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a b s t r a c t

This study presents the regional and seasonal climatic trends of the global oceanic sea surface wind
speed for the period 1988e2011 using Cross-Calibrated, Multi-Platform (CCMP) wind data. The rela-
tionship between important factors (nino3 and soi index) and occurrences of wind speed is also
calculated, in hope of providing references for the analysis of global climate change, development of
offshore wind energy resources, airesea interactions, and the basic reference helping for the mid-long
term prediction of sea surface wind speed and occurrences of wind speed. The analysis results show
that (1) The global oceanic sea-surface wind speeds increased at a significant overall rate of
3.35 cm s�1 yr�1 for the period 1988e2011; the maximal rate of increase, 4.15 cm s�1 yr�1, was attained
between 1991 and 2007. (2) Globally, the sea-surface wind speeds significantly increased from 1988 to
2011. Only a few sporadic small water bodies exhibited decreasing wind speeds without significant
variation over the 24-year interval. (3) The sea-surface wind speeds displayed obvious regional vari-
ability. The increasing wind speeds were more noticeable over the Pacific low-latitude waters than over
waters of higher latitude. Wind speeds trends over the western Atlantic waters were stronger than those
over the eastern Atlantic waters, while the south Indian Ocean winds were stronger than that those over
the north Indian Ocean. (4) The variation in sea-surface wind speeds demonstrated noticeable seasonal
differences. The increasing wind speed trend over the winter hemisphere was stronger than the one over
the summer hemisphere. The variation in wind speeds over different waters was seasonally dominated.
The increasing trend over the coastal waters of southern Greenland was dominated by the MAM and
SON, was dominated by DJF in the Davis Strait and the Mediterranean, and was dominated by the SON
10� N over the Pacific Ocean and over the high-latitude waters in the southern Indian Ocean.
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1. Introduction

Given the current ongoing environmental and resource issues, it
is necessary to investigate the impact of global climate change.
Oceans play a vital role in the global carbon cycle, and they are
important regulators of the world's climate (Wang et al., 2008;
Suarez et al., 2014; Spalding et al., 2014). Oceans also control the
long-term marine trends, including the sea-surface wind field, and
are a key point of study with respect to climate variability and
change (Shapiro et al., 2010; Tkalich et al., 2013). Valipour
(2014a,b,c,d) has pointed out that the wind speed may effect the
evapotranspiration, thus resulting in a significant impact on the
solar radiation, crop and so on. The long-term trends of the sea-
surface wind speeds also have a significant impact on wind en-
ergy development and utilization and airesea interactions.

Researchers have made great contributions toward the analysis
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of long-term sea-surface wind speed trends. Gulev and Hasse
(1999) and Gulev and Grigorieva (2004) determined that there
were no significant long-term changes in the sea-surface wind
speeds near the equator, and that wind speeds rates increased far
less over the tropical South Atlantic and subtropical North Pacific.
Using Comprehensive Ocean-Atmosphere Data Set (COADS) data,
Ward and Hoskins (1996) found that sea-surface wind speeds dis-
played an upward trend over the tropical North Atlantic and the
extratropical North Pacific, and a downward trend over the equa-
torial and tropical South Atlantic and subtropical North Pacific
between 1949 and 1988. Using WASA reanalysis, Gunther et al.
(1998) investigated trends in wind speeds for the northeast
Atlantic region. For the period of 1955e1994, slight increases in
wind speed (3.2 cm s�1 yr�1 for the 99th percentile and
2.6 cm s�1 yr�1 for the 90th percentile) were reported for the
northern parts of the North Sea. From 1977 to 1999, an apparent
increasing trend in sea-surface wind speeds, of about
0.2 cm s�1 yr�1e3.5 cm s�1 yr�1, was identified by Gower (2002)
using buoy data. Turner et al. (2005) used the Reference Antarctic
Data for Environmental Research (READER) project data set, which
contains monthly mean Antarctic near-surface wind speed data, to
investigate trends in wind quantity over the last 50 years for 19
stations with long data records. Their results showed that eight of
these stations experienced wind speed increases over their periods
of operation, with only two coastal stations having experienced
wind speed decreases. Thomas et al. (2008) pointed out that for the
period of 1982e2002, the wind speed trends remained within the
annual mean for spatially averaged adjusted winds, 4 cm s�1 yr�1

for estimated speeds and 2 cm s�1 yr�1 for measured speeds, over
most of the global oceans. Cox and Swail (2001) analyzed the
variation in global wind speeds using the U.S. National Center for
Environmental Prediction (NCEP) global hindcast. With respect to
mean wind speeds, significant increases were found over the
northeast Atlantic and the southern Ocean (latitudes of greater
than 50� S). A substantial mean wind speed decrease was noted
over the tropical and subtropical Pacific. Recently, Sterl and Caires
(2005) analyzed the variation of the global wind speeds for the
period of 1971e2000 using ERA40 reanalysis. Maximum increasing
rates of 6 cm s�1 yr�1 for the mean and 12 cm s�1 yr�1 for the 99th
percentile wind speeds were found over the equatorial Pacific and
the Southern Oceans during the winter (January). These results are
similar inmagnitude and pattern to the results reported by Gunther
et al. (1998), where the trend in mean wind speeds showed an
increase in magnitude of about 0.5 cm s�1 yr�1e1.0 cm s�1 yr�1

over the vast majority of the northern hemisphere's oceans.
However, there has been little research into long-term global

oceanic sea-surface wind speed trends. This study aims to ascertain
the long-term global oceanic sea-surface wind speed trends over a
24-year interval, from 1988 to 2011, at the 0.25� � 0.25� grid point
using a CCMP wind field. This study will also determine the
regional and seasonal differences in these global long-term trends.

2. Methodology and data

Based on the CCMP wind data for the period 1988e2011, this
study presents the regional and seasonal characteristics of the long
term trend of global oceanic sea surface wind speed. The long term
trends of occurrences of wind speeds greater than Class 5 and
greater than Class 6 are also calculated. Then the relationship be-
tween important factors (nino3 and soi index) and occurrences of
wind speed is calculated, in hope of providing references for the
analysis of global climate change, development of offshore wind
energy resources, airesea interactions, and the basic reference
helping for the mid-long term prediction of sea surface wind speed
and occurrences of wind speed.
The CCMP ocean surface wind product is hosted at the Physical
Oceanography Distributed Active Archive Center (PO.DAAC) and
has been evaluated and utilized extensively by the scientific com-
munity (Atlas et al., 2011). The data is derived through cross-
calibration and assimilation of ocean surface wind data from the
Special Sensor Microwave Imager (SSM/I), Tropical Rainfall
Measuring Mission Microwave Imager (TMI), the Advanced Mi-
crowave Scanning Radiometer for Earth Observing System (AMSR-
E), SeaWinds on Quick Scatterometer (QuikSCAT), and SeaWinds on
the second Japanese Advanced Earth Observing Satellite (ADEOS-
II). Cross calibration is performed by Remote Sensing Systems (RSS)
under the purview of the DISCOVER project. These data sets are
combined with conventional observations and a starting estimate
of the wind field using a variational analysis method (VAM). The
VAM requires a background (or first guess) analysis of gridded u
and v wind components as a priori estimate of the wind field
(Zheng and Pan, 2014; Zheng and Li, 2015; Zheng et al., 2016). The
40-year ECMWFRe-Analysis (ERA-40) is used as the background for
the period of July 1987 to December 1998. Beginning in 1999, with
the benefit of four-dimensional variational data assimilation
(4DVAR) and increased spatial resolution, the ECMWF operational
(ECOP) analysis outperformed the ERA-40 and was used in this
study as the background analysis. The ECOP time resolution is 6 h
intervals, and its spatial resolution is 0.25� � 0.25� over the time
range from July 1987 to July 2011 and a space range of
78.375� Se78.375� N and 0.125� Ee379.875� E.

CCMP wind production has been proven to have high precision.
Carvalho et al. (2013) compared ocean surface wind data derived
from several QuikSCAT products and the CCMP project to experi-
mental wind speed and direction measurements. Their results
showed that CCMP is able to bring about substantial improvements
in terms of wind direction temporal variability and wind speed
mean state. Kent et al. (2013) made a comparison between 12
different monthly mean wind speed datasets for the period of
1987e2009. They pointed out that the in situ and reanalysis data-
sets presented stability-dependent, earth-relative wind speeds that
were adjusted to a reference level of 10m. The satellite and blended
datasets presented neutral, equivalent surface-relativewind speeds
that were adjusted to a reference level of 10m. Differences between
these wind speed estimates depended upon the atmospheric sta-
bility and the oceanic currents and could be greater than was
necessary for targeting accuracy. The stability adjustment is itself
uncertain; however, these uncertainties are likely to be smaller
than the biases caused when stability effects are neglected.
Carvalho et al. (2015) compared the offshore wind data derived
from satellite measurements (CCMP, QuikSCAT, NCDC Blended Sea
Winds, and IFREMER BlendedWind Fields), reanalyses (NCEP-CFSR,
ERA-Interim, NASA-MERRA, and NCEP-RII), analyses (NCEP-FNL
and NCEP-GFS), and WRF modeled offshore winds with in situ
measurements at five buoys moored along the Iberian Peninsula
Atlantic coast. Offshore wind data taken from CCMP was found to
have the lowest error for mean wind speed estimation.

3. Results

3.1. The overall long-term trend

Regional averages for the global oceanic sea-surface wind
speeds were determined from 1988 to 2011, and then the long-term
global oceanic wind speed trendswere assessed as awhole (Fig.1a).

Using linear regression, a relationship coefficient,
jrj ¼ 0.96 > r0.01 ¼ 0.51, of 0.0325 passed the 99% reliability test.
Thus, the sea-surface wind speeds demonstrated a significant
trend, increasing at a rate of 0.0325 m s�1 yr�1 (3.25 cm s�1 yr�1)
over the global oceans within the last 24 years. Annual average
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Fig. 1. Long-term trends of regional average wind speeds over the (a) global oceans, (b) southern hemisphere oceans, (c) northern hemisphere oceans, (d), southern hemisphere
westerly oceans, (e) northern hemisphere westerly oceans, and (f) mid-low latitude oceans.
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wind speeds changed slowly from 1988 to 1991, ranging between
6.8 m s�1 and 7.0 m s�1. From 1991 onward, the increasing wind
speed trend continued until 2007, when the annual average wind
speeds reached their peak point of approximately 7.5 m s�1. The
rate of wind speed increase from 1991 to 2007was quite steep, with
a rate of up to 4.15 cm s�1 yr�1. The annual average wind speed in
2009 was an outlier.

Similarly, there was a significant increasing wind speed trend
over the southern hemisphere oceans (3.33 cm s�1 yr�1), northern
hemisphere oceans (3.14 cm s�1 yr�1), southern hemisphere
westerly oceans (3.0 cm s�1 yr�1), northern hemisphere westerly
oceans (2.89 cm s�1 yr�1), and mid-low latitude oceans
(3.31 cm s�1 yr�1), as shown in Fig. 1bef. Earl et al. (2013) estab-
lished that 2010 was an anomalously low wind year in the U.K.
Surface Wind Climate data set, due to the cold and relatively calm
months of January and December. Using Earl's method, we
extrapolated what the low wind speeds in 2009 over the global
oceans should have been, without the influence of the low wind
speed months of March, April, and May (MAM) (Figures omitted).
3.2. Regional differences of the long term trend

In order to elucidate the regional differences, we calculated the
long-term trends of the global oceanic sea-surface wind speeds at
every 0.25� � 0.25� grid point for 1988e2011 (Fig. 2).

The sea-surface wind speeds over most of the global oceans
significantly increased from 1988 to 2011 at a rate of
1 cm s�1 yr�1e11 cm s�1 yr�1. Young et al. (2011) determined a
general global increasing wind speed trend for the period
1991e2008, utilizing an 18-year database of calibrated and vali-
dated satellite altimeter measurements. Our results concur in
magnitude and patternwith those published by Young et al. (2011).
However, our calculated rate of mean global wind speed increase is
slightly greater than that reported by Sterl and Caires (2005),
6 cm s�1 yr�1, and is greater than that reported by Thomas et al.
(2008), 4 cm s�1 yr�1, over the time interval of 1982e2002. Yet,
contrary results were reported by Gulev and Grigorieva (2004) for
winds over equatorial waters as no noteworthy long-term changes
in the sea-surface wind speeds were found near the equator. Stegall
and Zhang (2012) pointed out that over 31 years (1979e2009),
Fig. 2. Long-term trend of sea-surface wind speed over the global oceans for the period of
shown.
surface wind speeds displayed an increasing trend for both
monthly mean and 95th percentile wind speeds, from July through
November. The strongest increase of monthly extreme winds (i.e.,
the 95th percentile wind speeds) occurred in October, from 7m/s in
1979 to 10.5 m/s in 2009.

It is important to note that although most of global offshore
wind speeds have a relatively strong increasing trend of up to
9 cm s�1 yr�1, as seen in Fig. 2, larger wind speed increases are
likely the result of false data acquisition. The algorithms that
convert satellite readings into physical quantities do not work well
for mixed-use pixels, where the proximity to land causes interfer-
ence, leading to abnormal long-term offshore wind speed trends.
Previous studies have shown that both the wind field derived from
satellite data and the model data have lower precision near land-
sea boundaries (Kara et al., 2008; Alvarez et al., 2014).

The increase in the wind speed over the Pacific low-latitude
waters occurred more rapidly than at high latitudes. The wind
speed increase over the western Atlantic waters occurred at a faster
rate than over the eastern Atlantic waters, while the winds over the
south Indian Ocean increased their speed at a faster rate than those
over the north Indian Ocean. Among these winds, the China Sea
wind had the highest linear increasing trend at 9 cm s�1 yr�1.

The areas exhibiting strong increasing wind speed trends,
5 cm s�1 yr�1e9 cm s�1 yr�1, were mainly distributed within the
western waters of the North Pacific Ocean, including the waters
surrounding Greenland (9 cm s�1 yr�1), a wide range of waters
around southeastern North America (3 cm s�1 yr�1e9 cm s�1 yr�1),
the Pacific Ocean waters at 10� N (5 cm s�1 yr�1), the mid-low
latitude waters of the South Pacific
(3 cm s�1 yr�1e7 cm s�1 yr�1), the Mediterranean (9 cm s�1 yr�1),
and the waters surrounding Madagascar Island
(3 cm s�1 yr�1e9 cm s�1 yr�1).

Only the winds over a few small water bodies exhibited
germane decreasing wind speed trends over the 24-year interval.
Sea-surfacewindswithout significant, linear increasingwind speed
trends were mainly distributed over the Arabian Sea, the mid-
latitude and low-latitude waters of the northwest Pacific, the
high-latitude and low-latitude waters in the north Atlantic, the
low-latitude waters of the south Atlantic, and some scattered wa-
ters within the range of the Southern Hemisphere Westerlies.
1988e2011 (units: cm s�1 yr�1). Only trends significant at the 95% confidence level are
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3.3. Seasonal differences of the long-term trend

In order to analyze seasonal wind speed differences, this study
also presents the linear global oceanic sea-surface wind speed
trends in MAM, JJA (June, July, August), SON (September, October,
November), and DJF (December, January, February), Fig. 3.

In MAM (Fig. 3a), more than half of the global ocean showed a
significant increasing sea-surface wind speed trend; only sporadic
water bodies showed a significant decreasing trend, while the
remaining waters showed no obvious variation. The increasing
wind speed trend in the southern hemisphere was stronger than
that in the northern hemisphere. Waters with noticeable increasing
trends were mainly located in large regions of the middle and
eastern Pacific Ocean (3e9 cm s�1 yr�1) as well as in the mid-high
latitudes of the South Atlantic Ocean (3 cm s�1 yr�1e7 cm s�1 yr�1).

In JJA (Fig. 3b), waters with significantly increasing wind speed
trends were distributed within the equatorial Pacific Ocean waters
(3 cm s�1 yr�1e7 cm s�1 yr�1), around 30� S of the South Pacific
Ocean (5 cm s�1 yr�1e7 cm s�1 yr�1), within the equatorial and
mid-latitude Atlantic Ocean waters (3 cm s�1 yr�1), and around
60� S of the South Indian Ocean (9 cm s�1 yr�1). Stegall and Zhang
(2012), whose study encapsulated a 31-year period (1979e2009),
state that the wind speeds in the ChukchieBeaufort Seas generally
demonstrated an increasing trend from July through November,
which is in agreement with our results.

In SON (Fig. 3c), areas with a significantly increasing wind speed
trend were distributedwithin the surrounding waters of Greenland
(11 cm s�1 yr�1), the Chukchi and Beaufort Seas
(5 cm s�1 yr�1e11 cm s�1 yr�1), the waters around North America
(5 cm s�1 yr�1), around 10� N of the North Pacific Ocean
(9 cm s�1 yr�1), from10� S to 30� S in thewaters of the Pacific Ocean
(3 cm s�1 yr�1e9 cm s�1 yr�1), and around 15� S in the Indian Ocean
(5 cm s�1 yr�1). Stegall and Zhang (2012) also mention that the
wind speeds in the Chukchi and Beaufort Seas exhibited an
increasing wind speed trend from July through November. The
strongest increasing wind speed trend, at 0.7 m/s/decade, was
found to occur in the northern Chukchi Sea and eastern Beaufort
Sea. Our study results are similar to those of Stegall and Zhang
(2012), although we report a slightly higher rate of wind speed
increase.

In DJF (Fig. 3d), the rate of increasing wind speed in the northern
hemisphere was greater than in the southern hemisphere, while
within the western North Pacific and the western North Atlantic
waters, the trend was relatively significant, with wind speeds
increasing by up to 11 cm s�1 yr�1. In addition, wind speeds
noticeably increase within the Mediterranean.

Obviously, sea-surface wind speeds increased at a greater rate
within the winter hemisphere than within the summer
hemisphere.

3.4. Dominant season of wind speed variation in different waters

When comparing Figs. 2 and 3, it becomes apparent that the
sea-surface wind speed variability over different waters is domi-
nantly affected by seasonal changes.

The increasing wind speed trends over the coastal waters in
southern Greenland were mainly seen in MAM and SON, were
somewhat seen in DJF, and were not yet visible in JJA. Thus, the
inshore trend over southern Greenland was primarily seen during
MAM and SON. However, the increasing wind speed trend over the
Davis Strait was mainly dominant in DJF, followed by MAM and
SON, and was not minimally seen in JJA. The increasing wind speed
trend over theMediterraneanwas dominantly observed during DJF.
The linear trend around 10� N in the Pacific Oceanwas dominant in
SON and then in DJF, while the increasing wind speed trend of the
high-latitude waters in the southern Indian Ocean was exclusively
dominant in SON.

Here the global is divided in to 16 regions. The overall trends of
sea surface wind speed of each region in annual mean, MAM, JJA,
SON and DJF are calculated separately, as shown in Table 1. Obvi-
ously, the annual trend of sea surface wind speed in different area is
dominated by different season. For example, the annual trends in
the northern Pacific Ocean and low latitude of southern Pacific
Ocean are mainly dominated by DJF, while in the mid-high latitude
of the southern Pacific are dominated by MAM and JJA. We can see
the increasing trend between 30� N and 60� N over the Pacific
Ocean in DJF, between 60� N and 78� N over the Atlantic Ocean in
SON, and between 78� S and 60� S over the Indian Ocean in MAM,
JJA; SON was much stronger than was seen over other waters, and
this is consistent with Figs. 2 and 3.

4. Discussions

4.1. Long-term trends of occurrences of wind speed

Using the 6-hourly CCMP wind data, the annual occurrences of
wind speeds greater than Class 5 (wind speeds greater than 8.0 m/
s) and greater than Class 6 (wind speeds greater than 10.8 m/s) for
the period 1988e2011 are counted. Then the annual long term
trends of occurrences of wind speeds greater than Class 5 and
greater than Class 6 at each 0.25� � 0.25� bins are calculated, as
shown in Fig. 4. It is clear that themore than half of the global ocean
has significant increasing trend in both occurrences of wind speeds
greater than Class 5 and greater than Class 6, especially in the
middle and east of the mid-low latitude waters of the Pacific Ocean.
The increasing trend of occurrences of wind speeds greater than
Class 5 is much higher than that of occurrences of wind speeds
greater than Class 6.

On comparing Figs. 2 and 4, we found that the agreement be-
tween Figs. 4a and 2 is better than that between Figs. 4b and 2.
Therefore, the annual average wind speed variability was mainly
caused by the variability of the occurrences of wind speed greater
than Class 5.

4.2. Correlations between important factors and occurrence of wind
speed

On comparing Figs. 2 and 4, we found that the annual average
wind speed variability was mainly caused by the variability of the
occurrences of wind speed greater than Class 5. What caused the
long term variability of the occurrences of wind speed greater than
Class 5? There are three main hypotheses regarding these wind
speed variations: (1) atmospheric circulation and monsoon vari-
ability; (2) substrate differences, urbanization, and others, and (3) a
combination of both (1) and (2). Previous studies by Young et al.
(2011), Gulev and Grigorieva (2004), and Bertin et al. (2013) pro-
vided evidence that the long-term increase in wind speed can be
superimposed onto the inter-annual variability controlled by
oscillating phenomenon, such as NAO (North Atlantic Oscillation)
over the North Atlantic Ocean or the El Nino over the Pacific Ocean.
The study by Gulev and Grigorieva (2004) also showed that the
variability of the sea-surface wind speeds over the Pacific is closely
related to the ENSO. They suggested that long-term changes in
wind wave heights are closely associated with the ENSO of the
Pacific.

Studies have shown that the El Nino is followed by a weakened
East Asian monsoon, while the La Nina is followed by a strength-
ened East Asianmonsoon (Tao and Zhang,1998; Li et al., 2001). This
suggests that ENSO correlates with wind speed. Therefore, this
paper calculated the correlation between ENSO and the occurrence



Fig. 3. Long-term global wind speed trends in (a) MAM, (b) JJA, (c) SON, and (d) DJF for the period 1988e2011 (units: cm s�1 yr�1). Only trends significant at the 95% confidence level are shown.

C.W
.Zheng

et
al./

O
cean

&
Coastal

M
anagem

ent
129

(2016)
15

e
24

20



Table 1
Comparison of linear increasing wind speed rates over various waters, (units: cm s�1 yr�1).

Area Annual MAM JJA SON DJF Dominant season

Pacific Ocean 78� Se60� S 3.27*** 3.26*** 4.10*** 3.07 2.44 JJA
60� Se30� S 3.38*** 3.90*** 3.86*** 3.18*** 2.43*** MAM
30� Seequator 4.08*** 3.66*** 4.13*** 4.16*** 4.19*** DJF
Equatore30� N 3.49*** 3.13*** 3.65*** 3.78*** 3.85*** DJF
30� Ne60� N 3.23*** 2.75*** 1.39*** 3.59*** 5.37*** DJF
60� Ne78� N 3.28*** 2.98*** 1.71*** 4.16*** 4.50*** DJF

Atlantic Ocean 78� Se60� S 3.22*** 3.41*** 3.48*** 3.38 2.34 SON
60� Se30� S 3.46*** 4.61*** 4.10*** 2.39*** 2.79*** MAM
30� Seequator 2.16*** 2.46*** 1.71** 2.21*** 2.18** MAM
Equatore30� N 2.31*** 2.33** 2.78*** 2.01*** 2.36** JJA
30� Ne60� N 3.60*** 3.48*** 2.53*** 3.87*** 4.56*** DJF
60� Ne78� N 3.88*** 4.16*** 1.62** 6.21*** 3.23** SON

Indian Ocean 78� Se60� S 5.07*** 5.42*** 6.11*** 5.28*** 3.26*** JJA
60� Se30� S 2.65*** 3.47*** 2.70*** 2.44*** 2.05*** MAM
30� Seequator 3.77*** 3.67*** 3.63*** 3.78*** 3.60*** SON
Equatore30� N 2.90*** 3.42*** 2.40* 2.97*** 2.67*** MAM

Note: *, **, *** represent as significant at the 95%, 99%, 99.9% confidence level significant at the 95% confidence level, while not passing significant level without *.

Fig. 4. Long term trend of occurrences of wind speeds (a) greater than Class 5 and (b) greater than Class 6 between 1988 and 2011 (units: % yr�1, here the % is the occurrence not
variability). Only trends significant at the 95% confidence level are shown.
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of wind speeds higher than Class 5. We calculate the correlation
coefficient (CC) between nino3 index and occurrences of wind
speed greater than Class 5 at each 0.25� � 0.25� bins, as shown in
Fig. 5a. The CC between soi index and occurrences of wind speed



(a)

(b)

Fig. 5. Correlations between the occurrence of wind speeds greater than Class 5 and the Nino3 index (a), between the occurrence of wind speeds greater than Class 5 and the soi
index (b). Only regions demonstrating significance at the 95% confidence level are shown.
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greater than Class 5 at each 0.25� � 0.25� bins is also calculated
similarly, as shown in Fig. 5b.

It is easy to find that the occurrences of wind speed greater than
Class 5 in equatorial north Pacific Ocean, the equatorial north
Atlantic Ocean and the Antarctic Pole waters showed a significant
positive correlation with nino3 index, while the equatorial south
Pacific Ocean, the equatorial south Atlantic Ocean the low latitude
of the south Indian Ocean, the China Sea surrounding waters and
Arctic Pole waters showed a significant negative correlation. The
relationship between the occurrences of wind speed greater than
Class 5 and soi index is poor in most of the global ocean. Only some
small scale waters in the South Pacific Ocean and south Indian
Ocean have a significant positive/negative correlation.

As shown in Fig. 5a, there is a good relationship between the
occurrence of wind speeds greater than Class 5 and the Nino3 index
in the tropical waters. In the low latitude waters of the middle of
the North Pacific Ocean, there is a positive correlation, meaning
that the increasing of sea surface temperature will result in the
increasing of occurrence of wind speeds greater than Class 5. The
distribution in the South Pacific Ocean is reverse, which should be
due to that the east wind of the equator and the southeast trade
wind will decrease with the development of El Nino phenomenon.
There is a negative correlation in the equator waters of the Atlantic
Ocean. This is because the development of El Nino will make the
Walker circulation weaker, thus resulting in a reduction of wind
speed. There is also a negative correlation in the China seas. This
should be due to decreasing of sea surface temperature of the
western Pacific Ocean caused by the development of El Nino, thus
resulting in a reduction of Asian monsoon. In addition, there is a
negative area in the tropical waters of the south Indian Ocean. This
may be because, as the development of El Nino, through the in-
fluence of atmospheric bridge, making the prevalence of cyclonic
circulation weakened, leading to its reduction of wind speed. From
Fig. 5b, it is clearly that the correlation between the occurrence of
wind speeds greater than Class 5 and the soi index is not as well as
the correlation between the occurrence of wind speeds greater
than Class 5 and the Nino3 index. This shows that to some extent,
on the monthly time scale, the sea surface wind speed and sea
surface temperature have a better relationship for the monthly
variation of wind speed is mainly a memory of the ocean, while the
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soi index is mainly a information of atmosphere. These findings are
consistent with those of Li (1990), Zhai et al. (2001), and Wang and
Swail (2001). As shown in Fig. 5, over all the surrounding seas of
east and south Asia, the Nino3 index and the occurrence of wind
speeds higher than Class 5 negatively correlate, which is consistent
with the findings of Tao and Zhang (1998) and Li et al. (2001). In the
future work, combination of artificial neural network, Hilbert-
Huang Transform and the findings of Fig. 5 may improve the
mid-long term prediction of sea surface wind speed and the oc-
currences of wind speed of different classes.
5. Conclusions

(1) The global oceanic sea-surface wind speeds exhibit a signif-
icant rate increase of 3.35 cm s�1 yr�1 from 1988 to 2011,
with a maximal rate increase of 4.15 cm s�1 yr�1 between
1991 and 2007. The trend of increasing wind speed over the
Southern Ocean (3.33 cm s�1 yr�1) is greater than that over
the Northern Ocean (3.14 cm s�1 yr�1).

(2) The sea-surface wind speeds, in most parts of the global
ocean, show a significant increasing trend, of
1 cm s�1 yr�1e11 cm s�1 yr�1, for the period of 1988e2011.
Only a few sporadic small waters display a significant
decreasingwind speed trend over the 24-year period.Waters
not displaying a significant linear trend were mainly
distributed within the Arabian Sea, the mid-latitude and
low-latitude waters of the northwest Pacific, the high-
latitude and low-latitude waters of the north Atlantic, the
low-latitude waters of the south Atlantic, and within some
scattered waters along the path of the Southern Hemisphere
Westerlies.

(3) The variability of the sea-surface wind speeds revealed no
obvious regional differences. Overall, the increasing wind
speed trend in the Pacific low-latitude waters was stronger
than that at high latitudes. The western Atlantic waters
exhibited a stronger wind speed rate increase than the
eastern Atlantic waters, while the south Indian Ocean wind
speed rate increased more rapidly than that over the north
Indian Ocean.

(4) The variability of sea-surface wind speeds demonstrated
noticeable seasonal differences. The increasing wind speed
trend over the winter hemisphere was significantly stronger
than that over the summer hemisphere. There are increasing
wind speed rates within 30� Ne60� N of the Pacific Ocean in
DJF, 60� Ne78� N of the Atlantic Ocean in SON, and
78� Se60� S of the Indian Ocean in MAM, JJA, and SON that
are much higher than those seen over other waters. The
variability of the sea-surface wind speeds over different
waters was predominantly due to seasonal effects. Wind
speed rates increased over the coastal waters of southern
Greenland in MAM and SON, and over the Davis Strait and
the Mediterranean, DJF was dominant. However, SON had
the highest impact on wind speed variability around 10� N
over the Pacific Ocean and over the high-latitude waters in
the southern Indian Ocean.
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