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Abstract. The wave growth characteristics during the onset
of summer monsoon in a swell dominated open ocean at a
location off the west coast of India at 14 m water depth are
studied. 67% of the measured waves are due to the swells
arriving from south and south-west and the balance was due
to the seas from south-west to north-west. Wave age of the
measured data indicates that the measured waves are young
sea with presence of swells. Even when the wind speed reduced to less than 3 m/s, significant wave height more than
2 m is present due to the swells in the Arabian Sea. The maximum wave height increased from 2 to 8 m within 60 h. The
mean wave directions at the high frequencies align with the
westerly wind direction and gradually shift to south-westerly
swell direction at low frequencies during the wave growth.
The strong westerly winds present between longitude 72◦
and 72.5◦ at latitude 12.5◦ has created the high waves (Hm0
upto 5.65 m) during the measurement period.
Keywords. History of geophysics (Ocean sciences)

1

Introduction

The wave height along the west coast of India is influenced
by the wind conditions in Indian Ocean and Arabian Sea.
Wind conditions in the Indian Ocean and Arabian Sea increase during mid May and high winds are observed upto
September which is the period of the summer monsoon.
Along the west coast of India, significant wave height up to
6 m is reported during the summer monsoon period (Kumar
et al., 2006) and the significant wave height (Hm0 ) will be
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normally less than 1.5 m during rest of the period (Kumar and
Anand, 2004). The wave energy spectra generally have more
than one peak depending on the generation source and also
the waves at any point in the ocean will be sum of local wind
sea and swell components propagating from distant storms
(Hanson and Phillips, 1999). Kumar et al. (2003) found
that along the Indian coast, about 60% of the wave spectra observed was multi-peaked and they were mainly single
peaked when the Hm0 was more than 2 m. The double peaked
spectra observed were mainly swell dominated with average
value of the ratio of the two spectral peaks around 0.6 and
the average value of the difference between peak frequencies around 0.09 Hz. Even though the spectra were having
two peaks, Kumar et al. (2003) found that Scott and ScottWiegel spectra estimate the maximum spectral energy density reasonably well except during the high wave along the
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 period, Hm0
was less than 2 m. For high waves, it was found that TMA
model, without modifying the model parameters; over predict the maximum spectral energy, similar to the JONSWAP
model (Hasselmann et al., 1973). Kumar and Kumar (2008)
found that at different water depth (12 to 70 m) around the Indian coast, the JONSWAP spectra with the modified spectral
parameters represented the measured spectra well for Hm0
more than 2 m.
A number of studies were carried out to understand wave
generation and wave growth (Phillips, 1957; Miles, 1957;
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
compared to deep water. Wave characteristics during growth
and decay off the Goa coast at 80 m water depth during
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Figure 1. Wave measurement location in the north Indian Ocean. The water depth at the

Fig. 1. Wave
measurement
measurement
location
is 14 m.

location in the north Indian Ocean. The
water depth at the measurement location is 14 m.

17–24 March 1986 was studied by Rao and Baba (1996).
Wind sea growth and dissipation in a swell-dominated open
ocean environment is investigated by Hanson and Phillips
(1999). Hanson and Phillips (1999) and Violante-Carvalho
et al. (2004) have found no obvious influence of swell on the
wind sea growth rates. When the measurement location
16 is
close to the coast, the wave conditions will be influenced by
sea and land breeze, shallow water depth and currents. The
horizontal extent of the sea/land breeze circulation over the
Arabian Sea is observed upto about 80–100 km (Bala Subrahamanyam et al., 2001). Aparna et al. (2005) observed that
off Goa coast, during February–April, the seaward extent of
the sea breeze was about 180 km.
The knowledge on characteristics of waves in the shallow
waters off India during the onset of summer monsoon are
required for prediction of waves using wave models and at
present are not known. Hence a study was carried out to
know the variations in wave characteristics during the wave
growth by deploying a directional waverider buoy at 14 m
water depth off the coast of Goa, west coast of India.

2

Methods

Waves in the open ocean at 14 m water depth off Goa at a location 15◦ 240 2100 N; 73◦ 450 2000 E (Fig. 1) was measured using the Datawell directional waverider buoy (Barstow and
Kollstad, 1991) during 24 May 2006 to 5 June 2006 for 12
days. The wave data were recorded continuously at 1.28 Hz.
From the recorded heave data covering 20 min duration, the
wave spectrum was obtained through Fast Fourier transform
(FFT). FFT of 6 series, each consisting of 256 measured verAnn. Geophys., 28, 817–824, 2010

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 accuracy of 3%. When the moored buoy follows the waves, the
force of the mooring line may change resulting in a maximum error of 1.5% in the measurement of surface elevation.
Also, if the wavelength is less than 5 m, the buoy will not follow the wave amplitude and hence will not measure the wave.
The significant wave height (Hm0 ) and the mean wave period
(T m02 ) were obtained from the spectral analysis. The period
corresponding to the maximum spectral energy density is referred as spectral peak period (Tp ) and is estimated from the
wave spectrum. The sea and swell from the measured data
was separated following Portilla et al. (2009). Other parameters obtained were spectral width parameter (ε) based on
spectral analysis (Cartwright and Longuet-Higgins, 1956),
spectral narrowness parameter (ν) and spectral peakedness
parameter (Qp ) (Goda, 1970) as given below. The spectral
width and narrowness parameter varies from 0 to 1, and will
have smaller values for narrower spectra. Spectral peakedness parameter will have higher values for narrow spectra.
s
m22
ε = 1−
(1)
m0 m4
s
m0 m2
ν=
−1
(2)
m21
2
Qp = 2
m0

∞

Z

f S 2 (f )df

(3)

0

Where mn is the n-th order spectral moment and is given by,
Z ∞
mn =
f n S(f )df
0

n=0, 1, 2 and 4; S(f ) is the spectral energy density at frequency f .
Zero-crossing analysis of the surface elevation time series
was used to estimate H1/3 , H1/10 and maximum wave height
(Hmax ).
The wind data recorded by the NDBP buoy (15◦ 240 700 N
and 73◦ 450 4300 E) at 3 m 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
same depth contour (14 m) of the deployed wave buoy. The
time reference in the paper is in Universal Time Coordinated
(UTC). The local time (IST) is 5.5 h more than the UTC. The
wind speeds from the buoy (U z) were transformed to wind
speeds at 10 m elevation (U10 ), using Prandtl 1/7 law approximation,
U10 /U z = (10/z)1/7

(4)

where z is the height at which the wind is measured, and
U10 and U z are the wind speeds at 10 m and z m heights.
www.ann-geophys.net/28/817/2010/
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Figure 2. Variation of (A) Significant wave height, sea and swell height, (B) Average mean
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The logarithmic approximation is more accurate and universal, but the Prandtl 1/7 approximation (Streeter et al., 1998)
is more convenient to apply and commonly used (Kamphuis,
2001; Resio et al., 2002). Also the logarithmic approximation requires information on the roughness parameter which
is unknown for the study location.

3

Results and discussions

To identify the swell components from the measured data, the
locally generated waves and the swell were separated. Hm0
upto 5.65 m was recorded during the measurement period
(Fig. 2a). Hm0 increased from 2 to 5.65 m in 29 h. The increase of Hm0 from 3 to 5.65 m took 15 h and the decay from
5.65 to 3 m took only 7.5 h. Mean T m02 was 7 s (Table 1)
and the mean period of swell was 10 s (Fig. 2b). The measured waves were predominantly swells arriving from south
and south-west and seas were from south-west to north-west
(Fig. 2c). During the measurement period, 67% of the wave
height was due to the swells and the remaining was due to
the seas (Fig. 2d). Good positive correlation (correlation coefficient = 0.96) was observed between Hm0 and Hmax . The
www.ann-geophys.net/28/817/2010/
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concept of statistically stationary wave heights was proposed
by Longuet-Higgins (1952) and as per this concept; the ratios
of significant wave parameters are expected to be constant
with the theoretical value proposed for Hmax /H1/3 as 1.53.
Our analyses show that the ratio between Hmax and Hm0 is
1.65 and is similar to the earlier reported results (Dattatri et
al., 1979; Kumar, 2006). The maximum Hmax recorded is
8 m and is 0.57 times the water depth. When waves are propagating in water of constant depth, Nelson (1994) showed
that for shallow water waves the upper limit value for the
ratio of Hmax to water depth is 0.55 and is less than that often used in engineering practice (0.78). Massel (1996) reported that the ratio of Hmax 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
(H1/3 ) was found to be √
3.75 m0. In practice, Hm0 is operationally defined as 4 m0. For deep-water narrow band
spectra, H1/3 and Hm0 are equivalent estimates of significant
wave height (Sarpkaya and Isaacson, 1981). When a narrow frequency spectrum is assumed, all characteristic wave
heights are theoretically proportional to the standard deviation of the water surface. Goda (1979) analysed field data
and found that for wind-driven waves in deep water, the ratio is approximately 3.8 instead of the narrow-band value of
4 which gives a reduction of 5%. The reduction in present
case is 6.2% and the reduction is due to the presence of sea
and swells in the measured data which makes the wave spectrum 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
holds to a very good approximation for the zero-crossing
wave heights (Longuet-Higgins, 1980), but the ratios of wave
height to standard deviation have to be reduced to account for
the finite frequency bandwidth. We have found H1/10 /H1/3
to be 1.25 and were slightly lower than the Rayleigh value of
1.275 due to the shallow water effects.
Guedes Soares et al. (2004) showed that in addition to individual wave parameters, the asymmetry of waves can be
described by the statistics of the time series, such as the
skewness and kurtosis. Linear sea states will have no skewness and the positive skewness value indicate that the wave
crests are bigger than the troughs. Present study showed that
the skewness varied from −0.12 to 0.22 with a mean value
of 0.05. The high waves (Hm0 > 4 m) were associated with
high skewness value (≈0.2). The kurtosis varied from −0.37
to 0.77. The correlation between the abnormality index (ratio of Hmax to Hm0 ) and the kurtosis of the sea surface elevation was 0.6. The dependence of the abnormality index
on the kurtosis agrees with the results of Guedes Soares et
al. (2004). The mean value of the sea surface elevation during 30 min interval varied from −0.003 to 0.003 m and the
average value for all the data is 0.1×10−4 m indicating that
the height of crest and the trough were nearly equal.
Ann. Geophys., 28, 817–824, 2010
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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
Significant wave height, Hm0 (m)
Significant wave height of sea, Hss (m)
Significant wave height of swell, Hsw (m)
Maximum wave height (m)
Mean wave period, T m02 (s)
Mean wave period of sea, T m02s (s)
Mean wave period of swell, T m02sw (s)
Wave period corresponding to Hmax (s)
Peak wave period, Tp (s)
Spectral peakedness parameter, Qp
Spectral width parameter, ε
Spectral narrowness parameter, ν
Peak wave direction, θp (deg)
Mean wave direction of sea, θse (deg)
Mean wave direction of swell, θsw (deg)
Percentage of sea
Percentage of swell
Wave length (m)
Maximum spectral energy (m2 Hz−1 )
Wind speed (m s−1 )
Inverse wave age (U10 /Cp )

Mean wave period (s)

10

8

6
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Figure 3. Variation of mean wave period with significant wave height

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

The average tidal range in the study area is 1.69 m during spring tide and 0.73 m during neap tide (Kumar et al.,
2006). The currents measured at mid depth near the wave
buoy location shows that the maximum u-component of currents (zonal) was 0.3 m/s and the v-component of current
(meridional) was 0.4 m/s. Since the current speed is less than
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 influence.
Wave length associated with the mean wave period varied
from 31 to 90 m, d/L ratio varied from 0.16 to 0.45 indicatFigure 4. Variation in sea surface elevation during 27 to 29 May 2006 (for 62 h)
ing that the measured waves are in the transitional water. The
ratio of depth and wave length associated with the swell wave
Ann. Geophys., 28, 817–824, 2010
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Range

Average

Standard deviation

0.9–5.7
0.5–2.9
0.6–4.9
1.3–8.0
4.5–8.7
3.2–5.4
7.8–11.6
3.9–13.3
6.7–14.3
1.4–3.6
0.7–0.9
0.4–0.6
233–287
180–315
167–225
13–61
39–87
31–90
0.4–63.3
0.1–13.7
0.009–1.05

2.4
1.3
2.0
3.4
6.7
4.6
10.0
9.2
10.9
2.2
0.8
0.5
255
254
199
33
67
63
11.1
4.3
0.34

0.9
0.5
0.9
1.4
0.8
0.5
0.8
1.3
1.4
0.4
0.02
0.04
9
22
10
8
8
12
107.6
2.7
0.044

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 intervals 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 interval and the underestimation of maximum Hm0 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 peak Hm0 value. The adjustment factors used were found to be lower for the present
data due to the fact that the present data set was during the
growth of waves and hence the wave condition was changing
rapidly.
In order to study the variation of T m02 with Hm0 , the scatter plot is presented (Fig. 3) and found that T m02 follow the
expression given below.
b
T m02 = aHm0

(5)

Where a=5.4 and b=0.25.
Kamphuis (2001) presented the value of a and b for different locations as given below.
www.ann-geophys.net/28/817/2010/

Me

4

SPM (1984)
0.25
Tm 02= 5.4 H m0

2
1

V. Sanil Kumar et

2

3

4

Significant
height (m)
al.:
Waveswave
in shallow
water

5

6

during the onset of summer monsoon

821

Figure 3. Variation of mean wave period with significant wave height
290

(a)

οp

270
250
230

wind speed (m/s)

143
15

145

147

149

151

153

155

145

147

149

151

153

155

145

147

149

151

153

155

145

147

149

151

153

155

145

147

149

151

153

155

(b)

10
5
0

143

fp

0.14

0.1

(c)

Figure 4. Variation in sea surface elevation during 27 to 29 May 2006 (for 62 h)
0.06

Fig. 4. Variation in sea surface elevation during 27 to 29 May 2006
(for 62 h).

www.ann-geophys.net/28/817/2010/

nu

143

(d)

0.5

0.4
4

143
(e)

3

Qp

18

a=3.54; b=0.6 for Lake Huron
a=4.45; b=0.45 for Lake Ontario
a=3.94; b=0.38 for North Sea
a=4.04; b=0.47 for Dubai
a=6.96; b=0.28 for Israel
The variation of T m02 with Hm0 was not following the relation proposed in SPM (1984). The high waves (Hm0 =5
to 6 m) were associated with mean wave period of 7 to 8 s
and the high wave period (8 to 9 s) was associated with Hm0
varying from 2.5 to 3.5 m (Fig. 3) due to the fact that the
measurements were carried out in open ocean and swells
that have originated from a distant storm might have decayed
with time resulting in low wave height whereas the wave period remains high.
The variation in sea surface elevation during 27 to 29 May
2006 is presented in Fig. 4. The wave height increased from
2 to 8 m during 60 h. The peak wave direction (mean wave
direction corresponding to the maximum spectral energy) decreased from 270◦ to 240◦ during the wave growth period
(Fig. 5a). The peak mean wave directions at the high frequencies align with the westerly wind direction and gradually shift to south-westerly swell direction at low frequencies. During the study period, the wind speed (U10 ) ranged
from 0.1 to 13.7 m/s (Fig. 5b). The value of Hm0 more than
2 m when the local wind speed was less than 3 m/s indicate
the presence of swell along the west coast of India.
The shifting of peak frequency towards lower frequencies (from 0.12 to 0.08 Hz) is noticed during 15 h on 24
May to 8 h on 29 May 2006, i.e. during the initial stage of
wave growth (Fig. 5c). The peak frequency is uniform during 8 to 23 h on 29 May 2006. The shifting of peak frequency towards the lower frequency is recognized as one
of the wave growth characteristics. As a result of the dynamical processes the peak shifts to lower frequencies and
the spectrum broadens. Liu et al. (2007) presented complete
episode of wave growth process from 10 h of continuous and
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143
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Figure 5. Variation of (A) peak wave direction, (B) wind speed, (C) peak frequency, (D)

Fig.
Variation
of and
(a)(E)spectral
peak wave
direction,
spectral5.narrowness
parameter
peakedness
parameter (b) wind speed,
(c) peak frequency, (d) spectral narrowness parameter and (e) spectral peakedness parameter.
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uninterrupted wind wave measurements and found that the
process of shifting toward lower frequency is not persistent
and it is more of an incipient occurrence at the early stage
of the growth. As the waves continue to grow, the shifts become less conspicuous and proceeded to coalesce into a unified predominant peak frequency during the vigorous wave
growth stage.
During the measurements, the spectral narrowness parameter (ν) has a mean value of around 0.5 (Table 1) and
is marginally high (around 0.55) when bimodal nature of
the spectrum consisting of low-energy swell from the north
Indian Ocean and a high frequency local component was
present. When the wave height was high, ν was relatively
small with value around 0.44 (Fig. 5d) indicating that the
wave spectrum was relatively narrow banded during high
waves. The spectral width parameter (ε) varied from 0.74
to 0.85. During the high waves, the value of ε was around
0.78. The value of the spectral peakedness parameter (Qp )
varied from 2.5 to 3 for high waves (Fig. 5e). Large values
of Qp also indicate the wave spectrum is narrow banded for
high waves.
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Figure 6. Variation of non-dimensional energy with inverse wave age

Since the measurement location is just 3 km from the
coast, the sea breeze and land breeze can influence the wave
parameters. But the present data collected during the onset
of monsoon does not show significant influence of sea breeze
on the wave parameters. Mandal and Halder (1992) observed that during the summer monsoon (May–September),
the wind field is dominated by the large-scale atmospheric
circulation and the winds are westerly (inshore) along the
20
west coast of India and there is practically no land or sea
breeze when the monsoon is active, but a weak land and seabreeze system develops during a break in the monsoon.
The nature of sea state is identified based on the wave
steepness (Hm0 /L) and the wave age (Cp /U10 ), where Cp
is the wave phase speed at peak frequency. Wave steepness is expressed as the ratio between the significant wave
height and the wave length of the peak period. Thompson
et al. (1984) classified ocean waves based on (Hm0 /L) as
sea, young swell, mature swell and old swell. According
to their classification, locally generated waves or sea waves
have steepness values greater than 0.025. In the present case,
correlation between wave age and wave steepness is low and
the waves steepness was greater than 0.025. Young sea is defined when wave ages <10 and an old sea is defined as wave
ages >25. Wave age of the measured data is less than 25
with most values less than 10. Hence the waves are young
sea with presence of swells. Positive correlation is found between wind speed (U10 ) and Hm0 . When the wind and wave
directions are opposite from each other, the wind speed applies an opposing stress against the waves and therefore the
wave height growth is negative.
Donelan et al. (1993) proposed that U10 /Cp =0.83 corresponds to the value of the spectrum at full development,
Ann. Geophys., 28, 817–824, 2010

where the spectral components below this value are classified 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 being 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 relative direction between wind and swell is crucial (Donelan
et al., 1992; Drennan et al., 1999; Kudryavtsev and Makin,
2 g2 /(16 U 4 )]
2004). The non-dimensional energy [E=Hm0
10
was slightly higher than the value proposed by Donelan et
al. (1992).
Even though, high local wind (upto 13 m/s) was present,
the measured waves were predominantly swells due to the
fact that energy of the wind sea reduces and that of the swell
increases when the swell is added to the system (Donelan,
1987).
The estimated fetch based on JONSWAP peak-frequencyfetch relationship (Long and Resio, 2007) for the high waves
varies from 80 to 100 km. The peak wave direction corresponding to the high waves was 240 to 260◦ . On examining
the NCEP wind (Kalnay et al., 1996) in the Arabian Sea, it
is found that strong westerly winds was present at between
longitude 72◦ and 72.5◦ along the latitude 12.5◦ and it has
created the high waves and the phase difference between the
wind and the wave is 20 h. The propagation speed of the
wave is between 9 and 10 m/s.
4

Conclusions

The high waves (Hm0 =5 to 6 m) were associated with mean
wave period of 7 to 8 s and the high wave period (8 to 9 s) was
associated with Hm0 varying from 2.5 to 3.5 m due to the fact
that the measurements were carried out in open ocean and
swells that have originated from a distant storm might have
decayed with time resulting in low wave height whereas the
wave period remains high.
The water depth at the measurement location is 14 m and
hence 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.
The ratio of maximum Hmax to the water depth is 0.57 and
this ratio is similar to the observation of Massel (1996) and
is slightly higher than the value proposed by Nelson (1994).
Wave age is less than 25 with most values less than 10 and
hence the waves during the onset of summer monsoon are
young sea with presence of swells.
Spectral narrowness parameter was around 0.44 when the
wave height was high and slightly large (around 0.55) when
bimodal nature of the spectrum consisting of low-energy
swell from north Indian Ocean and a high frequency local
component was present.

www.ann-geophys.net/28/817/2010/

V. Sanil Kumar et al.: Waves in shallow water during the onset of summer monsoon
During the high waves, the fetch estimated based on
JONSWAP peak-frequency-fetch relationship is from 80 to
100 km and it is found that strong westerly winds present at
between longitude 72◦ and 72.5◦ along the latitude 12.5◦ has
created the high waves. The propagation speed of the wave
is between 9 and 10 m/s.
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