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Currently, offshore and coastal wind power resources are growing rapidly around
the world, especially in China. However, systematic research on the hazard
assessment of wind farms under tropical cyclone conditions remains lacking.
This study simulated the wind field of tropical cyclones based on a parameterized
tropical cyclone wind field model, and analyzed the characteristics of historical
tropical cyclones in Donghaitang wind farm (Zhejiang, China). Four extreme
tropical cyclone hazard factors including the maximum wind speed (Vmax),
maximum duration of wind direction change (Tmax), maximum cumulative wind
direction change (Δθmax) and maximum rate of change in wind direction (ΔDmax)
were proposed and examined. Then a comprehensive hazard assessment model
for wind farms based on the analytic hierarchy process was established, and the
risk to the Donghaitang wind farm represented by tropical cyclones during
1949–2021 was evaluated. Results showed that the number and intensity of
tropical cyclones made landfall near the coast of Donghaitang wind farm
gradually increased with time, which results in a gradual increase in the
composite tropical cyclone risk level of the Donghaitang wind farm with time.
The numbers and risk levels of tropical cyclones traveling northwestward were
much larger than those traveling northward or northeastward. Moreover, the
average composite risk index for tropical cyclones passing to the left of the wind
farmwas 14.3% higher than that for tropical cyclones passing to the right. The large
values of Vmax and ΔDmax are main reasons for the high risk of the wind farm, while
the other two hazard factors (Tmax, Δθmax) proposed to account for the wind
turbine backup power are also of great importance in the design, selection and
operation stages of offshorewind turbines. The findings of this study could provide
support for hazard assessment of offshore and coastal wind farms exposed to
tropical cyclones, including macro site selection of wind farms and type selection
of wind turbines.
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1 Introduction

As global demand for low-cost clean energy continues to grow,
wind power has the potential to become one of the major energy
technologies supporting global economic development in the future,
owing to its wide range of resources, zero-cost fuel, and minimal
environmental impact (Veers et al., 2019). Currently, the total global
wind power capacity has reached 837 GW, and 21.1 GW of offshore
wind power capacity was installed in 2021, making it the best year
for offshore wind power development. In 2021, the offshore wind
capacity in China accounted for 80% of new offshore wind power
capacity worldwide and increased its cumulative offshore wind
power installations to 27.7 GW (GWEC, 2022a). In the 14th
Five-Year Plan, China’s government stated: “We will vigorously
expand the scale of wind power and develop offshore wind power in
an orderly manner, and focus on building offshore wind power bases
along the southeast coast of China” (NEA, 2022). However, the
southeast coast of China is one of the areas of the world affected
most frequently by tropical cyclones. According to an analysis by the
China Meteorological Administration, 658 tropical cyclones made
landfall in China during 1949–2021, with an average of 9 tropical
cyclones making landfall each year (Lu et al., 2021). The extreme
wind speeds, violent changes in wind direction, and excessive
intensity of turbulence during the passage of tropical cyclones
can have a substantial impact on the structural safety of wind
turbine units in offshore wind farms, and represent the main
causes of damage to wind turbine units (Chen et al., 2015; Li
et al., 2022). Therefore, the risk posed to wind turbine units by
tropical cyclones should be assessed with regard to the future
development of offshore wind power resources.

Many studies have performed hazard assessments for wind
farms in regions prone to the influence of tropical cyclones. Rose
et al. (2013) simulated the wind field of wind farms off the US coast
using the Coupled Hurricane Intensity Prediction System developed
by Emanuel et al. (2004) and quantified the risk from hurricanes to
offshore wind farms through damage to the functionality of wind
turbines. They highlighted that 10% of offshore wind turbines could
be shut down simultaneously owing to hurricane damage and that
6% of offshore wind turbines might be destroyed within 10 years
Kim and Manuel (2016) developed a model of tropical cyclone
intensity evolution and simulated the wind field of wind farms. They
performed hazard assessment for wind turbines by analyzing the
load distribution and the wind speed exceedance probability
distribution for individual turbines. Sheng and Hong (2021)
developed a comprehensive database and a database-driven
simulation program to assess the vulnerability and reliability of
offshore wind farms to tropical cyclone hazards. They found that the
failure probability of the OC4 DeepCwind turbine was greater than
the design-code-recommended value, which indicates a very high
tropical cyclone risk for that model of turbine. Mattu et al. (2022)
proposed a method for studying the impact of tropical cyclones on
four offshore wind farms in the Gulf of Mexico using high-
resolution reanalysis meteorological data. They identified that all
four wind farms have reasonable wind energy potential, but that the
Gulf of Mexico has a high probability of wind speeds >50 m s−1

under tropical cyclone conditions, representing a high tropical-
cyclone-related risk for wind farm constructions. In addition,
many scholars have conducted hazard assessment of wind

turbines using decision making methods such as failure modes
and effect analysis (FMEA), support vector machine (SVM), and
fault tree analysis (FTA) with certain results (Pantelis et al., 2012;
Sinha and Steel, 2015; Zhang et al., 2016; Kang et al., 2017, 2020).
However, among these methods, the FMEA method focuses on
individual turbine equipment and requires that all failure modes of
the turbine must be known before the evaluation, otherwise the
evaluation results will be wrong, but the damage caused by tropical
cyclones to the turbine structure is not deterministic. SVM requires
high data integrity and usually only supports binary classification.
FTA is usually used to analyze the cause of the accident after the
accident, which is not suitable for the analysis of the risk source, and
the steps of FTA compiling fault tree are numerous and the
calculation process is complicated. In contrast, a systematic
assessment method can more intuitively reflect the hierarchical
relationship between tropical cyclone hazard factors.

The analytic hierarchy process (AHP) is a systematic
multicriteria decision-making method for quantitative analysis of
qualitative problems, which has been used widely in the field of wind
power. Many earlier related studies have used a geographical
information system to select areas suitable for a wind farm and
then used AHP to undertake a comprehensive assessment of the
proposed areas to finally select the optimal wind farm location
(Tahri et al., 2015; Sánchez-Lozano et al., 2016; Chaouachi et al.,
2017; Vasileiou et al., 2017; Vagiona and Kamilakis, 2018; Díaz and
Soares, 2021; Kim et al., 2021; Gkeka-Serpetsidaki and Tsoutsos,
2022). In terms of hazard assessment, Jiao et al. (2020) adopted the
AHP method to identify and assess the meteorological risks for
offshore wind farms by considering hazard factors such as
maximum wind speed of tropical cyclones, lightning, temperature
extremes, salt fog, and marine hazards. Notably, only one hazard
factor (i.e., the maximum wind speed of tropical cyclones) related to
tropical cyclones was considered in their assessment process. Liu
et al. (2021) used AHP and a fuzzy comprehensive evaluation
method to establish a comprehensive risk evaluation system for
an offshore wind farm in the South China Sea, which considered
hazard factors such as the wind power equipment, meteorological
environment, and hydrodynamic environment of the surrounding
sea. However, consideration of the extreme hazard factor of tropical
cyclones was not included as part of the meteorological environment
in their risk evaluation system. Bepary and Kabir (2022) used the
fuzzy AHP (FAHP) to assess various human-induced risks and
surrounding environmental risks during the transportation,
construction, operation, and maintenance phases of wind
turbines, but the hazard factor of tropical cyclones was still not
taken into account in any of the phases. The above studies
demonstrated the applicability of AHP in wind power projects
and provided a clear and intuitive picture of the risks posed by
different extreme hazard factors for wind farm hazard
assessment. For wind turbines, there are a number of hazard
factors that can affect their structural safety during the passage of
a tropical cyclone, and different hazard factors have different
degrees of influence on the safety of the turbine and therefore
different weightings in terms of hazard assessment. However,
generally, none or only one tropical cyclone hazard factor—the
maximum wind speed of a tropical cyclone—has been considered
in historical studies, indicating lack of research on tropical
cyclone hazard assessment for wind farms.
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By reviewing Chinese and international wind turbine design
standards, and through comparison of historical studies on tropical
cyclone hazard assessment for offshore wind farms (Table 1), it was
found that the tropical cyclone hazard factors in the current tropical
cyclone hazard assessment for coastal and offshore wind turbines are
not comprehensive enough and do not consider multiple tropical
cyclone hazard factors and their ranking relationships, nor do they
consider the impact of tropical cyclones on wind farms on different
tracks. In this study, the tropical-cyclone-affected wind field in the
area of a Chinese coastal wind farm during the past 72 years was
numerically simulated using a parameterized tropical cyclone wind
field model. Four extreme hazard factors of tropical cyclones were
proposed, and three tracks of historical tropical cyclones in the wind
farm were divided. Then, a comprehensive tropical cyclone hazard
assessment model based on the AHP method for wind farms was
proposed, and the risk levels represented by different extreme
hazard factors associated with historical tropical cyclones with
different tracks were analyzed.

The remainder of this paper is structured as follows. Section 2
introduces the study area, the data used, and the research
methodology adopted. Section 3 analyzes the characteristics of

historical typhoons that have affected the selected study area.
Section 4 examines four tropical-cyclone-related extreme hazard
factors used to build the tropical cyclone hazard assessment
framework for wind farms. Section 5 first presents the calculation
of the weights for all indicators in the hazard assessment model, and
then analyzes the hazard assessment results of historical typhoons
for the selected Donghaitang wind farm. Finally, the derived
conclusions are presented in Section 6.

2 Study area, data, and methodology

2.1 Study area

Donghaitang, located in the eastern part of Wenling City in the
southern corner of Taizhou Bay (Zhejiang Province, China), is
situated in the southeast coastal wind energy zone, which is a
temperate and subtropical humid climatic zone (Figure 1). The
wind farm is mainly distributed along the coastline from northwest
to southeast with length of about 5 km, width of about 2 km, and
elevation of less than 3.8 m. Donghaitang wind farm is located in an

TABLE 1 Comparison of historical researches on different tropical cyclone disaster assessment methods for offshore wind farms.

References Study area Decision support methods Evaluation index

Rose et al. (2013) Atlantic coast of the U.S. Catastrophe modeling approach Wind speed

Jiao et al. (2020) Southeast coast of China AHP Typhoons, lightning, extreme temperatures, salt frogs, and oceanic disasters

Liu et al. (2021) South China Sea AHP Equipment, accident, environment, human, and management factors

Sheng and Hong (2021) The coastal area of China Failure probability analysis Wind speed and wave loads

Bepary and Kabir (2022) Bangladesh Fuzzy AHP Equipment, accident, environment, human, and management factors

Mattu et al. (2022) Four Mexican islands Wind speed return period analysis Wind speed

FIGURE 1
Study area of the Donghaitang wind farm.

Frontiers in Earth Science frontiersin.org03

Li et al. 10.3389/feart.2022.1109026

https://www.frontiersin.org/journals/earth-science
https://www.frontiersin.org
https://doi.org/10.3389/feart.2022.1109026


area with an obvious monsoon climate, large temperature and
pressure gradients between the sea and the land, obvious sea and
land winds, and rich wind energy resources. Its wind energy
development and utilization potential are vast, and it is the
richest area of wind energy resources in Zhejiang Province. Phase
I of the Donghaitang wind farm, built in 2009, comprises 20 wind
turbines in a row with hub height of 80 m and blade length of over
39 m. The individual power of each turbine is 2 MW. According to
the wind turbine generator system under typhoon conditions (GB/T
31519-2015, 2015), when conducting hazard assessment of coastal
and offshore wind farms in typhoon-affected areas, the hazard
assessment area should be determined according to the statistical
characteristics of the radius of the maximum wind speed (or eyewall
area) of tropical cyclones in the area where the coastal or offshore
wind farms are located. According to probability statistics of
multiple tropical cyclones, the radius of the eye wall area of a
tropical cyclone is generally between 50 and 100 km, while the
radius of the outer wind area of a tropical cyclone that meets the
operating conditions of wind turbines is generally between 130 and
500 km (GB/T 38957-2020, 2020). To increase the sample of tropical
cyclone data to improve the accuracy of the calculation of the
extreme hazard factors, and to ensure the accuracy of the hazard
assessment results, this study extended the statistical radius to
150 km from the wind farm.

2.2 Data information

The tropical cyclone data information used in this study comprised
two main parts. The first part of the data consisted of historical tropical
cyclone best-track information from 1949 to 2021 obtained from the
Tropical Cyclone Information Center of the China Meteorological
Administration (http://typhoon.org.cn). Because of the greater
number of observations available for analysis, the tropical cyclone
database of China Meteorological Administration is believed to be
more accurate and complete over the offshore and land areas of China
than the datasets from other agencies (Ying et al., 2014). The second
part of the data comprised simulated wind field data of historical
tropical cyclones from 1949 to 2021 at the Donghaitang wind farm,
obtained from simulations using a parametric typhoon wind field
model. The wind field model used in this study was the improved
parametric wind field model based on the CE (U.S. Army Corps of
Engineers) wind field model proposed by the Shanghai Typhoon
Research Institute of the China Meteorological Administration (Fang
et al., 2020) (see Appendix A for details). As it directly solves the non-
linear momentum equation and makes no simplification to each term,
the CEwind fieldmodel has higher calculation accuracy compared with
the Shapiro, YanMeng, andVickerymodels (Shapiro, 1983;Meng et al.,
1995; Thompson and Cardone, 1996; Vickery et al., 2000). Besides, the
CE wind field model can better describe the wind field structure of
asymmetric typhoons. The hourly tropical cyclone wind field data with
a horizontal resolution of 2 km, including horizontal wind speed, wind
direction, and latitude/longitude of the tropical cyclone center were
obtained from the simulation results. As reported by Fang et al. (2020),
the simulated wind fields are comparable with those observed within a
range of 250 km from the typhoon center. In particular, they are highly
reliable within 150 km from the typhoon center of a strong typhoon.

2.3 Analytic hierarchy process

The analytic hierarchy process (AHP) methodology was
proposed by Saaty and Kearns (1985) in 1985. The AHP stratifies
the indicators involved in an assessment by structuring a multilevel
analytical structural model of the assessment factors and the
interrelationships between them to organize the system of
indicators in an orderly manner for assessment purposes. Owing
to its simplicity and generality, as well as its higher level of accuracy,
the AHP is one of the most widely used multicriteria decision-
making techniques globally (Khaira and Dwivedi, 2018). The
method consists of steps such as constructing a judgment matrix,
hierarchical single ranking, and consistency testing.

The first step is to stratify the target problem, and then to analyze
the weighting of importance of the constituent elements in each level
to the previous level. The weight values are mainly obtained through
data quantification, using the scale values of relative importance of
each indicator given in Table 2, and then scored by experts by
comparing the importance between pairs of indicators, thereby
constructing a comparative judgment matrix, as shown in Eq. 1,
where aij is the relative importance according to criteria ai relative to
criteria aj (Saaty and Kearns, 1985; Saaty, 1990):

A �
a11 a12 ... a1n
a21 a22 . . . a2n
..
. ..

. ..
. ..

.

an1 an2 . . . ann

⎡⎢⎢⎢⎢⎢⎢⎢⎢⎢⎢⎢⎢⎢⎢⎢⎢⎢⎢⎢⎢⎣
⎤⎥⎥⎥⎥⎥⎥⎥⎥⎥⎥⎥⎥⎥⎥⎥⎥⎥⎥⎥⎥⎦ (1)

After construction of the comparative matrix, the weights of
each indicator can be calculated by computing the eigenvectors
associated with the maximum eigenvalues of the matrix:

CI � λ max − n

n − 1
(2)

CR � CI

RI
(3)

where CI is the consistency index, n is the matrix size, λmax is the
maximum eigenvalue of the judgment matrix, and RI is the
random consistency index, the value of which is related to the
order of the judgment matrix, as shown in Table 3. When CR <
0.10, the results of the comparison judgment matrix are
considered to have satisfactory consistency; otherwise, the
judgment matrix should be reconstructed until CR < 0.10
(Saaty and Kearns, 1985).

TABLE 2 Relative importance values in AHP (from Tables 3-4 of Saaty and
Kearns (1985))

Intensity of importance Interpretation

1 Equal

3 Moderate of one over another

5 Essential or strong

7 Very strong

9 Extreme

2,4,6,8 Intermediate values
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After calculating the weights for each level of the hierarchy
(primary and secondary indicators), the final weight value of each
indicator can be calculated by multiplying the sequence of relative
weight matrices for each level of the hierarchy. The final weight value
(wj

g) of secondary indicator j is its weight value multiplied by the
corresponding primary indicator weight value:

wg
j � wg × wj g( ) (4)

where wj
g is the final weight of the jth secondary indicator under

primary indicator gth, wg is the primary weight value of indicator
gth, and wj(g) is the jth secondary weight value of the gth indicator.

Finally, the sum of the final weights of each indicator of the ith
tropical cyclone and the product of the corresponding physical indicator
is defined as the composite risk index Ri for the ith tropical cyclone:

Ri � ∑n
j�1

wg
j × Xij( ) (5)

where Xij denotes the normalized value of the ith sample of the jth
indicator.

2.4 Workflow of this study

Figure 2 shows the workflow of this study. As shown in Figure 2,
this paper firstly extracted the historical tropical cyclone best-track data

within 150 km of the Donghaitang wind farm. Then the historical
tropical cyclone wind field was simulated by the improved CE wind
fieldmodel. Based on the simulatedwind fields, three tracks of historical
tropical cyclones were classified, and the characteristic distributions of
historical tropical cyclones on different tracks were analyzed.
Meanwhile, four hazard factors were proposed and analyzed by
combining the working conditions of wind turbines under the
influence of tropical cyclones. Finally, a comprehensive hazard
assessment model for wind farms under tropical cyclone conditions
was established using AHP, and the risk levels of wind farms
represented by historical tropical cyclones with different tracks were
evaluated based on this model. In addition, this paper also counted the
annual maximum wind speed of wind farms, calculated the 50-year
maximum wind speed of wind farms, and suggested the selection of
wind turbines.

3 Analysis of characteristics of historical
tropical cyclones in the region of the
wind farm

3.1 Track

In this study, we took tropical cyclones with the highest
intensity above tropical storm level (maximum wind speed near

TABLE 3 Saaty’s random index values (RI) (Saaty and Kearns, 1985).

Matrix size (n) 1 2 3 4 5 6 7 8 9 10

RI 0 0 0.58 0.90 1.12 1.24 1.32 1.41 1.45 1.49

FIGURE 2
Workflow of this study.
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the center of >17.2 m s−1) during their entire lifetime as the study
sample (GB/T 19201-2006, 2006). Using the tropical cyclone best-
track information provided by the Tropical Cyclone Information
Centre of the China Meteorological Administration, 64 tropical
cyclones classified as tropical storms or above were recorded
within 150 km of the Donghaitang wind farm area during
1949–2021. To investigate the effects of tropical cyclones with
different tracks of movement, a circle with a radius of 150 km is
drawn around the wind farm. The intersection point of the track
and the circle is the starting point when the tropical cyclone enters
the circle and the end point when it leaves the circle. The influence
of the tropical cyclone track outside the circle on the wind farm is
not considered. The wind farm is the origin of the coordinate axis,
and the north direction is the y-axis. When the starting point of the
tropical cyclone track is located at 165°–195° and the ending point
is located at 345°–15°, the tropical cyclone is considered to be
moving from south to north; When the starting point of the
tropical cyclone track is 105°–165° and the ending point is
285°–345°, the tropical cyclone is considered to be from
southeast to northwest; When the starting point of the tropical

cyclone track is 195°–255° and the ending point is 15°–75°, the
tropical cyclone is considered to be from southwest to northeast;
when the starting point of the tropical cyclone track is 75°–105° and
the ending point is 255°–285°, the tropical cyclone is considered to
be moving from east to west. Based on this, the historical tropical
cyclones of Donghaitang wind farm can be divided into three
moving tracks from south to north, from southeast to northwest,
and from southwest to northeast. The tropical cyclones were then
further classified into leftward and rightward tropical cyclones
with respect to the location of the wind farm to investigate the risk
level of wind farms located in different quadrants relative to the
forward direction of the tropical cyclones.

The best-track positions and intensities for all tropical
cyclones and those moving northward, northwestward, and
northeastward passing within 150 km of the location of the
Donghaitang wind farm during 1949–2021 are shown in
Figure 3. The number of tropical cyclones traveling from
southeast to northwest was highest, i.e., approximately twice
as many as those moving in the other two directions of travel,
and their intensity was relatively strong, with 74.2% of tropical

FIGURE 3
Best-track positions and intensities for (A) all tropical cyclones and those moving (B) northward, (C) northwestward, and (D) northeastward within
150 km of the area of the Donghaitang wind farm during 1949–2021. The numbers of tropical cyclones in panels (A)–(B) are 64, 17, 31, and 16,
respectively. Different colors represent different intensity levels: black for low eddy (LE: ≤10.7 m s−1), green for tropical depression (TD: 10.8–17.1 m s−1),
yellow for tropical storm (TS: 17.2–24.4 m s−1), orange for severe tropical storm (STS: 24.5–32.6 m s−1), red for typhoon (TY: 32.7–41.4 m s−1), pink
for severe typhoon (STY: 41.5–50.9 m s−1), and purple for super typhoon (Super TY: ≥51 m s−1). The time interval between two adjacent points is 6 h, and
the white star marks the location of the Donghaitang wind farm.
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cyclones reaching a maximum intensity of typhoon or higher
throughout their lifetime. Additionally, tropical cyclones
traveling from south to north and from southeast to northwest
broadly remained above strong tropical storm intensity as they
passed through the area of the Donghaitang wind farm

(Figure 3C, Figure 3B), with some tropical cyclones traveling
from southeast to northwest reaching super typhoon intensity.
The intensity of most of the tropical cyclones moving from
southwest to northeast diminished to tropical depression level
by the time they passed the wind farm area (Figure 3D).

FIGURE 4
(A) Annual and (B) monthly frequency distributions of historical tropical cyclones affecting the Donghaitang wind farm area. The red dashed line in
(A) denotes the linear fit of the annual frequency.

FIGURE 5
Locations and wind speed distributions for (A) all tropical cyclones and those moving (B) northward, (C) northwestward, and (D) northeastward and
affecting the Donghaitang wind farm area during 1949–2021. Black dotted circle indicates the 150 km research area around the wind farm. The bubble
distribution shows the center location of each tropical cyclone when it caused the maximum wind speed in the area of the Donghaitang wind farm;
different colors represent different wind speeds caused by the tropical cyclones in the wind farm area, and larger bubble diameters indicate a greater
maximum wind speed of the tropical cyclone. The red star marks the location of the Donghaitang wind farm.
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3.2 Distribution of tropical cyclone features

The annual and monthly frequency distributions of historical
tropical cyclones that affected the Donghaitang wind farm area
during 1949–2021 are shown in Figure 4. The annual frequency of
tropical cyclones that affected the Donghaitang wind farm area has
increased slowly during 1949–2021 (Figure 4A), with the annual
average number of tropical cyclones increasing from approximately
0.7 in 1949 to 1 in 2021, consistent with the findings reported by Liu
and Wang (2020). As shown in Figure 4B, the monthly variation is
unimodal with tropical cyclones mainly occurring during
May–November, with July–September being the most active
period reaching a monthly peak in August.

The locations and wind speed distributions for all tropical
cyclones and those moving northward, northwestward, and
northeastward and affecting the Donghaitang wind farm area
during 1949–2021 are shown in Figure 5, the results of which
were calculated based on interpolation of the parametric wind
field model. Of the 64 tropical cyclones that passed within
150 km of the wind farm area, 79.68% of them caused maximum
wind speeds of <25 m s−1 during the time of their impact on the wind
farm, while the remaining 20.32% had wind speeds of >25 m s−1, of
which 13.8% of those had wind speeds of >37.2 m s−1 (Figure 5A).
Among the three directions of travel, tropical cyclones traveling
from southeast to northwest had the highest intensity of maximum
wind speeds, with 38.71% of tropical cyclones causing maximum
wind speeds of >25 m s−1, of which 33.3% had maximum winds
of >37.2 m s−1. Followed were traveling from south to north, nearly
half of the tropical cyclones with maximum wind speeds
of >17.2 m s−1. Tropical cyclones traveling from southwest to
northeast created the lowest maximum wind speeds in the wind
farm area, i.e., all <25 m s−1, with 93% of them causing maximum
wind speeds of <17.2 m s−1 in the wind farm area (Figures 5B–D). In
addition, the maximum wind speeds in the area of the wind farm
caused by tropical cyclones with a center passing to the left side of
the Donghaitang wind farm area were significantly greater than
those of tropical cyclones with a center passing to the right
(Figure 5B and Figure 4C). This is mainly because when the
center of a tropical cyclone passes to the left of the wind farm
area, the wind farm is exposed to an inshore wind that is less affected
by topography; when the center of a tropical cyclone passes to the
right of the wind farm area, the wind farm is exposed to offshore
wind, which is more influenced by terrain that reduces the wind
speed.

We define the time that a tropical cyclone (above tropical storm
level, i.e., maximum wind speed near the center of >17.2 m s−1

during its entire lifetime) (GB/T 19201-2006, 2006) is within the
150 km range of the Donghaitang wind farm as the duration of
impact of the tropical cyclone on the wind farm. The time at which
the tropical cyclone center moves within 150 km of the wind farm is
defined as the starting point, and the time at which the tropical
cyclone center moves beyond 150 km of the wind farm is defined as
the endpoint. Calculating the time from the starting point to the
endpoint provides the duration of the impact of the tropical cyclone
on the wind farm. The time duration frequency distributions for all
tropical cyclones and those moving northward, northwestward, and
northeastward and affecting the Donghaitang wind farm area are
shown in Figure 6. The duration of the impact of the tropical

cyclones on the Donghaitang wind farm was mainly 0–24 h
(Figure 6A). The duration over which the largest number of
tropical cyclones affected the Donghaitang wind farm was 0–2 h,
accounting for 35.9% of the total. In terms of cumulative frequency,
nearly 80% of tropical cyclones had impact that persisted for <10 h,
and 90.6% had impact that persisted for <14 h. Of the tropical
cyclones traveling from south to north, 88.2% had a duration of the
impact of <10 h (Figure 6B). The number of tropical cyclones whose
center passed to the left of the wind farm was five more than the
number of tropical cyclones whose center passed to the right, and
the duration of the impact of the tropical cyclones traveling to the
left was approximately twice that of those traveling to the right. Of
the tropical cyclones traveling from southeast to northwest, the
duration of the impact of 87.1% was within 14 h (Figure 6C). The
number of tropical cyclones whose center passed to the left of the
wind farm was three more than the number of tropical cyclones
whose center passed to the right, and the duration of the impact of
the tropical cyclones traveling to the left was approximately 1.1 times
longer than that of the tropical cyclones traveling to the right. Of the
tropical cyclones traveling from southwest to northeast, 81.3% had
duration of the impact of 0–2 h (Figure 6D). The number of tropical
cyclones whose center passed to the right of the wind farm was eight
more than the number of tropical cyclones whose center passed to
the left, and the duration of the impact of the tropical cyclones
traveling to the right was approximately 2.3 times longer than that of
the tropical cyclones traveling to the left.

The above shows that the duration of the impact of historical
tropical cyclones that affected the area of the Donghaitang wind
farm was mainly within 14 h and that the overall duration of the
impact of the tropical cyclones whose center passed to the left of the
wind farm was greater than that of the tropical cyclones whose
center passed to the right, i.e., approximately 1.2 times longer.

4 Hazard factors of tropical cyclones

4.1 Selection of extreme hazard factors

Extreme wind speeds and violent changes in wind direction
during tropical cyclones are the main causative factors of damage to
wind farms. The strong vibrations and heavy wind loadings caused
by extreme wind speeds can cause severe damage to wind turbines
and have an impact on wind power grids, while violent changes in
wind direction can have a strong impact on the aerodynamic forces
caused by the wake interaction between blades and towers (Wang
et al., 2015; Tang et al., 2020). In previous studies, the impact of the
reserve power supply on the yaw system was usually neglected,
especially when the power supply system broke down during the
impact of tropical cyclones (Li et al., 2013; Kim and Manuel, 2014;
Qian et al., 2021). If the power supply is insufficient, the yaw system
will not work properly, which poses a major threat to the structural
safety of wind turbines. In this study, by summarizing Chinese and
international wind turbine design standards, and following review of
previous studies on tropical cyclone hazard assessment in relation to
wind farms, four extreme tropical cyclone hazard factors were
adopted as primary indicators for tropical cyclone risk:
maximum wind speed (Vmax), maximum duration of wind
direction change (Tmax), maximum cumulative wind direction
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change (Δθmax), and maximum rate of change in wind direction
(ΔDmax).

4.2 Maximum wind speed (Vmax)

External wind conditions are an important factor in
determining wind turbine loads. The transit of tropical
cyclones is often accompanied by extreme wind speeds, which
can pose a considerable threat to the structural integrity of wind
turbines and the safety of wind power grids. We defined the
maximum wind speed at hub height in the wind farm area, caused
by a tropical cyclone during its movement within the range of
150 km of the Donghaitang wind farm, as the maximum wind
speed of that tropical cyclone. According to the “Typhoon type
wind turbine” standards (GB/T 31519-2015, 2015), wind speed
thresholds of 25, 37.5, 42.5, and 50 m s−1 are recommended to be
adopted, and the maximum wind speed should be divided into
five wind speed intervals as secondary indicators under the
maximum wind speed index. The frequency distribution of
maximum wind speed at hub height (Vmax), and the time
series of annual maximum wind speed for the Donghaitang
wind farm under tropical cyclone conditions during
1949–2021, obtained from the parametric wind field model,
are shown in Figures 7A, B, respectively. A year with zero
annual maximum wind speed means that no tropical cyclones

passed within 150 km of the wind farm area in that year. During
the study period, 64 tropical cyclones affected the Donghaitang
wind farm area, of which 60.94% had maximum wind speeds of
5–25 m s−1 at hub height, and 39.07% had wind speeds that
exceeded the wind turbine cutout speed (25 m s−1) at hub
height, with a maximum wind speed of 56.42 m s−1

(Figure 7A). The annual maximum wind speed at the
Donghaitang wind farm shows a clear upward trend during
1949–2021, with the annual average wind speed value
increasing from 7.5 m s−1 in 1949 to 16 m s−1 in 2021
(Figure 7B). The Donghaitang wind farm is clearly located in
an area rich in wind resources but one that also has high risk of
tropical cyclones. Selection of a suitable wind turbine rating is
therefore essential for the further development of the
Donghaitang wind farm.

The International Electrical Commission (IEC) 61400-1: Wind
turbines part 1: Design requirements (IEC 61400-1, 2019) clearly
states that the extreme wind speed value with 50-year recurrence is
one of the key indicators for the ultimate loading of a wind turbine,
and should form the basis for the selection and economic evaluation
of wind turbine models in the development of wind power projects.
There are various methods for calculating the extreme wind speed
value with 50-year recurrence, but the methods used most
commonly internationally are the Gumbel distribution, Weibull
distribution, Poisson–Gumbel distribution, and Generalized
Pareto Distribution. In comparison with other extreme value

FIGURE 6
Duration frequency distribution for (A) all tropical cyclones and thosemoving (B) northward, (C) northwestward, and (D) northeastward and affecting
the area of the Donghaitang wind farm. The orange (blue) color represents the frequency of tropical cyclones whose center passed to the right (left) of the
wind farm.
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distributions, the Gumbel distribution has higher accuracy, better
reliability, and greater applicability, and it has been used more
widely both in China and in other areas of the world (Lee et al.,
2012; Yao et al., 2018; Sarkar et al., 2019; Yan et al., 2020). Therefore,
the Gumbel distribution was used in this study to calculate the
extreme wind speed value with 50-year recurrence for the
Donghaitang wind farm. The expression of the Gumbel
distribution function is as follows:

FG � exp −exp −x − b

a
( )[ ] −∞<x< +∞( ) (6)

where a is the scale parameter and b is the position parameter. The
parameter estimates are calculated using the method of moments
used in the specification.

The maximum wind speed for a Gumbel distribution with a
return period of T is calculated as shown in Eq. 7:

XT � b − 1
a
ln ln

T

T − 1
( )[ ] (7)

The maximum value of the annual wind speed was taken as the
annual maximumwind speed for that year (Figure 7B), and for years
when the annual maximum wind speed was lower than the
minimum wind speed of 17.2 m s−1 for tropical storms and in
years when there were no tropical cyclones, the minimum wind
speed of 17.2 m s−1 for tropical storms was taken as the annual
maximum wind speed for that year. Thus, we obtained the annual
maximum wind speed series for the Donghaitang wind farm during
1949–2021. Equations (6) and (7) were used to calculate the extreme
wind speed value with 50-year recurrence at the Donghaitang wind
farm as 43.6 m s−1 and, according to IEC 61400-1 (IEC 61400-1,
2019), it is recommended that wind turbines of Type Ⅰ should be
used at the Donghaitang wind farm. The wind turbine currently
used at the Donghaitang wind farm is the Vestas V80-2000, which
has a 10-min average reference wind speed at hub height (Vref) of
42.5 m s−1, i.e., slightly less than 43.6 m s−1; therefore, this turbine
type does not meet the specification requirements. This is probably
because the Donghaitang wind farm was built in 2009 and because
the annual maximum wind speeds in the area of the Donghaitang
wind farm are generally increasing over time.

4.3 Maximum duration of wind direction
change (Tmax)

The yaw system of a wind turbine, which is an important tool for
coping with extreme wind changes during the impact of a tropical
cyclone, is an important safeguard for the structural integrity of the
wind turbine when the wind speed of a tropical cyclone exceeds the
turbine cutout wind speed (25 m s−1). The extreme wind speeds of
tropical cyclones can cause severe damage to turbines and affect the
wind farm grid. If the wind farm grid becomes disconnected, the yaw
system of the wind turbine will need to rely on the backup power
supply to operate. A long duration of wind direction change might
cause the diesel generator of the backup power supply to run out of
fuel and battery power, resulting in failure of the yaw system. The
yaw system of a large wind turbine is designed to operate under the
following conditions: average angle of change between the free
stream and the nacelle (yaw error) of >8° within 30 s, and
average wind speed of >2.5 m s−1 within 5 min. When the
average yaw error is less than the specified value, the yaw control
system of the wind turbine will not start working (Zhao et al., 2022).
In this study, the maximum duration of wind direction change
(Tmax) was defined as a cumulative duration of the 10-min average
wind direction change when the 10-min average wind speed at hub
height was >25 m s−1. Because the yaw system of a large wind turbine
only starts working when the wind direction change is >8°, it is
noteworthy that the calculation of Tmax is started only when the
cumulative change of 10-min average wind direction exceeds this
threshold. Of the 64 tropical cyclones that passed within 150 km of
the Donghaitang wind farm, 25 met these requirements. According
to IEC 61400-1 and GB/T 31519, it is important to ensure that the
yaw system has uninterrupted yaw regulation capability for at least
6 h after loss of power to the wind farm grid (GB/T 31519-2015,
2015; IEC 61400-1, 2019). Therefore, we divided all the samples into
four categories with a step length of 3 h, and thresholds of 360, 540,
and 720 min, which represent secondary indicators under this index.

The frequency distribution of the maximum duration of wind
direction changes at hub height under the influence of tropical cyclones
(Tmax), and the best-track positions/intensities and temporal variations
of wind speed and wind direction for tropical cyclones Mary (1974),

FIGURE 7
(A) Frequency distribution of maximumwind speed at hub height (Vmax) and (B) time series of annual maximumwind speed at the Donghaitang wind
farm under tropical cyclone conditions during 1949–2021. Orange dashed lines in (A) represent threshold cutoffs of 25, 37.5, 42.5, and 50 m s−1; red line
in (B) represents the linear fit of the annual maximum wind speed.
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Hope (1974), and Matsa (2005) are shown in Figure 8. This figure
shows that 52% of the Tmax values are concentrated between 200 and
400 min, and that eight of the tropical cyclones had a Tmax value of
between 200 and 300 min (Figure 8A). The largest Tmax value occurred
during tropical cyclone Mary in 1974, which affected the Donghaitang
wind farm area for 770 min tropical cyclone Mary reached its
maximum intensity rating of typhoon level when it passed over the

wind farm area (Figures 8B, C). During this period of influence, the
overall trend of the wind speed was one of increase and then decrease,
and the overall change in wind direction was moderate. For example,
the wind speed increased to >25 m s−1 at 11:30 on August 19, and the
cumulative 10-min mean wind direction change was >8° at 13:10.
Therefore, 13:10 on August 19 was the start of Tmax for tropical cyclone
Mary, which peaked at 38.73 m s−1 at 19:00 on August 19, and then

FIGURE 8
(A) Frequency distribution of themaximumduration of wind direction changes at hub height under the influence of tropical cyclones (Tmax), and (B,D
and F) the best-track positions and intensities and (C,E and G) temporal variations of wind speed and wind direction for tropical cyclones (B and C)Mary
(1974), (D and E) Hope (1974), and (G and H) Matsa (2005). Orange dashed lines in (A) are the threshold cutoffs of 360, 540, and 720 min, black dashed
circle represents the study area with radius of 150 km centered on the wind farm, and green dashed lines in (C,E and G) denote the starting and
ending time points of Tmax.
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dropped to <25 m s−1 at 02:00 on August 20, marking the end of Tmax.
The maximum duration of wind changes at 80 m height in the
Donghaitang wind farm area during the impact of tropical cyclone
Mary was calculated as 770 min. Similarly, the best-track and wind
speed/direction profiles for tropical cyclones Hope and Matsa are
shown in Figures 8D–G. Both tropical cyclones reached their
maximum intensity of above typhoon strength as they passed
through the area of the Donghaitang wind farm. The overall wind
speed trend of both tropical cyclones was one of increase and then
decrease, with the wind speed of tropical cyclone Hope peaking at
38.89 m s−1 at 17:00 on July 20, and that of tropical cyclone Matsa
peaking at 36.15 m s−1 at 22:40 on August 5. Both tropical cyclones had

the same Tmax of 560 min. The Tmax of the Donghaitang wind farm is
mainly concentrated within 600 min. Historically, seven tropical
cyclones had a Tmax of 6 h or more, including three with a Tmax of
9 h or more and one with a Tmax of >12 h.

4.4 Maximum cumulative wind direction
change (Δθmax)

Similar to the definition of Tmax, the maximum cumulative wind
direction change (Δθmax) is defined as the cumulative change of 10-
min average wind direction when the 10-min average wind speed at

FIGURE 9
(A) Frequency distribution of the maximum cumulative wind direction change at hub height under the influence of tropical cyclones (Δθmax), (B and
D) the best-track positions and intensities, and (C and E) temporal variations of wind speed and wind direction for tropical cyclones (B,C) Abe (1990) and
(D,E) Vera (1989). Orange dashed lines in (A) are the threshold cutoffs of 67°, 152°, and 248°, black dashed circle represents the study area with radius of
150 km centered on the wind farm, green dashed line and green curve in (C and E) denote the start time of Δθmax and the cumulative change angle
curve, respectively.
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hub height exceeds 25 m s−1. Notably, Δθmax is calculated only when
the cumulative change of 10-min average wind direction is >8°. Of
the 64 tropical cyclones that passed within 150 km of the
Donghaitang wind farm area, 25 met these requirements. This
study used the natural breakpoint classification method (Jenks,
1967) to determine three thresholds (i.e., 67°, 152°, and 248°) and
divided all samples into four categories as secondary indicators
under this index.

The frequency distribution of the maximum cumulative wind
direction change at hub height under the influence of tropical
cyclones (Δθmax), and the best-track positions/intensities and
temporal variations of wind speed and wind direction for tropical
cyclones Abe (1990) and Vera (1989) are shown in Figure 9.
Figure 9A shows that Δθmax is mainly concentrated between 100°

and 250°, accounting for 76% of the total. Overall, 12 tropical
cyclones had a Δθmax value of between 100° and 200°; the largest
Δθmax was that of tropical cyclone Abe in 1990 (380.66°), followed by
tropical cyclone Vera (337.76°). The intensity levels of tropical
cyclones Abe and Vera were lowest at the closest point of
approach to the wind farm area (Figures 9B–E). This is because
the centers of these two tropical cyclones passed right over the
Donghaitang wind farm area, and therefore their wind speeds
showed an M-shaped trend. The wind speed of tropical cyclone
Abe rose above 25 m s−1 at 21:10 on August 30 and reached its first
peak of 32.8 m s−1 at 23:00. Subsequently, the wind speed decreased
and reached a cumulative 10-min average wind direction change
of >8° at 23:40. The wind speed then reached a second peak of
40.75 m s−1 at 03:00 on August 31, before dropping back below
25 m s−1 at 05:30. The wind speed of tropical cyclone Vera rose
above 25 m s−1 at 09:50 on September 15 and reached a first peak of
26.54 m s−1 at 10:00. Subsequently, the wind speed decreased and
reached a cumulative 10-min mean wind direction change of >8° at
10:30. The wind speed then increased to a second peak of
36.84 m s−1 at 13:00, before falling to below 25 m s−1 at 14:30. In
terms of wind direction, the trend of both tropical cyclones was
relatively smooth before the arrival of the center of the tropical
cyclone and after the center of the tropical cyclone left, with
substantial abrupt changes occurring in both cases as the center
of the tropical cyclone passed over the wind farm area. The most
abrupt change associated with tropical cyclone Abe was between 00:
50 and 01:10, with an abrupt angle change of approximately 178°; the
cumulative angle change curve shows that the main increase in wind
direction change for Abe was between 00:30 and 03:10. For tropical
cyclone Vera, the wind direction change angle exceeded 120°

between 11:40 and 11:50, and its main increase in wind direction
change was between 11:30 and 12:10. The Δθmax of the Donghaitang
wind farm area is mainly concentrated within 250°, and there were
only two tropical cyclones with Δθmax above 250°, of which the
largest Δθmax was 380.66°.

4.5 Maximum rate of change in wind
direction (ΔDmax)

Wind direction is a parameter that changes in real-time. To cope
with real-time changes in wind direction such that wind turbines can
produce greater benefits, turbines are generally equipped with a yaw
system that automatically tracks changes in wind direction and

adjusts the wind turbine blades to the direction at which wind speed
resources are optimal. However, when a tropical cyclone
approaches, the wind direction can change by a large margin,
especially near the center of the tropical cyclone, and the wind
direction might change at a rate higher than expected. In this case,
the wind turbine yaw system might not respond in a timely manner,
which could lead to the wind turbine bearing a side wind. The
windward area of a blade exposed to a side wind is the largest, and
the resultant unfavorable forces could easily cause damage to the
wind turbine blade. In this study, the rate of change in the 10-min
average wind direction at hub height (ΔDmax) during the duration of
the impact of tropical cyclones on the Donghaitang wind farm area
was taken as the value of this indicator. The natural breakpoint
classification method (Jenks, 1967) was used to determine three
thresholds (0.023°, 0.044°, and 0.166°s−1), and all samples were
divided into four categories as the secondary level under this
indicator.

The frequency distribution of the maximum rate of change in
wind direction at hub height under the influence of tropical cyclones
(ΔDmax), and the best-track positions/intensities and temporal
variations in wind speed and wind direction for tropical cyclones
Vera (1989), Khanum (2005), and Jean (1974) are shown in
Figure 10. The ΔDmax values were mainly concentrated between
0° and 0.04°s−1, accounting for 78.13% of the total (Figure 10A). The
largest ΔDmax occurred in association with tropical cyclone Vera in
1989, with a maximum rate of change in wind direction of 0.202°s−1,
followed by that of tropical cyclone Khanun in 2005 and tropical
cyclone Jean in 1974, for which the maximum rate of change in wind
direction was 0.166° and 0.16°s−1 respectively. The maximum rate of
change in wind direction for all three tropical cyclones occurred at
the moment when the center of the tropical cyclone passed closest to
the wind farm (Figure 10B–G). The abrupt change in the wind
direction angle of tropical cyclone Vera exceeded 120°, that of
tropical cyclone Khanun was approximately 100°, while of
tropical cyclone Jean was approximately 96°. It can be seen that
78.13% of the ΔDmax values of historical tropical cyclones affecting
the Donghaitang wind farm area were concentrated within 0.04°s−1.
Three tropical cyclones had a ΔDmax value of >0.166°s−1, mainly
because the center of each of those tropical cyclones passed directly
over the wind farm area.

5 Tropical cyclone wind hazard
assessment for the wind farm

5.1 Calculation of indicator weights

In this study, the four extreme hazard factors of maximum wind
speed (Vmax), maximum duration of wind direction change (Tmax),
maximum cumulative wind direction change (Δθmax), and
maximum rate of change in wind direction (ΔDmax) were
analyzed and used as tropical cyclone hazard factors for wind
farms. A comparative judgment matrix of the four first-order
indicators was derived through expert scoring (Saaty, 1990), as
shown in Table 4, where the maximum wind speed of a tropical
cyclone plays a decisive role in wind farm safety and is therefore
considered the most important hazard factor (Chen et al., 2021). The
second most important factor is the maximum rate of change in
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wind direction, where extreme wind direction changes can lead to an
untimely response by the yaw system of the wind turbines, thereby
posing a substantial threat to the blades of the wind turbines
(Ebrahimi and Sekandari, 2018). Finally, the maximum duration
of wind direction change and maximum cumulative wind direction
change were considered of equal importance because the long-term

combined effect of these two factors can lead to depletion of the
backup power supply of the wind turbine, thus rendering the yaw
system inoperative and posing a threat to the structural safety of the
wind turbine. Using the comparative judgment matrix of the four
indicators, their corresponding weight values and eigenvector values
were calculated, and a consistency test was conducted on their

FIGURE 10
(A) Frequency distribution of the maximum rate of change in wind direction at hub height under the influence of tropical cyclones (ΔDmax), (B,D and
F) the best-track positions/intensities, and (C,E andG) temporal variations in wind speed andwind direction for tropical cyclones (D and C) Vera (1989), (D
and E) Khanum (2005), and (F and G) Jean (1974). Orange dashed lines are the threshold cutoffs of 0.023°, 0.044°, and 0.166°s−1, black dashed circle
represents the study area with radius of 150 km centered on the wind farm, and pink dashed lines in (C,E and G) denote the period of maximum rate
of change in wind direction angle associated with the tropical cyclones.
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weight results. The results showed that the CI value of the primary
indicators was 0.052 and that the CR value was 0.046,
i.e., both <0.1, indicating that the degree of consistency was
good. Table 5 presents the comparative judgment matrix of the
secondary indicators corresponding to all the primary indicators,
and using the comparative judgement matrix corresponding to
each indicator, the weight values and eigenvector values
corresponding to each indicator were further calculated and
their results tested for consistency. The results showed that
the CI and CR values of the secondary indicators
corresponding to the four primary indicators were <0.1,
indicating good agreement. After obtaining the weight values
of all the primary and secondary indicators, the final weight
values of the indicators were calculated, as shown in Table 6.

5.2 Integrated hazard assessment for each
tropical cyclone

The composite risk index for all tropical cyclones traveling from
south to north within 150 km of the Donghaitang wind farm is
presented in Table 7. The average composite risk index for tropical
cyclones traveling from south to north was 0.0285, with the largest
value of 0.1388 and the smallest value of 0.0079. Among the tropical
cyclones traveling from south to north, those whose center passed to
the left of the wind farm area caused substantially greater values of
maximum wind speed at the wind farm than those whose center
passed to the right; thus, the average composite risk index of tropical
cyclones that passed to the left (0.0307) was slightly greater than the
average composite risk index of tropical cyclones that passed to the
right (0.0253).

Among the three tracks of the tropical cyclones, the cyclones
that moved from southeast to northwest were most numerous and
strongest on average, i.e., their highest wind speed reached the level
of a severe typhoon, and therefore their corresponding composite
risk index was also the largest. As evident in Table 8, the average
composite risk index for tropical cyclones traveling from southeast
to northwest was 0.0614 (the maximum among the three directions
of travel), with the largest value of 0.3496 and the smallest value of
0.0048. Among the tropical cyclones traveling from southeast to
northwest, the average composite risk index of all tropical cyclones
whose center passed to the left of the area of the Donghaitang wind

TABLE 4 Level 1 indicator judgement matrix.

Goal Δθmax Tmax ΔDmax Vmax

Δθmax 1 1 1/3 1/5

Tmax 1 1 1/3 1/5

ΔDmax 3 3 1 1/5

Vmax 5 5 5 1

λmax = 4.156; CI = (λmax -n)/(n-1) = 0.052; CR = CI/RI = 0.046

TABLE 5 Level 2 indicator judgement matrix.

Vmax (0–25] (25–37.5] (37.5–42.5] (42.5–50] >50

(0–25] 1 1/2 1/3 1/5 1/9

(25–37.5] 2 1 1/3 1/5 1/9

(37.5–42.5] 3 3 1 1/5 1/7

(42.5–50] 5 5 5 1 1/3

>50 9 9 7 3 1

λmax = 5.27; CI = (λmax -n)/(n-1) = 0.068; CR = CI/RI = 0.061

ΔDmax (0–0.023] (0.023–0.044] (0.044–0.166] >0.166
(0–0.023] 1 1/3 1/5 1/7

(0.023–0.044] 3 1 1/3 1/5

(0.044–0.166] 5 3 1 1/3

>0.166 7 5 3 1

λmax = 4.118; CI = (λmax -n)/(n-1) = 0.039; CR = CI/RI = 0.043

Tmax (0–360] (360–540] (540–720] >720
(0–360] 1 1/3 1/5 1/9

(360–540] 3 1 1/3 1/7

(540–720] 5 3 1 1/5

>720 9 7 5 1

λmax = 4.174; CI = (λmax -n)/(n-1) = 0.058; CR = CI/RI = 0.064

Δθmax (0–67] (67–152] (152–248] >248
(0–67] 1 1/2 1/3 1/5

(67–152] 2 1 1/2 1/5

(152–248] 3 2 1 1/5

>248 5 5 5 1

λmax = 4.144; CI = (λmax -n)/(n-1) = 0.048; CR = CI/RI = 0.053
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farm was 0.0631, i.e., slightly greater than the average composite risk
index of all tropical cyclones whose center passed to the right of the
Donghaitang wind farm (0.0593), consistent with the results of the
tropical cyclone maximum wind speed distribution map in this
direction.

The composite risk index of tropical cyclones traveling from
southwest to northeast that passed within 150 km of the
Donghaitang wind farm area is presented in Table 9. The average
composite risk index for tropical cyclones traveling southwest to
northeast was 0.0160 (the lowest of the three directions of travel),
with a maximum value of only 0.0531 and a minimum value of
0.0044. This is because most of the tropical cyclones traveling
southwest to northeast dropped in intensity to the level of a
tropical depression by the time they passed through the area of
the wind farm, the highest wind speed was only at the level of a
tropical storm. Additionally, among the tropical cyclones traveling
from southwest to northeast, although the number of tropical
cyclones whose center passed to the left of the wind farm area
was smaller than the number of those that passed to the right, the
average intensity of the former was slightly greater than that of the
latter. The average composite risk index of tropical cyclones that
passed to the left (0.0197) was therefore also slightly greater than the
average composite risk index of those that passed to the right
(0.0147).

After obtaining the composite risk index of all historical tropical
cyclones that passed within 150 km of the Donghaitang wind farm
area during 1949–2021, the natural breakpoint classification method
(Jenks, 1967) was adopted to further classify the composite risk

index of the 64 tropical cyclones to express the risk level of each
historical tropical cyclone more intuitively, as shown in Table 10.
The essence of the natural breakpoint classification method is that
there are some natural turning points and feature points through the
statistical sequence. Through these points, the research objects are
divided into groups with similar properties. Therefore, the natural
breakpoint itself is a good boundary for classification. This paper
counts all tropical cyclones in the assessment area from 1949 to
2021 so that the hazard assessment results are representative of the
area. Therefore, the natural breakpoint classification method for risk
classification also has a certain reliability.

The distribution of the composite risk index for tropical cyclones
traveling from south to north, southeast to northwest, and southwest
to northeast within 150 km of the Donghaitang wind farm area
under the four extreme hazard factors is shown in Figure 11. Of all
the tropical cyclones that affected the Donghaitang wind farm area
during 1949–2021, more than 76.56% represented a relatively low
level of risk to safety, while more than 23% represented a level of risk
of above medium. The largest number of tropical cyclones that
traveled from southeast to northwest accounted for 73.33% of the
total medium risk; the number of tropical cyclones that traveled
from south to north and from southwest to northeast each
accounted for 13.33%. There were eight tropical cyclones that
represented a relatively high (or above) level of risk to safety,
which accounted for 12.5% of the total number of all tropical
cyclones, of which three were at a high level of risk. These three
were all in the category of tropical cyclones that traveled from
southeast to northwest, i.e., tropical cyclone Vera (1990), tropical

TABLE 6 Tropical cyclone hazard assessment indicators and their weighting values for the wind farm.

Integrated assessment
indicators

Level
1 indicators

Level 1 indicator
weight value (a2)

Level
2 indicators

Level 2 indicator
weight value (a2)

Combined
weights (a1*a2)

Tropical cyclone hazard
assessment for wind farms

Vmax (m/s) 0.5938 (0–25] 0.0421 0.0250

(25–37.5] 0.0575 0.0341

(37.5–42.5] 0.1026 0.0609

(42.5–50] 0.2600 0.1544

>50 0.5379 0.3194

Tmax (min) 0.0938 [0–360] 0.0480 0.0045

(360–540] 0.1010 0.0095

(540–720] 0.2083 0.0195

>720 0.6427 0.0603

Δθmax (°) 0.0938 [0–67] 0.0809 0.0076

(67–152] 0.1244 0.0117

(152–248] 0.1948 0.0183

>248 0.5999 0.0563

ΔDmax (°/s) 0.2188 (0–0.023] 0.0569 0.0124

(0.023–0.044] 0.1219 0.0267

(0.044–0.166] 0.2634 0.0576

>0.166 0.5579 0.1221
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cyclone Khanun (2005), and tropical cyclone Lekima (2019). The R
magnitude of tropical cyclone Vera was dominated by ΔDmax,
whereas the R magnitude of both tropical cyclone Khanun and
tropical cyclone Lekima was dominated by Vmax. Those tropical
cyclones that traveled from southwest to northeast had the lowest
combined risk, with only two tropical cyclones reaching the medium
level of risk; the remainder were below the relatively low level of risk.
The composite risk index for tropical cyclones that traveled from
south to north and that for tropical cyclones that traveled from
southeast to northwest show that the composite risk rating of
tropical cyclones had gradually increased over time.

The time series of risk for the eight historical tropical cyclones
that had a composite risk index above the relatively high level of risk
is shown in Figure 12. The composite risk index of most tropical
cyclones was positively correlated with the corresponding wind
speed values, and only five of the moments of the impact of all
tropical cyclones had a V/Vref value of >1. The time series of risk for
tropical cyclone Lekima during its period of impact on the
Donghaitang wind farm in 2019, is shown in Figure 12A, reveals
that the wind farm was at a relatively high level of risk for 210 min,
with the magnitude of R being dominated byV. At around 17:00, the
risk rose to a high level owing to the continuous increase in wind
speed. At 17:50, the value of V/Vref exceeded 1, indicating that the
actual wind speed value at this point exceeded 50 m s−1.
Subsequently, the wind speed peaked at 18:00 and then began to

fall. The time over which the value of V/Vref was >1 accounted for
3.9% of the total impact hours during the entire period of impact of
tropical cyclone Lekima. The time series of risk of the three tropical
cyclones whose center passed right over the area of the wind farm are
shown in Figures 12B–D. In addition to the high level of risk at the
time of higher wind speed values, the risk level at the center of the
tropical cyclones was also relatively high owing to the increase in
ΔD. tropical cyclone Vera (1989) was above the medium level of risk
throughout the impact period, whereas tropical cyclone Abe (1990)
was above the relatively high level of risk throughout the impact
period; the R magnitude of these two typhoons was dominated by
Δθmax during the impact period. The R magnitude of tropical
cyclone Khanun (2005) was mainly dominated by V, and
although it was above the medium level of risk for only 140 min,
its 10-min average wind speed value at 07:50 exceeded 50 m s−1 and
the associated risk level rose to high. The period over which the V/
Vref value was >1 for the entire period of impact of tropical cyclone
Khanun represents 1.7% of the total period of impact. The time
series of risk for tropical cyclones Kai-tak (2000), Rananim (2004),
Winnie (1997), and Mary (1974) during the period over which they
each affected the wind farm area are shown in Figures 12E–H,
respectively. Tropical cyclones Kai-tak, Rananim, and Winnie had a
relatively low overall level of risk, with only five moments above the
relatively high level in total. Conversely, tropical cyclone Mary was
above the relatively high level of risk for the entire duration of its

TABLE 7 Composite risk index (from south to north).

Number Location Year Inter-number Δθmax (°) Tmax (min) Vmax (m/s) ΔDmax (°/s) R

1 left 1951 0000 0 0 15.1 0.022 0.0079

2 left 1959 5901 0 0 22.85 0.009 0.0106

3 left 1959 5905 0 0 19.27 0.008 0.0089

4 left 1961 6104 0 0 20.83 0.027 0.0127

5 right 1964 6404 0 0 22.41 0.031 0.0140

6 right 1969 6910 0 0 11.95 0.097 0.0329

7 left 1974 7410 0 0 19.65 0.16 0.0542

8 right 1986 8605 110.46 50 25.64 0.04 0.0244

9 right 1987 8705 0 0 12.66 0.046 0.0187

10 left 1987 8707 11.64 10 28.38 0.022 0.0187

11 left 1990 9005 0 0 20.8 0.021 0.0104

12 left 1992 9219 16.2 30 26.11 0.015 0.0171

13 right 1994 9414 221.56 360 30.76 0.018 0.0323

14 left 2000 0004 218.8 240 44.34 0.044 0.1388

15 left 2004 0407 121.26 220 32.69 0.024 0.0279

16 right 2014 1416 66.94 140 29.09 0.031 0.0237

17 right 2019 1918 170.7 200 31.14 0.025 0.0314

Left average 0.0307

Right average 0.0253

Total average 0.0285
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period of impact, but with no periods of high risk, and its R
magnitude was dominated by Tmax. Among these eight tropical
cyclones, all had a V/Vref value of <1 for the entire period, except for
tropical cyclone Lekima in 2019 and tropical cyclone Khanun
in 2005.

The tropical cyclones that represented a high level of risk to the
Donghaitang wind farm area were mainly those that traveled from
southeast to northwest, with the lowest risk rating for those tropical
cyclones that traveled from southwest to northeast. The magnitude of R
for high-risk tropical cyclones was dominated by Vmax and ΔDmax,

TABLE 8 Composite risk index (from southeast to northwest).

Number Location Year Inter-number Δθmax (°) Tmax (min) Vmax (m/s) ΔDmax (°/s) R

1 right 1952 0000 0 0 24.80 0.022 0.0123

2 left 1953 0000 102.18 200 29.58 0.015 0.0230

3 right 1956 0000 102.86 110 30.36 0.025 0.0254

4 right 1961 6126 142.9 440 40.96 0.014 0.0548

5 right 1974 7413 180.18 770 38.73 0.007 0.1111

6 left 1975 7504 248.14 380 36.38 0.034 0.0431

7 right 1978 7805 0 0 18.67 0.013 0.0090

8 right 1979 7910 0 0 18.5 0.008 0.0086

9 left 1981 8108 0 0 21.46 0.015 0.0103

10 left 1985 8506 176.72 480 35.58 0.009 0.0364

11 right 1988 8807 0 0 18.2 0.015 0.0089

12 right 1989 8909 148.26 560 38.89 0.016 0.0616

13 left 1989 8918 0 0 10.38 0.009 0.0050

14 left 1989 8923 337.76 240 36.83 0.202 0.1956

15 right 1990 9015 380.66 350 40.75 0.133 0.1401

16 left 1994 9417 0 0 21.08 0.007 0.0097

17 left 1995 9507 0 0 24.88 0.028 0.0147

18 left 1997 9711 207.18 230 43.03 0.029 0.1326

19 right 1998 9806 0 0 9.87 0.009 0.0048

20 right 2000 0008 0 0 19.99 0.009 0.0093

21 left 2002 0216 0 0 18.21 0.004 0.0082

22 left 2003 0311 0 0 17.55 0.005 0.0080

23 left 2004 0414 180.32 320 43.36 0.032 0.1332

24 left 2004 0421 0 0 15.27 0.011 0.0073

25 left 2005 0509 193.7 560 36.15 0.009 0.0458

26 right 2005 0515 171.28 230 51.74 0.166 0.3496

27 right 2012 1211 152.34 360 31.94 0.01 0.0266

28 right 2015 1509 0 0 18.64 0.007 0.0086

29 left 2018 1814 208.26 190 33.7 0.042 0.0370

30 left 2019 1909 244.32 510 56.42 0.029 0.3413

31 left 2020 2004 91.86 200 29.16 0.011 0.0222

Left average 0.0631

Right average 0.0593

Total average 0.0614
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whereas for tropical cyclones below the high-risk rating, the magnitude
of R was dominated by Vmax, Tmax, and Δθmax. The overall trend is that
the level of risk associated with tropical cyclones in the Donghaitang
wind farm area has increased over time. There are twomain reasons for
this phenomenon. First of all, it can be seen from the tropical cyclone
frequency distribution map of Donghaitang wind farm in Figure 4 that
the number of tropical cyclones affecting the wind farm is gradually
increasing with the increase of time, which undoubtedly makes the
hazard of tropical cyclones faced by thewind farm gradually increase. In
addition, the time-history curve of maximum wind speed of tropical
cyclone in Figure 7 shows that the annual maximum wind speed of
Donghaitangwind farm increases obviously with time, and the risk level
of the tropical cyclone is mostly determined by the maximum wind
speed of the tropical cyclone.

6 Discussion and conclusion

This study developed a comprehensive hazard assessment model
for wind farms under tropical cyclone conditions based on the AHP

method and evaluated the level of risk to the Donghaitang wind farm
area associated with historical tropical cyclones during 1949–2021.
A parameterized tropical cyclone wind field model was used to
simulate the wind field data of the historical tropical cyclones that
affected the wind farm area. The characteristics of the historical
tropical cyclones with different tracks were analyzed, and four
extreme tropical cyclone hazard factors with high impact on the
wind farm were proposed and examined.

The tropical cyclones that affected the Donghaitang wind
farm area during 1949–2021 broadly followed three tracks: south
to north, southeast to northwest, and southwest to northeast.
Those tropical cyclones that traveled moving from southeast to
northwest accounted for the largest proportion (48.44%) of the
total and caused relatively high wind speeds in the wind farm
area. Specifically, 38.71% of tropical cyclones that moved
northwestward resulted in a 10-min average wind speed
exceeding 25 m s−1 at hub height. Additionally, those tropical
cyclones that passed to the left side of the wind farm area
caused higher wind speeds than those tropical cyclones that
passed to the right. This was mainly because the wind in the

TABLE 9 Composite risk index (from southwest to northeast).

Number Location Year Inter-number Δθmax (°) Tmax (min) Vmax (m/s) ΔDmax (°/s) R

1 right 1955 0000 0 0 9.25 0.022 0.0053

2 right 1960 6001 0 0 24.94 0.05 0.0253

3 right 1961 6103 0 0 22.18 0.152 0.0531

4 left 1964 6423 0 0 7.37 0.021 0.0044

5 right 1967 6721 0 0 6.72 0.048 0.0166

6 right 1973 7304 0 0 12.63 0.024 0.0087

7 right 1975 7513 0 0 19.42 0.022 0.0098

8 right 1977 7701 0 0 14.22 0.039 0.0113

9 right 1981 8104 0 0 16.92 0.033 0.0118

10 left 2001 0102 0 0 23.15 0.008 0.0107

11 right 2001 0119 0 0 8.45 0.027 0.0072

12 right 2006 0601 0 0 24.46 0.042 0.0163

13 left 2007 0716 0 0 17.02 0.038 0.0125

14 right 2008 0815 0 0 12.7 0.008 0.0060

15 left 2009 0903 0 0 15.51 0.156 0.0512

16 right 2014 1407 0 0 10.16 0.019 0.0055

Left average 0.0197

Right average 0.0147

Total average 0.0160

TABLE 10 Tropical cyclone hazard classification for Donghaitang wind farm.

R <0.0187 [0.0187–0.0370) [0.0370–0.0616) [0.0616–0.1401) 0.1401≤

Risk level Low Relatively low Medium Relatively high High
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wind farm area was mostly onshore when the tropical cyclones
were located to the left side of the wind farm, and onshore winds
are generally stronger than offshore winds. Moreover, the overall
impact time of the tropical cyclones that passed to the left of the
wind farm was approximately 20% longer than that of the tropical
cyclones that passed to the right.

The annual maximum wind speed at hub height in the
Donghaitang wind farm showed a trend of increase during
1949–2021. The extreme wind speed with 50-year recurrence
at the Donghaitang wind farm is 43.6 m s−1, which is slightly
larger than the reference average wind speed of the wind
turbines currently installed in the wind farm (42.5 m s−1). In
terms of the other three hazard factors, the maximum duration
of wind direction change (Tmax) was <360 min for
approximately 90% of the tropical cyclones that affected the
Donghaitang wind farm, which indicates that the Tmax of 10% of
tropical cyclones was above the time duration required to be
guaranteed (6 h) by the code for backup power (GB/T 31519-
2015, 2015; IEC 61400-1, 2019). A large proportion of the
maximum cumulative wind direction change (Δθmax) at the
Donghaitang wind farm was <250° and the largest value of
Δθmax was only 380.66°, i.e., far below the maximum
direction that wind turbines can yaw. The overall values of
the maximum rate of change in wind direction (ΔDmax) were
relatively small, i.e., nearly 80% of ΔDmax values were <0.04°s−1. It
can be seen that with the increase of time, the number and
intensity of tropical cyclones landing in the Donghaitang area are
gradually increasing, which makes the tropical cyclone risk of
wind farms in the region gradually increase. In addition, for the
duration of the impact of tropical cyclones, although more than
90% of the impact time is within the controllable range of backup

power, still some of the duration of the impact of tropical
cyclones will cause damage to the wind turbine. Therefore, the
Vmax and Tmax are the hazard factors that wind farms should
focus on.

As indicated by the tropical cyclone risk index, the composite
risk level of the Donghaitang wind farm associated with tropical
cyclones has gradually increased over time, and the average
composite risk index for tropical cyclones that passed to the
left of the wind farm was 14.3% greater than that for tropical
cyclones that passed to the right. Moreover, the average
composite risk index for tropical cyclones traveling
northwestward was 0.0614, i.e., much larger than that for
tropical cyclones traveling northward (0.0285) and
northeastward (0.0160). It can be seen that wind farms should
take different countermeasures when dealing with tropical
cyclones with different tracks, e.g., the Donghaitang wind
farm should strengthen the prevention of tropical cyclones
from southeast to northwest, and should pay more attention
to tropical cyclones passing the left of the wind farm. Among the
64 historical tropical cyclones studied, there were five with a
relatively high level of risk and three with a high level of risk
(i.e., tropical cyclones Vera (1990), Khanun (2005), and Lekima
(2019)). Specifically, the magnitude of the composite risk index
was dominated by ΔDmax for tropical cyclone Vera and by Vmax

for tropical cyclones Khanun and Lekima. Therefore, the two
tropical cyclone hazard factors proposed in this paper for the
backup power supply of wind turbines are important factors that
cannot be ignored in the design of wind turbines, the selection of
wind turbines, or the prevention of tropical cyclone risks in the
later period. In addition, when the Type I wind turbines were
selected for installation in the Donghaitang wind farm, the 10-

FIGURE 11
Distribution of historical tropical cyclone composite risk index for the Donghaitang wind farm area. Red, dark blue, blue, and green bars represent
the proportion of Vmax, Tmax, Δθmax, and ΔDmax in the composite risk index for tropical cyclones. Dark green, green, orange and red horizontal dashed lines
are the threshold cutoffs when R equals 0.0187, 0.0370, 0.0616, and 0.1401, respectively, and the vertical black dot-dashed lines are the tropical cyclone
track cutoffs: (left to right) south to north, southeast to northwest, and southwest to northeast.
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min average wind speed at hub height exceeded the reference
wind speed during only two tropical cyclones from 1949 to 2021,
i.e., Typhoon Khanun (2005) with the duration of the impact of
10 min and Typhoon Lekima (2019) with the duration of the
impact of 40 min.

The findings of this study could provide support for hazard
assessment of offshore and coastal wind farms exposed to tropical
cyclones, including macro site selection of wind farms and type
selection of wind turbines. Owing to the limitation in the
simulation capability of the tropical cyclone parametric wind
field model, the impacts of some important hazard factors such as
turbulence intensity and gust factor were not considered in the
present hazard assessment model. It is planned that the impacts
of additional tropical cyclone hazard factors on wind farms,

especially in relation to complex terrain, will be addressed in
our future studies.
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Appendix A: Parametric wind field
model

TheCE (U.S. ArmyCorps of Engineers) wind fieldmodel is based on
the Navier–Stokes fluid equations. These are horizontal equations of
motion that consider the combined effects of the Coriolis force, pressure
gradient force, vortex viscous force, and drag force, under the
assumptions that the vertical convective flow is small in comparison
with the horizontal convective term and can be neglected, and that the
shear force at the top of the atmospheric boundary layer vanishes. The
vector expression of the atmospheric mean equation of motion, i.e., the
momentum equation, with Earth as the reference system is expressed as
follows:

dV̂

dt
+ f × �K× �V( ) � −1

ρ
∇P̂

+∇ KH · ∇ �V( ) − CD

h
�V

∣∣∣∣ ∣∣∣∣ �V
(A.1)

where �V is the horizontal velocity of the atmospheric boundary layer, f =
2ω sinΦ is the Coriolis parameter, ω is the angular velocity of Earth‘s
rotation,Φ is the latitude of the typhoon center, �K is a vector unit, ρ is the
air density, P̂ is the atmospheric pressure, ∇ is the Hamiltonian operator,
KH is the eddy viscosity coefficient, CD is the drag coefficient, and h is the
typhoon boundary layer height, and the material derivative is as follows:

d

dt
� z

zt
+ �V · ∇ (A.2)

In a coordinate system moving with the typhoon center, the
equation can be expressed as follows:

d �Vc + �V( )
dt

� −f �k× �Vc + �V( )[ ] − 1
ρ
 pc + Pg( )

+• KH �Vc + �V( )[ ] − CD

h
�Vc + �V( )∣∣∣∣∣ ∣∣∣∣∣ �Vc + �V( )

(A.3)

where �Vc is the speed of typhoon movement, �V is the horizontal
velocity relative to the typhoon center, Pc is the
pressure corresponding to �V, Pg is the large-scale pressure
field related to the atmospheric flow caused by ball rotation,
and the relationship with the geostrophic wind �Vg or �Vg is as
follows:

f �k× �Vg( ) � −1
ρ
∇Pg or f �k× �Vc + �Vg( )[ ] � −1

ρ
∇Pg (A.4)

Assuming �Vg to be constant, Eq. (A.3) can be written as follows:

z �V

zt
+ �Vc + �V( )• �V � −f �k× �V − �Vg( )[ ] − 1

ρ
 pc( )

+∇• KH �V( ) − CD

h
�Vc + �V( )∣∣∣∣∣ ∣∣∣∣∣ �Vc + �V( )

(A.5)

where the moving speed �Vc is a known quantity. The parameters
CD = 0.0047, and h = 800 m. The pc is as follows:

pc r( ) � p0 + Δp exp − R max

r
( )B[ ] (A.6)

where p0 is the pressure at the typhoon center, Δp = p∞-p0 is the
pressure difference between the center of the typhoon vortex and
the periphery with p∞ = 1010hPa, Rmax is the radius of maximum
wind, r is the radial distance to the typhoon center, and B is the
Holland-B parameter. Rmax and B are as follows:

ln R max( ) � 4.0441 − 1.2090 × 10−2Δp + 7.2694 × 10−3ϕ (A.7)
Bs � 1.2858 + 8.6396 × 10−3Δp − 8.7745 × 10−3ϕ (A.8)

where the ϕ is the typhoon position.
Restricted by the length of the article, the detailed values of more

parameters are referred to Section 2 of Fang et al. (2020).
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