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A study has been carried out by comparing the extreme wind speeds estimated based on
NCEP/NCAR reanalysis data for 100 years return period using Fischer Tippet-1 (commonly known
as Gumbel) and Weibull distributions for three locations (oﬀ Goa, Visakhapatnam and Machilipatnam) in the north Indian Ocean. The wind dataset for Goa is compared with that from ERA-40
data. For higher wind speeds (12–20 m s−1 ), NCEP wind speed has higher percentage of occurrence than that of ERA-40. Analysis has shown slight upward trend in the annual maximum wind
for location oﬀ Machilipatnam with an increase of 1.2 cm s−1 per year and a decreasing trend of
−1.3 cm s−1 per year in the case of Goa. The Weibull distribution with shape parameter 2 ﬁts the
annual maximum wind data better than FT-1 distribution.

1. Introduction
In the north Indian Ocean, most severe winds occur
mainly during the monsoon periods. This monsoon
has two phases namely southwest (SW) monsoon
and northeast (NE) monsoon. In SW monsoon, the
surface winds blow along the western coast of
Indian peninsula during the months from June to
November and there are some occasional occurrences of cyclones in the Arabian Sea. Another
phase is in the NE monsoon in which wind
blows from northeast direction along eastern coast
of Indian peninsula during the months from
December to May and also associated with the
occurrences of cyclones in Bay of Bengal during
this period. Gray (1985) found that north Indian
Ocean accounts for 7% of global tropical cyclones.
Dube et al (1997) found that the occurrences of
tropical cyclones are more in Bay of Bengal than
in Arabian Sea, and the ratio of their frequencies
is about 4:1. During these periods Indian coast is
vulnerable to erosion and coastal inundation due to
storm surges and also it aﬀects the oﬀshore marine
operations.

Several studies were done on a global scale and
reported increase of wave heights in north Paciﬁc
and north Atlantic. Carter and Draper (1988) and
subsequently, Bacon and Carter (1993) reported
that the signiﬁcant wave height (Hs) was increasing in north Atlantic by 3.4 cm per year and 2.2 cm
per year respectively in the previous ﬁve decades.
Bouws et al (1996) reported increases in the
mean Hs (50th percentile) in a 5◦ × 10◦ latitude/
longitude box in the northwest Atlantic by 2.3 cm
per year and by 2.7 cm per year for a same size box
in the northeast Atlantic. Similar study was done
by Caires and Swail (2004) and they found a negative (decreasing) trend in the Arabian Sea as low as
−1.9 cm per year from the seasonal analysis during
July to September. Allan and Komar (2000) and
Gower (2002) reported positive (increasing) trends
(2.1 cm per year and 1.9 cm per year at the buoys
46005 and 46002) oﬀ the northwestern coast of the
United States of America based on buoy measurements from American National Data Buoy Center
(NDBC-NOAA) from 1978–1999.
Since winds are responsible for the generation of
waves and no study has been done for the region
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Figure 1. Map showing the study locations: Location 1 (oﬀ Goa), location 2 (oﬀ Visakhapatnam) and location 3 (oﬀ
Machilipatnam).

covering the Arabian Sea and Bay of Bengal on
comparison of extreme wind estimation, a study on
variations in long term wind speed estimates during diﬀerent decades in Arabian Sea and Bay of
Bengal is carried out. For studying this, three locations are selected (ﬁgure 1). Location 1 is in the
Arabian Sea (oﬀ Goa) and other two are location 2
(oﬀ Visakhapatnam) and location 3 (oﬀ Machilipatnam) in the Bay of Bengal. In Bay of Bengal,
two locations are selected since the occurrence of
cyclone is more in the Bay of Bengal compared to
Arabian Sea. The present study consists of analyzing the extreme wind speeds starting from the
investigation of decadal variability of maximum
wind speeds to how this variability can aﬀect the
estimation of extreme winds. Section 2 describes
the data and methodology. Section 3 explains
comparison study between the datasets and also
explains the analysis of extreme winds which are
obtained for three locations in the north Indian
Ocean with diﬀerent return periods of 50 and
100 years. Conclusions are presented in section 5.
2. Data and methodology
2.1 Data
Reanalysis data of zonal (u) and meridional (v)
components of wind speed at 10 m height at 6
hourly intervals from ERA-40 and NCEP/NCAR

were used for comparison at the location oﬀ Goa.
ERA-40 reanalysis was carried out by the ECMWF
using its Integrated Forecasting System (IFS) using
three dimensional variational data assimilation
method. It is a regular gridded data and has a spatial resolution of 2.5◦ × 2.5◦ . In order to improve
the data quality, the data was assimilated from
various platforms such as satellite measurements,
in situ measuring systems such as drifting buoys,
and from some enhancing measurements from commercial aircrafts. Thus this reanalysis data which
covers the period from January 1958 to December
2000 is selected for the study. The grid covering the
study locations are given in table 1.
NCEP reanalysis data has a spatial resolution of 2.5◦ × 2.5◦ and it is available from
January 1948 to December 2006 provided by
the NOAA/OAR/ESRL PSD, Boulder, Colorado,
USA (http://www.cdc.noaa.gov/) was used in the
long term wind speed estimation (Kalnay et al
1996). NCEP reanalysis data is compared with
the moored buoy (DS5) located at 16◦ N; 82◦ E oﬀ
Machilipatnam (Rao and Premkumar 1998) which
is maintained by Department of Ocean Development, Government of India. The buoy data consists of wind speed and direction at 3 m height
every 3 h intervals. Each 3 hourly wind observation
is a 10-minute average wind speed and direction
sampled at 1 Hz by a cup anemometer with vane
made by Lambercht. The accuracy of wind speed
measurements is 1.5% of full scale (0–60 m s−1 ),
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Table 1. Locations and the data grid considered in the study.
Data grids (2.5◦ × 2.5◦ )
Study areas
Location 1 (oﬀ Goa)
Location 2 (oﬀ Visakhapatnam)
Location 3 (oﬀ Machilipatnam)

i.e., 0.9 m s−1 . The data during the period from 1
May to 24 July in 2003, 2 July to 31 December in
2004 and 1 January to 31 May in 2005 were used
in the study. Since the data for all months in a
year is not available, the data from diﬀerent years
are considered for the study. The buoy data have
proved to be extremely useful in validating reanalysis and satellite products (Sengupta et al 1999;
Senan et al 2001). The wind speed from the buoy
(Wz ) were transformed to wind speeds at 10 m
elevation (W10 ), using Prandtl 1/7 law approximation (Streeter et al 1998) using the equation
W10 /Wz = (10/z)1/7 . Here z is the wind measurement height of the buoy which is 3 m.
2.2 Methodology
The various models adopted for ﬁtting the longterm distribution are Fischer Tippet-1 (commonly
known as Gumbel) and Weibull distributions
(Issacson and Mackenzie 1981; Muir and EI
Shaarawi 1986; Naess 1998). Datasets of NCEP
wind speed over a period of 58 years was used
for estimating the extreme value. From the wind
speed data, highest value in a year was taken
and the extreme value distribution of Fischer
Tippet–Type 1 and Weibull were used.
Fisher Tippet–Type 1: The cumulative probability
distribution function of wind speed, P (W ) is given
below.



−(W − B)
,
P (W ) = exp − exp
A

(1)

where A and B are the location and scale parameter and are estimated from the data and W is
the wind speed.
Weibull distribution: This distribution depends on
three parameters. The distribution is given below:
 
K 
(W − A)
,
P (W ) = 1 − exp −
B

(2)

Latitude

Longitude

13.75◦ –16.25◦ N
16.25◦ –18.75◦ N
13.75◦ –16.25◦ N

71.25◦ –73.75◦ E
83.75◦ –86.25◦ E
81.25◦ –83.75◦ E

where A is the location parameter; B is the scale
parameter; and k is the shape parameter.
Having established the above equations, the
long term W value corresponding to known P (W )
can be determined. These known P (W ) value in
turn corresponding to a speciﬁed return period as
given below:
P (W ) = 1 −

τ
,
Rp

(3)

where τ is the interval between data considered and
Rp is the return period.
Having selected one distribution, it remains
to estimate the parameter values which will
provide the best empirical ﬁt between the distribution and the data. The most straight forward
approach is to plot the individual data points on
the selected probability paper and then draw a
straight line through these by eye ﬁt. In the present
case, the best-ﬁt line is derived by the method of
least squares.
3. Results
3.1 Comparison of NCEP and ERA-40 data
The wind datasets from NCEP and ERA-40 for
Goa were used for the comparative study. The purpose of comparison is to ﬁnd out which dataset
can be considered for obtaining realistic estimate of
extreme winds. The distributions of percentage of
occurrences from the two datasets (ﬁgure 2A) were
showing similar behaviour in moderate winds (32%
for 4–6 ms−1 and 18% for 6–8 ms−1 ) and showing dissimilar behaviour during storm winds. For
storm winds the percentage of occurrence is higher
for NCEP dataset compared to that of ERA-40.
Parekh et al (2007) observed ERA-40 shows a good
match with the moderate surface wind speed of
buoys and underestimates the cyclonic wind speed
and also overestimates low wind speed.
During SW monsoon periods (June to
September), both datasets were showing dissimilar
percentage of occurrences for each wind speed
intervals (ﬁgure 2B). From the graph, both the
datasets were showing maximum percentage of
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ERA-40. The correlation between NCEP and the
ERA-40 derived U component of wind (zonal) was
0.86 to 0.93 and that for V component (meridional)
was 0.76 to 0.88 (ﬁgure 3). Wind speeds were
showing relatively less correlation coeﬃcient (0.73
to 0.87) with similar variations over the entire
period from 1958 to 2000. NCEP data had higher
wind speeds than ERA-40 data and NCEP dataset
has longer duration of data (59 years) compared
to ERA-40 (43 years), NCEP reanalysis data is
used in extreme wind speed analysis.
3.2 Comparison of NCEP and DS5 buoy data

Figure 2. Graph showing the distribution of percentage of
occurrence of wind speeds from NCEP and ERA-40 datasets
oﬀ Goa location during 1957 to 2001. (A) represent the
full data and (B) represent the SW monsoon data (June to
September).

Goswami and Sengupta (2003) found that the
mean wind speeds and intraseasonal variability are
lower for NCEP reanalysis data while comparing it
with Quick scat and buoy data. They found large
diﬀerences in wind speed in the east equatorial
Indian Ocean between NCEP reanalysis data and
Quick scat data. The amplitude of daily anomalies
in NCEP reanalysis was weaker and was not in
phase with Quick scat anomalies in the equatorial
Indian Ocean. For ﬁnding out the data reliability of
NCEP reanalysis wind data, a comparison study is
necessary. So NCEP wind data of Machilipatnam
is compared with the available buoy data during
2003 (May–July), 2004 (July–December) and 2005
(January–May) at DS5 location oﬀ Machilipatnam
(ﬁgures 4 and 5). The correlation coeﬃcients of
zonal winds (U) and the meridional winds (V) during 2004 are 0.84 and 0.68 and during 2005 are
0.68 and 0.79, respectively. The scatter plot of 2003
buoy data and NCEP wind (ﬁgure 5A) shows correlation coeﬃcient of 0.44 and the plot is scattered
along the exact match line showing slight underestimation of wind speed. Data of 2004 (ﬁgure 5B)
gives better correlation coeﬃcient of 0.68 with
underestimation of wind speed similar to that of
2003. The correlation coeﬃcient of 2005 data was
0.51 (ﬁgure 5C).
3.3 Estimation of extreme winds for location 1

Figure 3. Graph for comparing the correlation coeﬃcients
of U, V and wind speed from NCEP reanalysis data and
ERA-40 datasets oﬀ Goa location.

occurrence for moderate winds (6–8 ms−1 ) which
is observed as highest for ERA-40 (31%) and for
NCEP (28%). For lower wind speeds (2–4 ms−1 )
and for higher wind speeds (12–20 ms−1 ), NCEP
had higher percentage of occurrence than that of

The average SW monsoon wind speeds oﬀ Goa
(location 1) was higher than the yearly average
(ﬁgure 6) due to the occurrence of high winds during monsoon period (June to September) (ﬁgure 7).
Low wind speeds were observed from the period
1948 to 1958. High wind speeds were observed during the period 1959–1962 with a peak value of
18.25 ms−1 during 1961 and was the highest wind
speed value occurred over the entire data period.
After 1964, moderate winds were observed up to
1988 except some slack period was observed during
the period from 1974 to 1978. Two peaks of higher
wind speeds were observed during 1989 (17.5 ms−1 )
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Figure 4. Graph for comparing the zonal and meridional winds of NCEP reanalysis data and the buoy (DS5) data during
the years 2004 and 2005. (A) for zonal (U) winds and (B) for meridional (V) winds during the year 2004 and (C) for zonal
(U) winds and (D) for meridional (V) wind during 2005. Obtained correlation coeﬃcients among the variables are given in
each panel.

and 1996 (17.98 ms −1 ). While observing the variability during individual periods of 10 years, it
was found that yearly maximum winds were lowest for the period 1948 to 1958 compared to
other periods. This was due to the low monsoon
wind speeds occurred during that period. During
1968–1978 and 1978–1988 moderate winds were
observed. During the last decade (1988–1998) two
peaks of high wind speeds were occurred during
the years 1989 and 1996 and these peaks were during the monsoon period. There was no signiﬁcant
upward trend in wind speed, instead a decreasing
trend (−1.3 cm s−1 per year) was observed at location 1. Singh et al (2001) observed a slight negative

(decreasing) trend in annual cyclone frequency
over Arabian Sea during the months of June and
September. This negative (decreasing) trend might
be due to reducing frequency of cyclones during
monsoon season in this region.
Diﬀerent epochs (K) taken for extreme wind
estimation were 10, 20, 30, 40 and 50 years. The
distributions of FT-1 and Weibull schemes (k = 2)
that are having high correlation coeﬃcient and
least square of residuals were selected for the
analysis. Extreme wind speed value of 17.89 ms−1
(table 2) for the 10-year data (1948–1958) was
due to the low wind speeds occurred during this
period (ﬁgure 6). High value (21.38 m s−1 ) for the
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1958–1968 was due to the highest wind speed
(18.25 m s−1 ) occurred in the year 1961. Similarly
for the remaining periods, the obtained extreme
values were showing high and low ﬂuctuations with
respect to the variation in maximum wind speed.
This feature was also visible for longer epochs of
20, 30, 40, and 50 years. The successful application
of the AM method requires many years of data,
say, at least 30 years (Pugh 1987). The obtained
extreme values for the longest data blocks (1948–
1988), (1958–1998) and (1948–1998) that are having 3K values greater than 100 can be considered
as reliable estimates and so the corresponding wind
speeds were 19.5, 19.79 and 19.63 m s−1 for return
period of 100 years (table 2).
The extreme values estimated using Weibull distribution was exhibiting similar behaviour as that
of FT-1 distribution (ﬁgure 8). The obtained wind
speeds with 100-year return period were 18.79,
19.08 and 18.91 m s−1 , respectively for the data
periods of 1948–1988, 1958–1998 and 1948–1998
(table 2). The ﬁt of Weibull distribution with k = 2
to the dataset (1948–1998) was better than that of
FT-1 distribution. Since the correlation coeﬃcients
of Weibull scheme has better correlation coeﬃcient
(0.94 to 0.99) and least square of residuals (0.02
to 0.11), whereas FT-1 scheme has lower correlation coeﬃcient (0.91 and 0.99) and larger square of
residuals (0.02 to 0.15) (table 3). Hence the estimates from the Weibull scheme can give better estimation of extreme winds than FT-1 scheme.
The percentage diﬀerences between the extreme
values estimated for longer duration data
(50 years) and that estimated for shorter durations
were examined to ﬁnd out how much extent, the
estimated extreme value of shorter terms deviates
from the estimated extreme wind speed based on
longer duration data. The obtained percentage differences between the ﬁrst four epochs (of 10 years
interval) and long-term period were showing high
variations (table 4). The negative values correspond to lower wind speeds and the positive values
correspond to higher wind speeds. For the longer
term epochs (20, 30 and 40 years) percentage differences were showing similar variations as above
their short term epochs. While looking through the
percentage diﬀerences for diﬀerent return periods
for each epoch, there can be seen that the percentage diﬀerences were not a constant but varying
for each epoch. The variations were getting lower
with long-term data signifying the importance of
considering data of long duration in estimation of
extreme value.

Figure 5. Graph comparing the wind speed of NCEP
reanalysis data and buoy (DS5) data during the years
2003(A), 2004 (B), 2005 (C) along with obtained correlation
coeﬃcients.

3.4 Estimation of extreme winds at location 2
The location 2 is located oﬀ Visakhapatnam in
the Bay of Bengal. Higher wind speeds were
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Figure 6. Graph showing interannual variability of (A) yearly maximum wind speed and (B) average monsoon wind speed
and the yearly average wind speed for the location oﬀ Goa.

Figure 7. Graph showing the monthly average wind speeds.

observed at this location (ﬁgure 1) during both
SW monsoon period (June to November) and NE
monsoon period (December to May). Low wind
speed was observed during 1948 to 1955 which
was similar to location 1. After 1955, high speed
winds (15 to 17 m s−1 ) were prevailed throughout
the years during 1958–1964, 1966–1970, 1972–1975,
and 1991–1996 (ﬁgure 9) with highest wind speed
of 20.3 m s−1 in 1993. Average of yearly maximum
wind speed was 16.4 m s−1 . There was no decreasing or increasing trend in the yearly maximum
wind speed at Visakhapatnam.
The estimated extreme value for epoch (1948–
1958) based on FT-1 distribution is 19.1 m s−1 for
the return period of 100 years. This period was
observed as the occurrence of the lowest wind
speeds. For the next year periods, the estimated
winds were above 20 m s−1 . The extreme winds
were higher than that in the case of Goa. Maximum
estimated wind speed of 22.73 m s−1 was observed
during the period 1968–1978 due to the high winds

that were frequently occurred at this region. For
the long term epochs (1948–1988), (1958–1998),
(1948–1998), the estimated values of wind speed
with 100-year return period were 21.06, 21.52 and
21.22 m s−1 , respectively.
A signiﬁcant feature observed in the case of
Weibull distribution over the FT-1 distribution was
the good ﬁtting with the data (ﬁgure 10). Cook and
Harries (2001) found that both Generalized Pareto
Distribution and Weibull methods were better than
standard Gumbel analysis of annual maxima and
compensate for variation in the annual population
of the extremes found in the real observations.
The extreme wind speed obtained for the longest
term (1948–1998) was 20.44 m s−1 . Compared to
the data of location 1, good correlation coeﬃcient
was found for the data at location 2 in the case of
Weibull distribution.
3.5 Estimation of extreme winds at location 3
The location 3 is oﬀ Machilipatnam in the Bay
of Bengal (ﬁgure 1). This region is also subjected
to high storms similar to location 2. For the ﬁrst
10-year periods (1948–1958), two peaks of high
wind speeds were observed during the years 1950
and 1953 and low wind speeds were observed
during 1949 (ﬁgure 11). These peak values were
not much aﬀected by the low average monsoon
winds that had occurred during this period. High
wind speeds were observed during the period from
1957 to 1962 with highest peak (19.9 m s−1 ) in the
year 1962. This period was noted for the period of

50

17.14
20.42
16.58
17.35
19.38
19.91
19.36
16.9
18.49
19.02
18.79
17.88
18.62
18.91
18.73

1948–1958
1958–1968
1968–1978
1978–1988
1988–1998
1948–1968
1958–1978
1968–1988
1978–1998
1948–1978
1958–1988
1968–1998
1948–1988
1958–1998
1948–1998

17.89
21.38
17.1
17.99
20.44
21.01
20.27
17.45
19.36
19.97
19.62
18.62
19.50
19.79
19.63

100
16.78
19.95
16.28
17.05
18.74
19.39
18.91
16.65
18.03
18.56
18.39
17.48
18.21
18.5
18.32

50
17.29
20.59
16.61
17.47
19.43
20.12
19.52
17.02
18.59
19.19
18.94
17.97
18.79
19.08
18.91

100

Return period
(year)

Return period
(year)

Data block

Weibull (k = 2)
distribution

FT-1
distribution

Location 1

18.53
20.42
21.74
19.78
21.12
20.02
20.93
20.85
20.42
20.47
20.61
20.88
20.27
20.69
20.4

50
19.1
21.11
22.73
20.53
22.07
20.77
21.75
21.74
21.25
21.29
21.42
21.76
21.06
21.52
21.22

100

Return period
(year)

FT-1
distribution

18.19
20.07
21.22
19.36
20.55
19.68
20.54
20.42
19.96
20.09
20.25
20.45
19.91
20.31
20.03

50
18.57
20.53
21.87
19.85
21.17
20.18
21.09
21
20.51
20.64
20.79
21.03
20.44
20.86
20.57

100

Return period
(year)

Weibull (k = 2)
distribution

Location 2

20.03
20.37
19.38
19.98
18.2
20.32
19.85
19.43
19.18
20.01
19.74
19.06
19.87
19.41
19.59

50

21
21.2
20.02
20.75
18.59
21.26
20.55
20.1
19.78
20.84
20.46
19.65
20.67
20.05
20.33

19.56
19.83
19.02
19.6
17.98
19.83
19.42
19.12
18.9
19.6
19.37
18.79
19.5
19.08
19.26

50

20.2
20.37
19.44
20.11
18.25
20.45
19.89
19.56
19.3
20.15
19.84
19.19
20.03
19.5
19.74

100

Return period
(year)

Weibull (k = 2)
distribution

Location 3

100

Return period
(year)

FT-1
distribution

Table 2. Estimated wind speed with 50 and 100 years return period considering FT-1 and Weibull distribution at diﬀerent locations.
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Figure 8. FT-1 and Weibull (k = 2) distributions applied to the yearly maximum wind data during 1948 to 1998 for the
location oﬀ Goa.

frequent high wind speed and the corresponding
monsoonal winds were also higher. This period
was followed by the period of low wind speeds
from 1963 to 1968. During the next period (1968–
1978), low wind speeds were observed in the early
period and followed by alternatively occurring
high wind speeds ranging in between 16.8 and
18.3 m s−1 . These alternative occurrences of wind
speeds were also observed during the period 1979
to 2004, except for the period 1994 to 2000. During
1988–1992, major contribution of maximum wind
speeds was from the corresponding monsoon winds
occurred. In general, while observing the maximum wind speeds a gradual increasing trend is
observed. This increasing trend was estimated as
1.2 cm s−1 per year. This feature was absent for
the other two locations (oﬀ Goa and oﬀ Visakhapatnam). Even though NCEP underestimates the
cyclone winds, the increasing trend in wind speed
was due to the increase in the frequency of cyclones
crossing the location 3. Singh et al (2001) observed
a positive trend in annual cyclonic frequency in
the north Indian Ocean and which was prominently contributed by increasing trend in frequency
of occurrences in the Bay of Bengal. They also
observed major cyclone occurring months during
a year as November and May in north Indian
Ocean and also estimated the increasing trend
as +0.67 per 100 years for November cyclone
frequency and +0.27 per 100 years for May cyclone
frequency.

During the epoch 1948–1958, the estimated
extreme wind speed with return period of 100
years following FT-1 distribution was 21 m s−1
(table 2). This high value corresponds to the peak
wind speeds occurred during the years 1950 and
1952 (ﬁgure 11). For the next epoch 1958–1968,
the obtained extreme wind speeds were also high
(21.2 m s−1 ) which were inﬂuenced by highest peak
wind (19.9 m s−1 ) in 1962. The extreme wind for
1968–1978 data block was 20.75 m s−1 . This was
because of maximum wind speeds of late 1960
dominate over the low wind speeds of early 1960.
The extreme values for the epochs 1948–1988,
1958–1998 and 1948–1998 were 20.67, 20.05 and
20.33 m s−1 , respectively.
The Weibull distribution with k = 2 (ﬁgure 12)
was showing best data ﬁtting among all other
distributions. The estimated wind speed with
return period of 100 years covering 1948–1958
was 20.2 m s−1 , much lower to the corresponding FT-1 value. Other values were also showing
lower to the estimated values to that of FT-1.
Estimated extreme values for the longest terms
(40 and 50 years) of epochs 1948–1988, 1958–1998
and 1948–1998 were 20.03, 19.5 and 19.74 m s−1 ,
respectively. For location 3, both the Weibull
(k = 2) distribution and the FT-1 distribution ﬁts
the data better (ﬁgure 12 and table 3).
The location parameter (B) is decreasing as
the scale parameter (A) is increasing (ﬁgure 13).
Monahan (2006) found that the shape parameter

1948–1958
1958–1968
1968–1978
1978–1988
1988–1998
1948–1968
1958–1978
1968–1988
1978–1998
1948–1978
1958–1988
1968–1998
1948–1988
1958–1998
1948–1998

Data
block

0.91
0.95
0.99
0.94
0.95
0.97
0.98
0.97
0.99
0.98
0.98
0.99
0.99
0.99
0.98

Correlation
coeﬃcient

0.15
0.06
0.02
0.11
0.06
0.06
0.04
0.05
0.02
0.05
0.05
0.03
0.05
0.02
0.05

Square of
residuals

FT-1
distribution

0.94
0.97
0.99
0.96
0.94
0.98
0.99
0.99
0.98
0.99
0.99
0.98
0.99
0.99
0.99

0.11
0.04
0.02
0.07
0.08
0.04
0.03
0.02
0.03
0.05
0.05
0.04
0.04
0.03
0.06

Square of
residuals

Weibull (k = 2)
distribution

Correlation
coeﬃcient

Location 1

0.98
0.91
0.96
0.98
0.98
0.97
0.97
0.97
0.99
0.98
0.98
0.99
0.98
0.99
0.99

Correlation
coeﬃcient
0.03
0.07
0.06
0.04
0.02
0.05
0.05
0.1
0.03
0.03
0.08
0.07
0.05
0.07
0.04

Square of
residuals

FT-1
distribution

0.98
0.92
0.97
0.98
0.98
0.98
0.98
0.98
0.99
0.99
0.99
0.99
0.99
1
1

Correlation
coeﬃcient
0.03
0.06
0.05
0.05
0.02
0.03
0.03
0.08
0.03
0.02
0.04
0.06
0.03
0.03
0.02

Square of
residuals

Weibull (k = 2)
distribution

Location 2

Table 3. Correlation coeﬃcients and square of residuals of selected distributions at diﬀerent locations.

0.96
0.96
0.99
0.95
0.96
0.98
0.99
0.97
0.97
0.98
0.99
0.98
0.98
0.99
0.97

Correlation
coeﬃcient
0.05
0.06
0.02
0.04
0.06
0.04
0.02
0.03
0.05
0.06
0.03
0.03
0.06
0.04
0.09

Square of
residuals

FT-1
distribution

0.97
0.95
0.99
0.97
0.97
0.98
0.98
0.99
0.98
0.98
0.99
0.99
0.98
0.99
0.98

Correlation
coeﬃcient

0.03
0.07
0.02
0.03
0.05
0.04
0.04
0.02
0.05
0.05
0.04
0.03
0.05
0.05
0.08

Square of
residuals

Weibull (k = 2)
distribution

Location 3
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100

−8.86
8.91
−12.89
−8.35
4.13
7.03
1.73
3.26
−11.11
−1.38
−0.05
−5.15
−0.66
0.82
0

50

−8.49
9.02
−11.48
−7.37
3.47
6.30
1.54
3.36
−9.77
−1.28
0.32
−4.54
−0.59
0.96
0

1948–1958
1958–1968
1968–1978
1978–1988
1988–1998
1948–1968
1958–1978
1968–1988
1978–1998
1948–1978
1958–1988
1968–1998
1948–1988
1958–1998
1948–1998

−8.41
8.90
−11.14
−6.93
2.29
5.84
3.22
−9.12
−1.58
1.31
0.38
−4.59
−0.60
0.98
0

50
−8.57
8.88
−12.16
−7.62
2.75
6.40
3.23
−9.99
−1.69
1.48
0.16
−4.97
−0.63
0.9
0

100

Return period
(year)

Return period
(year)

Data block

Weibull (k = 2)
distribution

FT-1
distribution

Location 1

−9.17
0.098
6.57
−3.04
3.53
−1.86
2.6
2.21
0.098
0.34
1.03
2.35
−0.64
1.42
0

50
−9.99
−0.52
7.12
−3.25
4.01
−2.12
2.5
2.45
0.14
0.33
0.94
2.54
−0.75
1.41
0

100

Return period
(year)

FT-1
distribution

−9.19
0.2
5.94
−3.34
2.6
−1.75
2.55
1.95
−0.35
0.3
1.1
2.1
−0.6
1.4
0

50
−9.72
−0.19
6.3
−3.5
2.92
−1.9
2.52
2.09
−0.29
0.34
1.07
2.24
−0.63
1.41
0

100

Return period
(year)

Weibull (k = 2)
distribution

Location 2

Table 4. Percentage diﬀerences obtained for FT-1 and Weibull (k = 2) distributions at diﬀerent locations.

2.25
3.98
−1.07
1.99
−7.10
3.73
1.33
−0.82
−2.09
2.14
0.77
−2.71
1.43
−0.92
0

50

3.3
4.28
−1.52
2.066
−8.56
4.57
1.08
−1.13
−2.71
2.50
0.64
−3.34
1.67
−1.4
0

100

Return period
(year)

FT-1
distribution

1.56
3
−1.25
1.77
−6.65
3
0.83
−0.73
−1.87
1.77
0.57
−2.44
1.25
−0.93
0

50

2.33
3.19
−1.52
1.87
−7.55
3.6
0.76
−0.912
−2.23
2.08
0.51
−2.79
1.47
−1.22
0

100

Return period
(year)

Weibull (k = 2)
distribution

Location 3

Variations in long term wind speed in Arabian Sea and Bay of Bengal
649

650

V Sanil Kumar and C Sajiv Philip

Figure 9. Graph showing interannual variability of (A) yearly maximum wind speed and (B) average monsoon wind speed
and the yearly average wind speed for the location oﬀ Visakhapatnam.

Figure 10. FT-1 and Weibull distributions (k = 2) applied to the yearly maximum wind data during 1948 to 1998 for the
location oﬀ Visakhapatnam.

(k) is generally close to 2 throughout the extra
tropics. Previous studies by Pavia and Obrien
(1986) and Isemer and Hasse (1991) observed that
shape parameters are having high values in regions

where strong and steady winds frequently occurs.
In the present case, the distributions with shape
parameter k = 2 shows best ﬁtting compared to
other distributions.

Variations in long term wind speed in Arabian Sea and Bay of Bengal
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Figure 11. Graph showing interannual variability of (A) yearly maximum wind speed and (B) average monsoon wind
speed and the yearly average wind speed for the location oﬀ Machilipatnam.

Figure 12. FT-1 and Weibull (k = 2) distributions applied to the yearly maximum wind data during 1948 to 1998 for the
location oﬀ Machilipatnam.

4. Discussion
It was seen from the above analysis that there
is no signiﬁcant increase in the long term wind
speeds. At location 3 (oﬀ Machilipatnam), a slight
increase in annual wind speed (1.2 cm s−1 per year)
was observed (ﬁgure 11). At location 1 oﬀ Goa,
the observed wind speeds were lower compared to

the locations oﬀ Visakhapatnam and oﬀ Machilipatnam. This was because of its location in the
Arabian Sea where the storm events were less
compared to that of Bay of Bengal. Caires et al
(2004) found in the seasonal analysis during July
to September that there was negative (decreasing)
trends in the Arabian Sea as low as −1.9 cm per
year in wave height. The decreasing trend in wind
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speed observed is in line with the observation on
wave height. At location 2, there is neither increasing nor decreasing trend, while at location 3, there
is a slight increasing trend in the inter-decadal variability. As already discussed, wind speeds occurred
at Visakhapatnam was highest among the locations
studied.
Here in this study, classical annual maximum
(AM) was used for the estimation of extreme winds
and the distribution schemes of FT-1 and Weibull
were used. Diﬀerent epochs were considered and
from the largest epochs (40 to 50 years), corresponding long-term extreme wind speed events were
estimated. In the case of oﬀ Goa, the estimated
extreme wind speeds were observed as lower compared to that oﬀ Visakhapatnam and oﬀ Machilipatnam. For Visakhapatnam, the observed wind
speeds were high and so the estimated extreme
wind speeds were also high. Correlation coeﬃcient
of 1 was found in the case of Weibull with k = 2
and the extreme wind speeds for 100 years return
period was 20.64 m s−1 . Monahan (2006) found
that the Weibull distribution was a reasonably
accurate approximation of the probability distribution of sea surface wind speeds on both a global
and a local scale which was consistent with the
results of earlier studies (Hennessey 1977; Justus
et al 1978; Conradsen et al 1984; Isemer and Hasse
1991; Deaves and Lines 1997; Pang et al 2001).
Xiao et al (2006) found that both type I (Gumbel) and type III (Weibull k = 2) distributions give
better ﬁt with the empirical data. In the case oﬀ
Machilipatnam, the estimated extreme winds were
higher similar to that of Visakhapatnam. Since
NCEP data used in the present study which underestimates the cyclone winds, the wind speed values
presented in the paper cannot be used in design of
the structures.
5. Conclusion

Figure 13. Variation of location parameter versus logarithm of scale parameter of Weibull distribution (k = 2) for
the yearly maximum wind data during 1948 to 1998 (A) for
the location oﬀ Goa, (B) for the location oﬀ Visakhapatnam
and (C) for the location oﬀ Machilipatnam.

The study shows the inter-decadal variability of
extreme winds in selected locations (oﬀ Goa,
Visakhapatnam and Machilipatnam) in the north
Indian Ocean. From the primary qualitative analysis it was seen that there is no signiﬁcant increasing
trend in extreme wind speeds in any of the locations studied. At location 1 (oﬀ Goa), a gradual
decreasing trend of −1.3 cm s−1 per year was
obtained. A slight increasing trend of 1.2 cm s−1
per year was obtained in the case of Machilipatnam
(location 3). For the case of Visakhapatnam (location 2), neither decreasing nor increasing trend was
found.
From the extreme wind speed analysis for these
locations, the wind speed value for the return
period of 100 years was high for the location oﬀ

Variations in long term wind speed in Arabian Sea and Bay of Bengal
Visakhapatnam followed by location oﬀ Machilipatnam. The study shows that Weibull distribution
with shape parameter 2 ﬁts the annual maximum
wind data better than FT-1 distribution.
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