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ABSTRACT A detailed study of long-term variability of winds using 30 years of data from the European Centre for
Medium-range Weather Forecasts global reanalysis (ERA-Interim) over the Indian Ocean has been carried out by
partitioning the Indian Ocean into six zones based on local wind extrema. The trend of mean annual wind speed
averaged over each zone shows a significant increase in the equatorial region, the Southern Ocean, and the
southern part of the trade winds. This indicates that the Southern Ocean winds and the southeast trade winds
are becoming stronger. However, the trend for the Bay of Bengal is negative, which might be caused by a
weakening of the monsoon winds and northeast trade winds. Maximum interannual variability occurs in the
Arabian Sea due to monsoon activity; a minimum is observed in the subtropical region because of the divergence
of winds. Wind speed variations in all zones are weakly correlated with the Dipole Mode Index (DMI). However,
the equatorial Indian Ocean, the southern part of the trade winds, and subtropical zones show a relatively strong
positive correlation with the Southern Oscillation Index (SOI), indicating that the SOI has a zonal influence on wind
speed in the Indian Ocean. Monsoon winds have a decreasing trend in the northern Indian Ocean, indicating
monsoon weakening, and an increasing trend in the equatorial region because of enhancement of the westerlies.
The negative trend observed during the non-monsoon period could be a result of weakening of the northeast trade
winds over the past few decades. The mean flux of kinetic energy of wind (FKEW) reaches a minimum of about
100 W m−2 in the equatorial region and a maximum of about 1500 W m−2 in the Southern Ocean. The seasonal
variability of FKEW is large, about 1600 W m−2, along the coast of Somalia in the northern Indian Ocean. The
maximum monthly variability of the FKEW field averaged over each zone occurs during boreal summer.
During the onset and withdrawal of monsoon, FKEW is as low as 50 W m−2. The Southern Ocean has a large
variation of about 1280 W m−2 because of strong westerlies throughout the year.

RÉSUMÉ [Traduit par la rédaction] Nous avons effectué une étude détaillée de la variabilité à long terme du vent,
à partir de 30 ans de données de réanalyses mondiales atmosphériques (ERA-Interim) du Centre européen pour les
prévisions météorologiques à moyen terme (ECMWF). L’étude couvre l’océan Indien, que nous avons divisé en six
zones, selon les extrêmes locaux du vent. La tendance moyenne de la vitesse du vent moyen annuel, calculée pour
chaque zone, montre une hausse significative dans la région équatoriale, dans l’océan Austral et dans la partie sud
des alizés. Ces résultats indiquent que les vents de l’océan Austral et les alizés du sud-est forcissent. Toutefois, la
tendance est négative sur le golfe du Bengale. Un affaiblissement des vents de mousson et des alizés du nord-est
pourrait causer cette baisse. La variabilité interannuelle maximale survient dans la mer d’Oman en raison de la
mousson. Nous observons un minimum dans la région subtropicale, dû à la divergence des vents. Les variations
de la vitesse du vent, pour toutes les zones, sont faiblement corrélées avec l’indice du dipôle de l’océan Indien.
Toutefois, l’océan Indien équatorial, la partie sud des alizés et les zones subtropicales montrent une corrélation
positive relativement forte avec l’indice d’oscillation australe. Ce lien indique que l’oscillation australe influe de
façon zonale sur la vitesse du vent dans l’océan Indien. Les vents de mousson montrent une tendance à la baisse
dans la partie nord de l’océan Indien; ce résultat indique un affaiblissement de la mousson. Par contre, ils présentent
une tendance à la hausse dans la région équatoriale, due au renforcement des vents d’ouest. La tendance négative
que nous observons durant les périodes sans mousson pourrait être le résultat d’un affaiblissement des alizés du
nord-est au cours des dernières décennies. Le flux moyen de l’énergie cinétique du vent atteint un minimum d’en-
viron 100 W m−2 dans la région équatoriale et un maximum d’environ 1500 W m−2 dans l’océan Austral. La var-
iabilité saisonnière de ce flux est forte, environ 1600 W m−2, le long du littoral somalien et dans le nord de l’océan
Indien. La moyenne de la variabilité maximale mensuelle du flux de l’énergie cinétique du vent, calculée pour
chaque zone, survient durant l’été boréal. Au début et à la fin de la mousson, le flux peut chuter à 50 W m−2.
L’océan Austral présente une grande variation, 1280 W m−2, en raison des forts vents d’ouest qui soufflent toute
l’année.
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1 Introduction

Surface wind is the fundamental variable in air–sea interaction
processes. Analysis of long-term wind has been carried out by
several researchers using various techniques (Bauer, 1996;
Caires & Sterl, 2005; Gulev & Grigorieva, 2004; James,
Holton, Curry, & Pyle, 2003; Kållberg et al., 2005;
Monahan, 2006; Phillips, 1977; Young, Vinoth, Zieger, &
Babanin, 2012). Lledó, Dubois, Barton, and Brower (2013)
used different global datasets to study wind speed variability
and found that winds from the European Centre for
Medium-range Weather Forecasts (ECMWF) global atmos-
pheric reanalysis (ERA-Interim) correlate well with obser-
vations, and the interannual variability agrees well with
observations (r2 ≈ 0.80). These studies indicate the variability
of surface winds over a period of time. Wind speed data col-
lected from ships in the South China Sea, North Pacific
Ocean, and North Atlantic Ocean were analyzed by
Cardone, Greenwood, and Cane (1990) who showed that the
trends have strengthened over the past few decades. Studies
of wind variability carried out globally show positive trends
throughout the years, whereas temporal studies carried out at
a few locations, such as the subtropical North Pacific, south
of Green Island, and the tropical South Atlantic, show negative
trends (Tokinaga & Xie, 2011). The negative trends in the sub-
tropical North Pacific have been attributed to a reduction in the
northeast trade winds and are consistent with global warming
simulations (Xie et al., 2010). Gower (2002) observed positive
as well as negative wind speed trends in data from various
buoys across the North Pacific. Thomas, Kent, Swail, and
Berry (2008) observed a positive wind speed trend of about
0.10 m s−1 decade−1 using the International Comprehensive
Ocean Atmosphere Data Set. Young, Zieger, and Babanin
(2011) analyzed satellite altimeter measurements and found
that the rate of increase is greater for extreme events than
for the mean. Zieger, Babanin, and Young (2014), using alti-
meter data from 1991 to 2008, found that the global trend is
not uniformly distributed, and in some regions the trends
were nearly two times greater than the global average trend.
The Indian Ocean basin has been studied by many research-

ers (Cai & Cowan, 2013; Dong, Tianjun, & Bo, 2014; Saji,
Goswami, Vinayachandran, & Yamagata, 1999; Zheng
et al., 2013), considering either the entire ocean or part of it
as the domain. In this regard, only a few researchers have
been able to carry out a detailed analysis of wind and wave
dynamics in the Indian Ocean. Polnikov, Pogarskii, and
Sannasiraj (2011) and Pogarskii, Polnikov, and Sannasiraj
(2012) analyzed 12 years of reanalysis data from the National
Centers for Environmental Prediction/National Center for
Atmospheric Research (NCEP/NCAR) (ftp://polar.ncep.
noaa.gov/pub/history/waves/) and observed interesting fea-
tures of the wind fields by partitioning the Indian Ocean into
zones of independent wind dynamics, estimating extrema

and mean values at the central points of each zone, and analyz-
ing statistical and spectral characteristics of the winds in detail.
Rashmi et al. (2014) studied decay rates and variance of wind
fields using spectral analysis of time series of ERA-Interim
data for the 1979–2012 period at the central point of each
zone. Bhaskaran, Gupta, and Dash (2014) studied the trend
in wind speed over the Indian Ocean using satellite obser-
vations for a period of 21 years from 1992 to 2012. They
found that the highest variability occurred in the Southern
Ocean belt because of the impact of climate change.
However, mapping of the wind field and subjecting long-
term (30 years) wind data to statistical and spectral analyses
has not been done for the Indian Ocean. In this context, the
authors have made an attempt to study the spatiotemporal fea-
tures of the wind field, wind energy, statistics, and long-term
trends using ERA-Interim data (http://apps.ecmwf.int/
datasets/data/interim-full-daily/levtype=sfc/).

We divided the Indian Ocean into six zones based on the
characteristics of the wind-field dynamics. This allows us to
detect wind-field variability separately in each zone and pro-
vides greater certainty and finer detail than earlier studies
(Caires & Sterl, 2005; Gulev & Grigorieva, 2004; Kållberg
et al., 2005; Monahan, 2006; Pogarskii et al., 2012). In our
study, we carried out detailed analyses of annual, seasonal,
and 90th and 99th percentile trends, interannual variability
and Weibull probability density functions (PDFs) of wind
speed averaged over each zone, and estimated the mean flux
of kinetic energy of wind (FKEW) field and its annual trend,
as well as the seasonal and monthly variability over each
zone to understand the variability in each zone (rather than
considering one point at the centre of each zone as in previous
studies).

2 Data and methodology

The wind field, W(x,y,t) at 10 m height for the Indian Ocean
with a spatial resolution of 1.5° × 1.5° in latitude and longitude
and a temporal resolution of 6 hours was obtained from
the ERA-Interim global atmospheric reanalysis database;
ERA-Interim is a third-generation reanalysis dataset that
uses a much improved atmospheric model and assimilation
system than those used in the 40-year reanalysis dataset
from ECMWF (ERA-40). The data assimilation system used
to produce ERA-Interim is based on the 2006 release of the
Integrated Forecast System (Cy31r2). This system includes
a four-dimensional variational analysis (4D-Var) with a
12-hour analysis window. The spatial resolution of the
dataset is approximately 80 km (T255 spectral) on 60 verti-
cal levels from the surface up to 0.1 hPa. Observations
assimilated in ERA-Interim and their sources are described
in Uppala et al. (2005). The dataset is physically and dyna-
mically coherent. Recently, several sections of the dataset
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have been improved, such as the low frequency variability,
analysis accuracy, hydrological cycle, and quality of the
stratospheric circulation (Dee et al., 2011).
The accuracy of ERA-Interim winds was assessed by com-

paring its wind data with wind data from a moored buoy
deployed in the Bay of Bengal, as well as with the NCEP/
NCAR wind dataset. The comparison of the buoy wind data
with ERA-Interim and NCEP/NCAR winds is shown in
Fig. 1; the agreement with the ERA-Interim wind dataset is
better than with the NCEP/NCAR wind dataset, as
shown by the statistics (root mean square error (rmse) =
1.27 m s−1 and 1.97 m s−1, respectively; bias = 0.05 m s−1

and 0.24 m s−1, respectively; correlation coefficient = 0.77
and 0.58, respectively). However, in extreme events, the rea-
nalysis wind underestimates the buoy wind.
We have analyzed the wind speed time series obtained from

the ERA-Interim dataset for the Indian Ocean over a period of
30 years for mean wind speed, mean annual spatial and tem-
poral trends for zonal and meridional winds, as well as wind
speeds, over each zone, extremes, seasonal and interannual
variability averaged over zones, and the temporal variability
of the Weibull PDF.
In order to analyze wind energy, mean densities of FKEW,

,EA(i, j, T). , were calculated using the formula

,EA(i, j, T).=
∑
tn[T

ΔtnρaW3(i, j, tn)/2

( )
/
∑
tn[T

Δtn. (1)

where Δtn is the time step for the wind field; T is the averaging
period;W(i, j, tn) is the wind module at the spatial node (i, j) at
time tn; ρa = (353/TK) kg m

−3 is the air density, which depends
on temperature TK (Kelvin) and varies with latitude and season
(Kållberg et al., 2005). The purpose of this task is to estimate
the quantitative spatial distribution of FKEW over the entire
Indian Ocean, its seasonal, annual, and decadal variation,
and to determine the 30-year trend. The units of FKEW are
given as power per unit area perpendicular to the wind

direction (Watts per square metre). The significance of
FKEW lies in the fact that it is the actual physical field that
provides the rate of mechanical energy transfer from the
wind to the waves (Golitsyn, Polnikov, & Pogarskii, 2012;
Phillips, 1977). Thus, having reference values of mean
extremes and trends for FKEW, we will be able to focus
more on the dynamics of the atmosphere–ocean mechanical
interactions.

3 Results and discussion
a The Mean Wind Field
Typical mean zonal (u) and meridional (v) wind components,
as well as wind speed over a period of 30 years (1980–2010),
were computed and are shown in Fig. 2. The 30-year mean
zonal wind component has a maximum speed of 9.5 m s−1

(westerlies) in the Southern Ocean and 7.5 m s−1 between
10° and 30°S. The meridional wind component has a
maximum speed of 6 m s−1 (southerlies) between 10° and
30°S and a minimum in the Southern Ocean. The 30-year
mean wind speed clearly shows the zonal structure. The
winds are weaker (minimum mean wind speed = 3 m s−1)
along the equatorial zone and stronger (maximum mean
wind speed = 12.5 m s−1) between 40° and 60°S.

Figure 2 shows a clear and stable spatial distribution of the
wind speed. The Indian Ocean was divided into the following
six zones, considering the presence of a local extrema in the
wind field: the Arabian Sea – Z1, the Bay of Bengal – Z2,
the equatorial part of the Indian Ocean – Z3, the southern
part of the trade winds – Z4, the southern subtropical part of
the Indian Ocean – Z5, and the southern Indian Ocean – Z6.
The distribution of wind-field extremes with different time
averaging scales indicates the stability of the spatial dynamics
of the atmospheric circulation over the entire Indian Ocean.
The zones shown in Fig. 3 cover all the geographical features
of the Indian Ocean: coastal boundaries (Z1, Z2), typical
large-scale zonal distribution of global air circulation,
namely, zones of the trade winds and the Southern Ocean
(Z4, Z6), and the equatorial and subtropical zones (Z3, Z5).

Fig. 1 Temporal plot of buoy wind speed (in the Bay of Bengal; black), ERA-Interim wind speed (blue), and NCEP/NCAR wind speed (red). The correlation
coefficients of buoy wind speed with ERA-Interim and NCEP/NCAR wind speeds are 0.77 and 0.58, respectively.
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The conventional boundaries of the zones and the locations
of their “central” points are shown in Fig. 3 by thick straight
lines and black squares, respectively. It is shown that the stat-
istical properties of the wind field in all these zones are quite
different, and this will be studied separately.
The 30-year annual-mean trends of the zonal and meridio-

nal winds, as well as the wind speed, were obtained spatially
and are shown in Fig. 4. Wind speed trends averaged over
each zone are presented in Table 1.
The temporal trend obtained using a least square fit for each

point of the annual-mean wind field for the entire Indian Ocean

is presented in Fig. 4. It is characterized by chaotic heterogen-
eity, with little correspondence to the zonal structure shown in
Fig. 3. The positive trend of the annual-mean wind speed is of
the order of 0.04 m s−1 y−1, found mainly in zone Z3. Areas of
weak negative trends, on the order of −0.042 m s−1 y−1, are
seen along the central coast (of India) of zones Z1 and Z2, as
well as in the eastern and western parts of zone Z6. The
annual maximum zonal wind component trend of about
0.048 m s−1 y−1 is observed in the middle of the Southern
Ocean (Z6) and the maximum meridional trend of about
0.042 m s−1 y−1 along the coasts of Sumatra and Somalia.

Fig. 2 Mean zonal (u) and meridional (v) wind components and wind speed (m s−1) over the Indian Ocean for the 1980–2010 period.
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Statistical reliability of the established trend is small (r2 = 0.09),
and the values of the trend are within the confidence intervals
estimated above.
Further, the wind field was averaged over each zone, and the

30-year mean annual trend was obtained using moving
average values spanning three years. The mean annual
trends along with the 95% confidence intervals for all the
zones are given in Table 1. The significance is determined
using a Student`s t-test, which clearly indicates strong wind
activity in zones Z4 and Z6 and weak wind activity in zone
Z2. This shows that the wind speed trend of the westerlies
in Z6 have strengthened over the period. The trend in the equa-
torial zone is stronger than in all the other zones. In zone Z4,
the southeasterly trade winds are strengthened significantly.
The seasonal difference in the 30-year mean wind speed for

all summers (July) and winters (January) is shown in Fig. 5a.
Summer is the most dynamically active of all the

seasons. Wind speeds are higher in the northern zones (up to
5–6 m s−1 or 50% of the summer values) and lower in the
southern zones of the Indian Ocean (less than 4 m s−1 or
30%) because of monsoon activity in the northern zones.
The negative value of the seasonal difference is noticeable
near the western coast of Australia, reaching 2 m s−1 (about
50%). Another interesting feature is an increase in the trade
winds (up to 4 m s−1) during summer.
Recently, Rao et al. (2012), Roxy, Ritika, Terray, and

Masson (2014), and Swapna, Krishnan, and Wallace (2014)
noticed a drastic increase in the equatorial warming trend in
the Indian Ocean over the past few decades, accompanied
by a pronounced weakening of the large-scale boreal
summer monsoon circulation. Further, Sandeep and Ajayamo-
han (2014) observed a poleward shift in the monsoon low-
level jet stream. In this context, we have made an attempt to
analyze trends during monsoon (June, July, August, and Sep-
tember; JJAS) and non-monsoon (January, February, March,

and April; JFMA) winds in zones Z1, Z2, and Z3, where the
influence of monsoons is strong. The trends in southwest
monsoon winds from June to September and non-monsoon
winds from January to April were analyzed and are shown
in Fig. 5b. During the monsoon period (Fig. 5b(i)), a decrease
in the annual-mean wind speed trend can be seen in zones Z1
and Z2, whereas an increase is observed in zone Z3. This is
consistent with the recent studies noted above, indicating a
weakening of monsoon in the northern part of the Indian
Ocean as the flow of southwesterly winds is reduced.
However, the increasing trend in zone Z3 indicates an
enhancement of the westerly winds (Swapna et al., 2014).
As shown in Fig. 5b(i), a similar type of variation is noticeable
for non-monsoon winds (Fig. 5b(ii)). During the non-monsoon
period, northerly to northeasterly winds prevail over the north-
ern part of the Indian Ocean. This shows that the northeast
trade winds have weakened in recent decades, as observed
by Xie et al. (2010) in the North Pacific.

In order to see the variability in extreme winds, 90th and
99th percentile wind speeds averaged over each zone were
analyzed, and the corresponding trend values are reported in
Table 1. A positive trend is seen in zones Z3 and Z5,
whereas the remaining zones show trends of opposite signs
for both the 90th and 99th percentiles. A strong positive
trend in the 90th percentile wind speed is observed in zones
Z3 and Z5, whereas a negative trend is observed in zones
Z2 and Z4. However, zones Z1, Z2, Z3, and Z5 show a
strong positive trend at the 99th percentile, and zones Z4
and Z6 show a strong negative trend. The annual mean of
the southeasterly trade winds and westerlies in zones Z4 and
Z6 increase strongly in comparison with the extreme wind
speeds. The northern Indian Ocean (i.e., zones Z1 and Z2)
shows a strong increase in the 99th percentile wind speeds
because of monsoon activity in zone Z1 and also because of
significant cyclonic activity in zone Z2. However, zone Z5
consistently shows an increase in both extremes and annual-
mean wind speeds.

Further, the interannual variability of wind speed (Fig. 6)
shows a very interesting intermittent structure. The interannual
signal shows a standard deviation of 1.15 m s−1. The distinct
zone-wise variation in wind speed is very evident in the
analysis.

All the zones show substantial interannual variability in
mean annual wind speeds (Fig. 6) although the standard devi-
ation at some points is remarkably constant. The maximum
deviation is observed in zone Z1 and the minimum in zone
Z5 because of the strong seasonal variation in zone Z1,
whereas in zone Z5, wind divergence is strong and the devi-
ation is lower throughout the year. All other zones show
similar variations throughout the year.

As a result of equatorial warming in the Indian Ocean over
the last few decades, continental heating during boreal
summer has led to a strong meridional pressure gradient that
drives the southwest monsoon (Han et al., 2014). The
intense monsoon winds induce a strong northward Somali
Current and coastal upwelling near the coasts of Somalia

Fig. 3 Zonal structure and location of central points of the zones in the Indian
Ocean (no significance is attached to central points; used only for
computation and discussion).
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and Oman (Figs 2b and 2d in Han et al., 2014). During the
winter monsoon, surface winds (Fig. 2a in Han et al., 2014)
and ocean circulation (Fig. 2c in Han et al., 2014) reverse
direction across the entire basin north of 10°S. In contrast,
south of 10°S, the South Equatorial Current flows westward
throughout the year under the influence of relatively steady
trade wind forcing. Ocean–atmosphere interactions in the
Indian Ocean can also give rise to significant climate fluctu-
ations. As with the El Niño–Southern Oscillation (ENSO),
the Indian Ocean Dipole varies on interannual time scales, sus-
tained through positive feedbacks between equatorial winds
and zonal sea surface temperature (SST) gradients. The

zonal wind anomaly along the equator drives the upper
ocean response, which is closely related to the interannual
SST difference across the tropical Indian Ocean (Feng &
Meyers, 2003). Interannual variability in the equatorial
Indian Ocean is highly dependent on equatorial zonal wind
changes (Sreenivas, Gnanaseelan, & Prasad, 2012). Decadal
sea level variations in the Bay of Bengal are strongly related
to zonal wind variations over the central and eastern equatorial
Indian Ocean (Nidheesh, Lengaigne, Vialard, Unnikrishnan,
& Dayan, 2013).

From previous studies it can be seen that interannual and
decadal variations in the northern Indian Ocean are strongly

Fig. 4 Trends (m s−1 y−1) in annual-mean zonal and meridional winds and annual-mean wind speed for the 30-year period.

TABLE 1. Trends in annual-mean wind speed, as well as the 90th and 99th percentiles for all zones. The 95% confidence interval is shown in parentheses.

Zones

Trends (m s−1 y−1)

Mean 90th percentile 99th percentile

Z1 0.0015 (−0.0008, 0.0038) −0.0005 (−0.0077, 0.0067) 0.0061 (−0.0062, 0.0185)
Z2 −0.0008 (−0.0032, 0.0016) −0.0041 (−0.0138, 0.0057) 0.0043 (−0.0093, 0.0179)
Z3 0.0129 (0.0109, 0.0150) 0.0071 (0.0011, 0.0132) 0.0088 (0.0019, 0.0158)
Z4 0.0036 (0.0014, 0.0058) −0.0035 (−0.0104, 0.0034) −0.0026 (−0.0123, 0.0071)
Z5 0.0014 (−0.0012, 0.0040) 0.0022 (−0.0036, 0.0079) 0.0017 (−0.0065, 0.0099)
Z6 0.0046 (0.0014, 0.0078) 0.0002 (−0.0073, 0.0076) −0.0043 (−0.0140, 0.0055)
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related to equatorial zonal wind changes. Correlation coeffi-
cients between wind speed averaged over each zone and the
Southern Oscillation Index (SOI) and the Dipole Mode
Index (DMI) are presented in Table 2. As seen in Table 2,
the wind speed variations in all zones are weakly correlated
with DMI. However, the equatorial Indian Ocean (Z3), the
southern part of the trade winds (Z4), and the subtropical
(Z5) zones show a relatively strong positive correlation with
SOI. This shows that the influence of ENSO is larger in the
equatorial and subtropical zones. In the southerly trade
winds zone (Z4), cyclones form frequently because of the
strong influence of the SOI in this zone. Warming in the equa-
torial Indian Ocean has a stronger influence in the Arabian Sea
zone (Z1) (as seen by the positive correlation with SOI) than in
the Bay of Bengal zone (Z2). This clearly indicates that SOI
has a zonal influence on wind speed in the Indian Ocean.

b The Flux of Kinetic Energy of Wind
The importance of studying FKEW lies in the fact that it deter-
mines the rate of mechanical interaction between the

atmosphere and the ocean (Golitsyn et al., 2012; Phillips,
1977). Additional specificity for estimating the FKEW field
is provided by considering the air–density dependence on
temperature, ρa(TK), defining <EA(i, j, T )> (Eq. (1)), which
varies with season and latitude. This is based on the tempera-
ture variability data in an ECMWF report (Kållberg et al.,
2005). To our knowledge, there is only one analogue (Pogars-
kii et al., 2012) in which such calculations and analyses have
been performed using the NCEP/NCAR wind field over the
Indian Ocean. In this work, we have carried out a more
detailed study of the FKEW field over the Indian
Ocean by using ERA-Interim over a period of 30 years
(Figs 7 and 8).

Fig. 5 (a) Seasonal difference in 30-year mean wind speed (m s−1) between summer (July) and winter (January). (b) Annual-mean trend in wind speed (m s−1)
during (i) the monsoon period (JJAS) and (ii) the non-monsoon period (JFMA).

TABLE 2. Correlation coefficients between wind speed averaged over each
zone and climate indices.

WS/Zones Z1 Z2 Z3 Z4 Z5 Z6

DMI −0.12 0.01 −0.06 −0.07 −0.24 0.20
SOI 0.22 0.10 0.51 0.32 0.54 −0.01
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Fig. 5 Continued
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The 30-year mean FKEW field is shown in Fig. 7. The com-
parison of FKEW values of ERA-Interim reanalysis with the
values using NCEP/NCAR data (Pogarskii et al., 2012) shows
a reduction in the former (15%) with respect to the latter. There-
fore, we find that the FKEWfield is a real physical characteristic
of thewindfield that is suitable for the study ofwind-field spatial

variability. The zonal structure is well expressed in Fig. 7 — a
minimum of about 100 W m−2 (in Z3) and a maximum of
about 1500 W m−2 (inZ6). The range of FKEWvariability aver-
aged over the entire period reaches 12 (actual units), while the
range for the mean wind-speed field is about 3 (actual units).
Therefore, the FKEW field is more suitable than the wind

Fig. 6 30-year interannual variability of wind speed (m s−1).

Fig. 7 30-year mean FKEW field (W m−2) calculated for the Indian Ocean.
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speed field for the detailed study of the horizontal distribution at
large (geophysical) scales. Thus, the FKEWfield is found to be a
good marker of spatiotemporal variability and is one of the
useful results to emerge from our analysis.
The 30-year seasonal variability of FKEW is shown in

Fig. 8a. The seasonal difference is well expressed and has a
maximumvalue of about 1600 W m−2 in Z1. The large seasonal
difference is a result of strong monsoon activity along the coast
of Somalia in the northern Indian Ocean. In order to understand

the flux variation in detail, the monthly variability of FKEW
was determined (Fig. 8b). Zones Z6 (maximum of about
1280 W m−2) and Z3 (maximum of about 250 W m−2) show
the maximum and minimum variability of FKEW, respectively
(Fig. 8b). However, large variability is observed during boreal
summer in zones Z1, Z2, and Z3. During boreal summer, the
Arabian Sea (Z1) has a maximum FKEW of approximately
690 W m−2, which is higher than in zones Z2 and Z3 because
of the stronger influence of monsoon activity in zone Z1 than

Fig. 8 (a) 30-year mean seasonal difference (July–January) in the FKEW field (W m−2) and (b) monthly variability of the FKEW field (W m−2) averaged over each
zone.

514 / R. Rashmi et al.

ATMOSPHERE-OCEAN 54 (5) 2016, 505–518 http://dx.doi.org/10.1080/07055900.2016.1158147
La Société canadienne de météorologie et d’océanographie



in other zones. During the onset and withdrawal of monsoon,
FKEW is as low as 50 W m−2. However, zones Z4 and Z5 do
not show significant variation in the annual FKEW because
there is no significant seasonal influence in these zones. The
Southern Ocean (Z6) shows large variation because of strong
westerlies (observed throughout the year).We found no signifi-
cant change in the 30-year annual-mean FKEW trend (figure
not shown). However, the temporal variation of FKEW aver-
aged over each zone shows an increasing trend in all zones,
except the Bay of Bengal (Z2).

c Distribution Function
The unimodal, two-parameter Weibull PDF has been found to
be closely related to surface wind speed distribution (Justus,
Hargraves, & Yalcin, 1976) and is widely used for long-
term surface wind speed studies (Monahan, 2006; Klink,
2007; Yan, Bate, Chandler, Isham, & Wheater, 2002). The
Weibull PDFs of mean daily wind speed, averaged over

each zone, are shown in Fig. 9 for all zones. The PDFs gener-
ated using the Weibull scale a and shape b values with the
90% confidence intervals are given in Table 3. Parameter a
is a function of mean wind speed averaged over each zone
and describes the central tendency, whereas b describes the
peakedness of the distribution. Parameter, a ranges from
4.58 m s−1 in zone Z2 to 10.69 m s−1 in zone Z6, and par-
ameter b has a minimum of 3.54 in Zone Z1 and a
maximum of 9.37 in zone Z6. The large value of parameter
a corresponds to high mean wind speeds. The PDFs of
mean daily wind speed over all zones show different charac-
teristics. When the scale is wider, the peak is low and broad;
otherwise, high and narrow peaks are observed. Maximum
peakedness is observed in zone Z5 and the minimum is
observed in zone Z1. All other zones have nearly similar dis-
tributions, with a shift in the scale.

In order to understand the behaviour of these distributions,
wind speed histograms with Weibull PDFs for all zones were
prepared (Fig. 10). The data were divided into 45 equally
spaced wind speed bins to generate the histograms. The
wind speed scale is relatively broader with a bimodal structure
for zone Z1. The winds in zone Z1 are predominantly in
the range of 2–6 m s−1, but wind speeds ranging from 6 to
9.5 m s−1 are also present. The observed strong winds are a
result of monsoon activity in zone Z1. The frequency of
weak winds (2.5 to 5 m s−1) is high with a having a
maximum value of 3 m s−1. The occurrence of high winds is
a result of cyclonic activity in zone Z2. In zone Z3, a double
peak is observed, similar to zone Z1, caused by the influence

Fig. 9 Weibull PDFs for all zones with occurrence on the y-axis and wind speed (m s−1) on the x-axis.

TABLE 3. Weibull shape and scale parameters along with the 95%
confidence interval.

Zones Scale parameter a (m s−1) Shape parameter b

Z1 5.38 ≤ 5.40 ≤ 5.41 3.51 ≤ 3.54 ≤ 3.56
Z2 4.57 ≤ 4.58 ≤ 4.60 3.60 ≤ 3.62 ≤ 3.65
Z3 5.37 ≤ 5.38 ≤ 5.39 4.74 ≤ 4.77 ≤ 4.81
Z4 6.68 ≤ 6.69 ≤ 6.70 6.62 ≤ 6.67 ≤ 6.71
Z5 6.83 ≤ 6.84 ≤ 6.85 7.78 ≤ 7.83 ≤ 7.89
Z6 10.68 ≤ 10.69 ≤ 10.70 9.31 ≤ 9.37 ≤ 9.44
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of monsoon activity occurring in zone Z3, confirmed by the
strong flow of westerlies that are higher than in Z1. The
Weibull PDF is a good fit (less exceedence) for trade winds
in zone Z4 with a maximum value of a of 6 m s−1. The
wind speed distribution range in zone Z5 is narrow with a
high peak. The Weibull curve is characterized by steeper
slopes, a narrow range, and high winds in zone Z5. A strong
shift in the range of the wind speed scale is seen in zone Z6
but not in other zones.

4 Conclusions

We have analyzed the wind and wind energy fields over the
Indian Ocean for the 1980–2010 period. The 30-year mean
wind speed has a zonal structure. The mean annual trend is
almost neutral in zone Z2; however, the 99th percentile
wind speeds experience a strong increase because of the fre-
quency of cyclones in zone Z2. A strong positive trend in
mean annual wind speed is seen for zone Z6, but the 90th
percentile wind speed trend is almost neutral and the 99th

Fig. 10 Daily mean wind speed histogram (blue) and Weibull PDF (red) for all six zones in the Indian Ocean.

516 / R. Rashmi et al.

ATMOSPHERE-OCEAN 54 (5) 2016, 505–518 http://dx.doi.org/10.1080/07055900.2016.1158147
La Société canadienne de météorologie et d’océanographie



percentile wind speed trend decreases significantly over the
period. Zones Z3 and Z4 show a consistent increase in mean
annual and 90th and 99th percentile trends. The interannual
variability has a maximum deviation in zone Z1 and a
minimum in Z5. The wind speed averaged over each zone is
weakly correlated with DMI. However, the SOI is highly cor-
related with wind speed in zones Z3, Z4, and Z5. We analyzed
the annual-mean series for wind speed and wind energy for the
six zones and the entire Indian Ocean. No systematic trend was
seen in either wind speed or FKEW. The 30-year seasonal
variability of FKEW has a maximum of about 1600 W m−2

in Z1. The monthly variability of FKEW peaks during
boreal summer with a maximum of 690 W m−2 in zone Z1
(northern Indian Ocean). Overall, FKEW in the Southern
Ocean zone (Z6) is very high because of the strong westerlies
that occur throughout the year. The zonal structure is well
expressed, albeit a little smoother than in the summer chart;
the minimum is about 100 W m−2 (in Z3), and the maximum
is about 1500 W m−2 (in Z6). The PDF analysis shows that
the statistical quantities estimated for the different zones are
not in agreement with each other. This means that it is necess-
ary to study the wind statistics in each zone separately. The
histogram has a bimodal structure for zones Z1 and Z3
because of the influence of monsoon activity. The PDFs also
confirm that the westerlies during the monsoon season are
stronger in zone Z3 than in Z1. The strong winds in zone Z2
are a result of the occurrence of cyclonic activity.
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