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Abstract

The recognition on the trend of wind energy stability is still extremely rare, although it is closely related to
acquisition efficiency, grid connection, equipment lifetime, and costs of wind energy utilization. Using the 40-year
(1979-2018) ERA-Interim data from the European Center for Medium-Range Weather Forecasts, this study
presented the spatial-temporal distribution and climatic trend of the stability of global offshore wind energy as
well as the abrupt phenomenon of wind energy stability in key regions over the past 40 years with the climatic
analysis method and Mann-Kendall (M-K) test. The results show the following 5 points. (1) According to the
coefficient of variation (C,) of the wind power density, there are six permanent stable zones of global offshore
wind energy: the southeast and northeast trade wind zones in the Indian, Pacific and Atlantic oceans, the
Southern Hemisphere westerly, and a semi-permanent stable zone (North Indian Ocean). (2) There are six low-
value zones for both seasonal variability index (S,) and monthly variability index (M, ) globally, with a similar
spatial distribution as that of the six permanent stable zones. M, and S, in the Arabian Sea are the highest in the
world. (3) After C,, M, and S, are comprehensively considered, the six permanent stable zones have an obvious
advantage in the stability of wind energy over other sea areas, with C, below 0.8, M, within 1.0, and S, within 0.7 all
the year round. (4) The global stability of offshore wind energy shows a positive climatic trend for the past four
decades. C,, M, and S, have not changed significantly or decreased in most of the global ocean during 1979 to
2018. That is, wind energy is flat or more stable, while the monthly and seasonal variabilities tend to
shrink/smooth, which is beneficial for wind energy utilization. (5) C, in the low-latitude Pacific and M, and S, in
both the North Indian Ocean and the low-latitude Pacific have an obvious abrupt phenomenon at the end of the

20th century.
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1 Introduction

With the rapid development of human society, how to deal
with the severe energy crisis and environment crisis is a common
difficulty faced by all countries. However, the World Meteorolo-
gical Organization (WMO) released the latest edition of the latest
WMO Greenhouse Gas Bulletin and pointed out that the in-
crease in CO, concentrations in 2020-2021 is greater than the av-
erage annual growth rate over the past decade. How can we
break the energy crisis while ensuring sustainable development?
Offshore wind energy is known as renewable energy that has the
characteristics of nonpolluting, large storage, and wide distribu-
tion. It has been paid more attention by more and more coun-
tries. The reasonable utilization of wind energy resources will
ease the energy crisis, protect the ocean environment, promote
deep-sea development, and promote tourism in remote islands
(Xydis, 2015; Soukissian and Karathanasi, 2016; Soukissian et al.,
2017). Due to different spatial-temporal distributions of wind en-
ergy resources, the basic principle of wind energy utilization is
the priority evaluation of resource (Xydis and Mihet-Popa, 2017;
Langodan et al., 2014, 2016). On the basis of a detailed investiga-

tion of resource features, an orderly plan for energy development
and power grid construction can be formulated (Wan et al.,
2018).

Previous researchers have contributed many excellent stud-
ies on the wind energy evaluation, such as the spatial-temporal
distribution (Chadee and Clarke, 2014; Carvalho et al., 2014;
Esteban et al., 2019; Ulazia et al., 2017; Zheng et al., 2019a), en-
ergy classification (Zheng et al., 2018, 2019b), short-term fore-
casting of energy (Liu and Chen, 2019; Han et al., 2015; Allen et
al.,, 2017; Qian et al., 2019), and long-term projections of energy
(Davy et al., 2018; Carvalho et al., 2017b). According to the data
sources, wind energy evaluations have gone through three typic-
al stages: observation data stage, simulation data stage and
reanalysis data stage. Gonzalez-Longatt et al. (2014) found that
the best wind energy was located in the northern coastal area of
Venezuela based on observation data from 32 meteorological sta-
tions, which provided a scientific and detailed reference for wind
energy development in this region. Liu et al. (2019) presented the
wind potential of China using observations from 2 430 meteoro-
logical stations for the period of 2006-2015. The Northeast China

Foundation item: The Open Fund Project of Shandong Provincial Key Laboratory of Ocean Engineering, Ocean University of China
under contract No. kloe201901; the Open Research Fund of State Key Laboratory of Estuarine and Coastal Research under contract

No. SKLEC-KF201707.
*Corresponding author, E-mail: chinaoceanzcw@sina.cn



124 Zheng Chongwei Acta Oceanol. Sin., 2024, Vol. 43, No. 1, P. 123-134

was found to have the highest wind energy of 204 W/m?2. The
global usable wind energy in the ocean was evaluated by Capps
and Zender (2010) for the first time. They found that the mean
wind power density (WPD) increased by 30%, 69%, and 73% from
10 m to 100 m in the tropics, Southern Hemisphere extra-tropics,
and Northern Hemisphere extra-tropics, respectively. Onea et al.
(2016) analyzed the wind energy along the Mediterranean Sea
coasts. More energetic wind conditions were found in the north-
ern part of the basin and southern part of the sea. Wang et al.
(2019) provided a wind energy evaluation of the coast of central
California and found that the WIND Toolkit has the best data for
this area. Rusu et al. (2018) presented a joint analysis of wind and
wave energy in the Black Sea. The suitable regions for combined
wave-wind utilization in this region were exhibited for the first
time. Yan et al. (2019) filled the research gap on model evalu-
ation. Omrani et al. (2017) analyzed the response of wind energy
to sea surface temperature in the northwestern Mediterranean
Sea based on three 20-year simulations. The WPD varied by
6%-12% for the control simulation data versus the smoothed
simulation data, and by -5% to -7.5% for the coupled simulation
data versus the smoothed simulation data. Allouhi et al. (2017)
evaluated the wind energy potential of the Moroccan coast using
the least squares, maximum likelihood, and WAsP methods.
Dakhla and Laayoune were found to be the suitable sites of en-
ergy development. Carvalho et al. (2017a) evaluated wind energy
by using Advanced Scatterometer (ASCAT), Ocean SCATteromet-
er (OSCAT), Weather Research and Forecast (WRF) models and
buoys data. This study has an important reference value for en-
ergy utilization in regions without observation data. Thomas et
al. (2008) found a global oceanic increasing trend of wind speed
(2-4 cm/(s-a)) for 1982-2002 based on the International Compre-
hensive Ocean-Atmosphere Data Set (ICOADS). Zheng et al.
(2017) found an increasing trend of WPD of 4.45 W/(m?-a) in the
North Atlantic Ocean for 1988-2011 with cross-calibrated, multi-
platform (CCMP) data. And a close relationship between wind
energy and the North Atlantic Oscillation (NAO) and El Nifio
phenomenon in this region was found. Costoya et al. (2021) car-
ried out an in-depth study of the climate change impact on the
offshore wind energy resource in China. And a novel classifica-
tion for the future wind energy was presented, which provided an
important reference for the long-term wind energy development.
Jung et al. (2019) exhibited the long-term trends and interannual
variability of global wind energy. No significant variations were
found in China and Germany.

Predecessors have contributed a lot to the analysis of spatial-
temporal characteristics of wind energy. However, the studies on
the climatic variation in wind energy are still rare, although they
are related to long-term development plans. Overall, the few ex-
isting studies on wind energy trends are mainly about the trend
of wind speed or the trend of WPD. Research on the climatic
trend of wind energy stability is still in the blank, although it is
closely related to the capture efficiency and conversion effi-
ciency. In actual wind energy development, resource stability is
closely related to acquisition efficiency, grid connection, lifetime
of equipment, and costs (Pryor and Barthelmie, 2011; Rusu and
Onea, 2017). The climatic variation in wind energy stability has
an important influence on the location of wind power plant and
development planning in medium and long terms. As a result,
this study pays attention to the long-term variation in wind en-
ergy stability in global oceans for the first time by using ERA-In-
terim data from the European Center for Medium-Range Weath-
er Forecasts (ECMWF), to provide a scientific reference for the
planning of resource development.

2 Data and methodology

2.1 Data

Commonly used reanalysis wind production includes the
CCMP, 45-year ECMWF (ERA-40), ERA-Interim and so on. The
time series of CCMP is from July 1987 to April 2019. The time
series of ERA-40 is from September 1957 to August 2002. The
time series of ERA-Interim is from January 1979 to August 2019.
This study aims to reveal the climatic variation in the stability of
global oceanic wind energy for the last 40 years. As a result, ERA-
Interim is employed in this study. The ERA-Interim data are
provided by the ECMWF (Dee et al., 2011), with spatial range cov-
ering the world (180°W-180°E, 90°S-90°N) and a time series from
January 1979 to August 2019. The time series of 1979-2018 is se-
lected here to exhibit the climatic variation of the global oceanic
wind energy stability over the past 40 years. The spatial resolu-
tions include 0.125° x 0.125°, 0.25° x 0.25°, 0.5° x 0.5°, 0.75° x
0.75° -+, 1.25° x 1.25°, and 2.5° x 2.5°. Song et al. (2015), Kumar
et al. (2013) and Wang et al. (2020) compared the ERA-Interim
data with observations data. And a good agreement was found.
The ERA-Interim reanalysis data have also been widely used in
the analysis of wind variability in Antarctica (Yu and Zhong,
2019), global near-surface wind speed (Marcos et al., 2019), and
energy evaluation (Zheng et al., 2019b; Wan et al., 2015).

2.2 Calculation method of wind energy stability

Cornett (2008) demonstrated the stability of wave energy re-
sources by calculating the coefficient of variation (C,), seasonal
variability index (S,) and monthly variability index (M, ) of wave
power density. However, so far, the research on wind energy sta-
bility has been rare. With the reference to the method provided
by Cornett, the three important parameters (C,, M, and S,) are
used to exhibit the characteristics of global oceanic wind energy
stability. With the 6-hourly ERA-Interim data for January 1, 1979
to December 31, 2018 and calculation method of WPD, the 6-
hourly WPD for the past 40 years is obtained. Then with the refer-
ence to Cornett (2008), C,, S, and M, of WPD are calculated to ex-
hibit the characteristics of wind energy stability. The analysis of
wind energy stability in this study mainly includes the following
work. Firstly, the spatial and temporal distribution characterist-
ics of C,, S, and M, of global oceanic WPD are analyzed by using
climate analysis methods. Secondly, the climatic trend of C,, S,
and M, of global oceanic WPD for the past 40 years is analyzed by
using moving average method and linear regression, as well as
the trends of wind energy stability in key regions, systematically
including the overall trend, the regional and seasonal differences
of the climatic trend. Thirdly, the Mann-Kendall (M-K) test is em-
ployed to calculate the abrupt phenomenon of C,, S, and M, of
WPD in key regions. A schematic diagram of this study is shown
in Fig. 1.

The calculation method of WPD is described as follows
(Capps and Zender, 2010; Liu et al., 2019):

1
WPD = Epr’., (1)

where WPD is the wind power density (unit: W/m?), U is the wind
speed (unit: m/s), and p is the sea level air density (1.225 kg/m3)
(Capps and Zender, 2010).

According to the calculation method of C, of wave energy
presented by Cornett (2008), C, is calculated as
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where 7 is the number of data points.
According to the calculation method of M, of wave energy
presented by Cornett (2008), M, is calculated as

M, = M7 @)

P, year

where P, is the month with the largest WPD value, P, is the
month with the smallest WPD value, and Py, is the annual
mean WPD value. The greater the M, is, the worse the monthly
stability is.

According to the calculation method of S, of wave energy
presented by Cornett (2008), S, is calculated as

Psl _Ps4
Sy=2* (5)
¥ Pyear ’

where Py is the season with the highest WPD value, Py is the
season with the smallest WPD value, and Py, is the annual
mean WPD value. The greater the S, is, the poorer the seasonal
stability is.

3 Spatial-temporal distribution of wind energy stability
3.1 Coefficient of variation

3.1.1 Multi-year average status for the past 40 years

With the 6-hourly WPD value from 00:00 March 1, 1979 to
18:00 May 31, 1979, the average value of C, in March-April-May
(MAM) 1979 was obtained. Similarly, the C, in every MAM for 40
years was calculated. Then, the multi-year average C,in MAM for
the past 40 years at each grid point was calculated, as shown in
Fig. 2a. With the same method, the multi-year average values of
C, in June-July-August (JJA), September-October-November
(SON), and December-January-February (DJF) for the past 40
years were also obtained (Fig. 2). A smaller C, indicates better en-
ergy stability, which is beneficial for power utilization.

Overall, the C, in the offshore is smaller than that in the near-
shore in each season, meaning a better energy stability in the off-
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Fig. 2. Multi-year average coefficient of variation of wind power
density in MAM (a), JJA (b), SON (c), and DJF (d) for the period
1979-2018.

shore. C, in the trade wind areas and monsoon areas is smaller
than that in other sea areas, meaning that the stability in the
trade wind areas and monsoon areas is better than that in other
sea areas. The stability in the Southern Hemisphere westerly is
better than that in the Northern Hemisphere. The stability in the
North Pole is more stable than that in the South Pole. Greenland
and the South Pole have the worst wind energy stability in the
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world. The stability in the equatorial Indian Ocean, Indonesian
waters, and western Mexico is relatively poorer than that in other
low-latitude areas. At middle latitudes, the relatively poor-stabil-
ity areas are distributed near the shore of the Northwest Pacific
Ocean, the Mozambique Channel, and 30°S waters.

There are 6 zones with good perennial stability in the world:
the northeast trade wind area in the North Pacific, the southeast
trade wind area in the South Pacific, the northeast trade wind
area in the Atlantic, the southeast trade wind area in the South
Atlantic, the southeast trade wind area in South Indian Ocean,
and the Southern Hemisphere westerly waters, with C, values
lower than 0.8 all the year round. Here, the area with C, below 0.8
all the year round is defined as the permanent stable zone. In ad-
dition, the monsoon area in the North Indian Ocean has a good
stability in summer and winter monsoon wind periods and has a
poor stability in the monsoon transition season. Here, area with
C, below 0.8 in partial months but not all the year round is
defined as the semi-permanent stable zone.

It is worth noting that there are several obviously large value
areas of C, meaning a poor wind energy stability in these re-
gions. In the waters around the Greenland, C, is greater than 1.5
all the year round, even up to 1.8 in the large center. In the coast
of the South Pole, C, is high all the year round. The area range
with C, above 1.5 is largest in JJA and DJF, followed by SON, and
smallest in MAM. In the waters around Japan Sea and Ryukyu Is-
lands, C, is largest in JJA, followed by MAM and SON, and smal-
lest in DJF.

The best season for the stability of wind energy varies from
sea to sea. The wind energy stability in the Northwest Pacific
Ocean is best in DJF and worst in JJA. The North Indian Ocean is
best in JJA, followed by DJF, and worst in MAM. The southeast
trade wind area in the South Indian Ocean is best in JJA, followed
by SON, and worst in DJF. The southeast trade wind areas of the
Pacific and Atlantic are best in SON, followed by JJA, and worst in
MAM. The northeast trade wind areas of the Pacific and Atlantic
are best in MAM and worst in SON. The stability of the westerly
zone in the Southern and Northern Hemispheres is best in their
respective winters and worst in summer.

3.1.2 Multi-year average status for different decades

By averaging the C, in every JJA for the period of 1979-1988
obtained in Section 3.1.1, the multi-year average C, in JJA for the
first decade (1979-1988) was calculated, as shown in Fig. 3a. Sim-
ilarly, the multi-year average C, in JJA for the decades of
1979-1988, 1989-1998, 1999-2008, and 2009-2018 was obtained
respectively, as shown in the left side of Fig. 3. With the same
method, the multi-year average C, in DJF for the decades of
1979-1988, 1989-1998, 1999-2008, and 2009-2018 was obtained
respectively, as shown in the right side of Fig. 3. The C, showed a
good consistency throughout the decades overall.

In JJA, there is a good agreement between the spatial distribu-
tion of C, for each decade and that of the multi-year average of
the past 40 years overall. Areas with significant differences in C,
in different decades are mainly distributed along the coast of the
Northwest Pacific Ocean and the South Indian Ocean westerly
waters. In the Northwest Pacific Ocean, for the periods of 1979-
1988 and 1989-1998, the large-value areas with C, above 1.5 are
mainly distributed in the Bohai Sea, the Yellow Sea and the Ja-
pan Sea. For the periods of 1999-2008 and 2009-2018, the area
range with C, above 1.5 in the Northwest Pacific Ocean increased
significantly, including the Bohai Sea, the Yellow Sea, the Japan
Sea and a large area surrounding the Ryukyu Islands. In the
South Indian Ocean westerly for the period of 1979-1988, the
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area range with C, below 0.8 was small and mainly distributed
near Kerguelen Island. For the periods of 1989-1998, 1999-2008
and 2009-2018, the area range with C, below 0.8 increased signi-
ficantly, covering the South Indian Ocean westerly with an east-
west banded distribution.

In DJF, there is a good agreement of the spatial distribution of
C, for each decade. Areas with significant differences in C, in dif-
ferent decades are mainly distributed in the Weddell Sea and in
mid-latitudes of the North Atlantic Ocean. In the Weddell Sea,
the area range with C, about 1.6 is smallest for 1989-1998. For
1979-1988, 1999-2008 and 2009-2018, C, in the entire Weddell
Sea was approximately 1.6. At the mid-latitudes of the North At-
lantic Ocean, the area range with C, of approximately 1.0 was
largest for 1989-1998.

No matter in JJA or DJF, waters around the Greenland and
coast of the South Pole are always the high value areas of C,,
which are the same in all decades. Similarly, no matter in JJA or
DJF, the northeast trade wind area in the North Pacific, the
southeast trade wind area in the South Pacific, the northeast
trade wind area in the Atlantic, the southeast trade wind area in
the South Atlantic, the southeast trade wind area in South Indian
Ocean, and the Southern Hemisphere westerly waters are always
the low value center of C,, which are the same in all decades.

3.2 Monthly variability index

By averaging the 6-hourly WPD from 00:00 January 1, 1979 to
18:00 January 31, 1979, the monthly mean value of WPD in Janu-
ary 1979 was obtained. Similarly, the monthly mean value of
WPD in each grid point for each month of 1979 was calculated.
Then, M, of wind power density in 1979 was calculated by using
the calculation method of M,. With the above methods, the year-
by-year M, for 40 years was calculated. Then, M, for the multi-
year average was obtained, as shown in Fig. 4. A smaller M, indic-
ates a small monthly variation, which is beneficial for power util-
ization.

Overall, M, in the Southern Hemisphere is significantly smal-
ler than that in the Northern Hemisphere, meaning that the
monthly variation of wind power density in the Southern Hemi-
sphere is smaller than that in the Northern Hemisphere. Six
zones with small monthly variations in wind energy in the world
are found. Five relatively low-value areas of M, are located in
low-latitude waters (i.e., areas with small monthly variations in
wind energy): the southeast trade wind zones in the South Indi-
an Ocean, the South Pacific, the South Atlantic, and the north-
east trade wind areas of the Pacific and South Atlantic (with M,
below 1.0). In addition, M, of the Southern Hemisphere westerly
is generally within 1.0. There are five large-value areas of M,: the
North Indian Ocean, tropical South Indian Ocean, western low-
latitude Pacific, Northern Hemisphere westerly, and the offshore
area of eastern Greenland, with M, basically above 2.0. It is worth
noting that M, in the Arabian Sea is obviously higher than that in
other regions of the global oceans, reaching 3.4. The reason is
that the southwest monsoon in this region is very strong in sum-
mer, with the average wind force reaching class 6, while the wind
force in the monsoon transition period is weak, resulting in a
large monthly variation in the WPD. In the Northern Hemi-
sphere westerly, the winter wind is strong, while the summer
wind is weak, which causes large differences of wind speeds
between winter and summer, resulting in a larger M, in this re-
gion.

By averaging the yearly M, for the period of 1979-1988, the
multi-year average M, in this decade is calculated. Similarly, the
multi-year average M, for the decades of 1979-1988, 1989-1998,
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Fig. 3. Coefficient of variation of wind power density for the periods of 1979-1988 (a, b), 1989-1998 (c, d), 1999-2008 (e, f), and

2009-2018 (g, h) in JJA (left) and DJF (right).
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Fig. 4. Monthly variability index of wind power density for the
period 1979-2018 in global oceans.

1999-2008, and 2009-2018 is obtained respectively, as shown in
Fig. 5. M, shows a good consistency throughout the decades
overall. A good agreement was found in the spatial distribution of
M, for each decade. It is very obvious that the Arabian Sea has the
highest M, in the world, with the value above 3.0. M, in the
Southern Hemisphere westerlies is the lowest, which is within
0.9. M, in the Southern Hemisphere is significantly smaller than

that in the Northern Hemisphere, which is also the same
throughout the decades.

Areas with significant differences in M, in different decades
are mainly distributed in the 40°S waters of the South Indian
Ocean, as well as in the northeast and southeast trade wind re-
gions of each ocean, especially the 40°S waters of the South Indi-
an Ocean and the northeast trade winds and southeast trade
winds areas of the Pacific Ocean. In the 40°S waters of the South
Indian Ocean, the area range with M, about 1.8 is largest in
1999-2008, followed by 1979-1988 and 1989-1998, and smallest
in 2009-2018. In the Pacific Ocean, the northeast trade wind area
and the southeast trade wind area are the low-value centers of
M, In the northeast trade winds area, the area range with M, be-
low 0.9 is largest in 1999-2008, followed by 2009-2018, and smal-
lest in 1989-1998. In the southeast trade winds area, the area
range with M, below 0.9 is largest in 1999-2008 and 2009-2018
and smallest in 1989-1998.

3.3 Seasonal variability index
By averaging the WPD from 00:00 March 1, 1979 to 18:00 May
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31, 1979, the WPD in MAM 1979 was obtained. Similarly, the
WPD was calculated in four seasons of 1979. Then, S, of wind
power density in 1979 was calculated according to the calcula-
tion method of S,. With this method, yearly S, for the past 40
years was calculated respectively. Then, the multi-year average S,
for the past 40 years was obtained (Fig. 6). Overall, the spatial dis-
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Fig. 5. Monthly variability index of wind power density for the
decades 1979-1988 (a), 1989-1998 (b), 1999-2008 (c), and
2009-2018 (d).
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Fig. 6. Seasonal variability index of wind power density in the
global oceans for the period 1979-2018.
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tribution characteristic of S, maintains a good consistency with
that of M|, but the value of S, is slightly lower than that of M,. The
S, in the Arabian Sea is the largest in the world (mostly above 1.6,
with a center above 2.5), followed by the westerly zone of the
Northern Hemisphere, the Bay of Bengal, and a narrow east-west
belt in the tropical North Pacific.

According to the method in Section 3.2, S, of each decade was
calculated, as shown in Fig. 7. S, of all decades shows a good con-
sistency, and only in some small sea areas has slight differences.
The high-value region is always distributed in the Arabian Sea in
all decades, followed by the westerly of the North Pacific Ocean
and the westerly of the North Atlantic Ocean.

4 Climatic trend of wind energy stability

4.1 Coefficient of variation

Based on the C, data of each MAM for the past 40 years ob-
tained in Section 3.1.1, moving average method and linear re-
gression were used to calculate the climatic trend of C, at each
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Fig. 7. Seasonal variability index of wind power density for the
decades 1979-1988 (a), 1989-1998 (b), 1999-2008 (c), and
2009-2018 (d).
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grid point in MAM, as shown in Fig. 8a. Similarly, C, trends in JJA,
SON, and DJF were calculated respectively, as shown in Fig. 8. A
decrease in C, indicates that the wind energy stability tends to be
better, while an increase in C, indicates a worse trend in wind en-
ergy stability. No significant change in C, indicates that the en-
ergy stability tends to be gentle. Obviously, declining trend and
non-significant changes in C, are beneficial for wind energy de-
velopment.

Overall, C, in most of the global oceans has no significant
variation or significant declining trend in each season, indicating
that wind energy stability tends to be better or stable, which is be-
neficial to wind energy development. Especially in the tropical
Pacific Ocean, C, shows a significant decreasing trend in all sea-
sons.

In MAM (Fig. 8a), C, in most global oceans has no significant
variation or significantly decreasing trend. The regions with sig-
nificant decreasing trend are mainly located in the equatorial wa-
ters of the South Pacific Ocean, the northeast trade wind area of
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Fig. 8. Long-term trend of the coefficient of variation of wind
power density in MAM (a), JJA (b), SON (c), and DJF (d) across
the global ocean. Only areas significant at the 0.05 reliability level
are colored.
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the North Pacific, the marginal waters of the southeastern trade
winds area of the South Pacific, the eastern part of Newfound-
land, the western part of Liberia, the Somalian waters, the Sri
Lankan waters, the equatorial South Indian Ocean, and the Arc-
tic; that is, the stability of these areas tends to be better. The areas
with significant increasing trend are mainly distributed in some
scattered areas: the middle-low latitudes of the western Pacific,
Anadyr Bay, and the northern edge of the Ross Sea, that is, the
stability of these areas tended to be worse.

In JJA (Fig. 8b), C, in most global oceans has no significant
variation or significant decreasing trend. The regions with signi-
ficant decreasing trend are mainly located in the central waters of
the equatorial Pacific, the southeastern trade winds area of the
South Pacific, and the eastern offshore region of South America.
The areas with significant increasing trend are mainly distrib-
uted in the Arctic, the Gulf of Mexico, Icelandic waters, the north-
ern edge of the Ross Sea, the Sea of Okhotsk, the Bering Sea, and
some various other seas.

In SON (Fig. 8c), the low-latitude Pacific, the waters near
Xindi Island, the Chukchi Sea, the Beaufort Sea, and the south-
ern Icelandic waters have a significant decreasing trend. The
areas with significant increasing trend are mainly distributed in
the southeastern near-shore area of North America, the near-
shore area of eastern Japan, and some other seas.

In DJF (Fig. 8d), the tropical South Pacific Ocean, the north-
eastern trade winds zone of the North Pacific, the equatorial
South Atlantic, the Davis Strait, and the Southern Hemisphere
westerly have a significant decreasing trend. Significantly in-
creasing areas are mainly distributed in the Ross Sea, Hudson
Bay, the Novosibirsk Islands to the Queen Elizabeth Islands, the
Indonesian archipelago, and some sporadic waters.

4.2 Monthly variability index

Based on the year-by-year M, data for the past 40 years ob-
tained in Section 3.2, moving average method and linear regres-
sion are used to calculate the climatic variation of M, as shown
in Fig. 9. A decrease in M, indicates that the monthly variation
tends to be smaller, while an increase in M, indicates that the
monthly variation tends to be larger. No significant change in M,
indicates a gentle trend in the monthly variation. It is not hard to
understand that declining trend and non-significant changes in
M, are beneficial for wind energy development.

Obviously, most of the global oceans have significant de-
creases or non-significant variation in M,. M, decreases in the
low latitudes of the Indian Ocean (-0.03 to -0.01 per year), the
tropical Pacific Ocean (-0.03 to -0.01 per year), the middle and
eastern mid-low latitudes of the Pacific Ocean (-0.005 to -0.015
per year), the Southern Hemisphere westerly (approximately
-0.005 per year), and the Weddell Sea (-0.02 to -0.01 per year).
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Fig. 9. Annual climatic trend of monthly variability index of wind
power density in the global oceans. Only areas significant at the
0.05 reliability level are colored.
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Significantly increasing areas are mainly distributed in the Arctic
(0.01 to 0.02 per year), the waters around the Kamchatka Penin-
sula (0 to 0.02 per year), the Japan Sea (approximately 0.005 per
year), and the East China Sea (approximately 0.01 per year).
Overall, the areas with significantly increasing trends are mainly
distributed in the high latitudes of the Northern Hemisphere. The
areas with significantly decreasing trends are mainly distributed
in low-latitude waters worldwide and the Southern Hemisphere.

4.3 Seasonal variability index

Based on the yearly S, for the past 40 years obtained in Sec-
tion 3.3, moving average and linear regression methods are used
to calculate the climatic trend in S, for 1979-2018, as shown in
Fig. 10. A decrease in S, indicates that the seasonal variation
tends to be smaller. An increase in S, indicates that the seasonal
variation tends to be larger. Non-significant variation in S, indic-
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Fig. 10. Annual climatic trend of the seasonal variability index of
wind power density in global oceans. Only areas significant at the
0.05 reliability level are colored.
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ates a gentle trend in seasonal variation. Declining trend and
non-significant changes in S, are beneficial for wind energy de-
velopment.

The spatial distribution of the annual climatic trend in S,
(Fig. 10) maintain a good consistency with that in M, (Fig. 9). The
regions with significantly decreasing trends are located in the
North Indian Ocean (-0.024 to -0.006 per year), the equatorial
Pacific Ocean (approximately -0.006 per year), the 30°N waters of
the North Pacific Ocean (-0.012 to -0.006 per year), the area
southwest of New Zealand (approximately -0.004 per year), and
the Weddell Sea (approximately -0.01 per year). Significantly in-
creasing areas are mainly distributed in the central-western re-
gions of the North Pacific westerly (0.002-0.008 per year), the
Arctic region (0.006-0.012 per year), and the mid-low-latitude
waters of the Atlantic Ocean (approximately 0.004 per year).

4.4 Variation in stability in key regions

This section emphasizes the low latitudes of the Pacific Ocean
(30°S-30°N, 120°E-100°W) and the North Indian Ocean (0°-30°N,
30°-100°E), which exhibits obvious variations in C,, M, and S,.
The annual values of C,, M, and S, of the WPD in the above two
regions are presented in Fig. 11.

As shown in Fig. 11a, |R| = SQRT(R?) = 0.14, which did not pass
the 0.1 level of significant reliability (r, ; = 0.26). This result
means that there is no significant variation in C, of the North In-
dian Ocean for 1979-2018. Similarly, C, in the low latitudes of the
Pacific Ocean has no significant variation, as shown in Fig. 11b.
However, C, for the period 1997-2008 exhibits an obviously de-
creasing trend. As shown in Fig. 11c, |R| = 0.23 < r,, ;, which did
not pass the 0.1 level of significant reliability. This result means
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Fig. 11. Annual values of the coefficient of variation (a, b), monthly variability index (c, d), seasonal variability index (e, f) of wind
power density in the North Indian Ocean (left) and low latitudes of the Pacific Ocean (right).
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that M, of the North Indian Ocean has no significant trend in the
past 40 years. In Fig. 11d, |R| = 0.54 > 1, ,;, and this value passed
the 0.001 level of significant reliability. The regression coefficient
is -0.004 9. This result means that M, of the low latitudes of the
Pacific Ocean exhibits a significantly decreasing trend of -0.004 9
per year over the past 40 years. A decreasing trend in M, means
that the monthly differences in resources tend to be narrow,
which is beneficial for wind energy utilization. Similarly, S, in the
North Indian Ocean has an obvious decrease of -0.003 3 per year,
while there is no significant variation of S, in the low-latitude Pa-
cific. The decreasing trend in S, means that the seasonal differ-
ences in resources tend to be small, which is beneficial for wind
energy utilization.

C, in the North Indian Ocean exhibits a gentle variation in
1980-1998 and an increasing trend in 1999-2007. C, in the low
latitudes of the Pacific Ocean exhibits a gentle variation in
1979-1997, a decreasing trend in 1997-2008, and an increasing
trend in 2010-2015. M, in the North Indian Ocean exhibits a
gentle variation over the past 40 years. M, in the low latitudes of
the Pacific Ocean exhibits a decreasing trend for two periods:
1982-1996 and 1997-2003. The decreasing trend of S, is mainly
dominated by the period of 1991-2011. In addition, S, in 1997 ex-
hibits a jump phenomenon. S, in the low-latitude Pacific exhibits
a gentle variation in 1985-2018.

The M-K test is used to analyze the abrupt phenomenon of C,,
M, and S, of the WPD in the low-latitude Pacific and North Indi-
an Ocean, as shown in Fig. 12. In the results of the M-K test, there
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are four important lines, which are two test lines (dark black and
light gray solid lines in Fig. 12a), and the UF and UB curves.
When UF and UB intersect and the intersection point lies
between the two test lines, it indicates the presence of a signific-
ant abrupt phenomenon. The abscissa corresponding to the in-
tersection point is the abrupt time. In addition, the UF curve also
shows the change trend of the analyzed elements.

As shown in Fig. 12a, the UF and UB lines intersect in
2007-2011. The intersection is located within two inspection
lines. This result means that C, of the North Indian Ocean has an
obviously abrupt phenomenon for the period of 2007-2011. The
UF line has no obvious variation, which verifies the accuracy of
Fig. 11a.

In Fig. 12b, the UF and UB lines intersect in 1998, with the in-
tersection located within the two inspection lines, meaning that
C, in the low-latitude Pacific has an obviously abrupt phenomen-
on in 1998. The UF line decreased obviously for the period of
1997-2008, which is in good agreement with Fig. 11b.

In Fig. 12c, M, in the North Indian Ocean has an obvious ab-
rupt phenomenon at the end of the 20th century (1998-2000).
The UF line exhibits a significantly decreasing trend for the peri-
od of 2000-1012.

In Fig. 12d, M, in the low latitudes of the Pacific Ocean has an
obviously abrupt phenomenon in 1993. The UF line decreased
obviously from 1985 to 2012, meaning this period has a signific-
antly decreasing trend. The decreasing trend of M, in the low lat-
itudes of the Pacific Ocean is dominated by the period of
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Fig. 12. M-K test of coefficient of variation (a, b), monthly variability index (c, d), seasonal variability index (e, f) of wind power dens-
ity in the North Indian Ocean (left) and low latitudes of the Pacific Ocean (right). Dark black and light gray solid lines are two test lines.
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1985-2012. This result verifies the accuracy of Fig. 11d.

In Fig. 12e, the UF and UB lines intersect in 1998. The inter-
section point is located within the two reliability test level lines.
This result means that an obviously abrupt phenomenon of S, oc-
curred in 1998. From the UF line, S, exhibits a significant decline
for the period of 1997-2011, which is in good agreement with
Fig. 11e.

In Fig. 12f, S, in the low latitudes of the Pacific Ocean exhibits
two abrupt points: 1995 and 1997. The UF line exhibits a gentle
variation, which is in good agreement with Fig. 11f.

5 Conclusions and prospects

By using the ERA-Interim wind production data from the
ECMWEF, the spatial-temporal distribution, climatic trend and
abrupt phenomenon of wind energy stability in the global oceans
are calculated, systematically including three key stability in-
dexes: C,, M, and S,. The main conclusions are as follows.

(1) According to C,, the wind energy stability in the trade
wind zones and monsoon zones is better than that in the rest of
the waters of the global oceans. The Southern Hemisphere west-
erly is better than that of the Northern Hemisphere. The North
Pole is more stable than the South Pole. Greenland and the South
Pole have the worst stability worldwide. There are 6 regions with
good perennial stability in the world (the northeast trade wind
area of the North Pacific, the southeast trade wind area of the
South Pacific, the northeast trade wind area of the Atlantic, the
southeast trade wind area of the South Atlantic, the southeast
trade wind area of the South Indian Ocean, and the Southern
Hemisphere westerly waters, with C, values below 0.8 all year
round), and there is a semi-permanently stable zone (monsoon
area in the North Indian Ocean).

(2) The best season for the stability of wind energy varies from
sea to sea. The stability of the westerly zones in the Southern and
Northern Hemispheres is best in winter and worst in summer. The
stability in the North Indian Ocean and southeast trade zones of
the South Indian Ocean is best in JJA. The southeast trade wind
areas of the Atlantic and Pacific are best in SON. The northeast
trade wind areas of the Atlantic and Pacific are best in MAM.

(3) There are six low-value areas of M: the northeast trade
wind area of the North Pacific, the southeast trade wind area of
the South Pacific, the northeast trade wind area of the Atlantic,
the southeast trade wind area of the South Atlantic, the southeast
trade wind area of South Indian Ocean, and the Southern Hemi-
sphere westerly waters, with M, values below 1.0. The Southern
Hemisphere has an overall smaller monthly variation than that in
the Northern Hemisphere. The M, in the Arabian Sea is the
largest worldwide, with a value even greater than 3.0. Overall, the
spatial distribution characteristic of S, maintains a good consist-
ency with that of M,. But the value of S, is slightly lower than that
of M,.

(4) For the past 40 years, most of the global oceans experi-
enced a significant decrease or non-significant variation in C,.
Only some sporadic sea areas had a significant increase in C,.
This pattern is beneficial for wind energy development. Areas
with a significant decrease in C, are mainly located in the south-
east trade wind area of the South Pacific, northeast trade wind
area of the North Pacific and equatorial Pacific, with significantly
decreasing trends in all seasons.

(5) Most global oceans have a significant decrease or non-sig-
nificant variation in M,. The regions with significant decreases
are located in the Indian Ocean-Pacific low latitudes (-0.03 to
-0.01 per year) and the Southern Hemisphere westerly (approx-
imately -0.005 per year). Significantly increasing areas are mainly
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distributed in the Arctic (0.01-0.02 per year), the waters around
the Kamchatka Peninsula (0-0.02 per year), the Japan Sea (ap-
proximately 0.005 per year), and the East China Sea (approxim-
ately 0.01 per year). The spatial distribution characteristic of the
annual climatic trend in S, maintains a good consistency with
that in M. That is, the monthly and seasonal variability tend to
be shrink/smooth, which is beneficial for wind energy utilization.

(6) C, in the North Indian Ocean did not exhibit an obviously
abrupt phenomenon. The abrupt phenomenon of C, in the low-
latitude Pacific occurred in 1998. M, and S, of the North Indian
Ocean and the low-latitude Pacific have obviously abrupt phe-
nomenon that occurred at the end of the 20th century. The de-
creasing trend of M, in the low latitudes of the Pacific Ocean was
dominated by the period of 1985-2012. The significantly decline
trend of S, in the low-latitude Pacific Ocean was mainly domin-
ated by 1997-2011.

In this study, the ERA-Interim production is used to analyze
the climatic variation in global oceanic wind energy stability. Re-
cently, the ERA5 reanalysis is made available, which shows a 20%
improvement relative to ERA-Interim (Rivas and Stoffelen, 2019).
In future work, the ERA5 production can also be used in wind en-
ergy assessments.

In 2019, deCastro et al. (2019) presented an overview of off-
shore wind energy resources in Europe under present and future
climate. They pointed out that the regions have no variation or
increase in wind energy in the future appearing to be suitable for
installing or maintaining offshore wind farms. This work
provided a key guidance for the long-term planning of wind en-
ergy development. In 2021, Carvalho et al. (2021) took advance in
carrying out a long-term projection of wind energy in the Europe
by using CMIP6 data. They pointed out that the future trend var-
ied under condition of SSP2-4.5 and SSP5-8.5. This study mainly
presented the climatic trend of stability of wind energy. Referring
to deCastro et al. (2019) and Carvalho et al. (2021), it is also ne-
cessary to carry out the future projection of the stability of wind
energy, to provide a scientific reference for the future utilization
plan of wind energy. Research shows that there is a close rela-
tionship between wind energy resource and North Atlantic Oscil-
lation (NAO) in the North Atlantic Ocean (Zheng et al., 2017). In
the future work, it is also necessary to carry out the analysis of the
relationship between the stability of wind energy and important
climate systems, such as Pacific Decadal Oscillation (PDO), El
Nifio-Southern Oscillation (ENSO), Indian Ocean Dipole (I0D)
and so on, thus to detect the inherent physical mechanism of
change trend of wind energy stability.
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