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Abstract. An attempt has been made to understand the cod Introduction

existence of wind seas and swells along the west coast of In-

dia during non-monsoon season. Wave data were collected in

different years during non-monsoon season (off Goa during®céan wave spectra consist of wind seas generated by lo-
May 2005, off Ratnagiri during January—February 2008 andcal winds and swells of distant storms. The characteristics of
off Dwarka during December 2007—January 2008), which isthese waves are different in different seasons (Alves, 2006;
fairly a calm weather season along these regions. DiurnaPemedo et al., 2011). An attempt has been made to under-
variation in wave parameters is noticeable along the centraptand the co-existence of wind seas and swells at different
west coast of India (off Goa and Ratnagiri), which is due coastal regions in the Indian side of the Arabian Sea dur-
to the interaction of multidirectional waves (both wind seasNd hon-monsoon season. Wave spectra along the west coast
and swells) of varying magnitudes and frequencies. Swellf India are generally multi-peaked (Harish and Baba, 1986;
are predominantly mature (91 %) and old (88 %) during lateKumar et al., 2003; Sanil Kumar et al., 2007), and multi-
pre-monsoon and post-monsoon seasons, respectively. S@gakedness is mainly due to the co-existence of locally gen-
Swell Energy Ratio quantifies wind sea, swell and mixed sea$rated wind seas and distant swells (Vethamony and Sastry,
prevailing in these regions during non-monsoon season. In1986). It has been observed that winds along the west coast of
termodal distance (ID) between the energy peaks is moderndia are primarily dominated by sea breeze—land breeze sys-
ately separated during non-monsoon season, whereas, dJgms during pre-monsoon season (Aparna et al., 2005). Sea
ing the shamal events, energy peaks are very close to eadieeze has impact on the diurnal cycle of sea state off Goa
other (ID~ 0). However, pure wind seas (1) are weakly (Neetu et al., 2006), and the diurnal variations are due to the
present and found to co-exist with the swells almost all theSuperimposition of local wind seas with pre-existing swells
time during non-monsoon season. Wind sea growth has beefYethamony et al., 2009, 2011). The development of pure
found while the swell propagates opposite to the directionwind-driven waves is controlled by three basic processes: en-
of the wind and wind sea. Wind seas have minimum angula€rgy input from wind to surface waves, nonlinear wave—-wave
spreads in multimodal state. Under low winds, the interac-€nergy transfer and energy dissipation due to wave breaking.
tion between wind sea and swell dominates and thereby thd he interaction of individual wave systems in the directional
multimodal state reduces to unimodal state. The fetch avail&nd frequency spaces is an important factor in how the co-
able for the evolution of the wind sea spectrum has been eseXistence of swells modify the growth of wind driven waves.
timated, and it is found to be less than 150 km. For the fetch !dentification and separation of wave components into
limited condition, a non-dimensional empirical relation has Wind seas and swells provide a more realistic description
been derived relating the significant wind sea height in term<f the sea state, and this has importance to both scien-

of wind speed and peak wind sea period, and this relation fitdific and engineering applications. Gerling (1992) identified
for the west coast of India. and grouped wave systems from spatially and temporally
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distributed observations of directional wave spectra. Hansoayer (MABL) and are related to a reverse momentum flux
and Phillips (2001) developed automated swell tracking andorocess. In order to know the types of swells prevailing in the
storm source identification capabilities to facilitate investiga- Arabian Sea during non-monsoon seasons, we have classified
tions of surface wave processes in the open ocean. Based @wells into young, mature and old swells based on significant
wave steepness, Gilhousen and Hervey (2001) and Wang anglave steepness — a measure of relative wave age (Thompson
Hwang (2001) estimated separation frequency to distinguistet al., 1984). Swell steepness diminishes as it propagates into
wind sea and swell. Portilla et al. (2009) found that the usedistant areas. Swells having steepness value less than 0.004
of partitioning gives more consistent identification results for are considered as old swell, between 0.010 and 0.004 as ma-
both 1-D and 2-D spectra. They improved the results of windture swells and between 0.025 and 0.010 as young swells.
sea and swell classification from 1-D spectra by proposing an Holthuijsen (1983) found that shape of the directional en-
algorithm for peak enhancement factpr*). The available  ergy distribution in a non-ideal situations it strongly influ-
partitioning methods (e.g. Gerling, 1992; Wang and Hwang,ences the geometry of the fetch. Donelan et al. (1985) also
2001; Portilla et al., 2009) primarily involve separating the found that the fetch geometry plays a significant role in
wave spectra into two frequency bands, low-frequency bandvave development. Ardhuin et al. (2007) considered two sit-
representing swells and a high-frequency band representingations: an ideal fetch-limited wave generation and a non-
wind seas. However, multidirectional peaks within the di- ideal situation which includes slanted fetch. For moder-
vided spectrum (swell or wind sea part) are usually mergedate angles between the wind and shore-normal direction
irrespective of the direction of each peak. The distinction be-(i.e. slanting fetch) and for unstable atmospheric condi-
tween wind sea and swell is often not obvious. Under changtion, Ardhuin et al. (2007) observed that evolution of non-
ing winds (both magnitude and direction) wave systems cardimensional parameters agree well with growth curves ob-
overlap in the frequency-direction domain, giving origin to tained by Kahma (1981). Kahma (1981) studied development
a rather continuous spectrum in which the presence of twmf wave spectrum with fetch in a steady wind using wave
or more distinct systems is not clearly discernible. Wave sys-buoy data in the Bothnian Sea and found a relation between
tems in these situations are referred to as mixed sea statemensionless peak frequency and dimensionless fetch.
and are particularly difficult to detect and/or identify by au-  In the present study, we have separated the wave direc-
tomated procedures (Portilla et al., 2009). We have done thé&onal spectrum into wind seas and swells to examine how
sensitivity test for the partitioning methods (Aboobacker etthe wind sea growth modifies in the presence of pre-existing
al., 2011b) and found Gilhousen and Hervey (2001) methodswells during non-monsoon season for different years at
was suitable for the west coast of India. three locations along the west coast of India. Further, fetch
As sea state develops, due to nonlinear interactions pea&stimation for wind sea generation has been done. A non-
energy shifts towards lower frequencies. Distinct doubledimensional empirical relationship has been derived for the
peaks in the spectra indicate that wind sea and swell energiesind seas generated along the west coast of India during pre-
are well separated. Relatively close double peaks (looks as imonsoon and post-monsoon seasons.
single-peaked) indicate a combination of two wave systems
coming from the same/different directions (Guedes Soares,
1991). Guedes Soares (1984) proposed the ratio of peak fre2  Area of study
quencies of two components to describe the relation between
two wave systems. Rodriguez and Guedes Soares (1999) prdhe study area and measurement locations are shown in
posed two related parameters, the Sea Swell Energy Ra-ig. 1. Goa and Ratnagiri are located on the central west
tio (SSER) and the intermodal distance (ID) for the clas-coast of India, separated by a distance of 185km. The to-
sification of sea states and to identify spectral distribu-pographic features are nearly the same and the bathymetry
tion in each sea state. In the present study, the asymmetontours are almost parallel to the coast. The shorelines
ric and bimodal nature of spectral distribution is examinedof Goa and Ratnagiri are oriented at 337dnd 348.75,
for these two parameters. respectively with respect to the north. Dwarka is situated
Recently, there has been a renewed interest in studyinglong the northwest coast of India, and the shoreline is ori-
the swell characteristics. Alves (2006) studied the generaented at 315 (NW) with respect to the north. The north-
tion, propagation and attenuation of swells globally, whereasern part of Dwarka is open to the Gulf of Kachchh, a semi-
Semedo et al. (2011) presented the detailed global climaenclosed basin. Off Dwarka, the bathymetry is irregular and
tology, based on ERA-40, of wind sea and swell charactervery complex (Fig. 1).
istics. Aboobacker et al. (2011b) have identified potential The west coast of India, in general, experiences three
swell generation areas during different seasons in the Aratypes of seasons: pre-monsoon (February—May), southwest
bian Sea (from SW direction during SW monsoon and frommonsoon (June—September) and post-monsoon (October—
SW/SSW and NW directions during both pre-monsoon andJanuary). Waves are usually very high during SW monsoon
post-monsoon seasons). It has been shown that swell decagason and the predominant swells are from SW/WSW. Dur-
rates have an impact on the marine atmospheric boundaring non-monsoon season (post- and pre-monsoons), along
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Table 1a.Details of wave data.

Location Latitude{N) Longitude (E) Water depth (m) Duration

Goa (late pre-monsoon) 189'18” 734212 25 1-21 May 2005

(May 2005) 182524" 7304455’ 15 6-21 May 2005
Ratnagiri (early pre-monsoon)  400'15.1’ 73°0717.3 35 24 Jan-25 Feb 2008
(Jan—Feb 2008) PD025.4' 73°1500.7 15 24 Jan-25 Feb 2008
Dwarka (post-monsoon) 205'15.7 69°01'8.24' 30 3 Dec2007-6 Jan 2008
(Dec 2007-Jan 2008) 204'7.85’ 69°0524.0 15 3 Dec 2007-6 Jan 2008

Table 1b. Details of AWS wind measurements.

Location Latitude{N) Longitude CE) Distance between the buoy
and AWS locations (km)

Goa (late pre-monsoon) 1%7'20.02 73°488.44' 7

(May 2005)

Ratnagiri (early pre-monsoon) 186335 73°16'55” 13

(Jan—Feb 2008)

Dwarka (post-monsoon) 688759.21 22°14'32.97 23

(Dec 2007-Jan 2008)

with predominant swells from SW/SSW, shamal swells tervals in the form ot/ (zonal) andV (meridional) compo-
(NW swells) are also present. Shamal swells (NW swells)nents.

(Aboobacker et al., 2011a) are generated in the NW Arabian Wind sea and swell parameters have been separated
Sea due to strong shamal winds during winter shamal eventfom the wave spectra using the methodology proposed by
(November—March), which occur during post-monsoon andGilhousen and Hervey (2001). The separation is based on the
early pre-monsoon seasons. They propagate in the Arabiawave steepness algorithm, which partitions the wave spec-
Sea influencing the west coast of India significantly. The ver-trum into wind sea and swell components. The steepness pa-
tical lines from 1 to 6 in Figs. 2 and 4 refer to shamal eventsrameter (ratio between wave height and wavelength) of each
as the wind and wave characteristics exhibit distinct featuregrequency is calculated to estimate the separation frequency.
such as, increase in wave height associated with decrease the wave steepness parameteat all frequencieg, can be
swell period and a common propagation direction (NW) for written as

wind, wind sea, swell and resultant waves. During this pe- D

riod, Hs are in the range of 1.0 to 2.0m, and mean swellg(f) _ 8 ffi f E(f)df' @

periods are between 6.0 and 8.0 s. g fﬁu E(f)df

Where, f, = upper frequency limit (0.58)f; = lower fre-
quency limit and it varies ag; =0.025, 0.03, 0.035, ...,

Wave data have been collected at 6 locations (Fig. 1) oﬁ0'58,' E(f) =vanance densﬁy ang = acceleration due to
Goa, Ratnagiri and Dwarka using Datawell Directional Wa- gravity.£(f) for all frequencies has been calculated from the

verider Buoys (Datawell, B.V., 2006). Table 1a provides de_measured data. The peak frequenftyof the steepness pa-

tails of geographical location, water depth and wave mea_rameters(f?has been identified, and then used to calculate
surement duration. Data have been recorded for 20 min dut—he separation frequenci as follows:

ration at 30 min interval. Simultaneous wind measurements;, _ c s )

at 10 min sampling intervals were carried out using Au-

tonomous Weather Station (AWS) installed near the coast where C =0.75 is an empirically determined constant
(accuracy of AWS=0.3ms ! for wind speed and-3° for (Gilhousen and Hervey, 2001). The wind sea and swell part
wind direction). The details (position and distance to the of the spectra have been separated ugingnd accordingly,
wave rider buoys) of AWS data are given in the Table 1b;significant wave height, mean wave period and mean wave
the data were reduced to 10 m height, using Prandtl 1/7 lawdirection of wind seas and swells were calculated from the
approximation (Peterson and Hennessey, 1978). Further, wamoments.

have also used CERSAT / IFREMER Blended winds (Ben- The swell part of the spectrum is classified as young,
tamy et al., 2006) available in 0.2% 0.25 grids at 6h in-  mature and old swells based on significant wave steepness

3 Data and methodology
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Fig. 1. Wave measurement location and its bathymetry contours along the west coast of India. Angles mentioned in the figures are the
orientation of the coastline w.r.t the north.

(Thompson et al., 1984), which is defined as the ratio bethe low and high frequency ranges and (iii) wind sea domi-
tween significant wave height and wavelenfff ). The sea  nated sea state (SSERL.2): the maximum energy is con-

states along the west coast of India are classified according tgned to high frequency part of the spectrum.

the dimensionless parameters, SSER and ID (Rodriguez and Intermodal distance (ID) is the frequency separation be-
Guedes Soares, 1999). ween the spectral frequency peakfs, corresponding to

SSER is the ratio of energies associated with each wavéwe" and wind sea, which is defined as:

system as given below: D — (fpws— fpsw> )
Jows+ fpsw
SSER= <m°W5> , (3) where fous is the peak frequency of wind sea afigw is
Mosw the peak frequency of swell part of spectra.

The dominant sea states are classified based on ID as fol-
lows: (i) ID value close to zero, that is, when swell and wind
pa spectral peaks are very close to each other; (ii) wave
elds with double-peaked sea states whose modal spectral
frequencies are moderately separated; and (iii) ID close to

00 1.0, which represents sea state with swell and wind sea spec-
mo = fo S(Hf. (4) tral peaks well separated. We have selected the range for
each class of ID as follows: (i) ID-I (I3 0.3), (ii) ID-II

The sea states are classified as follows: (i) swell dom-(0.3< 1D <0.7), and (iii) ID-1ll (ID >0.7). Depending on
inated sea state (SSERD.8): the major part of the wave swell or wind sea absence, ID may vary from 0 (pure swell)
energy is associated with low frequency spectral peak, (ii)to 1 (pure wind sea).
mixed sea state with comparable energy of wind sea and As the situation described in Ardhuin et al. (2007),
swell (0.8< SSER< 1.2): the wave energy is distributed over i.e. moderate angles between the wind and shore-normal

where mows IS the zero order moment of wind sea
and mosw the zero order moment of swell part of the
spectrum. These are calculated based on spectral mome?
mo, defined as
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Fig. 2. Wind parameters (wind speed and direction) and significant™d- 3. Typical 1-D spectra measured offa) Goa during
wave height (total sea — black, swell — blue and wind sea — red) off® May 2005,(b) Ratnagiri during 3 February 2008 af) Dwarka
Goa, Ratnagiri and Dwarka. Vertical lines from 1 to 6 in wind and during 22 December 2007.

wave parameters off Ratnagiri are related to shamal events.

4 Results and discussion
direction (i.e. slanting fetch) and unstable atmospheric con- _ .
dition, fits for the west coast of India; we have used the equa#-1  Diurnal variability

tion obtained by Kahma (1981) for the estimation of fetch for = , N .
wind sea generation. Variations of coastal winds and significant wave heights,

A non-dimensional empirical relationship has been de-Wind seas and swells off Goa, Ratnagiri and Dwarka, at 25,
rived based on wind (blended winds) and wind sea param32 @nd 30 m water depth, respectively, are presented in Fig. 2.
eters estimation of the non-dimensional significant wind sed-0¢@! winds play a major role in shaping the wave charac-
heightHZ, .and non-dimensional peak wind sea perigi, teristics along the west coast of India. For example, it has

WS S

as follows: been observed earlier that winds and waves along the west
coast of India exhibit systematic diurnal variations during
« _ 8Hws « _ 8Tpws pre-monsoon season (Vethamony et al., 2011) and predom-
Hgys= —-andTpys= ’ (6) ; ; ;
U2 inant winds are either from NW (sea breeze) or NE (land

breeze). Winds from NE are generally weak, and it extends
only a few kilometers from the coast, whereas the NW winds
are strong, especially in the afternoon hours. The wind seas
generated under fetch-limited conditions interact with the
swells arriving from SW. The mean periods of these swells
are between 6 and 11 s and the wind seas are between 2 and
4 s. Diurnal variations are present during early pre-monsoon
and post-monsoon seasons as well, but not as significant as
pre-monsoon season (Fig. 3). During early pre-monsoon, the

where g = acceleration due to gravity/ =wind speed
(ms1) at 10m height,Hsws= significant wind sea height
(m), and7Tpys = peak wind sea period (S).
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Table 2. Percentage of swell, wind sea and mixed sea with comparable energy during non-monsoon season.

Location Water depth No. of Dominance (%)
(m) Observations Swell Wind sea Mixed sea with
comparable energy
Goa 25 463 54 20 26
(May 2005) 15 717 71 11 19
Ratnagiri 35 1524 39 44 17
(Jan—Feb 2008) 15 1523 39 48 14
Dwarka 30 1485 38 45 17
(Dec 2007-Jan 2008) 15 1483 61 24 15

predominant winds are from NW and NE. Swells (SW/SSW) systems. Considerable amount of mixed seas was observed
are relatively weaker during non-monsoon season; howeveiduring late pre-monsoon season, whereas, during early pre-
the shamal winds generate high NW swells in the Ara-monsoon and post monsoon seasons it was the least. When
bian Sea during early pre-monsoon season (Aboobacker etwells dominate, mixed sea is less, and this happens at the
al., 2011a). During post-monsoon season, the predominarfully developed stage. However, when wind seas dominate,
winds are from N, NE and NW directions. Systematic diur- mixed seas also increase as the waves are still in the develop-
nal variations are more predominant in pre-monsoon seasoimg stage. Off Goa and Dwarka, swell height increases as the
than the post-monsoon season. The coastal winds off Dwarkevater depth decreases; on the contrary, wind-sea increases
show diurnal variations in wind speed and direction, but thewith water depth. Whereas off Ratnagiri, this behavior is not
diurnal pattern of the waves is not as distinct as off Goa dur-found because the interaction between the multidirectional
ing pre-monsoon season. Due to the interaction of multidi-swells from SW and NW are almost perpendicular to each
rectional wind seas of varying magnitudes in the frequencyother. Due to the interaction of these multidirectional swells,
domain with co-existence of swells during post-monsoon andswells are decreasing and wind seas are increasing towards
early pre-monsoon seasons, we do not find systematic diurnahe coast. This behaviour is independent of number of peaks
variability both in wave height and wave period, i.e. increasepresent in the spectrum.

in wave height and decrease in wave period with increase in In addition to SSER, ID also provides differentiation of

wind speed. the spectral peaks for non-monsoon season. During late pre-
monsoon season, maximum waves are under the category ID-
4.2 Relative importance between swells and wind seas ! (85% and 95% at 25m and 15m depths off Goa, respec-

tively, Table 3). This indicates that spectral peaks of wind
Generally waves are classified into wind sea and swell, wheR 2 and swell are modergtgly separated. During early pre-
monsoon season, the majority of waves fall under the cate-

mformaﬂon on mixed sea state is not available. 'SSER pro- ory ID-1 (57 % and 56 % at 35 m and 15m depths off Ratna-
vides detailed analysis of wave systems, classifying thent.

into swell, mixed and wind sea. During late pre-monsoong'ri’ respectively), indicating that the spectral pegks are very
season, swells are dominant (54% and 71% at 25m an8Ioser to each other (spectra appear to be unimodal). One

15 m water depths off Goa, respectively) (Table 2 and Fig. 4).example s, the sp_ectral peaks during shamal events (purely
During early pre-monsoon season, waves are primarily dom-swe"’ ID ~0). During post-monsgon seasog, all the waves
inated by wind seas (44 % and 48 % at 35m and 15m depths]call under the category ID-Il (60% and 75% at 30m and

respectively, off Ratnagiri) followed by swells (39 % at both 15m water depths off Dwarka, respectively), indicating that

the depths). However, during post-monsoon season Wingpectral peaks are moderately separated. Even though wind

. eas play a dominant role during non-monsoon season, spec-
seas are dominant (45 %) at 30 m depth (away from the coasﬁum \E)vitr): pure wind seas (1B 1)gwas weakly present, Thep

while swells are dominant (61 %) at 15m depth (closer to_ : . . i
I k ) wind sea spectrum was always co-existent with swells, which
the coast) off Dwarka. This is attributed to generation of NE S .
are prevailing almost all the time.

wind seas, and their growth is towards offshore. Sufficient
fetch is available at 30 m depth for NE wind seas to grow
compared to 15 m depth, and hence, wind sea energy is relgt-3 Wave directionality

tively higher at this location. Also it is found that wind seas

increase offshore as available fetch increases, whereas swell$he directionality of the wind sea and swell systems is found
increase towards the coast due to nonlinear wave—wave into influence the development of wind waves. The directional
teraction and the prevailing wind direction during the study spread distribution of mixed seas exhibits features different
period, and this presents two well defined opposing wavefrom those of pure wind seas. Such mixed seas of swell and
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Goa during 9 May 2005.

wind seas result in a multimodal wave field, and the develop-

ment of this multi-system is to be explored. o )
Off Ratnagiri, during early pre-monsoon season, we can see

The minimal directional spread is located at the peak fre- X ; o .
quency of the spectra. Off Goa, during late pre-monsoon Seaf_our peaks in the spectrum from different directions (Fig. 6a).

son, we find that wind seas grow when the wind and the wind! N€S€ Peaks are swell from SW and wind sea from SW, NW
sea are in the same direction (i.e. both are from NW). During2d NE directions. The contributions of SW and NE wind

the growth of wind seas, the directional spread ranges beS€as are minimum in the multimodal spectra (Fig. 6a). The

tween 30 and 50. As the wind direction changes from NW angular spread is minimum for wind seas than for swells,
to NE and wind speed reduces (say, 0.5 sswells dom- with energie_s distriputed over the .frequency range 0.2 to
inate from SW and accelerate the decay of NW wind sead-4HZ. The interaction between wind seas and the swells
(Fig. 5b). That is, swell and wind sea are nearly normal to®CCurs in transformmg the young v.vmd'seas to mature.W|nd
each other, whereas, wind is opposite to swell and normal t$€as- As the wind sea matures, directional spread shifts to-
wind sea direction. At this stage, the bimodal sea state turn¥/ads lower frequencies (Fig. 6b). Multimodalism is reduced
into unimodal state (Fig. 5c). The angular spread increase Pimodalism in the wave spectrum. When the shamal event
in the higher frequency range above 0.2 Hz due to the decagccurs, the wind and wa}ve directions shift to NW and wind
of wind seas. As a result of sea breeze at noon hours, wingP€ed reaches to a maximum of 7msThe spectral energy

direction changes from NE to NW, and the speed reachesS narrowed.down in.the swell part of the spectrum in. the'NW
to a maximum of 5mst. Wind sea starts developing and _dlrect|0n (Fig. 6¢). Light swell energy from the SW direction

reaches its peak during evening hours with the co-existenc alS0 observed in the wave spectrum with large directional
of swells from SW direction, leading to a bimodal sea state, SPread. Prevailing swell dominates, and ultimately absorbs

As the wind sea matures, the minimal spread of wave energ{'® Wind sea energy (Fig. 6e). This leads to broadening of
decreases and shifts towards lower frequency (Fig. 5d). energy density of swell peak and to the disappearance of the
bimodal state.
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Table 3.Percentage of intermodal distance (ID) along the west coast of India.

Location Water depth No. of Mean ID values
(m) observations (observations in %)
ID—I 1Dl ID-III

Goa 25 463 0.28(14) 0.54(85) 0.72(1)
(May 2005) 15 717  0.28(4) 0.54(95)  0.72(1)
Ratnagiri 35 1524  0.1(57) 0.55(40) 0.71(3)
(Jan—Feb 2008) 15 1523  0.1(56) 0.54(41) 0(3)
Dwarka 30 1485 0.14(14) 0.59(60) 0.73(26)
(Dec 2007-Jan 2008) 15 1483  0.24(5) 0.56(75) 0.76(20)

Table 4. Distribution of young, mature and old swells along the non-monsoon season. The analysis of swells present along
west coast of India. the west coast of India indicates that mature swells are pre-
dominant (92 % and 91 % at 25m and 15 m depths, respec-

Location Water d(if)th Young(ﬁ/ow)e” Mat”re(juv)ve” O'd(;";e" tively, off Goa) due to the onset of monsoon during late pre-
monsoon season (Table 4). The dominance of young, ma-

Goa 25 6.05 92.01 1.94 .

(May 2005) 15 153 00.94 753 ture and old swells are nearly the same, varying between

Ratnagiri 35 39.7 30.31 29.99 30 % and 40 % during early pre-monsoon season (January—

(Jan—-Feb 2008) 15 29.42 32,57 38.01 ; ;

Dwarks 30 848 3873 5> 79 February 2008). Most of the swells in the Arabian Sea are

(Dec 2007—Jan 2008) 15 0 12.61 g7.30 from SW, whereas, due to the shamal event swells occur in

the Persian Gulf in the NW direction. However, old swells
(53% and 88% at 30 m and 15m depths, respectively, off

L Dwarka) and mature swells (39% and 13% at 30m and
Off Dwarka, the directional spectrum and spread are totally . )
. : 5m depths, respectively, off Dwarka) are predominant dur-
different for the post monsoon season (Fig. 7a) compare

to the pre-monsoon season at the other two locations. we'9 post-monsoon season (December 2007-January 2008). It

can observe two distinct swell peaks from S/SSW direction also observed that the SW/SSW swells generated in the

and o i sea peaks fom NWINE drectonsn e wave 21110002 U0 Preonsonr andpost onseor s
spectrum (Fig. 7a). When the winds are from NW and they ' 9

: ) . : Sea during SW monsoon (or late pre-monsoon season) are
are weak, NE wind seas decay with gradual increase in an- g ( P )

gular spread (Fig. 7b). However, when the winds shift to themature swells and .NW swells genergted (during early pre-
L . : monsoon season) in the north Arabian Sea are young and

NE direction and the speed increases to 3 NE wind mature swells

seas grow with minimal spread (Fig. 7c). As the NE wind '

sea reaches the maximum, it interacts with the wave systems:

NW wind sea and S swell. The absorption from NE wind sea#-5 Fetch analysis

and S swell energy produces an overshoot in the energy den-

sity of NW wind sea with minimum spread (Fig. 7d). The in- As fetch also plays a significant role in wave growth, we

teraction between the two systems results in the integration ofised the Kahma equation (1981) for the estimation of fetch

most of the swell and NE wind sea energy into the old wind for wind sea generation. AWS was not able to capture off-

sea. Later, wind shifts to NE direction and the peak NW wind shore winds, as it is installed away from the buoy (on the

sea starts dissipating and imparting its energy to swells andand). Hence, we have used IFREMER blended wind data

NE wind seas. At later stages, NE wind seas disappear anfD.25 x 0.25), available every 6 h, to calculate the offshore

the multi-directional spectrum reduces to a bimodal spectrunextent of the wind sea fetch along the west coast of India.

(Fig. 7e). Swells dominate with minimal angular spread andFetch was obtained using Kahma equation (1981) for the

wind seas dissipate with high angular spread. Further, thé&oa, Ratnagiri and Dwarka coastal regions. Figure 8 shows

wind sea energy is absorbed by the prevailing swells withthe minimum fetch available for the wind sea generation

the transformation of bimodal to unimodal wave spectrumalong the west coast of India. Aparna et al. (2005) observed

(Fig. 71). that the maximum offshore extension of the sea breeze along
the southwest coast of India can reach up to 180km. The
4.4 Swell age fetch available for the development of wind seas is minimum

during early post-monsoon season, and therefore, shows the
An investigation has been carried out to identify the var- presence of swell dominance. Observations also support the
ious types of swells prevailing in the Arabian Sea during growth of wind seas during early pre-monsoon season. The

Ocean Sci., 9, 281292 2013 Www.ocean-sci.net/9/281/2013/
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Ratnagiri during 3 February 2008. o o0z o4

Frequency

|

o o o ©
(SIS
Spread (deg)

N & O
S S o
| I ' PS

Wind/wave direction (deg)
= N w
o o &

& & o
[ |

=}

Normalised energy (m?/Hz) Normalised energy (mHz) Normalised energy (m?/Hz) Normalised energy (m?/Hz)

o

L
02 04
Frequency

o
o
o
g
=)
o

0.2 0.4
Frequency

0.6

. . Fig. 7. (a) (b), (c), (d), (e) and(f) are wave energy spectrum, wave
fetchincreases when winds are NW, however decreases Whel)eaq and mean wave direction (solid line) and wind direction

winds are NE (as the wave measurement location is very negfjashed line) ata) 00:00 h, (b) 06:00 h, (c) 11:00 h,(d) 13:00 h,
to coast and no fetch is available in this direction). Off Goa, (e) 17:00 h andf) 23:00 h, respectively, off Dwarka during 22 De-
fetch observed for wind sea evolution was about 80 km. It in-cember 2007.

creases and reaches the maximum at every 4 h; off Ratnagiri,

fetch is about 120 km; it increases and reaches the maximum

during the shamal event; off Dwarka, when the predominant

winds are NE, fetch is minimum, as there is no fetch avail- T 1515
able in this direction. Fetch increases, as the wind directiong—‘zw'S = 0.0085x (g Pws) . @)
changes to NW. U u

During non-monsoon season, the waves generated by the The gq(2) is very close to the empirical relation derived

local winds are fetch limited. The relation has been obtainedOy Wen et al. (1989). The multivariate fit gives the standard
for non-dimensional formulas relating the significant wave yaviation of4+0.04. +0.032 and+0.035w.r.t. the exponent
height, dominant wave period and wind speed parameterg, 515) of the non-dimensional term in the right hand side of
To derive a non-dimensional empirical relation, logarithmic Eq. (2) for Goa, Ratnagiri and Dwarka region, respectively.
values of the non-dlmen_sm*nal significantwind seahelfit |, general, the superimposition between locally generated
and peak wind sea pendq; have been c*alculated (Fig- 9)-  wind sea and swell will alter the sea state. The above equa-
The best fit between logg,,o) ar.1d log (5,,s) has been es-  ion is found to be satisfied in all the locations (Goa, Ratna-
timated and resolved as follows: giri and Dwarka) and can be used for fetch-limited condition
along the west coast of India.
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5 Conclusions tures of different wave systems present along the central

west coast and northwest coast of India during non-monsoon
geason. Swells are predominant (61 %) along the northwest
coast of India (off Dwarka) during post-monsoon season, and

X : o . §
ters due to the co-existence of wind seas with pre-existin Wind seas are predominant (48 %) during late post-monsoon

: nd early pre-monsoon seasons. During late pre-monsoon
swells during non-monsoon season (pre-monsoon and post- y P . 9 P
season, swells (71 %) are predominant along the central west

monsoon seasons) which is fairly a calm weather season . o . .

. . -~ _coast of India (off Ratnagiri and Goa, respectively). During
along these regions. The diurnal patterns observed in win T ost part of the non-monsoon season. the ener eaks of
speed, wave height and wave period are very typical for the well gnd wind sea in the spectra are ;noderatelgysg arated
west coast of India during pre-monsoon season, due to th i . P y sep

and their intermodal distance are between 0.3 and 0.7, and

interaction of multidirectional wind seas of varying magni- .
. o . those during shamal events are less than 0.3 as the energy
tudes in the frequency domain with co-existence of swells. .
peaks are very close to each other (unimodal).

Wi not fin stematic diurnal variabili th in wave . o N .
€ do not find syste ¢ ty bo The diurnal variations are not as significant in the post

height and wave period during post-monsoon and early pre- nd early pre-monsoon seasons as in the late pre-monsoon
monsoon seasons. SSER classifications bring out salient fe& yp P

Measured waves collected in different years along the wes
coast of India show distinct variations in the wave parame-
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season. Wind seas in multimodal spectrum have more minBentamy, A., Ayina, H.-L., Queffeulou, P., Croize-Fillon, D., and
imum spreads than those with single-modal wind sea spec- Kerbaol, V.: Improved near real time surface wind resolution over
trum. Under low winds, the wind sea development was dom- the Mediterranean Sea, Ocean Sci., 3, 259-8a10.5194/0s-
inated by interactions with swell. In mixed sea states the 3-259-20072007. .

coupling between different wave systems had a stabiliz-Datawe"’ B. V.: Datawell wave rider reference manual, Datawell

. . . BB, Zumerlustraat 4, 2012 LM Haarlem, the Netherlands, 2006.
mg. effect of reducing a multimodal energy spectrum to aDoneIan, M. A., J. Hamilton, and Hui, W. H.: Directional spectra
unimodal wave spectrum.

L . . of wind-generated waves, Phil. Trans. Roy. Soc. London, 315,
The contribution of high NW swells generated in the 509_5629 1985, y

north Arabian Sea during late post-monsoon and early Pr€Gerling, T. W.: Partitioning sequences and arrays of directional
monsoon (shamal events) seasons is very significant along ocean wave spectra into component wave systems, J. Atmos. Oc.
the west coast of India, but otherwise the Arabian Sea is Technol., 9, 444-458, 1992.

relatively calm. According to swell classification, mature Gilhousen, D. B. and Hervey, R.: Improved Estimates of Swell from
swells (91 %) and old swells (88 %) are predominant during Moored Buoys. Proceedings of the Fourth International Sympo-
the late pre-monsoon (May) and post-monsoon (December) sium WAVES 2001, ASCE: Alexandria, VA, 387-393, 2001.
seasons, respectively. Young (29 %), mature (33 %) and olduedes Soares, C.: Representation of double-peaked sea wave spec-
(38 %) swells are almost equally distributed during late post- _ & Ocean Eng., 11, 185-207, 1984.

) Guedes Soares, C.: On the occurrence of double peaked wave spec-
monsoon (January) and early pre-monsoon (February) sea ra, Ocean Eng.. 18, 167171, 1091,

So_rlli aI?ng;he VV.?S;lCO?St Or:( Indla.l . f wind Hanson, J. L. and Phillips, O. M.: Automated analysis of ocean sur-
e fetch available for the evolution of wind sea spec- face directional wave spectra, J. Atmos. Oc. Technol., 18, 277—-

trum off Goa and Dwarka are about 80 km during late pre- 93 2001.

monsoon and post-monsoon periods. However, fetch inHarish, C. M. and Baba, M.: On spectral and statistical characteris-

creases (off Ratnagiri) and reaches about 120km during tics of shallow water waves, Ocean Eng., 13, 239-248, 1986.

pre-monsoon period. Holthuijsen, L. H.: Observations of the directional distribution of
Nevertheless, these results are only applicable for the mea- ocean wave energy, J. Phys. Oceanogr., 13, 191-207, 1983.

surements done in different years at three locations durindcahma, K. K.: A study of the growth of the wave spectrum with

fairly calm weather seasons and further analysis is required fetch, J. Phys. Oceanogr., 11, 1503-1515, 1981. _

to confirm that these results are representative of the wav&umar. V. S., Anand, N. M., Kumar, K. A., and Mandal, S.: Multi-

: - kedness and groupiness of shallow water waves along Indian
climate for non-monsoon seasons along the entire west coast P¢2
i 9 coast, J. Coastl. Res., 19, 1052—1065, 2003.
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