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Abstract. The wave statistical parameters during Cyclone
Phailin which crossed the northern Bay of Bengal are de-
scribed based on the Directional Waverider buoy-measured
wave data from 8 to 13 October 2013. On 12 October 2013,
the cyclone passed within 70 km of the Waverider buoy loca-
tion with a wind speed of 59.2 m s−1 (115 knots), and during
this period, a maximum significant wave height of 7.3 m and
a maximum wave height of 13.5 m were measured at 50 m
water depth. Eight freak wave events are observed during
the study period. The ratio of the maximum wave height to
significant wave height recorded is found to be higher than
the theoretical value and the ratio of the crest height to wave
height during the cyclone was 0.6 to 0.7. The characteristics
of the wave spectra before and after the cyclone is studied
and found that the high-frequency face of the wave spectrum
is proportional tof −3 before the cyclone and is betweenf −4

andf −5 during the cyclone period.

Keywords. History of geophysics (ocean sciences)

1 Introduction

In the tropical oceans, cyclones are one of the most com-
monly occurring natural hazards and can have significant
impact on the coast. The waves generated during cyclones
govern the design of marine facilities, and hence the charac-
teristics of the waves during cyclones are required for plan-
ning and design of offshore facilities and for planning mit-
igation measures. A number of studies were carried out to
understand wave generation and wave growth during hurri-
cane (Young, 2006; PrasadKumar and Stone, 2007; Xu et al.,
2007; Chu and Cheng, 2008; Soomere et al., 2008; Fan et al.,

2009; Babanin et al., 2011). As of today, the largest signifi-
cant wave height (Hs) measured was 24 m during Typhoon
Krosa in 32 m water depth (Babanin et al., 2011). In the
Bay of Bengal, the largestHs measured is 8.4 m on 28 Oc-
tober 1999 during the passage of the Orissa super cyclone
(Rajesh et al., 2005). A number of oil and gas platforms are
planned along the east coast of India and the crest height of
the wave during the extreme wave condition decides the air
gap of the offshore platforms (Kumar et al., 2013).

Considering the importance of the knowledge of wave sta-
tistical parameters during cyclones, a study is carried out by
analysing the wave data measured in the nearshore waters
of northern Bay of Bengal during the passage of Cyclone
Phailin. The objective of this paper is to study the wave spec-
tral characteristics and the wave statistical parameters of the
cyclone-generated high waves.

2 Materials and methods

In connection with the real-time wave data collection pro-
gram, a Datawell Directional Waverider buoy was moored
at 15 m water depth (19◦16.87′ N, 84◦57.76′ E) off Gopalpur
(Fig. 1) and the data collection was ongoing since Febru-
ary 2013. The deployed buoy drifted from its moored loca-
tion on 12 October 00:00 UTC due to the impact of the cy-
clone and the GPS data show that the buoy remained within
100 km from the cyclone track on 12 October 2013 (Fig. 2).
The cyclone track and the position of the buoy are presented
in Table 1. The time referred to in the paper is Coordinated
Universal Time (UTC) and the local time is Indian Stan-
dard Time (IST), which is UTC +5:30. The data measured
during 8–13 October 2013 are analysed to study the wave
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Table 1.Cyclone position, wind speed, buoy location and wave parameters during 9–13 October 2013.

Cyclone position
Central Wind

Buoy location
Distance of

Time Latitude Longitude pressure speed Latitude Longitude buoy fromHs Tp Dp
Date (GMT) (◦N) (◦E) (mbar) (m s−1) (◦N) (◦E) cyclone (km) (m) (s) (deg)

9 09:00 13.5 92.5 1000 15.43 19.2812 84.9635 1055.5 1.1 13.3 165
9 12:00 13.5 92.5 999 18.01 19.2812 84.9635 1055.5 1.0 20.0 152
9 15:00 13.6 92.5 999 18.01 19.2812 84.9635 1048.7 0.9 20.0 162
9 18:00 14.0 92.0 998 20.58 19.2812 84.9635 977.6 1.1 20.0 146
9 21:00 14.0 92.0 998 20.58 19.2812 84.9635 977.6 1.2 13.3 172
10 00:00 14.5 91.5 996 23.15 19.2812 84.9635 899.9 1.1 20.0 153
10 03:00 14.5 91.0 990 28.29 19.2812 84.9635 855.7 1.1 18.2 160
10 06:00 15.0 90.5 984 33.44 19.2812 84.9635 777.7 1.2 18.2 153
10 09:00 15.0 90.5 982 36.01 19.2812 84.9635 777.7 1.4 18.2 155
10 12:00 15.5 90.0 976 38.58 19.2812 84.9635 699.8 1.7 18.2 155
10 15:00 15.5 90.0 966 46.30 19.2812 84.9635 699.8 1.7 18.2 158
10 18:00 15.5 89.5 960 48.87 19.2812 84.9635 656.2 2.3 18.2 158
10 21:00 15.5 89.0 954 51.44 19.2812 84.9635 614.6 2.2 18.2 155
11 00:00 16.0 88.5 946 56.59 19.2812 84.9635 536.1 2.5 16.7 162
11 03:00 16.0 88.5 940 59.16 19.2812 84.9635 536.1 2.5 16.7 156
11 06:00 16.2 88.3 940 59.16 19.2812 84.9635 504.7 2.6 20.0 155
11 09:00 16.5 88.0 940 59.16 19.2812 84.9635 457.6 2.8 10.5 131
11 12:00 16.8 87.7 940 59.16 19.2812 84.9635 410.5 3.4 11.1 132
11 15:00 16.9 87.2 940 59.16 19.2812 84.9635 363.0 3.9 11.8 132
11 18:00 17.0 87.0 940 59.16 19.2812 84.9635 339.8 4.1 11.8 134
11 21:00 17.1 86.8 940 59.16 19.2812 84.9635 316.8 3.9 12.5 142
12 00:00 17.5 86.5 940 59.16 19.2812 84.9635 261.4 4.3 11.8 135
12 03:00 17.8 86.0 940 59.16 19.2687 84.9494 200.7 5.5 12.5 141
12 06:00 18.1 85.7 940 59.16 19.2096 84.8967 152.2 6.7 11.8 118
12 09:00 18.6 85.4 940 59.16 19.0906 84.8352 83.1 7.0 11.1 98
12 12:00 18.7 85.2 940 59.16 18.7963 84.7293 53.4 7.3 11.1 103
12 15:00 19.1 85.2 940 59.16 18.5021 84.5786 95.8 5.8 11.8 56
12 18:00 19.5 84.8 956 51.44 18.2863 84.5187 138.4 5.2 9.1 212
12 21:00 20.0 84.5 966 46.30 18.1281 84.4606 208.1 4.4 9.1 208
13 00:00 20.5 84.5 976 38.58 17.9914 84.4150 278.9 4.4 9.1 214
13 03:00 21.0 84.0 990 28.29 17.8768 84.3647 349.4 4.4 9.1 196
13 06:00 21.5 84.0 996 20.58 17.7795 84.3228 415.0 4.3 9.1 191
13 09:00 21.8 83.8 998 18.01 17.7119 84.2892 457.5 3.6 8.3 204
13 12:00 22.5 83.8 998 18.01 17.6460 84.2574 541.8 3.5 7.1 207
13 18:00 23.0 83.5 1002 15.43 17.4855 84.1614 617.2 2.9 7.7 172

characteristics during Cyclone Phailin. Technical details of
the Directional Waverider buoy and the accuracy of the mea-
surement are presented by Barstow and Kollstad (1991).
Wave data are recorded continuously at 1.28 Hz, and heave
is measured in the range of−20 to 20 m with a resolution
of 1 cm and an accuracy of 3 %. Wave spectrum is obtained
through fast Fourier transform (FFT) with high-frequency
cut-off at 0.58 Hz and resolution of 0.005 Hz. Significant
wave height and mean wave period (Tm02) are estimated from
the spectral moment. Spectral peak period (Tp) is estimated
at the spectral peak. Zero-crossing analysis of the surface el-
evation time series is used to estimate maximum wave height
(Hmax) and H1/3. Other parameters studied are spectral
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)
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spectral analysis (Goda, 1970) and maximum spectral en-
ergy density, wheremn is thenth order spectral moment and
S(f ) is the spectral energy density at frequencyf . Mean
wave direction corresponding to the spectral peak (θp) and
the directional width (σ) is estimated based on circular mo-
ments (Kuik et al., 1988). The Joint North Sea Wave Project
(JONSWAP) theoretical spectrum (Hasselmann et al., 1973)
is used for comparison of the measured data and is given be-
low.
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Figure 1. Track of the Cyclone Phailin from 8 October 2013
03:00 UTC to 13 October 2013 06:00 UTC.
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whereα andγ are the JONSWAP parameters andfp the peak
frequency.

Significant wave height at the point of maximum wind is
estimated using a parametric wave model (USACE, 1984)
based on the following equation.

Hs = 5.03exp
R1P
4700

(
1+

0.29αVfm
√

Vmax

)
, (2)

where1P = Pn − P0, Pn is the peripheral pressure,P0 is
the mean sea level pressure at the centre of the storm,R is
radius of maximum wind for the storm,Vmax is maximum
wind speed andVfm is speed of forward motion and these
parameters are taken from IMD (2013).

3 Characteristics of Cyclone Phailin

A very severe cyclonic storm, Phailin, originated from a
remnant cyclonic circulation from the South China Sea on
6 October 2013 and intensified into a deep depression on
9 October morning and further into a cyclonic storm (CS),
Phailin, in the evening of the same day (IMD, 2013). Mov-
ing north-westwards, it further intensified into a severe cy-
clonic storm (SCS) at 03:00 UTC and into a very severe cy-
clonic storm (VSCS) at 06:00 UTC of 10 October over east
central Bay of Bengal. The VSCS, Phailin, crossed Gopalpur
coast around 17:00 UTC of 12 October 2013 with a sustained
maximum surface wind speed of 200–210 km h−1 gusting to
220 km h−1 (IMD, 2013).
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Figure 2. Cyclone track (solid circle) connected with straight line
and Waverider buoy location (star) at different time on 12 Octo-
ber 2013. The time in UTC is indicated near the points.

4 Results and discussions

4.1 Wave parameters

On 10 October 2013, when the cyclone is 850 km away from
the buoy location, the change in wave height was observed at
the buoy location indicating the influence of cyclone (Fig. 3a
and b). The averageHs during 8–9 October 2013 was 1 m and
increased to 5.6 m on 12 October 2013 (Table 2). The swells
generated by the cyclone reached the location before the ar-
rival of the cyclone and resulted in an increase in theTm02

(Fig. 3e). Within 54.5 h (from 10 October 04:00 to 12 Octo-
ber 10:30 UTC),Hmax increased from 1.5 to 13.5 m and dur-
ing the same periodHs increased from 1.1 to 7.3 m (Fig. 3a
and c). The highestHs measured during Cyclone Phailin
is less than that measured (8.4 m on 28 October 1999) in
the Bay of Bengal in deep water during the passage of the
Orissa super cyclone (Rajesh et al., 2005). The earlier re-
ported maximumHs off Gopalpur based on measured data
was 2.4 m in 1990 (Chandramohan et al., 1993) and 3.3 m in
2008 (Mohanty et al., 2012).

Due to the cyclone-generated high waves, the Waverider
buoy drifted from its moored position at 00:00 UTC on
12 October 2013. The global positioning system (GPS) data
recorded by the buoy show that the buoy was within 70 km
distance from the cyclone track when it recorded the maxi-
mum wave height of 13.5 m (Table 1). When the buoy was at
15 m water depth, the maximum wave height measured was
8.5 m, which is 0.57 times the water depth and is less than the
limiting value of wave height in a water depth (0.6 times the
water depth) proposed for wave breaking by Massel (1966).
The tide during the occurrence of high wave was 1 m, and
hence considering the tide, the maximum wave height mea-
sured was 0.53 times the water depth.

www.ann-geophys.net/32/1073/2014/ Ann. Geophys., 32, 1073–1083, 2014
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Figure 3.Variation of(a) maximum wave height,(b) distance of the
cyclone from the buoy location,(c) significant wave height of long,
intermediate and short period waves,(d) ratio of maximum wave
height to significant wave height,(e) mean wave period of long,
intermediate and short period waves and(f) percentage of long, in-
termediate and short period waves during 8–13 October 2013.

In the past decade, significant advances have been made in
numerical modelling of hurricane-generated waves in deep
water due to the availability of measured waves, mainly in
the Gulf of Mexico. Fan et al. (2009) made numerical sim-
ulations of waves under Hurricane Ivan in 2004 and com-
pared them with buoy observations and found that the origi-
nal WAVEWATCH III model drag parameterisation tends to
overestimate the significant wave height. Kumar et al. (2013)
found that during Cyclone Thane, the maximum value ofHs
estimated using a parametric wave model (USACE, 1984) for
deep water conditions is 6.4 m whereas the measured value
is 6 m. In the present case, the value ofHs estimated using
a parametric wave model (USACE, 1984) when the cyclone
was close to the measurement location (< 100 km) is 6.6 to

Figure 4. The time series plot of the sea surface elevation recorded
at 09:30 and 10:00 UTC on 12 October 2013. The maximum wave
height recorded was 13.1 m and 13.5 m and during this period, the
buoy was at 50 m water depth.

6.8 m, whereas the measured value is 7.0 to 7.3 m, indicating
that the parametric wave model (USACE, 1984) estimates
the wave height within 10 % of the measured value during
the cyclone period.

The time series plots containing the highest waves (13.5
and 13.1 m) recorded are presented in Fig. 4. The height of
the waves before and after the maximum wave height was 45
to 58 % of the maximum value.Hs for the 30 min recordings
containing the highest waves are 7.3 and 7.0 m and the ratio
of Hmax to Hs is ∼ 1.85 and is higher than the theoretical
value of 1.62 to 1.64 for 190 to 220 waves (Longuet-Higgins,
1952). During the cyclone, the ratio betweenHmaxandHs for
the 30 min recordings varied from 1.4 to 2.3, with an average
value of 1.66 (Fig. 3d), and the average value measured is
close to the theoretical value.

From 8 to 12 October 2013, freak waves, waves with ab-
normality index (Hmax/Hs) > 2, were observed eight times
(Fig. 5). The number of freak waves occurring during a
storm is an important parameter for marine engineers, ma-
rine workers and sailors. Freak waves sometimes feature a
single steep crest, causing severe damage to offshore struc-
tures and ships (Mori et al., 2011). The abnormality index
is found to increase with an increase in the kurtosis of the
sea surface elevation (Fig. 5a). Mori et al. (2011) showed
that the kurtosis depends on the square of the Benjamin–Feir
index (BFI), but the present data did not indicate such a re-
lationship due to the presence of multi-peaked spectra in the
study region (Fig. 5b). The skewness, the degree of verti-
cal asymmetry of the surface elevation, is found to vary with
the directional width (Fig. 6). On 9 October 2013, the skew-
ness values are less than 0.2 and on 12 October 2013, the
skewness increased to 0.45. The average directional width is
29 and 17◦ on 9 October and 12 October 2013. As the di-
rectional width decreases the skewness increases, indicating

Ann. Geophys., 32, 1073–1083, 2014 www.ann-geophys.net/32/1073/2014/
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Table 2.Daily mean wave parameters during 8–13 October 2013.

Date in October 2013

Parameters 8 9 10 11 12 13

Significant wave height (m) 0.9 1.0 1.6 3.3 5.6 3.6
Maximum wave height (m) 1.4 1.5 2.4 4.8 8.6 5.7
Ratio of maximum and significant wave height 1.64 1.67 1.66 1.59 1.66 1.72
Mean wave period (s) 6.6 7.1 8.6 8.6 8.2 6.6
Peak wave period (s) 14.4 16.3 18.4 13.5 11.2 8.4
Wave period of maximum wave height (s) 11.1 13.5 15.9 12.2 10.4 8.2
Maximum spectral energy density (m2 Hz−1) 1.2 1.7 8.4 17.9 60.7 14.5
Spectral width parameter 0.63 0.73 0.74 0.53 0.43 0.42
Spectral peakedness parameter 1.4 1.6 2.7 1.9 2.6 2.1
Long period waves (%) 38 52 67 38 25 10
Intermediate period waves (%) 41 33 23 54 65 72
Short period waves (%) 21 15 10 08 10 18

Figure 5. Plot of (a) kurtosis of the sea surface with abnormality
index (Hmax/Hs) and(b) kurtosis of the sea surface elevation with
Benjamin–Feir index (BFI). The data of the freak waves are indi-
cated with cross symbols.

that at high sea states, the sea surface elevation is positively
skewed and the directional spreading of spectral energy den-
sity at a minimum.

Figure 6. Variation of skewness of the sea surface elevation with
directional width during 9–12 October 2013.

The ratio of theHmax to Hs for time series data with 3, 6,
12 and 24 h duration are 1.87, 1.97, 2.16 and 2.41 and the
respective theoretical values based on the number of waves
(Longuet-Higgins, 1952) in the recording period are 1.89,
1.98, 2.06 and 2.15 (Fig. 7). Hence, it is important to consider
the duration of the storm while estimatingHmax from theHs
data. For the design of offshore structures, Goda (1985) pro-
posed usingHmax = 2 Hs, which is slightly lower than the
value (2.16) observed in the present study for the 6 h dura-
tion data.

The data are recorded continuously and hence the influ-
ence of data recordings at 3, 6 and 12 h on the daily max-
imum Hs and the daily averageHs are studied. The study
shows that data recorded with intervals of more than 3 h lead
to missing the high waves, and the maximumHs at 6 and
12 h data intervals is 8 and 23 % less than that based on 0.5 h
intervals (Table 3). MeanHs for data with 12 h intervals is
10 % less than theHs data with 3 h intervals.

www.ann-geophys.net/32/1073/2014/ Ann. Geophys., 32, 1073–1083, 2014



1078 M. M. Amrutha et al.: Waves off Gopalpur, northern Bay of Bengal during Cyclone Phailin

Table 3. Mean and maximum value of significant wave height for
different data recording intervals during 8–12 October 2013.

Data recording interval

0.5 h 3 h 6 h 12 h 0.5 h 3 h 6 h 12 h

Mean significant Maximum significant
Date wave height (m) wave height (m)

8 0.9 0.9 0.9 0.9 1.0 1.0 1.0 1.0
9 1.0 1.0 1.0 0.9 1.2 1.2 1.1 1.0
10 1.6 1.6 1.5 1.3 2.3 2.3 2.3 1.7
11 3.3 3.2 3.1 2.9 4.4 4.2 4.1 3.4
12 5.6 5.6 5.5 5.0 7.3 7.0 6.7 5.6

Figure 7.Ratio of maximum wave height to significant wave height
(a) based on measured data and(b) estimated using the Rayleigh
distribution for data collected for 3, 6, 12 and 24 h durations.

Individual wave heights and associated wave periods were
estimated from the 30 min recordings during 8–12 Octo-
ber 2013 and the waves were separated into swell and wind
sea considering 6 s wave period as the separation period
(Fig. 8a and b). The analysis shows that the percentage of
swell and wind sea is the same (∼ 50 %) before the cyclone,
and due to the influence of cyclone, the swells increased
and reached a maximum (∼ 90) just before the maximumHs
(Fig. 8c). Even though high local wind is present, when the
cyclone is close to the buoy location, the measured waves are
predominantly swells (Fig. 8c). The reason for swell domina-
tion is that swell generated in the cyclone wind regions prop-
agates ahead of the cyclone and dominates the whole wave

Figure 8. Variation of (a) average wave height of wind sea, swell
and total,(b) average period of wind sea, swell and total,(c) per-
centage of wind sea and swell,(d) average ratio of crest height to
wave height and(e) ratio of the maximum crest height to significant
wave height in the 30 min recordings.

field. The cyclone took 60 h (10 October 2013 00:00 UTC to
12 October 12:00 UTC) to reach the wave measurement lo-
cation whereas the swells generated by the cyclone took only
27 to 40 h (group velocities for waves with peak wave period
8 s and 12 s are 6.2 and 9.4 m s−1) to travel 900 km (distance
between the cyclone position at 10 October 2013 00:00 UTC
and 12 October 12:00 UTC). Previous measurements of trop-
ical cyclones (Young, 2006; Kumar et al., 2013) also showed
similar results. King and Shemdin (1978) found that cyclonic
storms cause generation of low-frequency waves and these
waves can propagate ahead of the cyclone.

The average ratio of crest height to wave height of all
waves in the 30 min recordings varied from 0.47 to 0.53
(Fig. 8d). The ratio of crest height to wave height of the
high wave recorded during the cyclone was 0.6 to 0.7 (Fig. 9a

Ann. Geophys., 32, 1073–1083, 2014 www.ann-geophys.net/32/1073/2014/
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Figure 9.Relationship between crest height and wave height(a) be-
fore the cyclone and(b) during the cyclone. Joint distribution of
normalised period and height(c) before the cyclone and(d) during
the cyclone.

and b) and is similar to the value (0.65) observed during Cy-
clone Thane (Kumar et al., 2013). During Cyclone Thane, the
maximumHs measured was 6 m and occurred on 29 Decem-
ber 2011. In the present study, the ratio of the maximum crest
height to the significant wave height in the 30 min recordings
varied from 0.8 to 1.5 with an average value of 1 (Fig. 8e).

The joint distribution of wave height and period measured
on 12 October 2013 09:30 and 10:00 UTC shows that high
waves (H > 8 m) are associated with 11–13 s wave periods
and waves with heights of 6 to 8 m are associated with pe-
riods of 9 to 14 s (Fig. 10). The scatter plot of normalised
wave height and normalised wave period during 9–10 Oc-
tober and 11–12 October is presented in Fig. 9c and d. The
shape of the distribution is different before the cyclone and
during the cyclone. Before the cyclone, the increase in wave
period was observed with an increase in wave height. The
period distribution narrows as the wave height increases dur-
ing the cyclone period, and the long period waves (T > 18 s)
measured are with height less than 4 m. The steepness of the
waves measured is less than the limiting steepness value dur-
ing the cyclone (Fig. 11a). The curve for the greatest wave
height as a function of wavelength and water depth derived
by Fenton (1990) also shows that the measured waves are not
fully breaking waves (Fig. 11b and c).

Following Bromirski et al. (2005), the wave spectral en-
ergy is divided into three bands, that is (1) short period (wave
period,T < 6 s, is dominated by local seas), (2) long period
(T > 12 s, results primarily from swell) and (3) intermedi-
ate period (6 s≤ T ≤ 12 s, probably results from a mixture

 

 

Figure 10.Joint distribution of wave height and period of the high
waves. The contours indicate the probability values.

of local and regional wind forcing), and the variations were
studied. Before the influence of the cyclone, the waves were
a combination of 21, 41 and 38 % short period, intermedi-
ate and long period waves and during the cyclone these val-
ues changed to 10, 62 and 28 % (Fig. 3f). The contribution
of long period waves to the total Hs increased (67 %) on
10 October 2013, when the cyclone was in the Andaman Sea
(Fig. 1), but when the cyclone was close to the buoy loca-
tion, the contribution of intermediate period waves was at a
maximum (Fig. 3c). Due to the dominance of the intermedi-
ate period waves, the average period of the waves decreased
during the cyclone (Fig. 3e).

4.2 Wave spectra

Since there is a large variation in spectral energy density
(0.5 to 122.4 m2 Hz−1) during 8–13 October (Fig. 12a), the
normalised spectral energy density is plotted on a time–
frequency grid to understand the contribution of waves with
different frequencies during the cyclone period (Fig. 13a).
On 10 October 2013, since the swells reached the measure-
ment site before the cyclone, the wave spectra changed from
broad to narrowband and the spectral energy density was
within narrow range of frequencies (0.05 to 0.07 Hz). Dur-
ing this period, the spectral peakedness parameter (Qp) in-
creased (> 3) (Fig. 12b), indicating a very narrow spectrum
and the peak wave period increased (> 16 s) (Fig. 12c).Qp
increased as the bandwidth became narrow (fully developed
wind seas haveQp ≈ 2, whereas broad-banded swells have

www.ann-geophys.net/32/1073/2014/ Ann. Geophys., 32, 1073–1083, 2014
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Figure 11. The graph showing the breaking limit based on
(a) Ochi (1990) for all data,(b) Fenton (1990) for data at 15 m water
depth and(c) Fenton (1990) for data at 18 to 55 m water depth.

values > 2). Goda (1976) reportedQp values of 2 to 3 from
single-peaked spectra recorded in the Japanese coastal wa-
ters. On 11 October 2013, due to the influence of cyclone
winds, the peak frequency shifted from 0.06 to 0.09 Hz and
a broad-banded wave spectrum was observed, due to the
combined wind sea and swell. On 12 October 2013, during
the cyclone period the mean value of the spectral peaked-
ness parameter was around 2.6, indicating that the spectrum
was narrow-banded similar to the observation on 10 Octo-
ber 2013. On 12 October 2013, the spectral width parameter
decreased (< 0.5) also indicating narrowband wave spectra
(Fig. 12d). The spectral width parameter varies from 0 to 1,
and has smaller values for narrower spectra. When the cy-
clone was close to the buoy, due to the influence of high local

Figure 12. Variation of (a) maximum spectral energy density,
(b) spectral peakedness parameter,(c) peak wave period,(d) spec-
tral width parameter and(e) mean wave direction during 8–13 Oc-
tober 2013.

Figure 13. Time history of(a) normalised spectral energy density
and (b) mean wave direction with frequency from 8 to 12 Octo-
ber 2013.
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Figure 14. The normalised wave spectra during 9–12 October at
different times. The slope of the high-frequency part of the spectra
before the cyclone isf −3 and during the cyclone it is betweenf −4

andf −5.

Figure 15.Variation of peak wave period (Tp) with significant wave
height (Hs) during 11–12 October 2013. The various theoretical for-
mulations are also presented in the figure.

Figure 16.Wave spectra based on measurement and the fitted JON-
SWAP spectra during the period (11–12 October 2013) when the
waves are high due to the influence of Cyclone Phailin.

winds and swells, broadband spectrum should have been ob-
served since the wind sea spectrum was broader than the nar-
row swell spectrum, but the measured spectra indicate nar-
rowband spectra, due to the dominance of intermediate pe-
riod waves. Before the cyclone, the mean wave directions of
the waves were 150–180◦ (Fig. 12e). During the cyclone, the
mean wave direction initially shifted to 120–150◦ and then to
90–120◦. The direction of high-frequency waves also shifted
from 180–210◦ to 90–120◦ (Fig. 13b).

The measured spectral shape in the high-frequency region
lies between the curves proportional tof −5 andf −3 (where
f is the frequency), is betweenf −4 andf −5 when the cy-
clone is close to the measurement location and is close to
f−3 before the cyclone (Fig. 14). Young and Verhagen (1996)
found that the exponent of the spectral curve in the high-
frequency region is approximately−5 in deep water and
around−3 in finite depth.

It is important to know the value ofTp associated with
the Hs for certain designs and hence the variation ofTp
with Hs is studied along with the theoretical formulations.
The Tp/(Hs)

0.5 varied between 3.6 and 6.2 during the cy-
clone period (Fig. 15) and is within the values 3.6 and 5
recommended (DNV, 2011) to use the JONSWAP spectrum
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 505 

Figure 17. Wavelet power spectrum a) before cyclone (8 October 00:00 UTC), b) middle 506 

lifespan of cyclone (10 October 12:00 UTC) and c) cyclone close to the buoy location (12 507 

October 10:00 UTC) 508 

Figure 17. Wavelet power spectrum(a) before cyclone (8 Oc-
tober 00:00 UTC),(b) middle lifespan of cyclone (10 October
12:00 UTC) and(c) cyclone close to the buoy location (12 Octo-
ber 10:00 UTC).

(Hasselmann et al., 1973). Hence, the single-peaked wave
spectra of high waves can be represented by the JONSWAP
spectrum with modified parameterα (Phillips constant) and
γ (Fig. 16). When the spectrum is double-peaked in nature,
the JONSWAP spectrum will not provide good fit. The fitted
JONSWAP spectrum is obtained by selecting the parameter
α andγ of the JONSWAP spectrum such that the peak of the
spectrum agrees. During 8–12 October, the average values of
the JONSWAP parameters,α andγ , are 0.003 and 1.7 and
are close to the observations (0.0027 and 1.63) of Kumar and
Kumar (2008) and Kumar et al. (2013). The estimated av-
erage value of the JONSWAP parameters,α andγ , are less
than the generally recommended values of 0.0081 and 3.3
respectively. Ochi (1990) found that the JONSWAP spec-
trum provided good approximation to the data for the uni-
model spectra with the JONSWAP parameters ofα = 0.023
andγ = 2.2.

The wavelet power spectrum of 0.5 h recorded data during
the cyclone period is examined to know the variation of the
period of individual waves (Fig. 17): once before the cyclone,
once during the middle lifespan of the cyclone and once
when the cyclone is close to the buoy location. In normal con-
ditions, the wave period varied between 8 and 16 s (Fig. 17a),
but when the cyclone is 900 km away from the buoy location,
the wave period shifted to 16 to 24 s (Fig. 17b). These long
period waves has no significant influence on the wave height
and spectral wave energy since they were low-amplitude
waves. Since the dissipation of the swell decreases with de-
creasing wave height (Ardhuin et al., 2009), the long period
waves generated by cyclones can propagate further with lit-
tle dissipation. When the cyclone hit the buoy location, the
predominant wave period again shifted back to the range of
8 to 16 s due to the increase of wind sea due to the cyclone’s
winds (Fig. 17c).

5 Concluding remarks

The maximum wave height (8.5 m) measured when the buoy
was at 15 m water depth is 0.57 times the water depth and is
less than the limiting wave height (0.6 times the water depth).
The steepness of the measured waves during the cyclone is
less than the limiting steepness value. During the cyclone
period, the maximum significant wave height of 7.3 m and
maximum wave height of 13.5 m were measured at 50 m wa-
ter depth when the cyclone was 70 km away from the buoy
location. Eight freak wave events were observed during the
study period. The average ratio of the maximum wave height
to significant wave height during the cyclone is 1.66 and
the ratio of the crest height to wave height of the highest
wave recorded is 0.6 to 0.7. When the cyclone was close to
the buoy location, narrowband spectra were observed, due to
the dominance of intermediate period waves, and the high-
frequency face of the wave spectrum is proportional tof −3

before the cyclone and is betweenf −4 andf −5 during the
cyclone.
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