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Abstract: Wind activity is proved to have significant impacts on aeolian desertification. Clarifying the fluctuations
and change trend of wind velocity is important for understanding their influence on aeolian desertification. In this
study, we used a dataset of wind velocities collected from 93 meteorological stations across northern China from
1957 to 2011 to analyze the changes in wind activity during this period. We tested the monotonic and step (abrupt)
trends for annual and seasonal data of mean wind velocity by using Mann-Kendall and Mann-Whitney tests, re-
spectively. The results indicated that the annual mean wind velocity decreased by 0.83 m/s from 1957 to 2011. The
decreasing trends were also significant (P<0.01) for each season. The magnitude of the decrease was smallest in
the east of northern China and largest in the west of northern China, and the most remarkable decrease occurred in
the northwest of northern China. Abrupt decreases in annual and seasonal mean wind velocities occurred in the
mid-1980s, which was consistent with the changes in aeolian desertification since the mid-1980s in northern China.
As revealed by our study, although both modern aeolian desertification and ecosystem rehabilitation are affected by
human activities to some extent, they are also likely to be strongly controlled by climate change, especially by wind
activity.
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Temperature and precipitation changes caused by cli-
mate warming are global issues that have attracted much
attention from international communities because of
their potential impacts on food security, while wind ac-
tivity is usually neglected in studies of climate changes.
Wind activity has been studied in arid, semi-arid and
semi-humid areas because it is one of the key dynamic
factors that controls the development of aeolian geo-
morphology (Wang et al., 2010a), the processes of dust
transport and deposition (Wang et al., 2006a; Zhang et
al., 2012), and the atmospheric circulation patterns (Per-
lin et al., 2011; Troccoli et al., 2012). These, in turn,
influence the variations in precipitation and temperature
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(Bothe et al., 2012; Loikith and Broccoli, 2012), and
have significant impacts on aeolian desertification (Hu
et al., 2012; Xie et al., 2012; D’odorico et al., 2013;
Dong et al., 2014). Aeolian desertification, as a result of
climate change and unsustainable human activity, can be
defined as a land degradation process that occurs usually
in arid and semi-arid climate zones, and occasionally in
semi-humid climate zones (Wang et al., 2012). The
form of aeolian desertification poses a threat to the sus-
tainability of human habitat in drylands (Helldén and
Tottrup, 2008).

In China, aeolian desertification usually occurs at
north of 35°N, with an annual precipitation <450 mm
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and a spring precipitation <90 mm (Wang et al.,
2008a). The main areas with aeolian desertification
are usually located in parts of the Tengger and Hobq
deserts, most parts of the Gurbantunggut Desert, Mu
Us, Hunshandake, Horqin, Hulun Buir and Nenjiang
sandy lands, and regions around the Taklimakan,
Badain Jaran and Kumtag deserts (Wang et al., 2008a;
Wang et al.,, 2011) (Fig. 1). Using aerial photos
(1:50,000) in the mid-1970s and mid-1980s, and
Landsat TM images in 2000, together with field sur-
veys, Wang et al. (2003, 2004) monitored aeolian de-
sertification in northern China and reported that rapid
aeolian desertification mainly occurred before the
early 1980s and the recovery of vegetation was sig-
nificant from the mid-1980s to 2000. At a regional
scale, similar change trends of aeolian desertification
were reported by Xue et al. (2005) and Yang et al.
(2007) for the Otindag Desert, by Wu and Ci (1999,
2002) and Runnstrom (2003) for the Mu Us Sandy
Land, and by Wu (2003) for the Horqin Sandy Land.
Fang et al. (2004) also reported that vegetation cover
in the desert regions of northern China increased from
the mid-1980s to the early 2000s.

Although climate fluctuations and human activities
jointly result in aeolian desertification in northern

China, their respective impacts should be evaluated in
detail to identify the primary causes (Runnstrém, 2003;
Xu et al., 2011). To examine the causes of the changes
in aeolian desertification, Wang et al. (2007, 2008b)
analyzed the wind activities from 1960 to 1979 and
from 1979 to 2003, respectively, by calculating the
drift potential (which reflects the wind energy envi-
ronment and the dust-transport capacity of the wind;
Pearce and Walker, 2005), and suggested that the
wind activity decreased by 20%-50% after 1979
compared with that in the previous period. However,
no research has examined whether the changes of
wind activity followed the monotonic trends or re-
vealed steps (abrupt changes) annually and seasonally,
especially in spring and winter (which are the main
periods that wind erosion occurs because of the low
vegetation cover). Clarifying the fluctuations and
change trend of wind velocity is important for under-
standing their influence on aeolian desertification in
northern China.

Thus, the objective of this study was to analyze the
changes of wind activity (represented by the mean wind
velocity) in northern China during the 55-year period
from 1957 to 2011. Specially, we aimed to explore the
annual and seasonal changes of wind velocities during
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the study period, and to identify the possible step
trends in wind velocity, providing a strong statistical
basis for evaluating the influence of wind activity on
aeolian desertification in northern China in our future
research.

1 Data and methods

1.1 Data sources

Currently, a total of 115 meteorological stations can
provide wind velocity data in northern China. To ob-
tain a reliable estimation of the long-term changes of
wind activity, we selected 93 stations that have com-
plete wind velocity records for the 55-year period
from 1957 to 2011. Data on the monthly mean wind
velocities at these stations were obtained from the
China Meteorological Data Sharing System (http://
cdc.cma.gov.cn/home.do). Figure 2 illustrated the lo-
cations of the selected meteorological stations. The
dataset was subject to stringent error-correction pro-
cedures at each of the 93 stations, so the overall qual-
ity of the dataset was fairly good.

The monthly mean wind velocities were computed
to obtain the seasonal averages for each station based
on the following seasonal breakdown: spring (March
to May), summer (June to August), autumn (Septem-
ber to November) and winter (December to February
next year). The basic monthly mean wind velocity
values were also averaged to provide the annual aver-
ages. We constructed the averaged seasonal and an-
nual series as the spatial average of the corresponding
seasonal and annual series from all the selected sta-
tions using an inverse distance-weighted method.
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1.2 Methods

In hypothesis testing for the long-term changes of
wind activity, two types of trends should be consid-
ered: monotonic and step (abrupt) trends (Hirsch et al.,
1991). Depending primarily on the data distribution,
either parametric or nonparametric methods can be
used for trend detection. In general, the nonparametric
methods perform better relative to the parametric
counterparts for non-normal distributions (Hirsch et
al., 1991). Because our preliminary analysis showed
that several of the time series were non-normal (with a
skewness of up to 1.41), we chose the nonparametric
Mann-Kendall and Mann-Whitney tests to detect the
monotonic and step trends, respectively.

1.2.1 Mann-Kendall trend test

We used the MAKESENS Excel template (which
provides a Mann-Kendall test for trends and Sen’s
estimator for the magnitude of the trend) developed by
the Finnish Meteorological Institute (Salmi et al.,
2002) to detect the monotonic trends. The goal of this
test is to verify the null hypothesis (Hy) of no signifi-
cant trend (in which the observations x; are randomly
ordered in time), against the alternative hypothesis
(H;) (in which there is an increasing or decreasing
monotonic trend). The Mann-Kendall test statistic (2)
is defined as follows:
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n=1 n

S= Z ngn(xj - X;). (2)

k=1 j=k+1
Where, x; and x; are the values in year j and k (7>k),
respectively; n is the length of the dataset (the number
of years); and sgn(x—x;) is equal to 1, 0 and —1 if x;—x;
is greater than, equal to and less than 0, respectively.
In addition, VAR(S) can be calculated by Eq. 3.

VAR(S) = % n(n—1)2n+5)— Zq:tp(tp ~1)(2t, +5) |

3)
Where, ¢ is number of groups with a tie (i.e. with
equal values in the two years) and ¢, is the number of
data values in the pth group.

To test the monotonic trends at the « level of sig-
nificance, the null hypothesis Hj is rejected in favor of
the alternative hypothesis H, if the absolute value of Z
is greater than Z, s, where 7, o5, are the 1-0.5¢
quantiles of the standard normal distribution corre-
sponding to the given significance level « for the test.
In MAKESENS, the two-tailed test is used for two
different significance levels (=0.05 or &=0.01).

To estimate the slope of an existing trend, we used
the Sen’s nonparametric estimator. Sen’s estimator is
used in cases where the trend can be assumed to be
linear. This means that: f{t)=0t+B, where Q is the
slope, t is the year within the study period, and B is a
constant (the y-intercept). To estimate the O, we first
calculated the slopes between all pairs of data values j
and k (>k):

0 - X; =X, '

i 7]. iy

We obtained N=n(n—1)/2 slope for estimating Q; if

there are n values x; in the time series. Sen’s estimator

of the slope is the median of these N values of Q;. The

N values of Q; were ranked from the smallest to the

largest, and the Sen’s estimator was: O=Q-1y» (if N is
odd) or O=(Onnt+QOwi2)2)/2 (if N is even).

To obtain an estimate of B, we calculated the n val-

(4)

ues of the differences x~Q;, where x,is the value in
year t, and Q, is the slope in year #. The median of
these values gives an estimate of B. The detailed
description for the calculations of the Mann-Kendall
test statistic Z, Sen’s slope estimator O, and the con-
stant B can be found in Salmi et al. (2002).

1.2.2 Step trend test

A step trend in climatic variables describes an abrupt
and persistent change during the recording period
from one average value to another (Zhao et al., 2008).
We used the Excel template MWST (Mann-Whitney
step trend test) to calculate the Mann-Whitney test
statistic 7 based on the procedure described by Cono-
ver (1999).

Given data from two random samples, we assigned
X1, Xa,
from population 1 and Y3, 1>, ..

..., X, denoting a random sample of size n
., Yy denoting a ran-
dom sample of size m from population 2, and ordered
the ranks 1 to N (N=n+m) to the observations from the
smallest to the largest. Let R(X;) and R(Y;) denote the
rank assigned to X; and Y; for all i and j. The
Mann-Whitney test statistic is given as follows:

N+1
e himn— (5)
nm in _ nm(N + )’
N(N-1D4 4N -1)
T, =Y R(X)). (6)
i=l

Where, YR, refers to the sum of the squares of all N
of the ranks or average ranks actually used in both
samples.
In the Mann-Whitney test, the hypotheses of a
two-tailed test can be stated as follows:
Hy: F(x)=G(x), @)
Hy: F(x)£G(x). ®)
Where, F(x) and G(x) are the distribution functions
corresponding to the samples X and Y, respectively.
The null hypothesis H, is rejected in favor of the al-
ternative hypothesis H, if the absolute value of T is
greater than 795, where +7) s, are the 1-0.5a
quantiles of the standard normal distribution corre-

sponding to the given significance level « for the test.

2 Results

2.1 Wind velocity characteristics

Wind velocity across northern China was not signifi-
cantly correlated with latitude (Pearson’s 7=0.112,
P>0.05) or longitude (=0.121, P>0.05), indicating a
lack of obvious zonal distribution of wind velocity at
the spatial scale. For

example, Chengshantou
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(37°24'N, 122°41'E) and Linjiang (41°48'N, 126°55'E)
are both located in the east of northern China, but they
have the highest (6.21 m/s) and lowest (1.22 m/s) an-
nual mean wind velocity of northern China, respec-
tively. The regions with higher mean wind velocity
were mainly located in the eastern Inner Mongolian
Plateau, the Alxa Plateau, the northern Tibet Plateau,
the western Gurbantunggut and Tengger deserts, the
southern Kumtag Desert, and the Nenjiang and Horqin
sandy lands (Figs. 1 and 3), where the mean wind ve-
locity was usually >3.2 m/s. However, the regions
with lower mean wind velocity were observed in most
parts of the Taklimakan Desert and the Loess Plateau
(Figs. 1 and 3).

Table 1 summarized the annual and seasonal char-
acteristics of mean wind velocity from 1957 to 2011.
The annual mean wind velocity from 1957 to 2011 in
northern China was 2.82 m/s. The highest and sec-
ond-highest annual mean wind velocities occurred in
1969 (3.31 m/s) and 1972 (3.26 m/s), respectively; the
lowest and second-lowest annual mean wind veloci-
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100°E
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ties occurred in 2011 (2.38 m/s) and 2007 (2.44 m/s),
respectively. At the seasonal scale, the highest mean
wind velocity was observed in winter (3.18 m/s), fol-
lowed by spring (2.99 m/s) and autumn (2.59 m/s),
and then summer (2.49 m/s).

2.2 Monotonic trends in wind velocity

Figure 4 presented the overall trends of the annual and
seasonal mean wind velocities from 1957 to 2011 in
northern China. The test results of the monotonic
trends in annual and seasonal mean wind velocities are
summarized in Table 1.

We found a statistically significant (P<0.01) nega-
tive trend in annual mean wind velocity in northern
China from 1957 to 2011 both at the annual and sea-
sonal scales. The mean wind velocity decreased at a
rate of 0.15 m/s per decade (Table 1), for a total de-
crease of 0.83 m/s (27.1%) from 1957 to 2011 relative
to the average of 3.04 m/s in the period from 1957 to
1966. At the seasonal scale, relative to the average from
1957 to 1966, the largest decrease in mean wind
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Fig. 3 Distribution of the annual mean wind velocity from 1957 to 2011 in northern China. The isolines are calculated based on the data
recorded from 1957 to 2011 at 93 meteorological stations (Fig. 2) using an inverse distance-weighted method.

Table 1 Descriptive statistics of the mean wind velocity from 1957 to 2011 and test results of the significant monotonic trends in northern
China
Mean wind velocity (m/s) Mann-Kendall test
Seasonal/Annual
Mean Maximum Minimum VA (0] B

Spring 2.99 3.55 2.50 —4.46" -0.16 3.42
Summer 2.49 3.08 2.12 425" -0.11 2.81
Autumn 2.59 3.15 2.01 -6.01" -0.14 3.03
Winter 3.18 3.75 2.70 —4.94" -0.17 3.64
Annual 2.82 3.31 2.38 —4.85" -0.15 323

Note: ~* means significance at P<0.01 level. Z is the Mann-Kendall test statistic; O is the slope of the trend per decade; B is the y-intercept.
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velocity occurred in winter (0.94 m/s; 27.3%) and
spring (0.88 m/s; 27.5%) while the smallest decrease
occurred in autumn (0.77 m/s; 26.6%) and summer
(0.61 m/s; 23.4%).

Figure 5 summarized the monotonic trends of an-
nual mean wind velocity from 1957 to 2011 at all the
93 stations. A total of 74 stations showed significant
change trends (P<0.01 and P<0.05 for 64 and 10 sta-
tions, respectively), while the remaining 19 stations
showed no significant change trend. The most re-
markable decrease occurred in the northwest of north-
ern China.

There was a weak but significant negative correla-
tion between the percent decrease of annual mean
wind velocity and the longitude for all selected sta-

tions (= —0.215, P<0.05), indicating that the magni-
tude of the decrease increased from east to west in the
study region.

2.3 Step trends in wind velocity

The seasonal and annual mean wind velocities from
1957 to 2011 can be divided into two periods by step
trends: i.e. a period with strong wind activity from
1957 to the early 1980s, and a period with weak wind
activity from the mid-1980s to 2011 (Table 2). Results
of the Mann-Whitney test showed a statistically sig-
nificant difference and abrupt change in annual and
seasonal mean wind velocities in the early 1980s, with
the mean wind velocity in the second period decreas-
ing by 14.18%—17.19% compared with the value in the
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Table 2 Periods separated by step trends and their test results for the seasonal and annual mean wind velocities from 1957 to 2011 in

northern China

Sea-

Change rate compared with Mann-Whitney test

sonal/Annual Period Time series Mean wind velocity (m/s) the first period (%) . -

1 1957-1982 3.26

Spring 6.01 <0.01
2 1983-2011 2.75 —15.64
1 1957-1984 2.68

Summer 5.42 <0.01
2 1985-2011 2.30 -14.18
1 1957-1982 2.85

Autumn 6.20 <0.01
2 1983-2011 2.36 -17.19
1 1957-1983 345

Winter 6.20 <0.01
2 1984-2011 2.92 -15.36
1 1957-1983 3.06

Annual 6.31 <0.01
2 1984-2011 2.58 -15.69

first period at the seasonal scale. Moreover, the pattern
of change trend in seasonal mean wind velocity was
similar in each season.

3 Discussion

The temporal and spatial changes in mean wind veloc-
ity were consistent with those for the drift potential in
previous researches (Wang et al., 2006a, 2007), which
suggested that the changes in mean wind velocity can
indicate the changes in the wind energy environment
and the dust-transport capacity of the wind. Wind ve-
locity across northern China was not significantly
correlated with the latitude and longitude, indicating
that the wind energy environment and dust-transport
capacity of the wind are mainly controlled by local
topography and the dominant large-scale atmospheric
circulation patterns.

The higher mean wind velocity mainly occurred in
the eastern Inner Mongolian Plateau, the Alxa Plateau,
the northern Tibet Plateau, the western Gurbantunggut
and Tengger deserts, the southern Kumtag Desert, and
the Nenjiang and Horqin sandy lands, where most of
the ground surface is covered by gobi gravels, sandy
deserts with vegetated dunes and desert steppes
(Wang et al., 2006a). The above-mentioned regions
are also the main areas of aeolian desertification in
northern China (Wang et al., 2008a). Thus, aeolian
desertification appears to be strongly associated with
strong local wind activity (Wang et al., 2006b). Re-
gions with lower wind wind velocity were primarily
located in the Loess Plateau, where there are extensive

areas with loess sediments, and the low wind velocity
may be the main cause for the deposit of aeolian dust
that originated from the arid northwestern China. The
lower mean wind velocity also occurred in most areas
of the Taklimakan Desert, which has an extensive area
with mobile sandy dunes. The distribution of aeolian
geomorphology in this region may be controlled by
the combination of the underlying geological deposits,
geomorphological setting, soil moisture and vegeta-
tion cover (Wang et al., 2007), as well as by the wind
activity.

The changes of wind velocity time series in north-
ern China indicated that wind activity was getting
weaker from 1957 to 2011. This confirms the de-
creasing trend of wind activity found by other re-
searchers (Ren et al., 2005; Qian et al., 2007; Yang et
al., 2012). Our results showed that the annual mean
wind velocity decreased from 1957 to 2011 at a rate of
0.15 m/s per decade, which was well above the aver-
age for the northern mid-latitudes (about 0.10 m/s per
decade; Bichet et al., 2012). In the study area, the de-
creasing rate was greater in northwestern China,
which is one of the major sources for dust emission to
the Asian and the Pacific regions (Zhang et al., 2003).
This suggests that dust transport towards the east may
have been decreasing during the study periods. Wind
velocity decreased in each season across northern
China, with the greater decreases in spring and winter,
with higher risk of
wind-blown sand because of low vegetation cover.

which were the periods

This also suggests that there has been a decrease in
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eastward dust transport.

To date, a few studies have linked the variations of
wind velocity in eastern tropical Pacific, tropical At-
lantic and South America to the changes in sea surface
temperature (Bjerknes, 1966; Nobre and Srukla, 1996;
Chelton et al., 2001; Song et al., 2009; Rajagopalan
and Molnar, 2012). For example, Bjerknes (1966) re-
ported a possible response of atmospheric Hadley cir-
culation to the equatorial ocean temperature anomalies.
Song et al. (2009) found a close relationship between
sea surface temperature and low-level winds in
mesoscale numerical models. The decrease of annual
mean wind velocity in northern China may be mostly
attributed to the rise of Pacific sea surface tempera-
tures during the past several decades (Rajagopalan and
Molnar, 2012). These previous researches suggested
that it is important to improve our understanding of
the effects of sea surface temperatures on wind veloc-
ity in northern China. Clarifying their relationship can
provide important advance warning of potentially
harmful changes in wind activity.

The trend tests in this study revealed an abrupt
change in wind velocity at about the same time in each
season. Based on this analysis, we divided the annual
and seasonal mean wind velocities from 1957 to 2011
into two periods: a period with strong wind activity
from 1957 to the early 1980s and a period with weak
wind activity from the mid-1980s to 2011. Hence, the
change trend of aeolian desertification in northern
China is consistent with the step trends in wind veloc-
ity, but inconsistent with the pattern of continuously
increasing human impacts (increases in human and
livestock populations and in the area devoted to agri-
culture) (Wang et al., 2006b, 2008b) and the continu-
ously warming and drying climate in this region since
the 1950s (Gao et al., 2008; Liu et al., 2010; Fan and
Wang, 2011).

Since 2000, a few key national projects for eco-
logical restoration have been carried out in northern
China (e.g. the Natural Forest Protection Project, the
Project of Combating Desertification in the
Wind/Sand Source Areas Affecting Beijing and Tian-
jin, and the Returning Farmland to Forest Project),
and these may have assisted in the ecological recovery
in some regions of northern China. However, these
projects were obviously implemented later than the

period when rehabilitation began in northern China
(i.e. in the mid-1980s). Although the implementation
of the Three Norths Forest Shelterbelt Program in
northern China was carried out earlier (in 1978), re-
cent research suggested that this program failed to
meet its goals because the afforestation covered a
relatively low proportion of northern China and did
not target the areas with higher risk of acolian deserti-
fication (Wang et al., 2010b). Thus, although human
activities undoubtedly had some impacts on aeolian
desertification in northern China (Qi et al., 2012;
Wang et al., 2012; Yang and Wu, 2012; Wang et al.,
2013), our results suggested that climate change, es-
pecially changes in wind velocity, may, at least partly,
be responsible for decreasing aeolian desertification
and increasing rehabilitation of desertified land in
northern China. Previous research also indicated that
the decrease in wind activity will benefit soil and wa-
ter conservation, vegetation growth and soil formation
by decreasing the land’s vulnerability to erosion
(Zobeck and Fryrear, 1986).

4 Conclusions

In this study, we used a dataset of wind velocity from
1957 to 2011 collected from 93 meteorological sta-
tions in northern China to analyze the changes in wind
activity during this period. We tested for both mono-
tonic and step (abrupt) trends for annual and seasonal
data series in mean wind velocity by using the
Mann-Kendall and Mann-Whitney tests, respectively.
The results indicated that in northern China, the an-
nual mean wind velocity decreased from 1957 to 2011
at a rate of 0.15 m/s per decade, and the decrease rate
was greater in northwestern China, which is one of the
major sources for dust emission to the Asian and the
Pacific regions. The mean wind velocity decreased in
each season across northern China, with the greater
decreases in spring and winter, which were the periods
with higher risk of wind-blown sand because of low
vegetation cover.

The trend tests revealed that an abrupt decrease in
annual and seasonal mean wind velocities occurred in
the mid-1980s. The annual and seasonal mean wind
velocities from 1957 to 2011 can be divided into two
periods: i.e. a period with strong wind activity from
1957 to the early 1980s, and a period with weak wind
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activity from the mid-1980s to 2011. Therefore, the
change trend of aeolian desertification in northern
China was consistent with the step trends in wind ve-
locity. Although both modern aeolian desertification
and ecosystem rehabilitation are affected by human
activities to some extent, they are also likely to be
strongly controlled by climate change, and especially
by wind activity.
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