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The reanalysis of sea surface wind speed is compared with the measured wind speed of five
offshore wind towers in Zhejiang, China. The applicability of reanalysis data in the Zhejiang
coastal sea surface and the climatic characteristics of sea surface wind power density is
analyzed. Results show that the reanalysis of wind field data at the height of 10m can well
capture the wind field characteristics of the actual sea surface wind field. The sea surface wind
power density effective hours increases from west to east and north to south. Then Empirical
orthogonal function (EOF) is used to analyze the sea surface wind power density anomaly field,
and the first mode is a consistent pattern, the secondmode is a North-South dipole pattern, the
third mode is an East-West dipole pattern respectively. The stability of wind energy resources
grows more stable with increasing distance from the coast, and the northern sea area which is
far away from the coastal sea is more stable than that of the southern sea area. The yearly linear
trend of sea surfacewind power density is in an East-West dipole pattern respectively. Thewind
energy resources are more stable farther from the coast, and the wind energy resources in the
northern sea aremore stable than that of the southern sea. The yearly linear trend of sea surface
wind power density is the East-West dipole type, the seasonal linear trend is a significant
downward trend fromWest to East in spring, and on the contrary in summer, a non-significant
trend in autumn and winter. The monthly change index shows that the linear trend near the
entrance of Hangzhou Bay in Northern Zhejiang is of weak increase or decrease, which is good
for wind energy development. When the wind power density is between 0 and 150W·m−2, its
frequency mainly shows the distribution trend of high in the West and low in the East, but the
wind power density is between 150 and 600W·m−2, its distribution is the opposite.
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INTRODUCTION

With the rapid development of human society, all kinds of fossil fuels have been overdeveloped and used,
and further causing a dramatic increase in greenhouse gases [1–3]. As renewable and clean energy
resources, wind and wave energy resources are of great significance for environmental protection and
greenhouse effect mitigation. In recent decades, wind energy, especially offshore wind energy, has
developed rapidly all over the world [4–7]. In 2015, the total installed capacity of wind energy in the world
surpassed that of nuclear power, becoming themainstream formof clean energy development [8]. China, as
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a developing country with large energy consumption, actively
encourages and guides the development and utilization of
renewable energy [9]. In 2011, the China Meteorological
Administration completed and released the detailed investigation
and assessment results of national wind energy resources. Based on
the annual average wind power density of 70m high layer greater than
300W/m2, the technical development volume ofwind energy resources
within thewater depth of 5–50m is 500millionKW[10]. According to
the scale and total amount of wind energy resources that can be
developed inChina,maturity of development technology and economy,
and soon, all indicators are in linewith the basic principles in thefield of
renewable energy development in China. It is expected that the
development of near sea wind fields will be a key direction of wind
power development after 2020, and the technologies of wind power
complementation and energy storage will be actively developed to
increase the utilization rate of wind energy [11]. A study by the Global
Wind Energy Council (GWEC) shows that the global installed capacity
of offshore wind reached a record of 6.1 GW in 2019, accounting for
10% of new installed capacity; 2020 is expected to be a new record year
for wind energy, and China’s offshore wind project development and
investors will commission their offshore wind projects before 2021 in
order to make good use of relevant subsidies [12]. Wind energy
resource observation is an essential way for assessment [13, 14]. The
conventional offshore observation ismainly point observation [15], that
is, through the on-site real-time observation methods such as island
meteorological stations [16], buoy station, lidars, windmeasuring tower,
etc., to obtain the wind speed of the nearby sea area and evaluate the
local wind energy resources. In addition, satellite remote sensing [17,
18], numerical simulation [19], reanalysis data [20, 21] and other
methods can also obtain the offshore wind speed.

Zhejiang Province is located on the southeast coast. The
coastline is 6,696 km long, the longest of any Chinese province.
The development and utilization of wind energy resources have a
very broad prospect. There are relatively few studies on the trend of sea
surface wind energy changes, which is closely related to the medium
and long-term planning of wind energy resources development. At
present, the observation and evaluation of wind energy resources in
Zhejiang coastal areas are mostly scattered observation models of
offshore wind towers. The observation time of wind towers is short
and the distribution is uneven [22]. At the same time, typhoons and
tropical cyclones attack Zhejiang every year, which makes the
observation results less representative for the adjacent sea areas
[23]. To better analyze the characteristics of wind energy resources
in the Zhejiang area, this paper uses the reanalysis data from the
European Center of Medium-Range Weather Forecast (ECMWF) to
analyze the climate change characteristics of sea surfacewind energy in
the coastal areas of Zhejiang, and the data of five local wind towers are
selected to calibrate the reanalysis data. In addition, wind energy
resource development and utilization in Zhejiang coastal areas are
discussed against the background of climate change.

DATA SELECTION AND CALCULATION
METHOD

According to the suggestion of relevant literature [24], the data used
in this paper mainly include: 1) the real-time observation data of

Zhejiang coastal wind towers, with a time resolution of 10min, and
the observation data and location information are shown in Table 1
and Figure 1; 2) The reanalysis data of ERA-Interim is published by
ECMWF, including the sea surface 10m wind speed, sea surface
temperature, sea surface pressure. The spatial resolution is 0.125° ×
0.125°, the spatial range is 120° E-125° E, 27.125° N-30.75° N. The
time resolution is four times every day (UTC: 00, 06, 12, 18) from
1979 to 2018, the reanalysis data can be obtained from https://apps.
ecmwf.int/datasets/data/interim-full-daily/levtype�sfc/ [25, 26].

The amount of wind energy resources in a place is usually
characterized by density of wind power (Dwp), which refers to the
power per unit area perpendicular to the wind direction. The
calculation method is as follows:

DWP � 1
2n

�ρ∑
n

i�1
v3i (1)

in the formula, DWP is the average wind power density (w/m2), n
is the number of records in the set time period, vi is the wind
speed value of the ith record, and �ρ is the air density (kg/m3), the
calculation method is as follows:

�ρ � �P

R�T
(2)

Among them, �P is the mean sea level pressure of the Zhejiang
coastal sea surface for years, R is the air gas constant, �T is the
mean absolute temperature of the Zhejiang coastal sea surface for
many years, and the mean air density of the Zhejiang sea surface
for years is 1.212 kg/m3.

EOF is a common way for atmospheric study to get the
distribution characteristics [27, 28]. EOF analysis of the wind
power density anomaly field for a total of 40 years from 1979 to
2018 was carried out. First, we calculate the output of its standardized
eigenvector and time series, i.e., solve the covariance matrix of sea
surface wind energy resource anomaly, and then calculate its
eigenvalues and eigenvectors. Then the main spatial distribution
modes of the wind power density anomaly field are obtained.

To obtain the variation coefficient analysis of the wind power
density near the Zhejiang coast for the most recent 40 years [29], we
first calculated the standard deviation of the wind power density, and
the average wind power density across the 40 years. Then, the
variation coefficient which the standard deviation is divided by the
average value could be carried out.

COMPARISON OFWIND SPEEDS BETWEEN
REANALYSIS DATA AND WIND TOWER

Themost effective way to evaluate the reliability of reanalysis data is to
compare it with observation data. As shown in Figure 2, the daily
wind speed correlation between a wind tower and the ERA-Interim of
the adjacent grid is close, and the correlation coefficients are above
0.8, passing the t-test of significance level α � 0.001. The ERA-
Interim data can capture the wind speed better in the north sea
area than the south sea area of Zhejiang. Due to the high
correlation, their trends are generally consistent, so the
reanalysis of wind speed data at the height of 10 m is credible.
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In the following parts, the climate characteristics of sea surface
wind energy are estimated by reanalysis data.

WIND ENERGY DISTRIBUTION
CHARACTERISTICS OF ZHEJIANG SEA
SURFACE

Climatic Pattern of Zhejiang Sea Surface
Wind Energy
Generally, a wind speed of 3 to 25 m/s is the most efficient for
the collection and conversion of wind energy resources, which

is called effective wind speed [30, 31]. Wind towers #1 and #2
have more hours of effective wind speed, as shown in Table 2.
The effective wind energy hours near the wind tower are all
more than 80%, and the percentage of effective wind energy
hours in Hangzhou Bay is over 86%. The percentage of effective
wind energy hours near wind tower #2 is 90%, which indicates that
effective wind energy hours are positively correlated with the coastal
distance. The percentage of effective wind energy hours near wind
towers #4 and #5 is 83%. As shown in Figure 3, the percentage of
offshore effective wind energy hours increases with latitudinal
offshore distance, and decreases southward with longitudinal
distance.

TABLE 1 | Information of Zhejiang coastal wind towers.

Wind tower number Start time of
wind speed observation

Altitude
of anemometer (m)

Average
wind speed (m/s)

The standard deviation (m/s)

1# 2014.1.1∼2014.12.31 22 6.25 2.17
2# 2013.1.1∼2014.12.31 20 6.72 2.57
3# 2008.1.1∼2009.12.31 20 6.27 2.25
4# 2013.1.1∼2013.12.31 38 6.54 2.76
5# 2010.11.7∼2011.11.6 20 6.52 2.97

FIGURE 1 | Coastal distribution of wind towers.
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In order to provide a reference for the development and
utilization of offshore wind energy resources, the spatial and
temporal distribution characteristics of coastal wind energy

resources in Zhejiang are analyzed. As shown in Figure 4, the
spatial distribution of the climate mean value of wind energy
resources on the Zhejiang sea surface across 1979–2018 is
calculated, and the mean value of sea surface wind power density
near Hangzhou Bay is lower than other coastal areas. The climatic
mean value of sea surface wind power density increases with distance
from the coastline, and decreases from south to north with the same
offshore distance in different latitudes. From the perspective of wind
power density, the location of offshore wind fields should be toward
to the south, yielding higher benefits. However, moving south leads
to greater risk of typhoon disasters being undertaken, meaning the
necessary wind resistance design standard becomes higher and so
does the cost.

The amount of offshore wind energy resources is affected by
wind speed, which changes with the seasons, especially in winter
and summer when the sea surface wind speed is more sensitive to
the influence of sea-land temperature difference. The spatial
distribution of climate average wind power density on the
Zhejiang sea surface in each season from 1979 to 2018 is
calculated, as shown in Figure 5. In terms of season, the
surface wind power density near the Hangzhou bay estuary

FIGURE 2 | The relevant information between measured wind speed
and reanalysis data of ERA-Interim (units:m·s−1). The blue point represents the
wind speed, the red dotted line represents the linear trend.

TABLE 2 | Wind energy effective hours percentage of Zhejiang coastal.

Station no. Effective
wind hours (h)

Effective wind hours
percentage (%)

Observation time

1# 7,797 89 1 year
2# 15,525 90 2 years
3# 15,129 86 2 years
4# 7,243 83 1 year
5# 7,273 83 1 year

FIGURE 3 | The percentage of effective wind energy of the Zhejiang
coastal area (units:w·m−2).
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and the Zhejiang coastal sea does not change significantly with
seasons. In other areas of the sea surface wind power density is the
highest in winter, followed by autumn, and the lowest in spring

and summer. In terms of space, the seasonal variation range of sea
surface wind power density increases with the increase of offshore
distance.

In order to further clarify the distribution of sea surface wind
energy resources in various time periods, the spatial distribution
of climatic average wind power density of Zhejiang in each month
from 1979 to 2018 is calculated, as shown in Figure 6, the
Zhejiang coastal wind power density generally shows a “V”
change trend as the month goes on, the variation of the wind
power density near the coast of Zhejiang is not obvious, on the
contrary, the variation of the sea surface wind power density far
from the coast of Zhejiang with the month is obvious, which is
similar to the seasonal variation. The evolution speed of sea
surface wind power density from high to low is faster than that
from low to high. The reason may be that the strong
southward cold air of the north in winter causes the
obvious increasement of the sea surface wind speed, and
then the power density of the sea surface wind is greater
than that in other seasons.

Spatial-Temporal Distribution
Characteristics of Zhejiang Surface Wind
Energy
The sea area of Zhejiang is vast and the sea surface wind speed has
much differences, which directly leads to the strong locality of the
spatial distribution of sea surface wind energy. In order to further

FIGURE 4 | The climate average of Zhejiang coastal wind energy
resource in 1979–2018 (units:w·m−2).

FIGURE 5 | The seasonal climate averageof Zhejiang coastalwind energy resource (units:w·m−2):(a) the springDwp; (b) the summerDwp; (c) the autumnDwp; (d) thewinter Dwp.
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analyze the spatial and temporal variation characteristics of sea
surface wind energy, EOF analyzed the annual average power
density anomaly field of sea surface wind energy in 40 years, as
shown in Figure 7, the variance contribution rate of the first three
modes reached 87.3% and passed the North significance test. The
spatial and temporal fields of the first three modes can basically
reflect the variation characteristics of the sea surface wind power
density in the Zhejiang coastal area.

The variance contribution rate of the first mode has reached
61.1%, which is much higher than the other modes. As shown in
Figure 7A, the first mode mainly reflects a consistency increasing
or decreasing trend of sea surface wind power density in Zhejiang
coastal sea area. The center is in the southeast of Zhejiang coastal
sea area, the value of space field contours near Zhejiang coastal is
small, which indicates that the inter-annual variation of the wind
power density in the Zhejiang coastal area is smaller than that in
the eastern sea area, the time coefficient in Figure 7D shows an
obvious upward trend, and it mainly presents positive anomaly
value in recent years.

As shown in Figure 7B, the second mode mainly reflects that the
sea surface wind power density along the coast of Zhejiang presents a
North-South dipole type change trend with north latitude of 28°N as

the boundary, the variation range of time coefficient in Figure 7E is
small, so the trend of inter-annual variation can be ignored.

As shown in Figure 7C, the third mode mainly reflects that the
wind power density in the Zhejiang coastal region shows the
trend of East-West dipole type change trend, and the change
range on the west side is larger than that on the east side, and the
center on the west side is in the southwest coastal Zhejiang. The
variation range of time coefficient in Figure 7F shows an upward
trend with the change of time, and in recent years it has shown a
weak positive anomaly.

The Stability of Wind Energy in Zhejiang Sea
Surface
For wind power development enterprises and the State Grid, the
stability of offshore wind energy directly affects the development
potential of wind energy resources and the rational planning of
power generation into the grid. In the energy assessment of wave
energy, tidal energy, the coefficient of variation has been widely
used [32]. The smaller the coefficient of variation, the better the
stability of energy. In this paper, the coefficient of variation is
introduced to measure the stability of wind energy resources.

FIGURE 6 | The monthly climate average of Zhejiang coastal wind energy resource (units:w·m−2). (a-l) represent January to December respectively.
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The formula of variation coefficient is:Cv � S
�x,Cv is the coefficient

of variation, S is the standard deviation, and �x is the 40 years
average value.

The coefficient of variation was calculated for the annual
average wind power density. As shown in Figure 8, the
variation coefficient is inversely related to the distance from
the coast. The variation coefficient is the smallest in the sea
area of Taizhou, which means that the interannual variation of
the annual average wind power density near the coast is greater
than that of the other areas of Zhejiang. The interannual variation
of the annual average wind power density reached the maximum
in Hangzhou bay, the variation coefficient is the smallest in the
offshore sea surface of Taizhou, then followed by Wenzhou. The
interannual variation of the northern part of the distant sea is
smaller than that of the southern part.

The reason for the great difference in the interannual variation
of the sea surface wind power density near the coast of Zhejiang
may be that the urbanization process is too fast, which is affected
by the change of the topography and geomorphology onshore.

The Trend of Sea Surface Wind Energy in
Zhejiang
Under the influence of human activities and air-sea interaction, there
are large differences in the tendency of interannual change of sea
surface wind energy in different regions. In this section, the tendency

coefficient of one-dimensional linear regression is used to estimate the
interannual trend of wind power density over the past 40 years.

FIGURE 7 | (A–C)Distribution patterns and (D–F) time coefficients of the first three modes of sea surface wind power density anomaly field in Zhejiang coastal area:
(A,D) the first mode; (B,E) the second mode; (C,F) the third mode.

FIGURE 8 | Multi-year averaged coefficient of variation of the wind
power density.
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Taking time as the independent variable and interannual wind
power density as the dependent variable, linear regression
statistics were performed, as shown in Figure 9, where the
dotted line indicates the downward trend and the solid line
indicates the upward trend. The interannual variation of wind
power density in coastal areas of Zhejiang shows an obvious
East-West pattern, the wind power density in the whole coastal
area of Zhejiang shows a downward trend, and the downward
trend is most obvious in the coastal area of Taizhou, the
tendency estimate is about −0.5 W·m−2·a−1. The downward
trend in the offshore area of Hangzhou Bay is not obvious, the
tendency estimate is about −0.1 W·m−2·a−1, the corresponding
correlation coefficient does not pass a 95% reliability test.
Therefore, the overall wind power density on the west side
of the offshore area tends to decline, which is consistent with
the observation results of the actual meteorological station, but
the trend is not obvious. On the contrary, the significance of
the correlation coefficient passes the 95% reliability test in the
east side of the offshore shaded area, the wind power density
shows an obvious upward trend, and there are two centers in
the North and South. The northern upward trend center
estimate is more than 0.7 W·m−2·a−1, the southern upward
trend center is more than 1.0 W·m−2·a−1, so the trend of
interannual change is larger in the South. Generally
speaking, the rate of rising in the east sea area is faster than
the rate of decline in the west sea area.

The interannual variation trend of wind power density in each
season is statistically analyzed. As shown in Figure 10, the spring
interannual variation trend in the whole coastal area of Zhejiang
shows a significant downward trend which passes the 95%
reliability test. The trend is −0.75∼−2.0 W·m−2·a−1 near the
coast and −4.5∼−6.0 W·m−2·a−1 in the east sea area, and the
downward trend increases from west to east. The summer
interannual variation trend in the whole coastal area of
Zhejiang shows a significant upward trend which passes the
95% reliability test. The trend is 1.0∼2.0 W·m−2·a−1 near the
coast and 3.5∼4.5 W·m−2·a−1 in the east sea area, and the
upward trend increases from west to east. The autumn
interannual variation trend shows an insignificant slight
upward trend in the near coast, the trend is 0∼1.0 W·m−2·a−1,
but there is a significant upward trend in the east sea area, the
trend is 2.0∼3.0 W·m−2·a−1, and the upward trend increases from
west to east. The winter interannual variation trend shows an
insignificant slight upward trend in the whole sea area, the trend
estimation value is 0∼1.0 W·m−2·a−1, and the upward trend
increases from north to south.

The monthly variation range of wind energy resources has a
great influence on the collection of wind energy, the life of wind
turbines, and the utilization ratio of power grid connection. In the
evaluation of wave energy, the monthly variability index can
better reflect the change of wave energy [33], the smaller the
index, the better the energy stability in each month. Here, the

FIGURE 9 | Interannual trend of wind power density (the contour line is the tendency value, the shaded part is the area put through the significance test).

Frontiers in Physics | www.frontiersin.org December 2021 | Volume 9 | Article 7205338

Wang et al. Coastal Wind Energy Resources

https://www.frontiersin.org/journals/physics
www.frontiersin.org
https://www.frontiersin.org/journals/physics#articles


monthly variability index is introduced to measure the monthly
variation trend of wind energy resources.

The formula of the monthly variability index is:Mv � dmax−dmin
dave

,
Mv is the monthly variability index, dmax is the maximum average
monthly wind power density in the year, dmin is the minimum
average monthly wind power density in the year, dave is the
average monthly wind power density in the year.

According to the calculation method of the monthly variability
index, we calculated the index every year, and then calculated the
annual variation trend of the index in the past 40 years, as shown
in Figure 11. The positive trend of the index means the monthly
energy differential increases. On the contrary, the negative trend
of the index means the differential narrows, which is conducive to
wind energy development. The shaded part in the figure passes
the 95% reliability test. The sea area passing the test has two
centers of positive annual variation trends, the interannual
variation trend value of the index in the east sea reaches 0.012
and near Taizhou to Wenzhou reaches 0.011, which means that
the monthly differential increases. The interannual variation
trend of the monthly variability index near the Hangzhou bay
is insignificantly weak growth or decrease. Compared with the
shaded area, the interannual variation of the index changes little,
which is beneficial to the development of wind energy.

Frequency Distribution of Sea Surface Wind
Power Density in Zhejiang
The wind power density frequency of 0–600w·m−2 at the sea
surface in the last 40 years in Zhejiang is analyzed, and the results
are shown in Figure 12. When the wind power density is between
0–150W·m−2, the frequency in the coastal area of Zhejiang shows
a trend of gradual decline from west to east, with a large gradient.
The frequency near Hangzhou bay reaches a maximum of 80%,
and in the eastern sea, the area is between 40% and 50%. When
the wind power density is between 150–300W·m−2, the frequency
in the coastal area of Zhejiang shows a trend of gradual increase
from west to east, with a small gradient. The wind power density
frequency near Hangzhou bay reaches about 10%, in the area
south of Hangzhou Bay is about 16–18%, and in the eastern sea
area is about 20%. When the wind power density is between
300–450W·m−2, the frequency also shows a trend of gradual
increase from west to east, with a small gradient. The wind power
density frequency near the Hangzhou bay reaches about 6%, in
the south of Hangzhou Bay is about 10%, and in the eastern sea
area is about 12%. When the wind power density is between
450–600W·m−2, the frequency shows a trend of gradual increase
from northwest to southeast, with a small gradient also. The
frequency near the Hangzhou bay reaches about 4%, in the area

FIGURE 10 | Seasonal trend of wind power density (the contour line is the tendency value, the shaded part is the area put through the significance test): (a) the
spring linear trend; (b) the summer linear trend; (c) the autumn linear trend; (d) the winter linear trend.
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FIGURE 11 | Longterm annual trend of monthly variability index for the period 1979 to 2018.

FIGURE 12 | Frequency distribution of wind energy resources on the coastal sea surface: (a) the frequency of Dwp from 0 to 150; (b) the frequency of Dwp from 150
to 300; (c) the frequency of Dwp from 300 to 450; (d) the frequency of Dwp from 450 to 600.
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south of Hangzhou Bay is about 6–15%, and in the eastern sea
area is about 27%.

In general, when the wind power density is between
0–150W·m−2, the frequency mainly shows the distribution
trend of high in the west and low in the east, when the wind
power density is between 150–600W·m−2, the frequency mainly
shows the distribution trend of high in the east and low in
the west.

CONCLUSION AND DISCUSSION

The applicability of ERA-interim data in the Zhejiang sea area
was analyzed by comparing the reanalysis data of wind speed at
the height of 10 m in a fixed year with the wind speed measured
by the wind tower. Furthermore, the climate change
characteristics of sea surface wind power were analyzed based
on the ERA-interim data.

1) We compared the measured wind speed data of the five
offshore wind towers with the reanalysis wind speed data
of the adjacent grid of the same period. The correlation
coefficient reached more than 0.8 which passes the
significance level test of α� 0.001. The reanalysis of the sea
surface wind at the height of 10 m can well represent the actual
sea surface wind speed characteristics, and sea surface wind
speed increases as latitude decreases.

2) Zhejiang is rich in sea surface wind energy resources:
according to the effective wind energy hours, the actual
effective wind energy hours measured by the offshore wind
tower exceed 80%. In the east-west direction, the
percentage of effective wind energy hours increases with
longitude; in the north-south direction, it increases as
latitude decreases. From the perspective of the spatial
distribution of the average wind power density over
many years, the mean value of sea surface wind power
density near Hangzhou Bay is lower than other coastal areas.
The climatic mean value of sea surface wind power density
increases with the distance from the coast, on the contrary, the
gradient of mean surface wind power density increases as distance
from coast decreases. From the perspective of the spatial
distribution of multi-year seasonal average wind power density,
the wind power density is the highest in winter, followed by
autumn, and the lowest in spring and summer. From the spatial
distribution of multi-year monthly average wind power density,
the wind power density along the coast of Zhejiang generally
shows a v-shaped change trend, among them, it does not change
significantly near the Zhejiang coast, while it changes significantly
far away from the coastal waters of Zhejiang.

3) EOF decomposition of the Zhejiang sea surface wind power
density anomaly field was carried out, the variance
contribution rate of the first mode reached 61.1%, the
spatial field was consistency type, and the time coefficient
showed an obvious upward trend; the variance contribution
rate of the second mode was 16.9%, and the spatial field was of
north-south dipole type, with a small range of time coefficient;
the variance contribution rate of the third mode was 9.3%, and

the spatial field was of west-east dipole type, and the time
coefficient showed an obvious upward trend.

4) The stability of wind energy in the coastal sea surface of
Zhejiang is one of the factors considered by wind power
generation. Due to the rapid urbanization, the change of
shore topography, geomorphology, and other factors, the
stability of wind energy resources near the coast is low,
and wind energy stability away from the coast gradually
increases from south to north.

5) The linear trend of interannual, seasonal, and monthly
variation coefficients of the sea surface wind power density
was calculated: the coastal areas of Zhejiang show an obvious
interannual variation trend of east-west dipole type. Spring is
a significant downward trend from west to east, summer is a
significant upward trend fromwest to east, autumn and winter
are an insignificant weak upward trend. The linear trend of the
monthly variability index in the Hangzhou bay estuary in
northern Zhejiang is insignificant weak growth or weak
decrease. Compared with the south coastal area and the
eastern sea area, the interannual change of the index is not
significant, which is beneficial to the development of wind
energy.

6) When the wind power density is between 0–150W·m−2, the
frequency mainly shows the distribution trend of high in the
west and low in the east, and the wind power density is
between 150–600W·m−2, the frequency mainly shows the
distribution trend of high in the east and low in the west.

It should be pointed out that there is a certain deviation
between the reanalyzed wind speed and themeasured wind speed.
This article makes a macro analysis of the trend of wind energy
resources in the Zhejiang marine economic demonstration area.
Subsequent work can be combined with higher resolution SAR
satellite data to carry out a refined evaluation of wind energy
resources in the region [34, 35].

Until now, the green development concept of peak carbon
dioxide emissions and carbon neutrality is deeply rooted in
people’s hearts, and Zhejiang have also taken relevant
measures to save energy and reduce emissions. However, as
one of the developing coastal provinces in eastern China, the
demand for and consumption of energy, especially electric
energy, is increasing day by day, which requires our province
to take more energy supply measures to deal with it, and the
rational use of offshore wind energy will alleviate the problem of
electric energy supply to a certain extent. For example, by 1)
strengthening the analysis of high-resolutionmeteorological data,
and excavating the sea area which is rich in wind energy resources
and suitable for developing wind power along the coast of
Zhejiang; and 2) paying more attention to the long-term
changes of offshore wind speed, accurately estimating the
wind power generation capacity in different time periods
and reasonably integrate it into the power grid to promote the
efficient use of energy. In addition, it is necessary to further
study the future trend of sea-surface wind energy resources in
the context of global climate change, which is of forward-
looking significance for guiding the future development of
sea-surface wind energy in the Zhejiang Province.
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