versus —4.482
for wind speed, indicating that precipitation increased and
wind speed decreased, which is consistent with the negative
correlation between these variables. It is possible to explain
this relationship based on energy balance and vegetation fac-
tors. Precipitation increases soil moisture, which leads to both
greater absorption of solar energy by the wet soil, which re-
duces the energy reflected by the surface to drive the wind; it
also increases plant growth, creating a rough boundary layer
that slows the wind. This phenomenon would be supported by
changes in evapotranspiration in the Taklimakan Desert,
which decreased during most of the period since 1965, before
increasing again after 1996, which agrees with the trend for
wind speed. However, the restoration of vegetation cover in
the Taklimakan Desert has been slow (Li 2013), which may be
why the wind speed has not continued to decline.

5.3.2 Temperature
Since the 1960s, a warming climate has been observed both
globally (at 0.13 °C per decade) and in China (0.23 °C per

decade), but has occurred even faster in the Taklimakan Desert
temperature (0.26 °C per decade). From 1965 to the 1990s, the
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Fig. 11 The spatial and temporal variations of the normalized-difference
vegetation index (NDVI) in the Taklimakan Desert from 2000 to 2015
based on MODIS NDVI images with 500-m resolution. (A) Rates of

temperature has been slowly increasing (Pu et al. 2010), while
the wind speed has decreased by an overall average of
0.19 m s ' per decade, which is at the high end of the range
reported for northern China, from 0.15 to 0.19 m s~ " per de-
cade (Tian 2012). Yang et al. (2012) found that the sea-level
pressure and the near-surface temperature difference between
continental Asia and the Pacific Ocean have decreased signif-
icantly, while the East Asian pressure trough has shifted east-
ward and northward while simultaneously weakening. The
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c. [ Significantly increased
I Ssignificantly decreased
[] Noobvious change

change of NDVI. (B) Significance levels for the changes in (A). (C)
Significant increases and decreases. All data are averages for the study
period

strengths of the East Asian winter and summer monsoons
have also been decreasing (Jiang and Wang 2005). The com-
bination of these factors has resulted in decreasing mean wind
speed in China. However, the temperature increase has accel-
erated since the late 1990s, simultaneously with an increase of
the mean wind speed by 0.14 m s~ per decade. This appears
to be because the sudden warming that began in the 1990s led
to an increase in the pressure differences that drive the wind,
thereby increasing the wind speed, although the wind speed
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has not yet recovered to its peak at the start of our study
period. He et al. (2011) found that wind speed change in the
Taklimakan Desert has strongly influenced wind erosion of
soils and the surface roughness.

5.3.3 Other factors

Zhao et al. (2015) noted that the construction of urban land
can decrease wind speeds because the tall buildings create
strong obstacles to the wind. Dai (2012) studied the changes
in urban land around the Taklimakan Desert and found that
changes from agricultural land and ecological land to urban
land increased the topographic roughness, thereby slowing the
wind. However, paved urban areas tend to be smoother than
the surrounding landscape, reducing the friction and increas-
ing wind speeds compared with natural terrain.

6 Conclusion

The main findings in our long-term (1965 to 2015) study of
wind regimes in the Taklimakan Desert are as follows:

1. The wind speed in the Taklimakan Desert during this 50-
year period averaged 1.7 m s '; the average wind speed
decreased from 1965 to 2000 and then increased thereaf-
ter, but has not yet recovered to the 1965 level.

2. The average wind speed was highest in the spring. The
increased wind speed from 2000 to 2015 was mainly
caused by increased wind speeds for the autumn winds.
Changes in the proportion of winds with a wind speed >
6 m s ' were the main factor that changed the average
wind speed. The eastern region had the highest wind
speeds, followed by the southern, northern, and western

Results of the Mann-Kendall mutation test. M-K, the Mann-Kendall sta-
tistic; UF, plus sequence statistics; UB, contrary sequence statistics. The
dashed horizontal lines represent significance at p < 0.05

regions. These changes were mainly determined by

changes in the frequency of winds with a speed >6 ms ™.

3. The Taklimakan Desert has both unimodal and bimodal
wind regimes, and the wind field for the whole region
tended to be divided into two sub-regions. RDP de-
creased during the first part of the study period and then
increased, with the main winds coming from the N, NW,
and NE. RDD mainly ranged from 138° to 182°, and DP
was largest in the spring. DP was largest in the eastern
region, followed by the northern, western, and southern
regions. The variation of wind speed may have had less
impact on the desert environment than changes in the
wind direction.

4. The average wind speed decreased gradually until 1976,
when it suddenly decreased. There appear to be cycles of
8 years during which wind speed increases and then
decreases.
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