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Abstract: Global climate change and human activities have resulted in immense changes in the
Earth’s ecosystem, and the interaction between the land surface and the atmosphere is one of the
most important processes. Wind is a reference for studying atmospheric dynamics and climate change,
analyzing the wind speed change characteristics in historical periods, and studying the influence of
wind on the Earth-atmosphere interaction; additionally, studying the wind, contributes to analyzing
and alleviating a series of problems, such as the energy crisis, environmental pollution, and ecological
deterioration facing human beings. In this study, data from 697 meteorological stations in China from
2000 to 2019 were used to study the distribution and trend of wind speed over the past two decades.
The relationships between wind speed and climate factors were explored using statistical methods;
furthermore, combined with terrain, climate change, and human activities, we quantified the con-
tribution of environmental factors to wind speed. The results show that a downward trend was
recorded before 2011, but overall, there was an increasing trend that was not significant; moreover,
the wind speed changes showed obvious seasonality and were more complicated on the monthly
scale. The wind speed trend mainly increased in the western region, decreased in the eastern region,
was higher in the northeastern, northwestern, and coastal areas, and was lower in the central area.
Temperature, bright sunshine duration, evaporation, and precipitation had a strong influence, in
which wind speed showed a significant negative correlation with temperature and precipitation and
vice versa for sunshine and evapotranspiration. The influence of environmental factors is diverse,
and these results could help to develop environmental management strategies across ecologically
fragile areas and improve the design of wind power plants to make better use of wind energy.

Keywords: wind speed; environmental factors; China; 2000–2019

1. Introduction

Against the background of global climate change and human overutilization of water
resources, the Earth system on which we depend is undergoing immense changes, and
a series of major global ecological and environmental problems have emerged, such as
land desertification, global warming, increasing droughts, and water shortages [1–3]. More
importantly, changes in storm energy are related to changes in wind and climate change,
especially in coastal areas. For example, coastline retreat has significantly accelerated
in the Atlantic, and unusual variation waves, wind approach directions, and erosion
have increased during the 21st century [4–7]. These problems have affected the living
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environment of humankind and the sustainable development of society and the economy,
which has attracted great attention from government agencies in various countries [8–10].

Studying the causes of these phenomena and their internal mechanisms and predicting
their development and possible consequences as accurately as possible has become one
of the major topics of contemporary scientific research [11,12]. The interactions between
the land surface and the atmosphere are one of the most important processes [13], and
wind plays a critical role in the study of Earth-atmosphere interactions [14,15]. Wind is
a basic parameter describing the thermal and dynamic state of the atmosphere, and the
occurrence of precipitation, haze, and strong convections are all closely related to changes
in wind speed [16]. Real-time detection of changes in the wind field at different levels of
the atmosphere is essential for numerical weather forecasting, climate change research, and
various meteorological support tasks [17,18]. Changes in the wind field are closely related
to the development and changes in turbulence, and changes in the wind speed can play
an important role in the local area and even global atmospheric circulation and climate
change. The near-surface wind speed has an important impact on transportation, urban
and rural construction, and the planning of bridges, ponds, and dams [19,20].

Simultaneously, wind energy is a clean and renewable new form of energy with
great application potential. Currently, under the influence of the rapid deterioration of
the Earth’s ecological environment and the severe shortage of traditional fossil energy,
countries around the world are paying increasing attention to the impact of wind speed,
a meteorological element, on the Earth’s climate and ecology. At the same time, in the
analysis and evaluation of wind energy resources, the intensity of wind development and
use is increasing [21–24]. China has a vast territory and diverse climate changes. Generally,
the wind energy of China reserves is quite strong, and in-depth research on wind energy is
an inevitable demand [25–27]. Therefore, it is particularly important to study and analyze
wind speed and wind energy near the ground surface.

It is important to analyze the change characteristics of wind speed in the historical
period to use wind energy resources more rationally, which has a great impact on alleviating
the current energy crisis, environmental pollution, ecological deterioration, and other
problems faced by humankind [28–30]. Wind speed is a reference for studying atmospheric
dynamics and climate change, and the data can be used to analyze the laws of atmospheric
changes, thereby, enhancing the ability of humankind to analyze and predict meteorological
and global climate changes.

Wind speed is an important driving force for hydrological processes, and surface wind
is an important driving force for ocean and atmospheric circulation. A moderate wind will
seriously affect the atmosphere and ocean dynamics, air-sea flux, and evapotranspiration
flux [15,31,32]. Wind plays a vital role in the ecosystem and water cycle because it strongly
affects the evapotranspiration rate [33–35]. Wind has a significant influence on the evap-
oration processes in bare soil, water, ice, snow and other unique underlying surfaces; it
defines the interaction characteristics of the material and energy exchange between the
near-surface airflow and the underlying surface and has been widely used to characterize
the aerodynamic properties of various surfaces [36]. In the research of latent heat flux
remote sensing mechanism models, it is necessary to consider the influence of wind speed.
On the basis of remote sensing input data and ground observation data, such as wind
speed and wind direction, the development of dynamics-related models can better meet the
needs of Earth-atmosphere process simulation [37] and improve the estimation accuracy of
evapotranspiration on unique underlying surfaces.

The change trend of the wind field is the most significant aspect of the changes
in the Earth’s climate system [38]. Studies on wind fields can be roughly divided into
two categories: studies on wind field changes in ocean and land areas and studies on
wind field changes in coastal and inland areas. Several studies involving the calculation
of wind speed changes on a local or global scale have suggested that there are significant
differences in wind speed changes in different regions of the world [39–42]. Moreover,
global warming will change the atmospheric circulation, which means related changes
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in wind that consequently lead to wave and surface flux changes. In other words, due
to a decrease in the temperature difference between the poles and the equator, the global
air circulation will slow down (especially in northern latitudes), but in certain areas, local
wind speeds may increase due to local temperature gradients [43–47].

Several studies have reported that the trend of wind speed in China has changed sig-
nificantly in the past several years [48–55]; however, since the beginning of the 21st century,
the characteristics of wind speed in China in the past 20 years have rarely been studied
directly, and studies on the impact of environmental factors is relatively limited. The major
objective of this study is to explore the wind speed characteristics in the past 20 years in
China and to further quantify and synthesize the contributions and impacts of environ-
mental factors analyzed in the context of environmental changes. Thus, we studied the
distribution and trend of wind speed based on data from 697 meteorological stations in
China from 2000 to 2019; we discussed the relationships among climate variables using
statistical methods and offered some important insights based on different terrain and
landcover, climate changes, and human activities. The results could help to improve
environmental management in average regions.

2. Data and Study Area
2.1. Study Area

China is located in eastern Asia along the western side of the Pacific Ocean. The
area is from the heart of the Heilongjiang River near Mohe in the north to Zengmu Ansha
in the Nansha Islands in the south and from the Pamirs in the west to the confluence of
Heilongjiang and Ussuri in the east [56]. The land area is 9.6 million square kilometers, and
the land boundaries comprise more than 20,000 km. The topography of China is high in the
west and low in the east. The ratios of various terrain types across the country’s land area
are 33.3% mountainous areas, 26% plateaus, 18.8% basins, 12% plains, and 9.9% hills [57].

The climate in China is complex and diverse, including a temperate monsoon climate,
a subtropical monsoon climate, a tropical monsoon climate, a tropical rainforest climate, a
temperate continental climate, a plateau mountain climate, and other climate types, which
span tropical, subtropical, warm temperate, moderate temperate, and cold temperate
climate, from south to north [58]. The precipitation in China is characterized by less rain in
winter and more rain in summer. The time distribution of annual precipitation is a greater
concentration of precipitation in summer and autumn, decreasing from the southeast coast
to the northwest inland areas [59].

In this study, to ensure the consistency of data from 2000 to 2019 at each site, we
selected 697 stations from China’s 699 benchmark and basic weather stations. The distribu-
tion of selected sites is shown in Figure 1. There are more sites in the eastern region than in
the western region because the western region of China is vast and sparsely populated and
the terrain structure is relatively complex and includes mainly plateaus and deserts. The
resources and economy of the western region also lag behind those of the eastern region.
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Figure 1. Administrative division map of China and the distribution of meteorological stations.

2.2. Data
2.2.1. Meteorological Data

The dataset (V3.0) of daily values of climate data from Chinese surface stations used
in this study includes average temperature, atmospheric pressure, relative humidity, wind
speed, precipitation, sunshine duration, and evaporation amount. All climate data were
collected from 697 meteorological stations in China (see Figure 1) and downloaded from
the China Meteorological Data Service Center (CMDC) (http://data.cma.cn/en, accessed
on 30 May 2021). We interpolated temperature, sunshine duration, and evaporation climate
data toward a 1 km resolution using the China Geodetic Coordinate System 2000 by means
of the inverse distance weighted interpolation method [60,61].

After data quality control by CMDC, the quality and integrity of various elements
were significantly improved as compared with previous similar ground data products. The
availability of various weather elements is generally above 99%, and the correct data rate
approaches nearly 100%.

2.2.2. Land Cover and Digital Elevation Model (DEM) Data

The land cover and land use products were from China land cover datasets (30 m spa-
tial resolution) from 2000, 2005, 2010, and 2015. To more clearly distinguish among cat-
egories, this study adopted the majority sampling method to resample them at a 1 km
spatial resolution. Previously, Landsat TM/ETM data and Chinese HJ-1 satellite data were
used to map land cover and reclassify it into forestlands, grasslands, croplands, wetlands,
built-up lands, and other lands. The overall accuracy of the China land cover’s first class
was above 94% [62], and the overall accuracy of the second class was above 86% [63]. The
relative accuracy of ChinaCover is high; therefore, it can be used to measure the influence
of the underlying surface on wind speed.

http://data.cma.cn/en
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2.2.3. Precipitation Data

The precipitation data of China over the period from 2000 to 2019 were obtained by
fusion of the Climate Hazards Group InfraRed Precipitation with Station data (CHIRPS),
which is a 30+ year quasi-global rainfall dataset. CHIRPS incorporate 0.05◦ resolution
satellite imagery with in situ station data to create gridded rainfall time series for trend
analysis and seasonal drought monitoring [64]. In this study, we calculated the average
annual precipitation from 2000 to 2019, which was clipped and downloaded from GEE.

2.2.4. Climate Classification

In this study, we adopted the Köppen–Geiger climate classification to explore wind
speed changes and their effects. The Köppen climate classification is one of the most widely
used climate classification systems [65], which divides climates into five main climate
groups, with each group being divided based on seasonal precipitation and temperature
patterns. The five main groups are A (tropical), B (dry), C (temperate), D (continental), and
E (polar). Each group and subgroup are represented by a letter. All climates are assigned
one primary group (the first letter). All climates, with the exception of those in group E,
are assigned a subgroup of seasonal precipitation (the second letter).

3. Methods
3.1. Weibull Distribution

In the evaluation and utilization of wind farms, an important factor is determining the
wind speed distribution in the area. In this study, we used the Weibull distribution function
to determine the wind speed distribution of China. The Weibull distribution is a continuous
distribution established by W. Weibull in 1939 when he studied the failure strength of ma-
terials. Because of its flexible transform form, simple function form, and ability to simulate
natural phenomena well, the Weibull distribution has received widespread attention.

The Weibull probability distribution function is desirable to represent the fluctuation
in wind speed over any period of time using two parameters, and the probability density
function is defined as follows [66,67]:

f(v) =
(

k
c

)(v
c

)k−1
exp
[
−
(v

c

)k
]

(1)

The Weibull cumulative distribution function is the integration of the Weibull prob-
ability distribution function, which is the cumulative relative frequency for each speed
interval [68]. The distribution function is defined as follows:

f(v) =
∫ v

0
f (v)dv = 1− exp−

(v
c

)k
(2)

where v is the wind speed; c > 0 is the scale parameter; the larger c is, the larger the value
of the independent variable with the highest frequency; and k > 0 is the shape parameter,
which represents the distribution shape. For example, when k = 1, it is an exponential
distribution; when k = 2, it is a Rayleigh distribution.

The estimation methods of Weibull distribution parameters c and k include the card
method [69], the first moment method [70], the graph method (regression method) [71],
and the maximum likelihood method. The maximum likelihood method can directly
estimate parameters c and k from the wind speed time series, which better adapts to the
characteristics of computer programming [72]. The parameter estimation formula of the
maximum likelihood method is defined as follows:

k =

[
∑n

t=1 vtln(vt)

∑n
t=1 vtk − ∑n

t=1 ln(vt)

n

]−1

(3)
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c =

(
1
n

n

∑
t=1

vt
k

)1/k

(4)

where vt represents the wind speed at step t and n is the number of nonzero wind speeds.
Suppose k = 2, and iterate according to Formulas (3) and (4) until c is stable. Using the
maximum likelihood method to estimate the two parameters of the Weibull distribution
is more accurate than other methods [71] because it overcomes the error caused by the
artificial division of wind speed frequency intervals. Hence, in this study, we adopted this
method for parameter estimation.

3.2. Mann–Kendall Trend Test

For the trend analysis of time series natural events, such as wind speed, the
Mann–Kendall (M-K) test method is not affected by sample values or distribution types,
and is recommended and widely used by the World Meteorological Organization [73].
In this study, we used M-K to detect the trend of wind speed changes at 697 meteorological
stations in the past two decades. For time series variables (x1, x2, · · · , xt), t is the length of
the time series, and the M-K method defines the statistics as follows:

S =
n−1

∑
i=1

n

∑
j=i+1

sgn
(
xj − xi

)
(5)

where n is the length of the samples; i, j = 1, 2, . . . , n; xj and xi represent the data values at
times j and i, respectively; the positive or negative value of S indicates that it is an increasing
or decreasing trend; sgn is a sign function, and the rules are defined as follows:

sgn
(
xj − xi

)
=


1, xj − xi > 0
0, xj − xi = 0
−1, xj − xi < 0

(6)

When n > 10, the statistic S is normally distributed, the average is 0, and the variance
is calculated as follows:

Var(S) =
n(n− 1)(2n + 5)

18
(7)

Then, the normal distribution statistics are calculated as follows:

Z =


S−1√
var(S)

, S > 0

0, S = 0
S+1√
var(S)

, S < 0
(8)

If Z > 0, it indicates that the wind speed is increasing in the time series; otherwise, it
is decreasing; if Z = 0, it remains unchanged. The significance of the trend is determined
by the absolute value of Z, if |Z| > Zα/2 = 1.96, (i.e., α = 5%), the trend is significant,
if 1.96 > |Z| > Zα/2 = 1.64 (i.e., α = 10%), the trend is marginally significant, and there is
a lack of significance if 1.64 = Zα/2 > |Z| > 0.

3.3. Mann–Kendall Abrupt Change Test

Climate system change is an unstable and discontinuous process, and one of the
commonly used methods to test its changes is the M-K mutation test, which is very
effective to test for changes in elements from one state to another. For time series Xn
(n is the length of the samples), an anecdotal series is constructed as follows:

Sk =
k

∑
i=1

ri (k = 2, 3, · · · , n) (9)
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and

ri =

{
1, xi > xj
0, xi ≤ xj

(j = 1, 2, · · · , i) (10)

where the anecdote sequence Sk is the cumulative number of times xi > xj. Under the
assumption of random independence of the time series, the statistics are defined as follows:

UFk =
sk − E(sk)√

Var(sk)
(k = 1, 2, · · · , n) (11)

where UF1 = 0, E(sk) and Var(sk) are the average and variance in cumulative number
Sk, respectively. When (x1, x2, · · · , xn) are independent of each other and have the same
continuous distribution, they can be calculated by the following equations:

E(sk) =
n(n− 1)

4
(12)

Var(sk) =
n(n− 1)(2n + 5)

72
(13)

According to the time series x in reverse order (xn, xn−1, · · · , x1), repeat the above
process to obtain UBk, and make UBk = −UFk, (k = n, n− 1, · · · , 1), and UB1 = 0. Then,
given the significance level α, integrate the two statistical curves of UFk and UBk, and the
significance level line on the same graph, when UFk > 0 or UBk > 0, which indicates that the
sequence has an increased trend; otherwise, it has a decreased trend. When the sequence
exceeds the critical straight line, it indicates a significant upward or downward trend. The
range beyond the critical line is determined to be the time zone where the sudden change
occurs. If the two curves of UFk and UBk have an intersection point, and the intersection
point is between the critical lines, then, the time corresponding to the intersection point is
the time when the mutation starts. In this study, the significance level α = 0.05.

3.4. Spearman Correlation Analysis

The Spearman correlation coefficient is used to estimate the correlation between two
variables X and Y, and the correlation between variables can be described by a monotonic
function. If the same two elements do not exist in two sets of values for two variables, then,
when one of the variables can be expressed as a monotonic function of the other variable
(that is, the two variables have the same changing trend), the correlation coefficient of the
two variables can reach +1 or −1. The equation of the correlation coefficient is defined
as follows:

ρ =
∑i(xi − x)(yi − y)√

∑i(xi − x)2 ∑i(yi − y)2
(14)

The Spearman correlation coefficient has less strict requirements for data conditions
than the Pearson correlation coefficient. As long as the observations of the two variables
are paired or converted from continuous variable observations, regardless of the overall
distribution of the two variables, the sample Spearman correlation coefficient can be used to
study the size of the capacity. In this study, we used this method to evaluate the correlation
between wind speed and other meteorological variables.

4. Results
4.1. Wind Speed Changes in China from 2000 to 2019

The annual changes and trend characteristics of wind speed in China from 2000 to
2019 are shown in Figure 2. Figure 2a shows that the annual average wind speed fluctuates
between 2.05 and 2.35 m/s, the mean wind speed in the past 20 years was 2.15 m/s with
the maximum wind speed recorded in 2019 (2.31 m/s) and the minimum wind speed
recorded in 2011 (2.07 m/s). Through statistical calculations, Figure 2b shows the trend in
mean annual wind speed in China for the period of 2000–2019 detected by the M-K trend



ISPRS Int. J. Geo-Inf. 2021, 10, 515 8 of 25

test. The significance level is 0.05, indicating that the critical value of statistics UB and UF is
±1.96. The UB-UF statistics of wind speed intersected in 2017 and are between the critical
lines; hence, this year was when the sudden change began, which is consistent with Figure
2a. The value of UF is mostly greater than zero, but the change trend is basically between
the critical lines, indicating that the wind speed experienced an increasing trend that was
not significant. Moreover, before 2011, a downward trend was recorded in China, which is
consistent with most research results [74].
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abrupt test of annual mean wind speed in China from 2000 to 2019.

Figure 3 shows the seasonal changes and M-K trend test curve of wind speed in China
from 2000 to 2019. The highest wind speed occurred in spring over the past 20 years, while
the lowest was recorded in autumn, and there was not a significant difference between
summer and winter (Figure 3a). Notably, the seasonal wind speed change trend was
obviously different in individual years, for example, the wind speed in spring, summer and
autumn experienced the same upload trend from 2012–2013, and the reverse occurred in
winter, which has certain value for the study of seasonal wind speed. Figure 3b–e illustrates
the wind speed trends in the four seasons over the past 20 years. Compared with the other
three seasons, there were three intersections between the UB-UF statistical values in spring
during 2000, 2006, and 2019, indicating that the changing trend was more complicated.
Considering that 2000 and 2019 were the beginning and end moments, the uncertainty was
large, and the trend line of change was continuous; therefore, it was determined that the
years were not mutation points; hence, 2006 was the mutation point. Since the value of UF
was mostly less than zero and within the critical line, the trend was downward with no
significance, as in autumn. In contrast, summer and winter had the same trend, and the UF
value was mostly larger than zero, revealing an increasing trend in these two seasons.
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We calculated the mean value of wind speed and its changing trend on a monthly
basis from 2000 to 2019 (Figure 4). The mean wind speed in each month with the maximum
wind speed recorded in April (2.55 m/s), and the minimum wind speed was recorded in
September (1.95 m/s). Figure 4a–l shows the different trends in each month. The statistical
value UB–UK had multiple intersections in February, March, May, August, and December,
and the change trend was more complicated. Combined with the curve of the M–K abrupt
change test and the M-K trend test, the results showed that in January, February, May, June,
August, November, and December, the statistical value UF was mostly greater than zero;
therefore, there was an increasing trend in these months. Notably, in May and August,
the curves were above the critical line (0.05 significance level) and witnessed a significant



ISPRS Int. J. Geo-Inf. 2021, 10, 515 10 of 25

upward trend. Conversely, in March, April, July, September, and October, the UF was
mostly less than zero, which witnessed a downward trend, that was not significant.
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4.2. Trend Test and Probability Distribution of Meteorological Sites

We calculated the annual mean wind speed of 697 meteorological stations, and divided
it based on the wind speed scale level. Combined with the M–K trend test, we obtained
the trend map of wind speed changes at meteorological sites in China from 2000 to 2019
(Figure 5). It can be seen from Figure 5 that the size of the circle represents the wind speed
range, and the smallest circle represents the range between 0 and 1 m/s, in contrast, the
largest circle represents the wind speed greater than 8 m/s. Moreover, different colors
and shades represent different trends in wind speed changes; blue indicates upward and
red indicates downward, and light indicates that the trend was not significant, conversely,
dark indicates that the trend was significant. Notably, we set the lack of significance trend
to colorless to ensure that the map information is not redundant. The wind speed trend
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mainly increased in the western region, decreased in the eastern region, was higher in the
northeast, northwest, and coastal areas, and was lower in the central region of China from
2000 to 2019.
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Figure 5. Wind speed range and trend distribution map of 697 meteorological stations in China from 2000 to 2019.

Table 1 shows the number of total meteorological sites and percentage in each trend
type. The number of sites with an upward trend was 205, accounting for 29.4%, of which
the significance of the trend accounted for 25.4%. Similarly, the number of sites with a
downward trend was 199, accounting for 28.6%, of which the significance of the trend
accounted for 24.7%. In addition, the trend with a lack of significance was 293. The
numbers for the upward and downward trend sites were similar. Table 2 illustrates that the
maximum number of meteorological sites recorded in the range of wind speed 1–3 m/s,
accounting for 75.9%, the mean value was 2.01 m/s and wind scale was two. Wind speed in
the range of 0–1) m/s has something in common with wind speed in the range of 5–8) m/s,
and there were similar proportions. At the minimum number of sites recorded in the range
of wind speed ≥8 m/s, there were four sites, accounting for only 0.5%, indicating that
there were fewer strong winds in China from 2000 to 2019, and most areas were dominated
by light breezes.



ISPRS Int. J. Geo-Inf. 2021, 10, 515 12 of 25

Table 1. The number of meteorological sites and percentage in each trend type.

Trend Number of Sites Percentage (%)

Significant Upward 177 25.4
Marginally Upward 28 4.0

Significant Downward 172 24.7
Marginally Downward 27 3.9

Notes: An upward trend occurs if Z > 0; a downward trend occurs if Z < 0; Z = 0 represents unchanged;
significance in the trend occurs if |Z| > Zα/2 = 1.96, (i.e., α = 5%); if 1.96 > |Z| > Zα/2 = 1.64
(i.e., α = 10%), the trend is marginally significant, and there is a lack of significance
if 1.64 = Zα/2 > |Z| > 0.

Table 2. The number of meteorological sites, percentage, mean value, and wind scale in each wind speed range.

Wind Speed Range (m/s) Mean Value (m/s) Wind Scale Number of Sites Percentage (%)

[0,1) 0.94 0–1 16 2.3
[1,3) 2.01 2 529 75.9
[3,5) 3.59 3 133 19.1
[5,8) 5.66 4 15 2.2
≥8 10.29 ≥5 4 0.5

Figure 6 shows the Weibull probability density function and cumulative distribution
function with the mean wind speed value calculated at 697 meteorological sites in China
measured from 2000 to 2019. Figure 6a shows that the Weibull curve was estimated by
using the maximum likelihood method to obtain c and k. The mean value was 2.39 m/s,
and the standard deviation was 1.66 m/s. There was a large difference between the wind
speed frequency and Weibull curve in the intervals of 0–2 m/s and 3–5 m/s, indicating
that there was still a certain difference between the maximum likelihood method and the
artificial division. In addition, it is clear that the wind speed falls within the range of
0–1 m/s at approximately 2%, 1–2 m/s at approximately 30%, 2–3 m/s at approximately
46%, and 3–4 m/s at approximately 28%. The Weibull cumulative distribution function
in Figure 6b indicates the probability that a variable is inferior or similar to a separate
value and displays that approximately 92% of the recorded wind speed values were less
than 4 m/s.
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4.3. Correlation Analysis between Wind Speed Changes and Meteorological Factors

Since the original meteorological data were relatively scattered, we recalculated them
at 0.2 intervals of the wind speed range based on Table 2. We calculated the mean and
standard deviation of each meteorological variable (atmospheric pressure, air humidity,
temperature, precipitation, bright sunshine duration, and evaporation) in each interval,
and then obtained the error bar by calculating the correlation in Figure 7. Figure 7a–f shows
that among the 697 meteorological sites, wind speed changes were highly correlated with
temperature, bright sunshine duration, evaporation, and precipitation (R2 > 0.65); con-
versely, air humidity, and atmospheric pressure had low correlation coefficients (R2 < 0.2).
In addition, the error bar shows that as compared with other meteorological factors the
error changes in precipitation, humidity, and atmospheric pressure were unstable, and
there was larger root mean square errors.
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To illustrate the geographical distribution of the top three factors, we drew the RGB
(red, green, and blue) triangular figure of bright sunshine duration (blue), temperature
(red), and evaporation (green) based on the wind speed range in Table 2 (Figure 8). The
temperature, bright sunshine duration, and evaporation in different wind speed ranges
exhibited spatial divergence in China from 2000 to 2019 according to the statistical methods.
Figure 8 shows that the range 0–1 m/s of wind speed was highly related to evaporation
mainly in the southwest areas; the ranges 1–3 m/s and 5–8 m/s of wind speed were highly
influenced by temperature in the central and southern regions; moreover, this area had the
highest proportion, accounting for approximately 70%; the ranges 3–5) m/s and ≥8 m/s of
wind speed were highly related to bright sunshine duration, mainly in the northeast and
coastal areas.
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4.4. Synthesizing Wind Speed Changes under Environmental Factors

Using DEM data, we obtained elevation information and made a distribution map of
the slope and aspect of China. Our study shows that through a comprehensive analysis
with the DEM of China in areas with different terrains, the differences in wind speeds were
more obvious (Figure 9a). In higher altitude western regions, such as Tibet, Qinghai, and
western Sichuan, the wind speed changes mainly exhibited a significant upward trend
from 2000 to 2019. The altitude of these areas is mostly 3000 m or even more than 4000 m,
the terrain is high-pitched and open, and it is also affected by the downward transmission
of strong westerly wind momentum at a high altitude, making it one of the high-value
areas in the China wind speed distribution. In mountainous areas, the terrain is very
complicated because it is vertical and horizontal, and the wind resources are also rich in
special areas, such as valley vents. In contrast, in the eastern coastal area and the central
area, the terrain is low, mainly consisting of plains and hills, and the wind speed mainly
shows a downward trend but with a high value. In addition, Figure 9b,c shows that wind
speed changes over slope and aspect, and the results show that in regions with steep slopes,
there was a significant upward trend; conversely, in regions with gentle slopes, there was
a downward trend. Similarly, regions with different aspects will also have differences in
wind speed changes.
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of China.

Changes in landcover and underlying surfaces are particularly essential to the envi-
ronment. Figure 10 shows the spatial distribution map of China land cover. We found
that in natural grassland and forest areas, the wind speed mainly shows an upward trend;
conversely, in cropland areas, the wind speed changes with a particularly consistent trend,
showing a downward trend from 2000 to 2019.

According to the spatial data distribution, we transferred the attributes to the points
that represent the wind speed range and trend type. According to the different trend types,
we extracted the mean value of the altitude, slope, and aspect according to the interval
range, and the results are shown in Figure 11. It can be seen from Figure 11a that the
wind speed range was mainly between 1 and 3 m/s, and the values below 1500 and above
4500 m were relatively large; the wind speed trends at low places were mainly marginally
downward and significant upward, while at medium and high altitudes, they were mainly
significant downward and marginally upward. For the aspect (Figure 11b), the wind
speeds in the north, northeast and west had the high values and the trend changes were
more even on each slope. Figure 11c shows that the wind speed was the highest when the
slope was below 15 and showed a downward trend when the slope was low, and vice versa.
We calculated the range and trend of the wind speed under different land cover types
(Figure 11d). The results showed that the high values were observed in croplands and
grasslands, and low values were observed in built-up lands, bare lands, and water bodies.
However, these trend changes are more complex and need to be analyzed in combination
with other environmental factors.
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China is among the countries worldwide with the richest natural ecological envi-
ronments; however, China also has relatively fragile ecological environments. Hence, in
view of the current ecological environmental problems, it is necessary to comprehensively
evaluate and divide China’s ecological environment and ecological assets through com-
prehensive multidisciplinary and interdisciplinary research, with the goal of sustainable
development. In this study, we used the agricultural ecological monitoring zones pro-
posed by Wu [75]. Figure 12 shows the upward trend and large wind speed value in the
Qinghai-Tibet, Loess region, and Inner Mongolia AEZs; in contrast, there was a significant
downward trend in the Huang Huaihai and Hainan AEZs. In the Gansu-Xinjiang, north-
eastern and southern China AEZs, the trend of wind speed changes was 50–50%, which
was mainly related to the terrain elements. In the southwestern and Lower Yangtze AEZs,
39% and 55% of sites experienced a downward trend, and 61% and 45% experienced an
upward trend, respectively.

ISPRS Int. J. Geo-Inf. 2021, 10, x FOR PEER REVIEW 17 of 26 
 

 

Figure 11. The relationship between the wind speed and different environmental factors: (a) altitude; (b) aspect; (c) slope; 

(d) land cover. 

China is among the countries worldwide with the richest natural ecological environ-

ments; however, China also has relatively fragile ecological environments. Hence, in view 

of the current ecological environmental problems, it is necessary to comprehensively eval-

uate and divide China’s ecological environment and ecological assets through compre-

hensive multidisciplinary and interdisciplinary research, with the goal of sustainable de-

velopment. In this study, we used the agricultural ecological monitoring zones proposed 

by Wu [75]. Figure 12 shows the upward trend and large wind speed value in the Qinghai-

Tibet, Loess region, and Inner Mongolia AEZs; in contrast, there was a significant down-

ward trend in the Huang Huaihai and Hainan AEZs. In the Gansu-Xinjiang, northeastern 

and southern China AEZs, the trend of wind speed changes was 50–50%, which was 

mainly related to the terrain elements. In the southwestern and Lower Yangtze AEZs, 39% 

and 55% of sites experienced a downward trend, and 61% and 45% experienced an up-

ward trend, respectively. 

 

Figure 12. The spatial distribution of different wind speed ranges from 2000 to 2019 over the different agricultural ecology 

zones of China. 

5. Discussion 

5.1. Temporal and Spatial Evolution Characteristics of Wind Speed and Trend Changes 

Through calculations, we obtained the annual changes and trend characteristics of 

wind speed from 2000 to 2019. Interestingly, these trends coincided with the strong storm 

surges recorded in the Atlantic and Pacific Oceans in 2008–2009 and 2013–2014 [4]. It is 

noteworthy that the global surface temperature was significantly higher during these two 

Figure 12. The spatial distribution of different wind speed ranges from 2000 to 2019 over the different agricultural ecology
zones of China.

5. Discussion
5.1. Temporal and Spatial Evolution Characteristics of Wind Speed and Trend Changes

Through calculations, we obtained the annual changes and trend characteristics of
wind speed from 2000 to 2019. Interestingly, these trends coincided with the strong storm
surges recorded in the Atlantic and Pacific Oceans in 2008–2009 and 2013–2014 [4]. It
is noteworthy that the global surface temperature was significantly higher during these
two periods. From 2008 to 2009, severe tropical storms swept through China, the Philip-
pines, and other continents, producing cyclonic storms in the North Pacific. Rare heavy
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rains and floods were encountered in central and eastern Europe. Affected by abnormal
atmospheric circulation, significant climate anomalies and extreme events occurred world-
wide from 2013 to 2014. The global average sea surface temperature hits as record high,
several countries were hit by heavy rains and floods, and the Philippines suffered strong
storm surges that swept the Atlantic Ocean, Indian Ocean, and other regions. Interannual
wind speed changes are closely related to climate change. In the past 20 years, the global
average ground temperature has increased significantly, which has largely affected the
wind speed. Urbanization has also greatly affected the changes in annual wind speed. The
trend of wind speed changes in towns is more obvious than that in rural areas.

Wind speed changes in different months have obvious seasonality and are mainly
caused by changes in the underlying surface and human activities. In rural areas, changes
in the underlying surface changes are due to the sowing, growing, harvesting and crop
rotation of different crops. For example, in some areas of the North China Plain, wheat and
maize are rotated. In addition to differences in the underlying surface, the plant height,
gap, and nutrients required for production are different. Additionally, for the same crop,
the characteristics of growing season and non-growing season crops are also different,
which directly or indirectly affects wind speed changes. In cities, the lushness of trees
during different seasons and the construction of high-rise buildings could affect the wind
speed changes. For seasonal characteristics changes, we emphasize combining them with
changes in the underlying surface and crop growing season to explore the changes in
evapotranspiration and better apply the variable wind speed to research on this subject.

5.2. Effects of Terrain and Human Activities on Wind Speed

Several studies have documented different terrains, topographical changes and many
other circumstances, and the driving effect of wind speed is strongly significant in China [74].
The topography of China is high in the west and low in the east, with a stepped distribution.
The topography is diverse and the mountain area is vast. The topography is conducive to
warm and humid air currents in the Pacific Ocean going deep into the inland areas, and
cold air from the north can move southward for a long time, which is conducive to the
formation of precipitation. The proportions of areas at all altitudes in China are shown
in Table 3.

Table 3. Proportions of areas at all altitude levels in China.

Altitude (m) >3000 2000–3000 1000–2000 500–1000 <500

Percentage (%) 25.9 7.0 25.0 16.9 25.2

Terrain changes can change the boundary layer airflow. In some cases, together with
the day and night heating cycle, terrain changes can generate various circulations. In inland
areas, due to seasonal differences, there are differences in radiation intensity, which will
affect changes in turbulence; in coastal areas, differences in the temperature of sea and
land areas and in air pressure will also affect the occurrence of turbulence; and in areas
with special terrain such as the Gobi, plateaus, and mountainous areas, turbulence changes
present special characteristics [76]. Terrain changes can generate local winds. Generally,
local winds are named by its cradle, such as mountain wind and sea wind. In mountainous
areas with high terrain, due to the distribution of valleys, ridges, and the airflow that
circulates day and night, the air temperature alternates between cold and warm, so a
mountain circulation forms, including valley breezes [77]. During the diurnal cycle, the
large heat capacity of the lake and sea changes the water surface temperature by nearly
zero. However, because the molecular conductivity of water and the heat capacity of the
soil prevent the daily temperature signal from quickly leaving and spreading outward, the
land heats and cools more significantly. Therefore, during the day, the land is warmer than
the water body, and the opposite is true at night. This situation is suitable for the formation
of sea breezes [78].
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China is among the countries with the richest natural ecological environments world-
wide. This richness is mainly due to China’s vast territory, which is located in the mid-
latitudes and the east coast of the mainland, with diverse topography, complex natural
history evolution, and long-term interaction and interpenetration of factors, such as the
significant influence of human activities. In recent decades, climate change has mainly
been caused by human activities. An increase in greenhouse gas emissions and the change
in land use because of human activities have been the two most important factors that
have affected climate change [79–83]. Changes in land use mainly include changes in the
underlying surface caused by agricultural activities and the process of urbanization.

Our results show that the wind changes and the wind speed changes in different
seasons in China were not consistent. For the former ten years, the wind speed showed
a decreasing trend during the spring and winter in China. On the one hand, because the
increase in greenhouse gas emissions has made winter warming more obvious, the spatial
inconsistency of temperature changes was the reason for weakening in winter. On the other
hand, air pollution has led to a decrease in the local temperature in the southern and central
regions, while the increase in sea temperature in the South China Sea and the Northwest
Pacific has led to weakening in summer; the results were consistent with some previous
studies [50]. As people pay more attention to the environment and actively improve
environmental problems, the wind speeds in winter and summer have shown an upward
trend in the past ten years. The urbanization process in China has been rapid in recent
decades. Some rural stations during the station construction period were transformed into
urban (town) stations. Urbanization and its heat island effect have a significant impact on
temperature, which also has a significant impact on wind speed [84].

A number of studies [85] have reported that the change in the underlying surface
has a particularly significant impact on the wind speed. When air flows across different
ground surfaces, each surface feature affects the airflow. For example, suppose there is
a dry, unvegetated, smooth and flat semi-infinitely long plot. Downwind of the plot is
another wet, vegetated, rough flat plot. The boundary layer is forced to balance with the
ground when developed on a plot. When air passes through the boundary and flows
through adjacent plots, the bottom of the boundary layer is affected by the new surface
characteristics and changes. The thickness of the air in the boundary layer after the change
increases with the distance from the boundary layer downwind. Above this changing
boundary layer, the boundary layer does not “feel” the impact of the new surface and
continues to play its normal role when flowing over the windward surface.

5.3. The Role of Meteorology and Climate Change in Influencing Wind Speed

Some previous studies have been conducted on the mechanism of climate factors
influencing wind speed changes under different climate types, meteorological factors, and
many other circumstances [74]. Through a correlation analysis with meteorological factors,
we found that the top four factors highly correlated with wind speed were bright sunshine
duration, temperature, evaporation, and precipitation, in China from 2000 to 2019.

We examined the spatial distribution of the wind speed changes and trends under high
climate factors based on the correlation analysis (Figure 13b–e). Our study demonstrates
that wind speed showed a significant negative correlation with temperature and precipita-
tion, and vice versa for sunshine and evapotranspiration calculated by the mean values
of China’s 697 meteorological sites in the past 20 years. The spatial trend of precipitation
in China decreases seasonally from the southeast coast to the northwest inland area, with
more seasons in summer and autumn, and less seasons in winter and spring. The tempera-
ture characteristics of China have significant seasonality; in winter, the south is warm, and
the north is cold. The large difference in temperature between the north and the south is
the main feature of the winter temperature distribution in China, which is inseparable from
the influence of the winter monsoon; in summer, except for areas with high terrain such as
the Qinghai-Tibet Plateau, high temperatures are common throughout the country, with
little difference in temperature between the north and south. The bright sunshine duration
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distribution of China is less in the southeast and more in the northwest, increasing from
southeast to northwest, showing strong regional differences. Wind strongly affects the
evapotranspiration rate, the spatial distribution of land evapotranspiration in China has
obvious step changes from southeast to northwest, and the internal spatial distribution of
the eastern monsoon region also has obvious banding characteristics. In studies of latent
heat flux mechanism models, it is necessary to consider the influence of wind speed and
develop related dynamics models to better meet the requirements of Earth-atmosphere
process simulations.
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In the context of the rapid development of the world economy, energy demand is
growing rapidly, and safe, clean, and abundant wind energy resources are widely used
worldwide. Wind energy resources are closely related to climate change. With global
and Chinese climate warming in the past 100 years, the global annual average surface
temperature has risen, and the average annual temperature in China is slightly higher than
the global average [86]. Therefore, the impact of climate change should be fully considered
in the development and utilization of wind energy resources.

Figure 13a shows the spatial distribution of the wind speed changes and trends under
different climate types in China from 2000 to 2019. The five main climate groups show
that wind speed and trends have different characteristics. The tropical type (beginning
with A) was mainly distributed on Hainan Island in the southernmost part of China every
month of the year with an average temperature of 18 ◦C or higher and with significant
precipitation [65], which was mainly light and gentle breezes with a significant downward
trend, this finding was highly consistent with our results. The dry type (beginning with
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B) was mainly distributed in northwest China and defined by little precipitation, with a
higher wind scale but complicated trend changes, which were highly related to terrain
and the underlying surface analyzed in the remaining subsection. The temperate type
(beginning with C) was mainly distributed in southeast China and was cold and dry in
winter and hot and rainy in summer. Similarly, the changes in wind speed varied, and
the value and trend were highly related to terrain and human activities. The continental
type (beginning with D) was mainly distributed in northeast China and was cold in winter
and hot in summer, with droughts and little rain. The wind speed scale was relatively
high, with more significant seasonal changes, and the climate characteristics were obvious.
Generally, there has been a downward trend in the past 20 years. The polar and alpine
types (beginning with E) were characterized by obvious vertical climate changes, and the
temperature decreased with increasing altitude, mainly in western China. There were
fresh and strong winds, with a mostly significant upward trend. Therefore, in the context
of global climate change, the changing trend of China’s wind energy resources and the
differences in the characteristics of wind energy resources in different regions are issues
that need to be further studied in the future.

5.4. The Impact of Wind Farms on Wind Speed Changes

In recent years, to slow global warming, many countries around the world have
vigorously developed clean energy and renewable energy. Wind energy is an important
aspect of clean energy. The utilization of wind energy resources has been extensively
developed in many regions worldwide, and an increasing number of large-scale wind
farms are being established and placed into operation. During the construction and
operation of wind farms, there will be certain impacts on the surrounding meteorological
elements [87].

Most of the current studies have focused on the local climate effects of wind farms,
generally using two research methods: observation and numerical simulation. Several
studies have documented that the operation of a wind farm absorbs the momentum of the
airflow and the friction of the wind turbines so that the wind speed in the downstream area
is significantly reduced by 20% to 40% [88]. The turbine disturbance of the fan changes the
vertical mixing, and finally changes the local temperature, which can increase up to 1 ◦C or
more; drying the air near the ground reduces the surface sensible heat flux, and indirectly
changes other meteorological elements such as clouds and precipitation [89,90].

In addition to slowing the downstream wind speed, wind farms will also have a
corresponding impact on the local climate. For example, wind farms can cause changes in
downstream temperature. Wind farms strengthen vertical mixing during operation. The
warm layer that stabilizes the atmosphere at night is above the cold layer, and the vertical
mixing is strengthened, causing warm air to move down and cold air to move up, leading
to warming near the ground; cold air in the unstable atmosphere during the day is in the
warm air above, turbulence promotes mixing, and cold air moves down and warm air
moves up, causing the near-ground area to become cold. The influence of wind farms on
temperature depends on the stability of the near-surface atmosphere, and different degrees
of stability result in a warming or cooling effect on the near-surface temperature from wind
farms [88].

In addition to studying the impact of wind farms on the local climate, the impact of
wind farms on the global climate is another focus of research and debate. Some numerical
simulation studies have shown that the establishment and operation of large-scale wind
farms around the world may have an impact on climate change [88]. Studies on the im-
pact of wind farms on global climate change is still relatively limited, coupled with the
uncertainty of climate models and the uncertainty of the design of wind farm simulation
experiments. Therefore, there are still many differences and controversies in the indus-
try regarding the global climate effects of large-scale wind farms, and more numerical
experiments and research are needed.



ISPRS Int. J. Geo-Inf. 2021, 10, 515 22 of 25

Since wind farms have a certain impact on the local climate, it is necessary, in the
construction of wind farms, to pay attention to the distance between wind farms to re-
duce unnecessary mutual interference and influence between wind farms; moreover, the
meteorological observation field needs to be a certain distance from the wind farm to
ensure the accuracy of the meteorological observation data and lack of disturbance by
the wind farm. Our study obtained the wind speed characteristics of each region by
analyzing the meteorological station data over 20 years, combining terrain, climate, and
other environmental factors. Its spatial distribution could help the government during
the site selection of wind farms. For example, combining terrain characteristics and wind
speed resources, the eastern part of Inner Mongolia, with its open land, sparse population,
low land prices, and abundant wind energy resources, is suitable for the construction of
large-scale power farms. Moreover, in eastern coastal cities of China (such as Shandong
Province), offshore wind energy reserves are larger than on land, with higher wind speeds,
fewer quiet periods, and higher wind power efficiency. It is one of the biggest potential
growth points for offshore wind power plants in China in the future. Simultaneously, it is
possible to improve the efficiency of wind turbines by transforming wind turbines, and to
reduce the impact of wind farms on the local climate, areas with abundant wind resources
and suitable underlying surfaces can be selected to establish wind farms.

6. Conclusions

In this study, we obtained temporal and spatial scale wind speed changes, trend
changes, correlations, and the spatial distribution characteristics of 697 meteorological
stations in China from 2000 to 2019 and quantified the contribution of environmental
factors to wind characteristics.

Over the past 20 years (2000–2019), the annual wind speed changes can be mainly
divided into two stages, a downward trend was recorded before 2011, but overall, across
the 20 years, there was an increasing trend that was not significant. Moreover, wind speed
changes in different months showed obvious seasonality. Our analysis of wind speed
using statistical methods showed that temperature, bright sunshine duration, evaporation,
and precipitation have the strongest influences, with wind speed showing a significant
negative correlation with temperature and precipitation and vice versa for sunshine and
evapotranspiration. Spatially, different regions showed different wind speed changes
and trend characteristics. Combined with environmental factors such as the terrain, land
cover, climate factors, and human activities, we found that each attribute had its own
characteristics.

Future studies should consider the influential mechanism of each environmental factor
on wind speed changes and could further explore the three-dimensional wind field using
remote sensing satellite image data.
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