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Abstract. The directional characteristics of shallow water the directional spectrum, which can be represented as the
waves are described based on measured data during 20Jtoduct of the frequency spectrum and directional spread-
at two locations spaced at 350 km along the eastern Araing function (Borgman, 1982). A number of parametric mod-
bian Sea. Study shows that, for high swells (significantels are used to estimate the directional spreading function
wave height >1 m) approaching almost parallel to the coast(Longuet-Higgins et al., 1963; Borgman, 1982; Donelan et
the difference between mean and principal wave directional., 1985; Kobune and Hashimoto, 1986; Zhang and Zhang,
at spectral peak is negligible. The directional spreading 0f2006). When bimodal seas are present, use of parametric
wind-sea-dominated wave spectrum is less than that of thenethods of estimating the directional distribution function
swell-dominated spectrum. Average value of the ratio of thewill result in the shortcoming inherent to programs. Model-
directional width at twice the peak frequency and that at thefree methods such as maximum likelihood method (MLM),
peak frequency is 1.9 indicating that the directional width in- maximum entropy method (MEM) (Borgman, 1982), iter-
creased at higher frequency. Even though both locations studated maximum likelihood method (IMLM) (Pawka, 1983),
ied are along the eastern Arabian Sea, there are more nortlextended maximum entropy method (EMEM) (Hashimoto et
west waves due to shamal events and local winds found at thal., 1993) do not have such limitation because the estimate of
northern location (27 %) than at the southern location (7 %). directional spreading function at each individual frequency
is independent of the rest of the spectrum and do not depend
on a spreading parameter (Alves and Melo, 1999).

In most parametric models, mean wave direction is an in-
put parameter and two different approaches are used to deter-
mine the wave direction. One involves the use of first-order
1 Introduction Fourier coefficients (mean wave direction, while the other

uses second-order Fourier coefficients (principal wave direc-
A complete representation of a sea state requires informatiofion, ¢). Based on the analysis of directional data, Goda et
on the wave direction and associated directional spreading. (1981), Kuik et al. (1988), Benoit (1992) and Besnard and
of the spectrum (Brissette and Tsanis, 1994). The directionaBenoit (1994) concluded thatis the most representative in-
spreading of sea states is an important design parameter iffex to describe the wave direction. Kumar and Anand (2004)
offshore engineering. Wave directionality affects the result-found thato and¢ corresponding to the peak frequency co-
ing wave kinematics and results in change in the forces exyary with a correlation coefficient of 0.99 for a location off
erted on offshore structures (AdCOCk and Taylor, 2009) De-Goa at 23 m water depth Howev@r,and(p Corresponding
signers are provided with bulk estimates of wave height, pe+to higher (>0.25Hz) and lower (<0.07 Hz) frequencies are
riod and direction, and analytic models for wave directional not similar. There have been very few studies on directional
spectra are used to generate representative wave conditioRpreading of shallow water waves (Alves and Melo, 1999;

for engineering applications (Lee et al., 2010). The waveHerbers et al., 1999; Kumar et al., 1999, 2000; Kumar, 20086;
energy distribution in frequency and direction is given by
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Deo et al., 2002; Pettersson and Kahma, 2005). Another pa:
rameter used to estimate the directional spreading function is
the spreading parametei) (The waters off the west coast of
India are exposed to seasonally reversing winds, with winds
from the southwest (SW) direction during the SW (summer)
monsoon period (June to September) and from the northeas
(NE) during the NE (winter) monsoon period (October to
January). The period between NE and SW monsoon is the
pre-monsoon period or the fair weather (FW) period. The
seasonal changes in winds produce similar changes in the di
rectional spreading parameter, and the nature of the seasoni
variability is not studied. Also the variation of the directional
spreading in a day due to the influence of sea/land breeze ha
not been studied in the past and the spatial variation of the
spread parameter along the eastern Arabian Sea. In this ai
ticle, directional characteristics of shallow water waves dur-
ing a one-year period at two open ocean locations spaced a
350 km along the eastern Arabian Sea are studied based o
simultaneous measurements carried out using moored direc
tional waverider buoys. In addition, directional spreading of
wind sea and swell is examined. Glejin et al. (2013a) studied ,
the influence of winds on temporally varying short and long
period gravity waves in the nearshore regions of the study
area. The non-directional wave spectral characteristics of this
area have been studied by Kumar et al. (2013).

Ratnagiri

-16°

@\ Honnavar

2 Study area

One location off Honnavar (southern location) at 9 m water
depth (geographic position 14.304%, 74.3907 E) and an- 74°E

other location off Ratnagiri (northern location) at 13m wa- Fig. 1. Study area showing the locations of wave measurements off

ter dePth (geographic pos_ition 16.9804, 73.2584 E) sit- Ratnagiri and Honnavar. The depth contours are in meters.
uated in the eastern Arabian Sea are selected for the study

(Fig. 1). Distances of the locations from the west coast of

Indian mainland are 2.5km at Honnavar and 2km at Rat-

nagiri. Distance between the two locations is around 350 km,3 Materials and methods

and both locations are subjected to swells from Indian Ocean, . N
r}{Vaves were measured using the Datawell directional wa-

Along_the study area, the S.W monsoon winds are strong an verider buoy (Barstow and Kollstad, 1991) from 1 January to
the rainfall of the region during SW monsoon varies from 2.6 ; )
X ; : 31 December 2011. Measurements were made in coordinated
to 3.1 m (Mishra et al., 2004). The rainfall during SW mon- ~ . . . .
. . universal time (UTC), the time referred to in the paper. The
soon is 80-90 % of the annual rainfall (Koteswaram, 1976). . . :
R . . . vertical and horizontal (eastward and northward) displace-
Large variation in the wave climate is unlikely at the two lo- . . .
ment data were obtained from the respective accelerations

at these locations is due to the swells (Glejin et al., 2013a;}41easured by the buoy. The data were r_ecorded continuously
. , . at 1.28 Hz, and the data for every 30 min were processed as
Sajiv et al., 2012). The waves in the study area are influ-

enced by local winds (Glejin et al., 2013a) and the shamaP™® record. The collecte.d time series was subjected to ;tan
] - ard error checks for spikes, steepness and constant signals
events (Aboobacker et al., 2011; Glejin et al., 2013b). Base .
. : Haver, 1980), and a total of 17 421 records measured simul-

on the measured wind speed using autonomous weather stg- . .
. . . aneously at each location were used for further analysis. The
tion at Ratnagiri, Glejin et al. (2013a) reported that sea breeze . .

. . Wwave spectrum was obtained through fast Fourier transform
during pre- and post-monsoon season varies between 1 al

1 ; FT). FFTs of 8 series, each consisting of 256 measured
3ms -+, whereas land breeze strength is always less than . . ;

1 L : vertical elevations of the buoy data, were added to obtain
1 ms . The observed direction of the sea breeze is from thethe spectrum. High-frequency cut-off was set at 0.58 Hz. and
NW and that of the land breeze is NE. P -9 q y y '

the resolution was 0.005 Hz. Significant wave heidfi,{),
which equals 4/mg, was obtained from the spectral moment,
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where ny is the zero-order spectral moment. The period cor- Wave age is estimated &% /U, whereCp is the wave
responding to the maximum spectral energy (i.e., peak wavehase speed at peak frequency dhds wind speed. Re-
period (Ip) was obtained from the wave spectrum. Mean analysis data of zonal and meridional components of wind
wave direction ) and principal wave directiony are es- speed at 10 m height real-time observations at 6 h intervals

timated as below (Kuik et al., 1988). from NCEP/NCAR (Kalnay et al., 1996) are used to analyze
the wind pattern. These data are provided by the NOAA-
0(f) = arctabi(f)/a1(f)] (1) CIRES Climate Diagnostics Center, Boulder, Colorado, at

http://www.cdc.noaa.gov/
@(f) = O0.5arctambz(f)/a2( /)], (2)

whereay, b1, ax andb, are the first four Fourier coefficients

of the directional distribution function and are determined as4 Results and discussions

follows: 4.1 Wave directional spreading
O (f)
ar(f) = k(f).C..(f) ) For long-crested waves, the value of directional width°is 0
and as the waves become short-crested, the value increases
0..(f) and the wave directional spreading increases. During the SW
bi(f) = o (4) monsoon period, average value of the directional width is

k(f)-Cez(f) less (15 at Honnavar and T9at Ratnagiri) than that dur-

ing remaining period of the year (2t Honnavar and 29

ar(f) = Cax(f) = Cyy(f) (5) at Ratnagiri). Relatively large values of directional width ob-
k(f)2.C2(f) served during the pre- and post-monsoon period are due to
the co-existence of swells and seas in the study area (Glejin

ba(f) = 2C,(f) etal., 2013a; Kumar et al., 2012, 2013; Sajiv et al., 2012). Di-

K(H)2.C..(f)’ ©6) rectional spreading is narrowest with low values at the spec-
tral peak frequencyf,) and broadened at frequencies both
whereCiy, Cyy andC;, represent the auto-specti@ the higher and lower thary, (Fig. 2). Average value of the ra-
co-spectra andQ., the quadrature spectra between vari- tig of the directional width at twice the peak frequency and
ablesz andx, Cy, the co-spectra between variablesind  nat at the peak frequency is 1.9 indicating that the direc-

¥y, Qzy the quadrature spectra between variablegnd y,  tional width increased at higher frequency. Minimum value
k= /%(fc;v(f) is the wave number determined from the of directional width observed at spectral peak is similar to

auto-spectra. Variables x andy represent the three trans- the earlier observ_ations (Mitsuyasu et al., 1_975; Hasselmann
lational (vertical, north—south and east-west) motions of theft @l., 1980). During the SW monsoon period, the low val-
directional waverider buoy. ues of directional width are confined to a narrow frequency
Directional spreading is studied using directional width range (0.08-0.15Hz) since the peak frequency is in a narrow
(0) as given by Kuik et al. (1988) and mean spreading an-ange (Fig. 2). During the pre-monsoon period (February—
gle @) and long-crestedness parameter &s per Goda et May), the low values of the directional width is either at low
al. (1981). Directional width is calculated using the first- frequencies or at high frequencies depending on the predom-
order Fourier coefficientsaf, b1), and the mean spread- inance of swell or wind sea. When the swell is predomi-
ing angle is determined using first- as well as second-ordef@nt, the directional width is low at lower frequencies, and

Fourier coefficientsdy, by). when wind sea is predominant, the directional width is low
at higher frequencies (Fig. 2). A significant wave height up
o=+v2(1—r1) @) to 4.2m is observed during the study period (Kumar et al.,
2013). The non-directional wave spectral characteristics of
5 5 the study are presented in Kumar et al. (2013).

\/O~5b1(1+ az) — arbibz +0.5a3 (1 - az) The directional width referred to hereafter is the value at

O = arctan o :
a?+b? spectral peak frequency. Values of directional width are rela-

tively lower (annual average = 23)7at the southern location
7 Y2 compared to the northern location (annual average =25.3
. 1- V42 +b5 ) According to Snell’s law, both the mean wave angle (mean

(5 12 departure of wave propagation directions from shore normal)
1+ya; +b3 and the directional spread (range of wave angles) decrease

> with decreasing depth (Henderson et al., 2006). The direc-
r1=/(a1 +b7) (10)  tional spread parameter is lower at 9 m water depth than that

at 13 m water depth due to the shoaling of the waves (Herbers

www.ann-geophys.net/31/1817/2013/ Ann. Geophys., 31, 181827 2013
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et al., 1999). Anoop et al. (2013) observed that wave reflec-
tion is relatively higher at Ratnagiri than that at Honnavar, Fig- 3. Comparison of wave parameters (significant wave height,
and the increase in wave reflection causes an increase of dff€an wave direction and directional width) at 30 and 9m water
rectional spread (Ardhuin and Roland, 2012) at Ratnagiri. depth off Honnavar.

The wave data available simultaneously at 30 and 9m
water depth off Honnavar from 22 October to 17 Novem-
ber 2012 are examined to know the variation in directional (2 % of the time) high values (> 8Pof directional width are
width at different water depths. The wave height is slightly found at the southern location associated witho <1 m.
lower at 9 m than at 30 m (Fig. 3a). The mean wave directionThe directional width for high wavesH;o>2m) is less
at 9m is in a narrower range (210-2%@han (190-259) with an average value of 2ompared to the annual aver-
at 30 m water depth due to refraction (Fig. 3b). Kumar etage value of 24 (Fig. 5a). For waves wittH,,,0 >3 m, the
al. (2013) showed that, depending on the wave period, waveaverage value of directional width is &t the northern lo-
from 210Q in deep water change to direction of 217-241 cation and 11 at the southern location. Based on worldwide
at 9m water depth off Honnavar. During the measuremenfield measurements of directional spreading, Forristall and
period, the average directional width at both depths & 22 Ewans (1998) showed the representation of storms as uni-
(Fig. 3c). modal sea states with relatively small directional spreading.

Directional spectrum is narrow with low values of direc- The present study shows that directional width of the swells
tional width for single peaked spectrum, and a high value(7, > 8s with H,0<2m is high (>30) and that for wind sea
of directional width is observed for broad-banded spectrum(7, < 8s) is less than 40(Fig. 5b). The directional spreading
(Fig. 4). Hence, the low values of directional width found of wind-sea-dominated wave spectrum is less (average di-
at the southern location are also due to the larger numberectional width = 18) than that of the swell-dominated spec-
of single peaked spectra (63 %) at this location compared tdarum (average directional width =23 The high directional
that (46 %) at the northern location (Kumar et al., 2013). Fewwidth for a swell-dominated spectrum is because the sea state

Ann. Geophys., 31, 18171827, 2013 www.ann-geophys.net/31/1817/2013/
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Fig. 4. Typical (a) broad- andb) narrow-banded directional wave
spectra at Honnavar. Value of directional width is’4@r (a) and

11.5 for (b). Contours presented are the spectral energy density P
(m?2Hz~1deg1) in logarithmic scale. g

contains wind waves along with the swells. Large difference

in values of directional width is not observed for wind-sea-

dominated and swell-dominated wave spectra in the presen

case since the measured data consist of wind seas and swell

Average coastal inclination is ¥45° to the west from the 9

true north at Honnavar/Ratnagiri, and hence 25372&&ves °§

are parallel to the coast. The spreading of waves approachingg

parallel to the coast (240 to 27)0is less (< 18) than those

arriving from other directions (Fig. 5c). Lee et al. (2010) (

found that multi-directional random wave spectra will be- ™ ' T A

C . 0 20 40 60 80

come more directionally asymmetric in shallower water due Directional width (deg) 0 20 40 60 80

to the difference in refraction of directionally symmetric Directional width (deg)

components. The Wwaves W!th mean wave direction more tharI]—'ig. 5. Variation of directional width with(a) significant wave

270 are the wind-sea-dominated waves or the shamal swells,eight, (b) peak wave periodic) mean wave direction(d) wave

and the directional widths for these waves are less than 40 gge, (e) skewness of the surface elevation, gfjdnean spreading

The waves with mean wave direction less than°2#@ pre-  angle.

dominantly swells, and the directional widths of these waves

are more than 40 Figure 5c indicates that the directional

spread of SW waves is higher than those arriving from the WThe hourly average value of directional width during differ-

and NW. Even though the SW waves are the swells with lowent months indicates that the variation is largel@°) dur-

wave height and the swells are narrow-banded, the higheing November and December and is the leasi (5°) during

value of directional spread observed for the SW waves is dudune (Fig. 6). The low variation in directional width observed

to the co-existence of wind sea during this period (Fig. 5c).from June to September is because during this period the

Forristall and Ewans (1998) reported that directional spreadvaves are predominantly parallel to the coast and the vari-

at the peak frequency is about’for swells and 30for wind ation in peak frequency is minimum (Fig. 2c and d). The

seas. study shows that high values of directional width are asso-
The half-hourly variation of directional width in a day ciated with lower wave age values (Fig. 5d). Since the wave

is large during the pre- and post-monsoon seasen4{ age is based on NCEP/NCAR wind data with a large spa-

at Ratnagiri and 36at Honnavar) compared to SW mon- tial interval, the sea/land breeze influences are not included

soon period & 14° at Ratnagiri and 13at Honnavar). The in the wave age values. Banner and Young (1994) indicated

large variation in directional width during the pre- and that the directional spread decreases slightly as wave age in-

post-monsoon seasons during a day is due to the influencereases. Mitsuyasu et al. (1975) and Hasselmann et al. (1980)

of sea/land breeze (Glejin et al., 2013a). The influence ofreported decreasing spreading with decreasing inverse wave

sea/land breeze caused large variation (7 s) in peak wave page, but Donelan et al. (1985) and Ewans (1998) do not find

riod in a day during the pre- and post-monsoon season coma clear dependence. Pettersson and Kahma (2005) found that

pared to the variation (3 s) during the SW monsoon period.narrow fetch data have higher inverse wave age than broad

[}
o
1

N
o
1

mean spreading angle (deg)
5
1

o
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wave height at the southern location. The reason for lower values aif
06 10 directionawidth y s the northern location is due to the presence of a Iarger num-
] ] , ber of wind waves compared to the southern location. For
057 S0 14 W 2 high waves {{,,0>2 m), the parameteris 23 and 36 at the
oa NN~ T northern and southern location. Kumar (2006) reported aver-
0.6 7 Fep r32 174 r 17 age value of spreading parameter for different shallow water
o5 | L, 1 M@{/\ . locations around India as 16, 20, 28 and 29. For deep water
] I 15V g , waves, Goda (1985) has recommended a maximum spread-
04+ 122 4+ +16 ing parameter value of 10 for wind waves, 25 for swell with
207 Mer 3 187 [z short decay, and 75 for swell with long decay distance. For
Z06- ST 14 E swell-dominated waves, the value of parametés 18 and
%’05 = ’f‘ 2'5/14* Se‘p ~ 1. g 24 for the northern and southern locations and is close to the
05 por . % 28 - oot 07 & recommended value of 25 .by _Goda (1985). The value of
z - U found in the present study is higher than the common value
o7 21 g 0652 (s = 12) used for practical purposes (Tucker and Pitt, 2001).
%o.e —— ___722%207“ A 70.6‘%
1 - May F26 36 N0y - 0.6 4.2 Wave direction

09 Wave direction with respect to coastal inclination deter-
0.8 mines the direction of movement of littoral sediments in the
2.4 nearshore region. Also, in most directional spreading func-
03 tions, wave direction is taken as an input parameter deter-
] , , mined either based on first-order Fourier coefficients (mean
22 7T 18 20 T 0.4 wave direction9) or based on second-order Fourier coef-

—
0 4 8 12 16 20 24 0 4 8 12 16 20 24

Time in hr (UTC) ficients (principal wave directiony). Difference between

6 and ¢ at spectral peak is relatively large (up to°%@t
Fig. 6. Hourly variation of monthly averaged significant wave Honnavar compared to at Ratnagiri (Fig. 6a and b). The di-
height and directional width at Honnavar. rectional spreading is minimum (low values of directional
width) for waves having smaller difference betweéeandg
(Fig. 6¢c and d). The difference betweérand¢ at spectral
fetch data. It is found that the directional width is less for P€aK S Iaroge fo,0 less than 1 m (Fig. 6e and f) and is neg-
highly positively skewed surface elevation (Fig. 5e). The igible (<5°) for Hy,o more than 1 m. The directional width is
high sea states are positively skewed, and hence the value §179€ ¢~ 60°) for the waves fron#p <240 with H,o<1m,

directional width is low for highly positively skewed surface @nd the difference betweehand ¢ is large (20-40) for
elevation. these waves (Fig. 7d). The study shows that the difference be-

Apart from directional width, another parameter used to Weend andy at spectral peak is large for long period waves

study the measure of the energy spread around a mean direElp > 12 5) with small wave height{,,o <1 m) from 200 to

tion of wave propagation is the mean spreading angle. Gene?40’- Based on the analysis of directional data, Goda et
ally the mean spreading angle varies from O to@0d willbe &l (1981), Kuik etal. (1988), Benoit (1992) and Besnard and
0 for unidirectional waves. For both locations studied, valuesB€nOit (1994) concluded thatis the most representative in-

of o are larger than those 6f (Fig. 5f) similar to the earlier dex to describe the wave direction. Kumar and Anand (2004)

observations (Goda et al., 1981; Benoit, 1992 and BesnarfPund thaté and ¢ corresponding to the peak frequency
and Benoit, 1994; Kumar, 2006). Average valugrds 25.3  Co-vary with a correlation coefficient of 0.99. However, the

and 23.7 for Ratnagiri and Honnavar, and the correspond-mean wave direction and principal wave direction corre-
ing value ofé; is 17.1 and 158 The average value o is  SPonding to higher (>0.25Hz) and lower (<0.07Hz) fre-
lower in the southern location than that at the northern loca-dUencies are not similar. Large differences betweemd
tion similar to the observations fer. High valueg is found ¢ @re found in the high-frequency region where wave ener-
at the southern location 2% of the time over the annual pedi€s are comparatively small. Lee et al. (2010) found that the
riod associated witt, o<1 m. difference between the mean direction and the peak direction
Another parameter required by the designers is the spread?p — ¢p) is indicative of the skewness of the directional dis-
ing parametes used in the theoretical directional spread- tfioution. During the SW monsoon period, at Honnavar and
ing function (cosine power 25s). The directional spreadingRamag'”’ waves are predommantly swells from southv_vest-
function is narrower and more peaked for larger value of V&St (255-258) direction (Kumar et al., 2013), and during
the spreading parameterThe annual average value ofs this period the difference betweérandy is negligible.
slightly lower (~ 12) at the northern location than that 20)

Ann. Geophys., 31, 18171827, 2013 www.ann-geophys.net/31/1817/2013/
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Table 1.Predominant wave direction corresponding to the spectral peaks at both locations during different months (values in parentheses are
the percentage occurrence).

Month Ratnagiri Honnavar

1 peak 2 peak 3 peak 1 peak 2 peak 3 peak
January 315(73.5) 225(23.5) 270 (2.6) 225(75.8) 315(17.7) 270(5.9)
February 315(58.2) 225(35.9) 270 (6.0) 225(66.3) 315(26.6) 270 (5.5)
March 315(61.7) 225(36.2) 270(2.0) 225 (75.3) 315(15.2) 270(6.0)
April 225(51.5) 315(46.5) 270 (2.0) 225(88.2) 315(7.1) 270(2.8)
May 225(40.0) 270(39.3) 315(20.7) 225(71.8) 270(21.6) 315(5.4)
June 270 (99.8) 270 (99.2)
July 270 (99.2) 270(95.0) 225(5.0)
August 270 (97.7) 225(2.3) 270 (80.5) 225(19.5)
September 270 (71.7) 225(28.3) 270 (55.7) 225 (44.3)
October 225(85.0) 315(12.0) 270 (3.0) 225 (98.6)
November  225(85.5) 315(8.1) 270(6.4) 225(91.5) 270(7.1) 180 (1.3)
December  315(48.7) 225(45.3) 270(5.9) 225(82.5) 315(13.2) 270(2.1)

Allmonths 270 (36.4) 225(36.2) 315 (27.4) 225(59.8) 270(32.1) 315(7.0)

Figure 8 shows frequency plots of wave period and di-for single point measuring system. Since we used the data
rection. Two well-defined peaks are observed at both locafrom a single point measuring system (i.e., the wave rider
tions during the pre- and post-monsoon season due to thbuoy), EMEM is used for estimation of directional spectrum.
presence of seas (from 290 to 33@nd swells (from 180 To study the directional wave characteristics, the monthly av-
to 210) in the study area. These peaks represent the lon@raged directional spectrum is obtained from the half-hourly
period waves that originated in the southern Indian Oceandata collected at the northern location. Averaged directional
far away from the coast and the seas generated close to theave spectrum shows the predominance of swells (8-125s)
coast by local winds (Glejin et al., 2013a) and the shamalalong the study area during SW monsoon season with direc-
events (Aboobacker et al., 2011; Glejin et al., 2013b). Dur-tion mainly from W (Table 1). The distinguishing character-
ing the SW monsoon, the peaks are merged to a commoistic of SW monsoon months is the absence of double-peaked
period (8-12s) and are from 240 to 25&nd from 270 to  spectra (Fig. 9). In all other months either partially sepa-
280°. Over the annual cycle, at the northern location, thererated or fully separated double-peaked spectra are present,
are three predominant wave directions: W, SW and NW withand the secondary peak becomes predominant during the
36.4, 36.2 and 27.4 % of occurrence (Table 1). However, apre-monsoon season (February to May) due to the presence
the southern location, only two predominant wave directionsof seas and swells. From January to March and during De-
are found: SW during 59.8 % and W during 32.1 % of the cember, the primary peak is from the NW and is predomi-
time. Even though both locations studied are along the eastrantly due to the wind sea. During April-May and October—
ern Arabian Sea, there are more NW waves due to shamalovember, the primary peak is from the SW and is due to
events (Aboobacker et al., 2011; Glejin et al., 2013b) and lo-the swells. During October and November the swell compo-
cal winds (Glejin et al., 2013a) found at the northern locationnent in the double-peaked spectrum becomes dominant and
(27 %) than at the southern location (7 %). The west coaspartially separated. Compared to SW monsoon season, the
of India is open to the south Indian Ocean and the Southspectral energy in all other months is low.
ern Ocean, and hence swells are present throughout the year
along this coast. But the study shows that, during an annuah;ractional bimodality of the sea state
cycle, the predominance of SW waves is less at the northern

location compared to the southern location. L : . :
P Directional bimodality has been observed in most of the

studies conducted in the past 50yr (Phillips, 1958; Cote et
4.3 Directional spectrum al., 1960; Holthuijsen, 1983; Jackson et al., 1985; Brissette

and Wu, 1992; Young et al., 1995; Wyatt, 1995; Ewans,
There are different methods for estimating directional spec-1998; Wyatt and Van der Viugt, 1999). However, due to in-
trum from the time-series data and the performances of eachdequate resolutions of the earlier spatial measurement in-
method depend on data type. Hashimoto et al. (1993), basestruments and controversy over the method-dependent esti-
on numerical test cases, found that extended maximum emmations of directional distribution using temporal measure-
tropy method (EMEM) better estimates directional spectrumments, the directional bimodality remains an intriguing but

www.ann-geophys.net/31/1817/2013/ Ann. Geophys., 31, 181827 2013



1824 V. Sanil Kumar and T. R. Anoop: Directionality and spread of shallow water waves

360 |  Ratnagiri 3201  Honnavar . spectrum at frequencies lower and greater than the peak fre-
(@) ] L

quency is shown to be a strong feature of the sea states,
which is consistent with high resolution field measurements
(Gagnaire-Renou et al., 2010). The directional distribution
at a particular time for four different frequencies shows
that the spectral band width is minimum at peak frequency
] (Fig. 10b). Peak frequencyff) is 0.13 Hz, and peak wave
—~ : 160 41— direction is 244. The bimodality is observed to be sig-
2(,3/(3%”2\32\,6 gifgcti;Z(%egfﬁo 1ﬁlloean2\22ve gﬁgctioiB(%eQSZO nificant at frequency~2.2 fp) higher than the peak fre-

i 20 - quency (Fig. 10c and d). The characteristics of bimodality

can be represented by the parameters such as lobe separa-

tion angle ¢Lone) and lobe ratio ope). The lobe separa-

320

280

240 4 i

Principal wave direction (deg)

N
o
o

% 07 tion angle is the average 6f and6,, where the angleg;
q% and 0, are defined as the angular separation distances of
&0 20 - a1 anday from «g. Lobe ratio is the average of the ratios
++ 270 <6p< 240° D(f,a1)/D(f,ap) andD(f,a1)/D(f,ag). For frequency at
400 0 ‘ ‘ — 2.077 times the peak frequency (Fig. 1@¢hpe andriope are
10 20 30 40 50 60 70 0 20 40 60 80 41.54 and 1.84 respectively, and those at frequency 2.278
Directional width (deg) Directional width (deg) times the peak frequency (Fig. 10d) are 72.2hd 2.865.

That means the directional bimodality increases with increas-
ing frequency. The side lobes represented here as;lanie
Lobe, are asymmetrically located on both sides of peak wave
direction. To quantify the asymmetric distribution, the ratio
RL (= D(f,a2)/D(f,a1)) of the two side lobes is calculated,
and it is found as 2.28 and 1.64 for frequency at 2.077 and
2.278 times the peak frequency (Fig. 9c and d). The devia-

Op—6m (deg)
Op—6m (deg)

204 7

A0 T

0 1 2 3 4 5 0 | 1 5 3 | 4 tion of R from unity is an indication of an uneven energy
Significant wave height (m) Significant wave height (m) distribution between the two side lobes. When the frequency
increases, the asymmetry in energy distribution in lobes will

Fig. 7. Variation of principal wave direction and mean wave direc-

tion at (a)Ratnagiri andb) at Honnavar, difference between prin- . . . .
cipal and mean wave direction with directional widtt) at Rat- From this analysis, we conclude that the bimodal direc-

nagiri and(d) at Honnavar, difference between principal and mean tional distribution is a distinctive and persistent feature over

wave direction with significant wave heig(e) at Ratnagiri andf) th_e higher frequenpy range. Here, the wave energy is dis-
at Honnavar. tributed asymmetrically on the side lobes. The nearshore

buoy location, where the peak wave direction is not in the
local wind direction, possibly due to the slant fetch effect of
less understood area of wind wave studies. The directionathe shoreline orientation and the less homogeneous and more
bimodality is the robust feature at the wave number abovdluctuating wind field that leads to the bimodal distribution,
the spectral peak and is controlled mainly by the directionalis much more asymmetric (Wang and Hwang, 2001), and
transfer of energy through nonlinear wave—wave interactiongnaximum energy is distributed in the lobe near peak wave
(Wang and Hwang, 2001). Goda et al. (1981) used long-direction. The bimodality becomes more significant with in-
crestedness parametet) (o study the directionality of the creasing frequency, and this increase in bimodality indicates
sea states. The long-crestedness parameter varies betweeth@t the nonlinear wave—wave interaction increases with an
for uni-modal waves and 1 for waves with directional ho- increase in frequency. In the region of the peak frequency of
mogeneity. The average value ofis 0.28 and 0.25 for the the spectrum, the components are generally uni-modal, sim-
locations studied. The persistent nature of the directional biilar to the observations of Young et al. (1995). Correlation
modality indicates that the nonlinear wave—wave interactionof the wave age with bimodal distribution parameters (long-
mechanism not only actively moves wave energy away fromcrestedness parameter and mean spreading angle) is poor, in-
the peak frequency into both higher and lower frequencydicating that the bimodal directional distribution is an invari-
components but also constantly redistributes wave energgant property of the wind-generated wave field (Ewans, 1998;
into directions oblique to the wind direction. The bimodal Wang and Hwang, 2001).
directional distribution, unlike the uni-modal function, indi-
cates that most wave energy is in two side lobes symmet-
rically or asymmetrically located about the peak wind di-
rection. The bimodality of the directional distribution of the

decrease.
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Fig. 8. Contour plot of frequencies of combined data for direction (degrees) and peak wave pgiodifferent seasons and annually. Top
panel is for the northern location (Ratnagiri), and the bottom panel is for the southern location (Honnavar).
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Fig. 9. Monthly averaged directional spectrum off Ratnagiri. Contours presented are the spectral energy démsityL@eg 1) in loga-
rithmic scale.

5 Conclusions a day is large during the pre- and post-monsoon seasons due

to the influence of sea/land breeze compared to SW mon-
The study shows that, for high swellHo>1m) approach- soon period. Even though the two locations studied are in
ing almost parallel to the coast, the difference between meaithe eastern Arabian Sea spaced at a distance of 350 km, the
and principal wave direction at spectral peak is negligible.annual average value of directional spreading parameser
The directional spreading of wind-sea-dominated wave specslightly lower (9.3) in the northern location than that (10.7) at
trum is less (average directional width =°)&han that of the  the southern location due to the presence of a larger number
swell-dominated spectrum (average directional width%24 of multi-peaked spectra at the northern location. The direc-
Directional width at twice the peak frequency is 1.9 times thetional bimodality was observed to be significant at frequency
value at peak frequency. The variation of directional width in
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