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Abstract. The wave growth characteristics during the onsetnormally less than 1.5 m during rest of the period (Kumar and
of summer monsoon in a swell dominated open ocean at &nand, 2004). The wave energy spectra generally have more
location off the west coast of India at 14 m water depth arethan one peak depending on the generation source and also
studied. 67% of the measured waves are due to the swellhe waves at any point in the ocean will be sum of local wind
arriving from south and south-west and the balance was dusea and swell components propagating from distant storms
to the seas from south-west to north-west. Wave age of théHanson and Phillips, 1999). Kumar et al. (2003) found
measured data indicates that the measured waves are youtttat along the Indian coast, about 60% of the wave spec-
sea with presence of swells. Even when the wind speed retra observed was multi-peaked and they were mainly single
duced to less than 3 m/s, significant wave height more thapeaked when thél,,o was more than 2 m. The double peaked
2m is present due to the swells in the Arabian Sea. The maxspectra observed were mainly swell dominated with average
imum wave height increased from 2 to 8 m within 60 h. The value of the ratio of the two spectral peaks around 0.6 and
mean wave directions at the high frequencies align with thethe average value of the difference between peak frequen-
westerly wind direction and gradually shift to south-westerly cies around 0.09 Hz. Even though the spectra were having
swell direction at low frequencies during the wave growth. two peaks, Kumar et al. (2003) found that Scott and Scott-
The strong westerly winds present between longitude 72 Wiegel spectra estimate the maximum spectral energy den-
and 72.5 at latitude 12.5 has created the high waveH{o sity reasonably well except during the high wave along the
upto 5.65m) during the measurement period. Indian coast. Off Goa, TMA spectrum (Bouws et al., 1985)
matched the observed sea spectra well when the sea breeze
was active (Neetu et al., 2006) and during this perilgg
was less than 2m. For high waves, it was found that TMA
model, without modifying the model parameters; over pre-
1 Introduction dict the maximum spectral energy, similar to the JONSWAP
model (Hasselmann et al., 1973). Kumar and Kumar (2008)
The wave height along the west coast of India is influencedfound that at different water depth (12 to 70 m) around the In-
by the wind conditions in Indian Ocean and Arabian Sea.dian coast, the JONSWAP spectra with the modified spectral
Wind conditions in the Indian Ocean and Arabian Sea in-parameters represented the measured spectra wellfgr
crease during mid May and high winds are observed uptanore than 2 m.
September which is the period of the summer monsoon.
Along the west coast of India, significant wave height up to A number of studies were carried out to understand wave
6 m is reported during the summer monsoon period (Kumaigeneration and wave growth (Phillips, 1957; Miles, 1957;
et al., 2006) and the significant wave height{p) will be Donelan and Hui, 1990). Young (1997) studied the effect of
fetch length on the growth rate in a finite depth and found that
for longer fetches, the growth rate decreases in finite depth O
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tical elevations of the buoy data (heave), were added to obtain
the spectra. The high frequency cut off was set at 0.58 Hz
and the resolution was 0.005 Hz. Heave was measured in the
range of—20 to 20 m with a resolution of 1 cm and an accu-
racy of 3%. When the moored buoy follows the waves, the
force of the mooring line may change resulting in a maxi-
mum error of 1.5% in the measurement of surface elevation.
Also, if the wavelength is less than 5 m, the buoy will not fol-
low the wave amplitude and hence will not measure the wave.
The significant wave height{,o) and the mean wave period
(Tmgp) were obtained from the spectral analysis. The period
corresponding to the maximum spectral energy density is re-
ferred as spectral peak peridf}) and is estimated from the
wave spectrum. The sea and swell from the measured data
was separated following Portilla et al. (2009). Other param-
eters obtained were spectral width parameterbased on
A spectral analysis (Cartwright and Longuet-Higgins, 1956),
— T spectral narrowness parametej @nd spectral peakedness
65° 70° 75° .
parameter Qp) (Goda, 1970) as given below. The spectral

Fig. 1. Wave measurement location in the north Indian Ocean. TheWidth and narrowness parameter varies from 0 to 1, and will
water depth at the measurement location is 14 m. have smaller values for narrower spectra. Spectral peaked-
ness parameter will have higher values for narrow spectra.
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17-24 March 1986 was studied by Rao and Baba (1996)33= 1— m%

Wind sea growth and dissipation in a swell-dominated open moma
ocean environment is investigated by Hanson and Phillips
(1999). Hanson and Phillips (1999) and VioIante—Carvthov _ |mom2 @)
et al. (2004) have found no obvious influence of swell on the m%
wind sea growth rates. When the measurement location is
close to the coast, the wave conditions will be influenced by 2 [® -
sea and land breeze, shallow water depth and currents. Thgp= m_g/; S8 df )
horizontal extent of the sea/land breeze circulation over the
Arabian Sea is observed upto about 80—100 km (Bala SubraWVherem,, is then-th order spectral moment and is given by,
hamanyam et al., 2001). Aparna et al. (2005) observed that 00
off Goa coast, during February—April, the seaward extent offn =/ frS(Hdf
the sea breeze was about 180 km. 0

The knowledge on characteristics of waves in the shallow?=0, 1, 2 and 4;S(f) is the spectral energy density at fre-
waters off India during the onset of summer monsoon areduencyf.
required for prediction of waves using wave models and at Zero-crossing analysis of the surface elevation time series
present are not known. Hence a study was carried out tdvas used to estimatéy s, H1/10 and maximum wave height
know the variations in wave characteristics during the wave(Hma)-

growth by deploying a directional waverider buoy at 14m  The wind data recorded by the NDBP buoy (287" N _
water depth off the coast of Goa, west coast of India. and 734543"E) at 3m above sea level was also used in

the analysis. The NDBP buoy was at a distance of around

0.9 km from the wave measurement location and was at the
2 Methods same depth contour (14 m) of the deployed wave buoy. The

time reference in the paper is in Universal Time Coordinated
Waves in the open ocean at 14 m water depth off Goa at a Io€UTC). The local time (IST) is 5.5 h more than the UTC. The
cation 182421" N; 73°4520" E (Fig. 1) was measured us- Wwind speeds from the buoy/t) were transformed to wind
ing the Datawell directional waverider buoy (Barstow and speeds at 10 m elevatiobi{o), using Prandtl 1/7 law approx-
Kollstad, 1991) during 24 May 2006 to 5 June 2006 for 12 imation,
days. The wave data were recorded continuously at 1.28 Hz . 1/7
From the recorded heave data covering 20 min duration, théjm/ Uz=10/2)" ()
wave spectrum was obtained through Fast Fourier transformvherez is the height at which the wind is measured, and
(FFT). FFT of 6 series, each consisting of 256 measured vertip and Uz are the wind speeds at 10 m and heights.

1)
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O Total . concept of statistically stationary wave heights was proposed
o Sea % by Longuet-Higgins (1952) and as per this concept; the ratios
i of significant wave parameters are expected to be constant
with the theoretical value proposed ffnax/H1/3 as 1.53.
Our analyses show that the ratio betwd@fax and Hmo is
143 144 145 146 147 148 149 150 151 152 153 154 155 1.65 and is similar to the earlier reported results (Dattatri et
(b) al., 1979; Kumar, 2006). The maximufd,ax recorded is

# g 8m and is 0.57 times the water depth. When waves are prop-

57 @

Hiro (M)

12 4

Z e agating in water of constant depth, Nelson (1994) showed
E ooy - B that for shallow water waves the upper limit value for the
4 | Wit TS ' ratio of Hmax to water depth is 0.55 and is less than that of-

2143 e 145 146 147 148 140 150 181 1% 153 154 185 ten used in engin_eering practice (0.78). Massel (1996) re-
ported that the ratio offimax to water depth is less than 0.6.
The value of 0.57 observed in the present study is similar
to the observation of Massel (1996) and is slightly higher
than the value proposed by Nelson (1994). For the present
data, significant wave height based on zero crossing analysis
143 144 145 146 147 148 149 150 151 152 153 154 155 (H1/3) was found to be 3-75/m0- In practice,Hmo is op-
% " ﬁﬁ erationally defined as 4m0. For deep-water narrow band
700 2 da s % spectraH1/3 and Hyp are equivalent estimates of significant
o1 ﬁﬁ%%% o2 mg’”’ .;,ﬁ%ﬁ i wave height (Sarpkaya and Isaacson, 1981). When a nar-
< ; y row frequency spectrum is assumed, all characteristic wave
SRR ! heights are theoretically proportional to the standard devia-
L e S E B B B tion of the water surface. Goda (1979) analysed field data
1Ol e T W e o0 101 192153 11 gnd found that for wind-driven waves in deep water, the ra-
tio is approximately 3.8 instead of the narrow-band value of
Fig. 2. Variation of (a) Significant wave height, sea and swell 4 which gives a reduction of 5%. The reduction in present
height. (b) Average mean wave period, mean wave period of sea,case is 6.2% and the reduction is due to the presence of sea
mean wave period of swellc) Mean wave direction of swell and  and swells in the measured data which makes the wave spec-
mean wave direction of seéd) Percentage of sea and swell. trum relatively broad banded. For wind-driven sea waves,
the assumption of a narrow-banded frequency spectrum is no
longer valid. In deep water, the Rayleigh distribution still
The logarithmic approximation is more accurate and univer-holds to a very good approximation for the zero-crossing
sal, but the Prandtl 1/7 approximation (Streeter etal., 1998)Nave heights (Longuet-Higgins, 1980), but the ratios of wave
is more convenient to apply and commonly used (Kamphuisheight to standard deviation have to be reduced to account for
2001; Resio et al., 2002). Also the logarithmic approxima- the finite frequency bandwidth. We have fouRd 10/ H1/3
tion requires information on the roughness parameter whicho be 1.25 and were slightly lower than the Rayleigh value of
is unknown for the study location. 1.275 due to the shallow water effects.
Guedes Soares et al. (2004) showed that in addition to in-
dividual wave parameters, the asymmetry of waves can be
3 Results and discussions described by the statistics of the time series, such as the
skewness and kurtosis. Linear sea states will have no skew-
To identify the swell components from the measured data, thaness and the positive skewness value indicate that the wave
locally generated waves and the swell were separatie crests are bigger than the troughs. Present study showed that
upto 5.65m was recorded during the measurement periothe skewness varied from0.12 to 0.22 with a mean value
(Fig. 2a). Hmo increased from 2 to 5.65m in 29 h. The in- of 0.05. The high wavesHmo > 4 m) were associated with
crease off,p from 3 to 5.65 m took 15 h and the decay from high skewness value0.2). The kurtosis varied from0.37
5.65 to 3m took only 7.5h. Meafimg, was 7s (Table 1) to 0.77. The correlation between the abnormality index (ra-
and the mean period of swell was 10s (Fig. 2b). The meatio of Hnax to Hmo) and the kurtosis of the sea surface el-
sured waves were predominantly swells arriving from southevation was 0.6. The dependence of the abnormality index
and south-west and seas were from south-west to north-wesin the kurtosis agrees with the results of Guedes Soares et
(Fig. 2c). During the measurement period, 67% of the waveal. (2004). The mean value of the sea surface elevation dur-
height was due to the swells and the remaining was due ting 30 min interval varied from-0.003 to 0.003 m and the
the seas (Fig. 2d). Good positive correlation (correlation co-average value for all the data is &10~* m indicating that
efficient =0.96) was observed betweBp, and Hnax. The  the height of crest and the trough were nearly equal.
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Table 1. Range and average value of wave parameters during the onset of summer monsoon at 14 m water depth.

Wave parameter Range Average Standard deviation
Significant wave heightmg (m) 0.9-5.7 2.4 0.9
Significant wave height of se@lss (m) 0.5-2.9 13 0.5
Significant wave height of swelHsy (m) 0.6-4.9 2.0 0.9
Maximum wave height (m) 1.3-8.0 3.4 1.4
Mean wave periodT mq2 (S) 4.5-8.7 6.7 0.8
Mean wave period of se&;mqos(S) 3.2-54 4.6 0.5
Mean wave period of swell'mgogy (S) 7.8-11.6 10.0 0.8
Wave period corresponding #max (S) 3.9-13.3 9.2 1.3
Peak wave periodlp (s) 6.7-14.3 10.9 14
Spectral peakedness parametgy, 1.4-3.6 2.2 0.4
Spectral width parameter, 0.7-0.9 0.8 0.02
Spectral narrowness parameter, 0.4-0.6 0.5 0.04
Peak wave directiorty, (deg) 233-287 255 9
Mean wave direction of seége (deg) 180-315 254 22
Mean wave direction of swelbs,y (deg) 167-225 199 10
Percentage of sea 13-61 33 8
Percentage of swell 39-87 67 8
Wave length (m) 31-90 63 12
Maximum spectral energy @&Hz 1) 0.4-63.3 11.1 107.6
wind speed (ms?) 0.1-13.7 4.3 2.7
Inverse wave agel{1o/Cp) 0.009-1.05 0.34 0.044

Measured data
SPM (1984)
Tmg,= 5.4 H,o*

Mean wave period (s)

27T \ \ \ 1
3 4
Significant wave height (m)

5

Fig. 3. Variation of mean wave period with significant wave height.

The average tidal range in the study area is 1.69m dur
ing spring tide and 0.73m during neap tide (Kumar et al.

period varied from 0.11 to 0.18 indicating that the measured
waves are in the transitional water. But 21% of the sea waves
are in the deep water condition. Hence the waves measured
are the transformed waves and the wave height and the wave
direction measured will be different than that will be in the
deep water.

Goda (1988) observed that wave data with recording inter-
vals of 6 or 12 h tend to miss the peaks of some storm events
and can lead to underestimation of severe wave conditions.
In the present case, the data was recorded at half hourly inter-
val and the underestimation of maximuti,o with recording
interval of 3, 6 and 12 h compared to half hourly interval are
8.8, 20.7 and 20.7%. In order to compensate for this effect,
Allen and Callaghan (1999) used a simple block adjustment
factor of 7% for the 6 h recording interval data and 10% for
the 12 h recording intervals to each pddko value. The ad-
justment factors used were found to be lower for the present

'data due to the fact that the present data set was during the

2006). The currents measured at mid depth near the Wavﬁrovv‘[h of waves and hence the wave condition was changing

buoy location shows that the maximum u-component of cur-

rents (zonal) was 0.3 m/s and the v-component of curren

(meridional) was 0.4 m/s. Since the current speed is less thaﬂe
0.4 m/s, the influence of currents on the waves will be less.
The water depth at the wave measurement location is 14 m
and hence the measured waves will have depth ianuenceTmOZ:aHrlao

r

idly.
tapld y.

In order to study the variation @fmg, with Hpy, the scat-
r plot is presented (Fig. 3) and found tHatq, follow the

expression given below.

(5)

Wave length associated with the mean wave period varied

from 31 to 90 md/L ratio varied from 0.16 to 0.45 indicat-
ing that the measured waves are in the transitional water. Th

Wherea=5.4 andb=0.25.
e Kamphuis (2001) presented the value:@ndb for differ-

ratio of depth and wave length associated with the swell waveent locations as given below.
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The variation ofT' mg2 with Hyg was not following the re- P e
lation proposed in SPM (1984). The high wavd#,6=5 143 145 147 149 151 185 185

to 6 m) were associated with mean wave period of 7 to 8s JULIAN DAY 2006

and the high wave period (8 to 9 s) was associated With
varying from 2.5 to 3.5m (Fig. 3) due to the fact that the
measurements were carried out in open ocean and swel
that have originated from a distant storm might have decayed
with time resulting in low wave height whereas the wave pe-
riod remains high. uninterrupted wind wave measurements and found that the
The variation in sea surface elevation during 27 to 29 Mayprocess of shifting toward lower frequency is not persistent
2006 is presented in Fig. 4. The wave height increased fromand it is more of an incipient occurrence at the early stage
2 to 8m during 60 h. The peak wave direction (mean waveof the growth. As the waves continue to grow, the shifts be-
direction corresponding to the maximum spectral energy) decome less conspicuous and proceeded to coalesce into a uni-
creased from 270to 240 during the wave growth period fied predominant peak frequency during the vigorous wave
(Fig. 5a). The peak mean wave directions at the high fre-growth stage.
quencies align with the westerly wind direction and gradu- During the measurements, the spectral narrowness pa-
ally shift to south-westerly swell direction at low frequen- rameter () has a mean value of around 0.5 (Table 1) and
cies. During the study period, the wind speédd) ranged  is marginally high (around 0.55) when bimodal nature of
from 0.1 to 13.7 m/s (Fig. 5b). The value By more than  the spectrum consisting of low-energy swell from the north
2m when the local wind speed was less than 3 m/s indicaténdian Ocean and a high frequency local component was
the presence of swell along the west coast of India. present. When the wave height was highwas relatively
The shifting of peak frequency towards lower frequen- small with value around 0.44 (Fig. 5d) indicating that the
cies (from 0.12 to 0.08 Hz) is noticed during 15h on 24 wave spectrum was relatively narrow banded during high
May to 8h on 29 May 2006, i.e. during the initial stage of waves. The spectral width parametey yaried from 0.74
wave growth (Fig. 5¢). The peak frequency is uniform dur- to 0.85. During the high waves, the value sofvas around
ing 8 to 23h on 29 May 2006. The shifting of peak fre- 0.78. The value of the spectral peakedness param@igr (
quency towards the lower frequency is recognized as onearied from 2.5 to 3 for high waves (Fig. 5e). Large values
of the wave growth characteristics. As a result of the dy-of Qp also indicate the wave spectrum is narrow banded for
namical processes the peak shifts to lower frequencies anHigh waves.
the spectrum broadens. Liu et al. (2007) presented complete
episode of wave growth process from 10 h of continuous and

Fig. 5. Variation of (a) peak wave direction(b) wind speed,
¢) peak frequency(d) spectral narrowness parameter g§ayspec-
al peakedness parameter.
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1000 — where the spectral components below this value are classi-
Y fied as swell and above as wind sea. In the present case,
only 3% of the waves have inverse wave age more than 0.83
* (Fig. 6) which indicates that the pure wind sea was very less.
In the open ocean, where most wave systems are close to be-
ing fully developed, the variation in wave age is small and
becomes of less importance. Thus, swell has been proposed
as a possible contributing factor to altering the growth rate of
wind-sea in mixed wave conditions. In this context, the rel-
ative direction between wind and swell is crucial (Donelan
et al., 1992; Drennan et al., 1999; Kudryavtsev and Makin,
2004). The non-dimensional energg$H2,g%/(16U )]
was slightly higher than the value proposed by Donelan et
al. (1992).
X . Even though, high local wind (upto 13 m/s) was present,
E =0.0022 (U,/C,)** the measured waves were predominantly swells due to the
0.001 i ‘ i | fact that energy of the wind sea reduces and that of the swell
0 04 08 12 increases when the swell is added to the system (Donelan,
Inverse wave age (U,,/C,) 1987).
The estimated fetch based on JONSWAP peak-frequency-
Fig. 6. Variation of non-dimensional energy with inverse wave age. fatch relationship (Long and Resio, 2007) for the high waves
varies from 80 to 100km. The peak wave direction corre-
sponding to the high waves was 240 to 26Qn examining
Since the measurement location is just 3km from thethe NCEP wind (Kalnay et al., 1996) in the Arabian Sea, it
coast, the sea breeze and land breeze can influence the waxefound that strong westerly winds was present at between
parameters. But the present data collected during the ons@dngitude 72 and 72.8 along the latitude 12%and it has
of monsoon does not show significant influence of sea breezgeated the high waves and the phase difference between the

on the wave parameters. Mandal and Halder (1992) obyind and the wave is 20h. The propagation speed of the
served that during the summer monsoon (May—September)yave is between 9 and 10 m/s.

the wind field is dominated by the large-scale atmospheric

circulation and the winds are westerly (inshore) along the

west coast of India and there is practically no land or sea# Conclusions

breeze when the monsoon is active, but a weak land and sea- . .

breeze system develops during a break in the monsoon. ~ The high waves fim¢=5 to 6 m) were associated with mean
The nature of sea state is identified based on the wav&/aV€ period of 7 to 8 s and the high wave period (8 to 9s) was

steepnessHumo/L) and the wave ageCh/Uso), whereC associated wittiH o varying from 2.5 to 3.5 m due to the fact

is the wave phase speed at peak frequency. Wavepsteef)hat the measurements were carried out in open ocean and
ness is expressed as the ratio between the significant wa ells that_hav_e originatgd f.rom a distant ;torm might have
height and the wave length of the peak period. Thompso ecayed with time resulting in low wave height whereas the

et al. (1984) classified ocean waves based Brof L) as wave period remains high. o
sea, young swell, mature swell and old swell. According The water depth at the measurement location is 14 m and

to their classification, locally generated waves or sea wave{€Nce waves measured are the transformed waves and the

have steepness values greater than 0.025. In the present ca%&Ve height and the wave direction measured will be differ-
t than that will be in the deep water.

correlation between wave age and wave steepness is low arﬁﬂrh io of - h denthi 7 and
the waves steepness was greater than 0.025. Young sea is dﬁ: e rat!o ol mlaXImurrr]Hm;g tot e_watefr ept IIS 0.57an q
fined when wave ages10 and an old sea is defined as wave NS ratio is similar to the observation of Massel (1996) an

ages>25. Wave age of the measured data is less than 2%3 slightly higher than the value proposed by Nelson (1994).
with most values less than 10. Hence the waves are youngI

Wave age is less than 25 with most values less than 10 and
sea with presence of swells. Positive correlation is found be-

ence the waves during the onset of summer monsoon are
tween wind speed{10) and Hyo. When the wind and wave

young sea with presence of swells.
directions are opposite from each other, the wind speed ap- Spectral narrowness parameter was around 0.44 when the
plies an opposing stress against the waves and therefore t

ave height was high and slightly large (around 0.55) when
wave height growth is negative.

imodal nature of the spectrum consisting of low-energy
Donelan et al. (1993) proposed théio/C,=0.83 corre swell from north Indian Ocean and a high frequency local

. p_ . =
sponds to the value of the spectrum at full development,

component was present.

100

Non-dimensional energy (E)

0.01
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