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Abstract
In this study, wind-seas, swells and the coastal wind pattern are examined to interpret the temporal
diversity of the sea state in the island sheltered nearshore zone off Karwar on the west coast of India.
The sea state is analyzed based on the sea swell energy ratio (SSER) criteria and inverse wave age
(IWA) criteria. The SSER is estimated following a one dimensional spectral split of in-situ
intermediate-waves measured by deploying a directional waverider buoy. The IWA is estimated
based on the measured waves and the National Centres for Environmental Prediction (NCEP)
Climate Forecast System Reanalysis (CFSR) wind data followed by validation with the autonomous
weather station (AWS) wind data. Additionally, wave transformation in and around offshore islands
is examined using the wind wave model SWAN (Simulating WAves Nearshore). The NCEP/CFSR
wind data exhibited sea breezes as well as land breezes, and also revealed good correlation to the
AWS wind data during sea breeze events. Observation revealed that the SSER criteria is more
practical than the IWA criteria for interpreting the sea state in the nearshore zone, where the diversity
of the sea states depend significantly on the variation of co-existing wind-seas and swell proportions.
The SWAN model revealed that wave propagation and transformation in the island sheltered
nearshore zone is influenced considerably by the direction of the offshore waves to the associated
island(s), where the simulated wave characteristics in the SWAN model are found more reliable
based on the parametric boundary condition. Further, the study revealed that modelling is a necessary
task apart from a single point observation to understand surface wave propagation and
transformation in an island sheltered nearshore zone.
Key Words: Surface gravity wave, wind-sea, swell, inverse wave age, sea swell energy ratio,
SWAN
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1. Introduction
Undoubtedly, the interpretation of the sea state in a nearshore zone is essential because of its wide
and open interactions on the coastal environment. Thereby, the parameterization of sea surface
waves into wind-sea and swell is necessary for planning coastal protection. Munk (1951) termed the
sea surface wave as a gravity wave with periods ranging from 1-30 s in which the wind-sea and the
swell are typically separated by period at ~9 s (Pond and Pickard 1983) or at ~10 s (Portilla et al.
2009), but the separation period can vary depending on the ocean-atmosphere interaction. The windsea and swell in the sea surface gravity wave (hereinafter “wave” or “resultant wave”) have been
analyzed numerically in a wave spectrum based on the data recorded during a 30-minute interval.
However, the interval can be varied depending upon the observer’s choice. Soukissian (2014)
calculated the significant wave height as an average of the highest one-third of all wave heights
measured during a 20-minute interval and recorded the interval for sea state measurement as one
hour. Usually, a wave spectrum can be identified as a single or double-peaked spectrum depending
on the energy band with respect to a certain frequency band. A single-peaked spectrum can be
observed in the wave spectrum when the sea surface is dominated by either wind-sea or swell energy
during a recording interval. A double-peaked spectrum can be observed when the energy in both the
wind-sea and swell segments are significant and respective peak frequencies are measurably
separated from each other. Further, depending on ocean-atmosphere interaction and/or the relative
intensity of wind-sea and swell energies, the sea state can be categorized as a wave-driven wind
regime (swell), a wind-driven wave regime (wind-sea), or a mixed regime (swell and wind-sea)
(Harris 1966).
In response to these phenomena, Donelan et al. (1985) and Hanley et al. (2010) classified the sea
state by calculating the IWA, while Rodriguez and Guedes Soares (1999) categorized the sea state by
calculating the SSER. Both concepts were well derived in the open ocean where wind patterns and
wind-waves are usually uni-directional during a short period, and where they vary gradually on a
seasonal scale. However, in coastal areas, the spatio-temporal wind patterns, and consequently the
wind-seas, vary frequently due to the successive existence of sea-breezes and land-breezes
(Pattiaratchi et al. 1997). Further, while wind, and hence wind-sea, propagates to an island sheltered
coastal environment, swells with an absence of wind or with the presence of ineffectual wind can be
observed significantly in the leeward zone of islands with the result of wave diffraction, where some
wind-sea will propagate directly to the coast without any obstruction by islands. Some distance from
the islands, wave interference can be observed among the diffracted, refracted and non-obstructed
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waves known as wave-wave interaction. When wind blows from the land to the ocean (called a land
breeze), it can generate wind-sea in the near-shore zone and the wind-sea height depends on the
available fetch. At the same time, the swells propagating to the coast will be obstructed by the land
breeze. Depends on the wind intensity, either wind-sea dominated or swell dominated sea state can
be observed. These phenomena exhibit that the behaviour of the sea surface in a coastal area is
significantly related to both wind-sea and swell systems. Thus, information regarding the wind-sea
and swells along with the resultant waves is essential for coastal protection measures. Further, these
physical processes are undoubtedly complex in an island sheltered coastal environment, with the
result of a non-uniform bathymetry structure.
Chen et al. (2005) reported that the waves travelling from the open ocean into shallow water areas
are modified by shoaling, refraction and diffraction combined with locally generated wind waves.
Thereby, in this study, wave parameterization was carried out following spectral analysis, where the
IWA and the SSER were examined to estimate the sea state in an island sheltered nearshore zone off
Karwar on the west coast of India (Fig. 1). Further, the seasonal variation of ocean-atmospheric
processes along the west coast of India is abundant and exhibits unique behaviour during the premonsoon period (February to May), the summer monsoon period (hereinafter just “monsoon,” June
to September) and the post-monsoon period (October to January). During the monsoon, the waves
are dominated by swells (Aboobacker et al. 2011a; Chempalayil et al. 2012; Glejin et al. 2013;
Kumar et al. 2012), and the local wind plays an important role in the generation of nearshore waves
during the pre- and post-monsoon periods (Aboobacker et al. 2011a; Vethamony et al. 2011). Also, it
was observed that southwest swells during the monsoon are energetic (Kumar et al. 2012) and that
northwest shamal swells reach the west coast of India during the post-monsoon period (Aboobacker
et al. 2011b). However, both the swells and the wind-sea have an equal contribution during the premonsoon period in the nearshore zone along the west coast of India (Aboobacker et al. 2011a). Thus,
the study was further extended to examine the seasonal diversity and the diurnal diversity of the sea
state in the island sheltered nearshore zone off Karwar, where wave propagation and transformation
in and around the offshore islands was analyzed using the wind wave model.
2. Materials and methods
As one of the potential fishing zones along the west coast of India, and also as a popular tourist site,
Karwar is sheltered by six offshore islands: (1) Kurmagadgudda, (2) Shimisgudda (Sungniri), (3)
Devgadgudda, (4) Mandalgudda, (5) Karkaigudda and (6) East Island. These islands are shown in
Chart No. 2008 of the Naval (National) Hydrographic Office (see Fig. 1). The east side of this
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coastal segment is bound by the Western Ghats mountain range, while the Arabian Sea extends along
its west side. The Kali River originates from the Western Ghats, drains into the Arabian Sea at
Karwar and has a width of around 0.8 km near the coast. The average tidal range at Karwar is 1.58 m
during the spring tide and 0.72 m during the neap tide, and the tides are predominantly semi-diurnal
and mixed (ITT 2008). Kumar and Kumar (2008) reported that the significant wave height (Hm0) of
the study area was up to 5.7 m. Based on Davis’s classification (1964) and Short’s criteria (2006,
2012), the wave and tide together exhibit that the study domain lies in a micro-tidal (tidal range < 2
m) wave dominated coast.
The waves analyzed in this study were measured by a nearshore Datawell directional waverider buoy
(NWB) during three successive years from 2008 to 2010 at 74° 06' 04" E & 14° 49' 56" N (water
depth, d = 7 m) (Fig. 1). The waverider buoy is a spherical buoy of 0.9 m diameter containing three
accelerometers oriented orthogonally (one vertical and two horizontal) from which vertical (upward
and downward) and horizontal (east-westward and north-southward) displacements were obtained
(Barstow and Kollstad 1991). The displacement data were recorded continuously at 1.28 Hz, and the
data for every 30 minutes were processed as one record. About 256 heave samples were collected at
every 200 s time duration, and a Fast Fourier Transform (FFT) was applied to obtain a spectrum in
frequency range from 0.025 to 0.58 Hz. Eight consecutive spectra that covers time duration of 1600 s
were averaged to get a smooth half-hourly wave spectrum. The wave characteristics were obtained
from a spectral moment, and the nth order spectral moment (mn) is given in Eq. 1.
m

∞
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where E(f) is the spectral energy density at frequency f, df is the frequency interval and n = 0, 1, 2
(Cartwright and Longuet-Higgins 1956). The significant wave height (Hm0) and mean wave period
(Tm02) were estimated using Eqs. 2 and 3, respectively.
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where m0 and m2 are the zeroth and second order spectral moments, respectively. The spectral peak
period (Tp) was estimated from the wave spectrum as the period corresponding to the maximum
spectral energy density [E(fp)]. The predominant wave direction (Dp) and directional wave spreading
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(DSPR) corresponding to the peak frequency (fp) were estimated using Eqs. 4 and 5 respectively
based on circular moments (Kuik et al. 1988).
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where C and Q represents co- and quad-spectra, and n, w and v are respectively north, west and
vertical displacements. The wind-sea and swell proportion in the resultant waves were separated
based on the methodology derived by Portilla et al. (2009). This methodology is based on a 1D
separation algorithm following an assumption that the energy at the peak frequency of a swell system
cannot be higher than the value of a Pierson-Moskowitz spectrum (PM) with the same peak
frequency. It calculates the ratio (γ*) between the peak energy of a wave system and the energy of a
PM spectrum at the same frequency. If γ* is above a threshold value of 1, the system is considered to
represent a wind-sea, otherwise it is taken to be a swell. The wind-sea and swell parameters were
computed by integrating the respective spectral parts. Following these spectral processes, the sea
state was examined based on the IWA and the SSER. The IWA derived by Donelan et al. (1985) is
termed “non-directional IWA” (hereafter IWAnd) as this concept is independent to relative angle
between wind and wave, and Hanley et al. (2010) is termed “directional IWA” (hereafter IWAd) and
are given in Eqs. 8 and 9.
IWA = IWAnd = U10/Cp …………………………………………..….. (8)
IWA = = IWAd = U10cos(θ)/Cp ……………………………………..... (9)
where U10 is the wind speed at 10 m elevation from sea surface, Cp (=gTp/2π) is the peak phase
celerity and θ is the relative angle (degree) between the wind and the wave. When the wind and wave
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directions are exactly in phase, cos(θ) becomes 1 and the value of the IWA by both formulae will be
the same. When the wind and wave directions are in exactly out of phase, cos(θ) becomes -1.
An arbitrary example was considered to exhibit the activity of the sea state based on the IWAnd and
the IWAd for a particular case study in which Cp was equal to U10 and the relative angle (θ) varied
from 0° to 180° at a 1° interval (Fig. 2). In this condition, the IWAnd revealed the sea state only by
the wind-sea, whereas the IWAd showed the wind-sea, swell and mixed sea states. Thereby, the
reliability of both formulae for estimating the coastal sea state was examined in the island sheltered
nearshore zone off Karwar.
The sea state categorization based on the IWAnd and the IWAd (derived by Donelan et al. (1985) and
Hanley et al. (2010), respectively) is presented in Table 1. The high spatio-temporal resolution wind
data (0.5° x 0.5° at hourly intervals), the NCEP/CFSR data (Saha et al. 2010), was used for
estimating the IWAd. The NCEP/CFSR (hereafter CFSR) wind data was validated with the
autonomous weather station (AWS) data measured at 74° 07' 55" E; 14° 50' 48" N for a one-year
period from February 2009 to January 2010. The wind speed and direction were calculated from
zonal (x-coordinate) and meridional (y-coordinate) components of the CFSR wind data. The
meteorological convention was used for presenting the direction of the wind and the wave data (0°
and 360° for wind/waves from the north, 90° for the east, 180° for the south, and 270° for the west).
The measurements reported in this paper were made in Coordinated Universal Time (UTC). Local
Indian Standard Time (IST) is 5½ hours ahead of UTC. Following the IWA, the sea state was
estimated based on the SSER derived by Rodriguez and Guedes Soares (1999) and is given in Eq.
10.
SSER= m0,wi / m0,sw …………………………………………….(10)
where m0,wi and m0,ws are the spectral energies from the wind-sea and swell proportion in the wave
spectrum.
The typical observation of wave propagation and transformation in and around the island sheltered
nearshore zone was carried out based on the waves simulated in the SWAN model version 41.01
(Booij et al. 1999). The SWAN run was executed in a high performance computing (HPC) system at
the CSIR-National Institute of Oceanography in Goa, India by providing the boundary wave
condition measured by an offshore Datawell directional waverider buoy (OWB) at 74° 03' 11" E &
14° 49' 17" N (water depth, d = 15 m) (Fig. 1). The comparison of the CFSR wind data to the AWS
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wind data, and the SWAN simulated wave parameter to the measured NWB data were examined by
the correlation coefficient (R) and BIAS.
3. Results and discussions
3.1 Wind pattern
A temporal variation of the wind direction in the AWS data exhibited the successive existence of
land and sea-breezes during both the pre- and post-monsoon periods, whereas the absence of this
coastal wind phenomenon during the monsoon was due to dominance of the southwest monsoon
wind (Fig. 3a). Glejin et al. (2013) reported a similar result in response to the temporal variation of
the coastal wind pattern that was observed at ~280 km north of the present study area. The study on
coastal wind pattern exhibited that the duration of the sea-breeze in the AWS wind occurred more
during the pre-monsoon period than during the post-monsoon period and was due to a delayed set-up
of the sea breeze and an earlier set-down. The set-up of sea breeze was delayed ~2 h during the postmonsoon and the set-down of sea breeze occurred ~1 h earlier during the post-monsoon than during
the pre-monsoon. Over the study domain, the diurnal variation of the wind speed showed an extreme
sea breeze event around ~10 h (1530 IST). The maximum wind speed in the AWS data was up to
14.7 m/s and that occurred during the monsoon, where the annual average wind speed was 1.95 m/s.
In the seasonal scale, the wind speed increased up to 9.3 m/s during the pre-monsoon and 9.7 m/s
during the post-monsoon, while the average wind speeds were 2.1, 2.9 and 0.9 m/s during the premonsoon, monsoon and post-monsoon, respectively. Further, the coastal wind in the diurnal scale
exhibited a stronger sea breeze and a weaker land breeze and the coastal wind in the seasonal scale
exhibited a comparatively stronger wind speed during the pre-monsoon than during the postmonsoon period.
The CFSR wind data from February 2009 to January 2010 was extracted near the AWS location
from the bounded gridded CFSR wind data, and it was validated with the AWS wind. The CFSR
wind data exhibited a successive existence of both land and sea breezes like that observed in the
AWS wind data, which is a good sign of a coastal wind pattern. Further, in the seasonal scale, the
temporal variation of the wind direction showed the frequent existence of both land and sea breezes
during the non-monsoon (pre- and post-monsoon) periods, but these breezes did not exist during the
monsoon period due to the continuous blow of the strong southwest monsoon wind (Fig. 3a). During
this annual cycle, the CFSR wind speed was up to 11.8 m/s, in which the average wind speed during
the pre-monsoon, monsoon and post-monsoon periods exhibited 2.83, 3.4 and 1.6 m/s, respectively.
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The CFSR wind exhibited a comparatively stronger wind speed in the sea breeze during 6 to 12 h in
the pre-monsoon period. During the post-monsoon period, the average wind speed in the CFSR data
was higher than the average wind speed in the AWS data due to the existence of a stronger land
breeze in the CFSR wind data. Further, the AWS and the CFSR wind data together exhibited that
there was some mismatch in the wind direction during the monsoon onset and offset periods.
Correlation between the AWS and the CFSR wind was estimated for the data set in which the wind
speed was greater than 0.1 m/s (Fig. 3b). A bivariate plot between the AWS and the CFSR wind
speed revealed that, in some pairs of data, the CFSR wind data exhibited a strong wind speed while
the AWS wind data exhibited a weak wind speed. Further, a scattered plot of the CFSR wind speed
with respect to the AWS and the CFSR wind direction revealed a strong CFSR wind speed during a
land breeze event, which was absent in the AWS wind data. However, during the sea breeze, a good
correlation was observed between the AWS and the CFSR wind direction. Further, in some pairs of
data, a poor correlation was observed between the CFSR and the AWS wind directions during weak
wind speeds. Even though the CFSR wind data was extracted at the AWS position, the poor
correlation may be due to the data comparison between the point observation of the AWS wind and
the gridded CFSR wind. Overall, a good correlation was observed in wind speed (R = 0.52, BIAS= 0.714 m/s) and wind direction (R = 0.6, BIAS= -8°) between the AWS and the CFSR wind which
revealed the CFSR wind data can be used for interpretation of coastal wind pattern. Even though a
poor correlation between the AWS and CFSR wind data was observed either during a land breeze or
during a weak wind condition, there will be no significant error in estimating the nearshore sea state
by using the CFSR wind data. Also, based on the Beaufort scale (Met Office 2010), the probable
maximum wave height is 0.3 m for a wind speed up to 3.3 m/s. Thus, the CFSR wind data was
considered for the IWAd calculation even though there was no strong correlation in some pairs of the
data set between the AWS and CFSR wind data.
3.2

Wave spectrum

As the study was based on a wave spectrum, the waves collected during the three years were
separated corresponding to their individual peak frequency (fp) for better visualization of single and
double-peaked spectra. During the study period, the peak frequency varied from 0.045 to 0.34 Hz,
whereas the waves with the peak frequency 0.08 Hz were predominant (Fig. 4a). Based on the
average spectrum at the individual peak frequency, the highest E(fp) occurred at 0.09 and 0.095 Hz,
where the E(fp) gradually decreased as fp shifted to lower and upper frequencies. Further, a singlepeaked spectrum transformed to a double-peaked one as the peak frequency shifted from a lower to a
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higher frequency. In the island sheltered nearshore zone, a single-peaked spectrum was observed
frequently in the swell dominated sea state, and a double-peaked wave spectrum occurred when E(fp)
was due to a wind-sea along with enough swell energy in the resultant wave. This revealed that the
local wind plays an important role in the generation of the double-peaked wave spectrum. The
double-peaked spectrum frequently occurred during the pre-monsoon period (February, March and
April) and also during the end of the post-monsoon period (January), whereas the single-peaked
spectrum was found mainly during both the monsoon and post-monsoon periods (Fig. 4b). Kumar et
al. (2014) noticed a similar result at other locations along the west coast of India where a singlepeaked wave spectrum occurred during the monsoon and a double-peaked spectrum occurred during
the pre-monsoon period. However, observation of the individual wave spectrum exhibited singlepeaked waves in the wind-sea dominated sea state for a few data sets. These existed during the premonsoon period when the swell energy was much less. Also, some wave spectra exhibited doublepeaked waves in a swell dominated sea state during the monsoon with the presence of wind-sea
energy.
3.3

Wave characteristics

During the three annual cycles, wave propagation to the coast was observed in a wide band. The
predominant wave direction during the study period varied from 186 to 323° (Table 2). Southwest
waves (210° < Dp < 240°) occurred in 67% of the total data and west-west-south waves (240° to
270°) occurred in 27% of the data. It was observed that E(fp) was less than 3 m2/Hz in 90% of the
total data (Fig. 5), which revealed that high energy waves existed during a short period in the annual
cycle. Further, high energy waves (> 10 m2/Hz) were observed within a narrow band in the peak
frequency (0.085±0.015 Hz) and within a narrow band in the predominant direction (255±15°). In
the seasonal scale, it was noticed that high energy waves frequently existed during the monsoon,
whereas low energy waves occurred during the non-monsoon period. During the monsoon, E(fp)
occurred up to 25.21 m2/Hz, where 73% of the total data exhibited up to 3 m2/Hz. Rajeevan et al.
(2010) and co-references reported that the peak monsoon condition in the eastern Arabian Sea occurs
during July or August. Hence, the highest E(fp) occurred during July due to the impact of the
monsoon climate. Further, there was a large variation in the fluctuation of E(fp) during the monsoon
in 2008 and 2010 compared to the fluctuation which occurred in 2009 (Fig. 5). The random
fluctuation in E(fp) during monsoons of successive annual cycles is due to a monsoon break, as
explained by Ramesh-Kumar et al. (2009). Also, there was a major change in E(fp) during the month
of June in three successive years. Ineffectual E(fp) during June 2009 was due to a prolonged hiatus of
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the monsoon even though the onset of the monsoon along the Indian coast occurred one week before
its usual time (IMD 2010). The variation of the monsoon waves that existed due to the monsoon
shift/break revealed that gap-filling for missing wave data with inter-annual exchange is unrealistic.
Hence, the prediction of missing data using some advanced model is indispensable for a better
understanding of coastal processes. A calm sea state was observed during the non-monsoon (premonsoon and post-monsoon) period while E(fp) < 3 m2/Hz was observed in 99% of the total data.
The remaining 1% of the data was above 3 m2/Hz due to either local short-term high winds or high
swells generated during the Phyan cyclone in November 2009. Little variation occurred in E(fp)
during the non-monsoon periods in the three consecutive years due to a calm wave condition. The
discontinuity in the time series data was due to the drifting of the deployed buoy from its moored
location with interferences from the fishing community.
During the study period, the significant wave height (Hm0) was up to 3.6 m with an average of 0.8 m.
Based on the Douglas sea scale (Met Office 2010), low waves (Hm0 < 2 m) were found in 95% of the
total data, and the remaining data revealed moderate waves (2 ≤ Hm0 < 4 m). The mean wave length
(L) varied from 12 to 97 m with an average wave length of 41 m which exhibited short wave (L <
100 m) behaviour (Table 2). The peak period varied from 3 to 22 s with an average value of 12 s,
while the mean wave period (Tm02) was from 3 to12 s with an average of 6 s. Based on the
classification by Bromirski et al. (2005), waves were observed as intermediate (6 < Tp ≤ 12) waves in
53% of the total data and as long period waves (Tp > 12 s) in 45%. The remaining data were
categorized as short period waves (Tp < 6 s). Based on relative depth (d/L, where “d” is water depth
and L is wavelength), more than 99% of the data was observed as intermediate waves, and the
remaining was deep-water waves. Thus, the present description allied to the intermediate-water
waves was composed of low to moderate wave height and intermediate to long period waves.
The spectral separation of waves based on Portilla et al. (2009) revealed that the sea surface was
significantly composed by wind-seas (36%) and swells (64%) during an annual cycle. During the
monsoon and post-monsoon, swells were found ~2.4 times of the co-existed wind-sea. However,
approximately an equal proportion of wind-sea and swell was found during the pre-monsoon period.
The study revealed that swells dominated during the post-monsoon as well as the monsoon periods.
However, a superimposition of local winds on existed low intensity swells occurred during the premonsoon period (February and March). Sea surface observation exhibited that wind-sea and swell
proportion in the resultant waves in the island sheltered nearshore zone was similar to the results
reported along the open coast along the west side of India (Aboobacker et al. 2011a; Chempalayil et
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al. 2012; Glejin et al. 2013; Kumar et al. 2012). Further study revealed that swells were propagating
in a narrow band compared to the wind-sea, where the wind-sea direction (Dp,wi) varied from 186° to
342° and the swell direction (Dp,sw) was between 186° and 307°. No swell occurred in a particular
direction (~ 252°) due to the obstruction of four offshore islands (Devgadgudda, Mandalgudda,
Karkaigudda and East Islands). Further, during inter-monsoonal variability, a measurable change
occurred in the direction of the wind-seas and swells (Fig. 6). Both the wind-sea and swell directions
together exhibited a wide band during the non-monsoon period and a narrow band during the
monsoon period. As this study revealed seasonal activity in both wave intensity and propagation,
there is no exception in the seasonal variation of the morpho-sedimentary characteristics of
associated beaches. Earlier, Dora et al. (2014) observed a similar result where more morphosedimentary dynamics occurred during the monsoon compared to the non-monsoon period.
During the three years, a significant wave height (Hm0,wi) of the wind-sea varied from 0.1 to 2.3 m
where the mean wave period (Tm02,wi) was from 2 to 7 s, the wave length (Lwi) was from 7 to 54 m
and the annual average height, period and length were 0.5 m, 4 s and 20 m, respectively. In the case
of swell, the significant wave height (Hm0,sw), mean wave period (Tm02,sw) and wave length (Lsw)
varied from 0.1 to 3.2 m, 6 to 21 s and 45 to 175 m, respectively, with an average of 0.7 m, 11 s, and
84 m (Table 2). Based on the Douglas sea scale (Met Office 2010), the roughness of this nearshore
zone generated by the wind-sea was up to moderate and the roughness due to swells was up to
moderate rough. Based on average values, Tm02,sw was more than two times Tm02,wi, where Lsw was
more than four times Lwi. However, a marginal variation in Hm0,wi and Hm0,sw revealed that an
understanding of both the wind-sea and swell patterns is essential before planning any coastal
protection measures. Further, the study revealed that there were no considerable inter-annual changes
in the average wave height, mean period and wave length (Table 2). However, the seasonal variation
of wave height in both the wind-seas and swells was more compared to the mean wave period and
respective wave length. Masuda et al. (1999) also noticed a considerable variation in the significant
wave height in the seasonal scale compared to the wave period off the Japan coast. Also, it was
observed that a period of resultant waves was noticeably different from both the wind-sea and swell
periods, where the direction and height of the resultant waves were similar to the swell parameters
(Fig. 6). Further, based on the steepness formula developed by Thompson et al. (2011) (Gr = Hm0/Lp,
where Gr is the steepness parameter and Lp is the wave length corresponding to Tp), the resultant
waves exhibited 4% as wind-sea (0.025 ≤ Gr < 0.083), 29% as young swell (0.010 ≤ Gr < 0.025),
50% as matured swell (0.004 ≤ Gr < 0.010) and 17% as old swell (Gr < 0.004), where Gr varied from
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0.001 to 0.051. Based on the classification by Thompson et al. (2011) and 1D spectral analysis, the
data revealed that the present location is a swell-dominated coast.
3.4

Sea state observation

In sea state observation based on the IWAd criteria, the relative angle (θ) between the wave and the
wind direction plays a major role. As waves usually propagate to the coast in a narrow band during a
short scale, the variation in their relative angle significantly depends upon the local wind direction.
Hence, land and sea breezes can be easily noticed. The relative angle ~0° represents the sea breeze in
which the wind and wave directions are in phase, and ~180° represents the land breeze in which both
the wind and wave directions are out of phase. Based on the Beaufort scale (Met Office 2010),
during the study period, the CFSR wind data showed 15% of light air (0.3-1.5 m/s), 50% of light
breeze (1.6-3.3 m/s) and 28% of gentle breeze (3.4-5.4 m/s). The remaining 7% was a composition
of calm (< 0.3 m/s), moderate breeze (5.5-7.9 m/s), fresh breeze (8.0-10.7 m/s) and strong breeze
(10.8-13.8 m/s). In all seasons, the CFSR wind data exhibited significantly light air during land
breezes (60-120°). However, sea breezes (240-300°) varied significantly in the seasonal scale (Fig.
7). During a sea breeze event, a gentle breeze was observed in the pre-monsoon period, while both a
light breeze and a gentle breeze occurred during the post-monsoon period. However, a gentle breeze
and a moderate breeze were observed significantly during a sea breeze event in the monsoon period.
Further, on a seasonal scale, it was observed that the duration of the existing sea breeze and land
breeze events were close to each other in the pre-monsoon, whereas the duration of the land breeze
event exceeded that of the sea breeze event in the post-monsoon. However, the land breeze event was
observed for a very short duration in the monsoon due to the dominant southwest monsoon wind.
Based on the demarcation of the sea state (IWAd) by Hanley et al. (2010), a wave-driven wind
regime (0.15 < U10cos(θ)/Cp) and a mixed sea state (0.15 < U10cos(θ)/Cp < 0.83) was observed
respectively in 77% and 22.9% of the total data. The remaining 0.1% data showed a wind-driven
wave regime (U10cos(θ)/Cp > 0.83) and was noticed only during the pre-monsoon period. However, a
wave-driven wind regime was observed during all the seasons in a band 29.3±4.3% with an average
value of 25.7%, where a mixed sea state occurred more often during the monsoon (14.1%) than
during the pre-monsoon (6.4%) and post-monsoon (2.4%). Thereby, the relative existence of a wavedriven wind regime to the mixed sea state showed ~3.4 times during the annual cycle, whereas it
showed around 2, 4 and 14 times during the pre-monsoon, monsoon and post-monsoon periods.
Further, the sea state along the military time scale during pre-monsoon period showed a wave-driven
12

wind regime during a land breeze event and a mixed sea state during a sea breeze event. However,
the sea state variation was not observed during the post-monsoon period due to a weak wind
condition even though the land breeze and the sea-breeze existed consecutively for some time. Thus,
a wave-driven wind regime occurred dominantly during both sea breeze and land breeze events in
the post-monsoon period (Fig. 8a). During the sea breeze events in the monsoon, a mixed sea state
was observed while the wind speed exceeded 4 m/s, and the remaining data showed a wave-driven
wind regime. The sea state with respect to the wind speed and relative angle showed a wave-driven
wind regime significantly during the land breeze and sea breeze events while the wind speed was less
than 2 m/s (Fig. 8b). Further, the sea state was observed as a wind-driven wave regime while the
wind-sea proportion was significant (75 to 100 %), which reflected a good sign according to the
criterion developed by Hanley et al. (2010) for estimating the sea state. However, this criterion again
revealed a contradictory result when the sea state was observed as either a wave-driven wind regime
or a mixed sea state while in-situ intermediate-water waves significantly exhibited a wind-sea
proportion (Fig. 9).
Further, the sea state was analyzed based on the criterion by Donelan et al. (1985) which exhibited
significant swell proportion (U10/Cp < 0.83) in 99.9% of the total data. The remaining data showed a
wind-sea state (U10/Cp > 0.83). The sea state having a significant swell proportion was observed
during all the seasons whereas the wind-sea state occurred only during the non-monsoon period. The
wind-sea state is the synonym of a wind-driven wave regime, where the sea state having a significant
swell proportion is a combined form of a wave-driven wind regime and a mixed sea state. Thus, the
sea state having a significant swell proportion estimated by the criterion by Donelan et al. (1985) was
again categorized into two parts based on the demarcation by Hanley et al. (2010). Thereby, a wavedriven wind regime and a mixed sea state were observed, respectively, in 54% and 46% of the total
data, where both occurred significantly during all the seasons. The relative existence of the wavedriven wind regime to the mixed sea state showed ~1.2 times during the annual cycle, where it
showed ~ 1.2, 0.9 and 1.5 times during the pre-monsoon, monsoon and post-monsoon periods. As the
criteria by Donelan et al. (1985) is independent from the relative angle between wind and wave
directions, the sea state varied significantly as the wind speed changed. However, the existence of a
mixed sea state during a land breeze event and also the existence of a wave-driven wind regime
during a strong sea breeze condition contradicted the occurrence of a natural sea state (Fig. 8b).
Along the nearshore zone, the sea state should be a wave-driven wind regime during a land breeze,
and it should be either a wind-driven wave regime or a mixed sea state during a strong sea breeze.
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Further, this criterion revealed a wave-driven wind regime and also a mixed sea state while the
spectral wave exhibited significant wind-sea proportions (Fig. 9).
The inequality in the existence of a different sea state observed by the criteria of Hanley et al. (2010)
and Donelan et al. (1985) was due to the relative angle (θ). In this study, in 39% of the data, the
relative angle (θ) was greater than 90° and the sea state was observed as a wave-driven wind regime
based on the criterion by Hanley et al. (2010). However, the criterion by Donelan et al. (1985)
revealed both a wave-driven wind regime and a mixed sea state. In consideration of both the wind
speed and the relative angle, this analysis revealed that the parameterization by Hanley et al. (2010)
seems to give better results than that by Donelan et al. (1985) for the study area. However, both
criteria revealed some contradictory results during effective land breeze events and during such
periods when none of the criteria could be considered for estimating the various regimes of the sea
state along the nearshore zone.
Following this contradictory result in the estimation of the sea state based on the inverse wave age
criteria, further examination was carried out based on the sea swell energy ratio (SSER) proposed by
Rodriguez and Guedes Soares (1999). As the sea state observation based on the SSER is directly
linked to in-situ measured data, there is no possibility of the occurrence of error in the estimation of
the different regimes of the sea state. In the present study, the SSER varied from 0.0166 to 34.0278
while m0,wi was between 0.0002 and 0.3335 m2, and m0,sw was between 0.0009 and 0.6521 m2 (Table
2). The study revealed that the wind-sea energy exceeded the swell energy in 22.4% of the total data,
where a reversal event was observed in 76.3% of the data. The remaining 1.3% data was perfectly
balanced between the energy of wind-sea and swell proportion. Usually, the SSER can vary from 0
(pure swell) to 100 (pure wind-sea) depending upon the existence of wind-sea and swell proportion
in the wave spectrum. Thus, to identify the mixed sea state, the SSER was categorized into three
standard phases: (1) a wind-sea dominated sea state (SSER > 2.0, while the wind-sea energy is twice
the coexisting swell energy), (2) a swell-dominated sea state (SSER < 0.5, while the wind-sea energy
is half of the coexisting swell energy), and (3) a mixed sea state (0.5 ≤ SSER ≤ 2.0, while both the
wind-sea and swell energies vary relatively from 33 to 66% in a spectrum). Following this
demarcation, during the annual cycle, the sea state was observed as swell dominated in 52% of the
total data and as a mixed sea state in 36% of the data. The remaining data showed a wind-sea
dominated sea state. In the seasonal scale, it was observed that the mixed sea state was twice the
wave-driven wind regime as well as the wind-driven wave regime during the pre-monsoon period.
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However, during the monsoon and post-monsoon, the wave-driven wind regime was approximately
twice the mixed sea state whereas the wind-driven wave regime was negligible.
3.5 Typical wave propagation
Following sea state observation in the island sheltered nearshore zone, wave propagation and
transformation was simulated in the SWAN model, and analyzed followed by a validation with insitu buoy data measured from December 20, 2010 to December 30, 2010. The model validation was
carried out for significant wave height (Hm0), peak wave period (Tp), peak direction (Dp) and
directional spreading (DSPR). These four parameters were simulated using the SWAN model based
on a two dimensional and third generation mode. The simulation was observed in parametric
boundary condition (PBC) as well as a 1D spectral boundary condition (SBC). In case of PBC, the
non-stationary wave parameters: Hm0, Tp, Dp and DSPR was taken by representing in a sequential
time steps of ISO notation (YYYYMMDD.HRMNSC). The YYYY is a representation of year, MM
for month, DD for day, HR for hour, MN for minute and SC for second. However, in the 1D SBC,
the model was forced by wave spectrum in which the values of energy density, average direction and
directional spreading were taken for each spectral frequency. An overview of the SWAN model setup, activated physical processes and initial as well as boundary condition are described in Table 3.
To get a realistic bathymetry of finer grid resolution, the SWAN simulated parameters were
examined at two case studies of different grid resolution (case 1 and case 2) over a rectangular
domain with spherical coordinates, while the domain was placed perfectly over the x- and y-axes
without any tilt (alpc = 0). The grid resolution in θ-space (mdc) was 24, and the resolution of the
frequency-space (msc) was 24, which represents that the number of the frequency was 25. The
lowest discrete frequency (flow) and the highest discrete frequency (fhigh) considered in this study
was 0.04118 and 0.40561 Hz, respectively. Chart No. 2008 of the Naval (currently, the National)
Hydrographic Office was used for reference bathymetry. Over study domain, the wind was calm
(average wind speed was ~1 m/s) during the SWAN run period. Hence, in the SWAN
implementation, constant average wind speed (1 m/s) was taken while the wind direction was 270°.
In case of time series run, the default option was taken as initial condition of SWAN model in which
the model computed initial spectra from the local wind velocity. The offshore boundary condition
was forced by the wave parameters, Hs, Tp, Dp and DSPR, measured at ~15 m water depth. In case of
typical wave propagation, the initial condition of SWAN run was 2.3 m in Hs, 11.8 s in Tp and 18.8°
in DSPR, while the Dp was varying from 180 to 330° in different case studies, while the offshore
boundary condition was same. The JONSWAP spectrum (Hasselmann et al. 1973) was used to
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define the wave spectra at the boundary of the computational grid. Based on the spectral observation
over the coastal region by Kumar and Kumar (2008), in the SWAN run, the peak enhancement factor
(gamma) was considered 1.6 instead of the default 3.3. The spatial redistribution and changes in the
wave direction during SWAN run were based on the phase decoupled approach (Holthuijsen et al.
2003). In this study, the SWAN run was stationary for typical wave propagation, while that was nonstationary for time series wave propagation.
For both grid resolution (0.0002° and 0.0001°), the simulated wave characterizes were almost similar
(Fig.10a). Rusu and Soares (2010) reported that the simulated wave parameter using SWAN over a
domain having 20 m rectangular grid resolution is acceptable. Hence, the grid resolution of 0.0002°
was considered for further run of the SWAN model. As per the comparison of four wave parameters,
the wave simulation in the SWAN model based on PBC exhibited more reliable simulation than the
wave simulation based on SBC (Fig. 10b). In the island sheltered coastal environment, the SWAN
model output based on SBC exhibited very poor reliability compared to the model hindcasted
parameters based on PBC, and the poor performance was observed in all the four parameters (Fig.
10b). The SWAN based on SBC underestimated the wave height and period, while large deviation
was observed in the wave direction as well as in the directional spreading in reference to the
measured data. Thus, the statistical parameters was estimated only for the model hindcasted data
based on PBC by comparing field measured data, and is quantitatively explained by correlation
coefficient (R) and BIAS. In the SWAN simulation based on PBC, the correlation coefficient (R) and
BIAS was 0.935 and -0.03 m for Hm0, whereas the R was 0.742 (BIAS=0.2 s), 0.138 (BIAS=-6°) and
0.196 (BIAS=1°) respectively for Tp, Dp and DSPR. The simulated Hm0 and Tp in SWAN were more
realistic compared to Dp and DSPR. In comparison of the SWAN simulation to buoy data, Rusu et al.
(2011) observed a good correlation in Hm0 and Tp. Poor correlation in the wave direction was due to
the poor ability of SWAN model to reproduce the actual wave direction in the sheltered nearshore
area (Anastasiou and Sylaios 2013).
To get an overview of wave propagation and transformation in and around the offshore islands,
SWAN run was executed forced by PBC. A total of eight case studies were carried out in which Dp
varied from 180° to 330° at a 30° interval while the sector from 240° to 270° was again split into
three parts at a 10° interval for better interpretation of the wave behaviour in and around the offshore
islands. The input wave direction (Dp) specified at the open boundary of the computational grids for
individual case studies is given in Fig. 11. As the earlier observation (Dora et al. 2014) revealed that
the beaches were more dynamic during the monsoon by interacting with high energy waves, the
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present case studies were carried out by inducing specific high energy waves in which Hm0 was 2.3 m
and the corresponding peak period and directional spreading were 11.8 s and 18.8°. This bathymetry
exhibits that the depth counters in this study were approximately parallel to each other in the open
area, and they were non-uniform around the islands (Fig. 11). The different case studies in Fig. 11
revealed marginal deviation in the wave direction while the wave propagated approximately
perpendicular to the depth contours (case-3, case-4 and case-5). The refraction gradually increased as
the angle of the wave propagation to the depth counter shifted from perpendicular to parallel, and a
large deviation was noticed in case-1 and case-8 in which the boundary waves provided were
approximately parallel to the depth counter. Further analysis on wave propagation and
transformation was carried out without considering case-1 and case-8, as the predominant wave
direction in the measured data was between 186° and 323° (Table 2). Observation from case-2 to
case-7 exhibited that there was measurable change in the wave height as well as direction, while the
waves propagated at edge of the islands as well as at the Karwar headland (henceforth “Karwar
Head”). Also, it was observed that the area of low wave activity zone along the Karwar shoreline
was generated by offshore/nearshore islands and the Karwar Head varied gradually as the direction
of the waves at the boundary shifted southwest to northwest. In all case studies, the sheltered zone
generated by the Karwar Head was observed as a calm wave condition whereas a large
transformation of wave height was noticed. Thus, during earlier observations based on the beach
dynamic, the sheltered area generated by the Karwar Head was estimated as a no erosion zone (Dora
et al. 2014). Further, variation of the wave height in the leeward zone exhibited that wave
transformation at two nearshore islands (Kurmagadgudda and Shimisgudda) was more than that that
occurred at four offshore islands (Devgadgudda, Mandalgudda, Karkaigudda and East Island). The
significant wave transformation at the islands in the nearshore zone was due to the result of
diffraction and depth induced wave transformation. Further study revealed that, while waves
propagated from south-south-west (case-2), both of the beaches were observed as safe zones. The
Karwar Head protected the Ravindranath Tagore (RT) beach at the south of the Kali river mouth,
while the Kurmagadgudda and Shimisgudda Islands protected the Devbag beach at the north of the
Kali river mouth from high waves. Wave interaction on the beaches gradually increased as wave
propagation shifted from southwest to northwest. The wave propagation in case-2 and case-3
exhibited that the Kali river mouth significantly interacted with southwest waves without any
obstruction. Further, case-4 and case-5 exhibited that the resultant waves at the in-situ observation
point was due to wave interference while the waves propagated from west-west-south. Hence, a
much lower quantity of waves was recorded by the nearshore waverider buoy from the west-west17

south (255±5°) due to the obstruction of the four offshore islands (Devgadgudda, Mandalgudda,
Karkaigudda and East Island). Observations based on the SWAN model revealed that the offshore
islands and the Karwar Head together played a major role for the deviation of wave propagation, and
hence the diffraction phenomenon played a major role in wave transformation rather than refraction.
Thus, studies on wave propagation and transformation are necessary apart from a single point
observation at an island sheltered nearshore zone for planning any coastal protection strategy.
4. Conclusions
This study exhibited that surface gravity waves in the island sheltered nearshore zone are composed
of low to moderate waves during the non-monsoon period and high energy waves during the
monsoon are confined to a narrow range in frequency and direction and they approach almost
orthogonal to the coast. During consecutive annual cycles, the single and double-peaked wave
spectra revealed that the surface gravity waves are significantly the result of wind-seas and swells
where the wind blows significantly in a light breeze event. The sea state observation exhibited both a
wave-driven wind regime and a mixed sea state measurably. The seasonal change in the wind-sea
and swell proportion as well as in the different regimes of the sea state in the island sheltered
nearshore zone exhibited a typical process like the seasonal change that exists at the open coast;
however, the variation of wave propagation and transformation is significant. Seasonal studies
revealed an equal proportion of wind-seas and swells during the pre-monsoon, whereas swells
dominate the wind-sea during the post-monsoon as well as the monsoon period. Further, the seasonal
diversity of the sea state revealed the domination of a mixed sea state during the pre-monsoon,
whereas a wave-driven wind regime dominates during both the monsoon and the post-monsoon. The
wave propagation and transformation study based on the SWAN model in this island sheltered
nearshore zone revealed the importance of modelling apart from a single point observation for
planning a coastal protection strategy.
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Figure Captions
Fig. 1: Topographic feature of study area with locations of waverider buoy and autonomous weather
station.
Fig. 2: Arbitrary example for IWAnd and IWAd behavior with respect to relative angle (θ) between
wave and wind directions at U10=Cp.
Fig. 3: Panel (a) represents temporal diversity, and panel (b) represents correlation of CFSR with
AWS wind characteristics from February 2009 to January 2010.
Fig. 4: Panel (a) represents average wave spectrum at individual peak frequencies (fp), and panel (b)
represents average wave spectrum in different months.
Fig. 5: Temporal variation of maximum wave energy density E(fp) from 2008 to 2010 and variation
of E(fp) with respect to peak frequency (fp) and direction (Dp).
Fig. 6: Direction (Dp), significant height (Hm0) and mean period (Tm02) of wind-sea, swell and
resultant wave.
Fig. 7: Seasonal variation of wind speed with respect to wind direction in CFSR data.
Fig. 8: Panel (a) represents temporal variation of IWA and SSER, and panel (b) represents variation
of IWA and SSER with respect to the CFSR wind speed and relative angle.
Fig. 9: Sea state diversity with respect to wind-sea proportion.
Fig. 10: Comparison of SWAN simulated wave parameters with in-situ observation data.
Fig. 11: Typical wave propagation and transformation based on SWAN model and the model
domain.
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Table 1: Sea state categorization based on IWAnd by Donelan et al. (1985) and IWAd by Hanley et al.
(2010).
Regime

Behavior

IWAnd IWAd

Wave-driven wind Swell
Mixed

< 0.83 < 0.15

Swell and wind-sea

Wind-driven wave Wind-sea

> 0.15 & < 0.83
> 0.83 > 0.83

Table 2: Minimum (Min), maximum (Max) and average (Avg) of resultant wave, wind-sea and swell
parameters during 2008 to 2010
Year

2

m0 (m )
Min-Max
2008 0.0025-0.6724
2009 0.0020-0.8056
2010 0.0018-0.6440

Avg
0.0849
0.0583
0.0433

m0,wi (m2)
Min-Max
Avg
2008 0.0003-0.3335 0.0255
2009 0.0002-0.2862 0.0180
2010 0.0002-0.2730 0.0124
m0,sw (m2)
Min-Max
Avg
2008 0.0012-0.5041 0.0575
2009 0.0011-0.6521 0.0392
2010 0.0009-0.5402 0.0309

Resultant wave
Dp (°)
Hm0 (m)
Tm02 (s)
L (m)
Min-Max Avg Min-Max Avg Min-Max Avg Min-Max Avg
186-323 240
0.2-3.3
1.0
3-10
6
14-81
39
186-307 236
0.2-3.6
0.8
3-12
6
12-95
42
186-318 233
0.2-3.2
0.7
3-12
6
13-97
42
Wind-sea
Dp,wi (°)
Hm0,wi (m)
Tm02,wi (s)
Lwi (m)
Min-Max Avg Min-Max Avg Min-Max Avg Min-Max Avg
186-316 272
0.1-2.3
0.6
2-7
4
8-49
19
191-336 276
0.1-2.1
0.5
2-6
4
7-48
20
190-342 265
0.1-2.1
0.4
2-7
4
7-54
20
Swell
Dp,sw (°)
Hm0,sw (m)
Tm02,sw (s)
Lsw (m)
Min-Max Avg Min-Max Avg Min-Max Avg Min-Max Avg
194-294 238
0.1-2.8
0.8
7-20
10
51-164
79
186-300 233
0.1-3.2
0.6
6-21
11
46-170
85
186-307 232
0.1-2.9
0.6
6-21
11
49-175
86
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Table 3: Overview of SWAN model set-up, physical processes and run mode (generation) followed
in this observation.
SWAN model
Computation
Case 1
Case 2
Input

Domain & coordinate
Squared & uniform grid Tilt Time step
(rectangular & spherical) (number & resolution)
74.05-74.13°E
800x600 (0.0001°)
0° 30 min
14.80-14.86°N
400x300 (0.0002°)
1. bottom level (m)
2. wind (constant)
Shape of the spectrum Jonswap along with peak period and directional spreading in degree
Boundary spectrum* non-stationary wave parameters: Hm0, Tp, Dp, DSPR
Boundary spectrum** constant wave parameters: Hm0, Tp, Dp, DSPR
Initial condition*
default
Initial condition**
constant wave parameters: Hm0, Tp, Dp, DSPR
Physical processes
1. whitecapping
2. non-linear quadruplets wave interaction
3. triad wave-wave interaction
4. depth-induced wave breaking
5. bottom friction
Run mode*
third generation, two dimensional, non-stationary
Run mode**
third generation, two dimensional, stationary
* represents SWAN model set-up considered for time series wave simulation.
** represents SWAN model set-up considered for estimating typical wave phenomenon.
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Figure 1: Topographic feature of study area with locations of waverider buoy and autonomous
weather station

Figure 2: Arbitrary example for IWAnd and IWAd behavior with respect to relative angle (θ) between
wave and wind directions at U10=Cp
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Figure
3: Panel (a) represents temporal diversity, and panel (b) represents correlation of CFSR with AWS
wind characteristics from February 2009 to January 2010
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Figure 4: Panel (a) represents average wave spectrum at individual peak frequencies (fp), and
panel (b) represents average wave spectrum in different months
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Figure 5: Temporal variation of maximum wave energy density E(fp) from 2008 to 2010 and
variation of E(fp) with respect to peak frequency (fp) and direction (Dp)
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Figure 6: Direction (Dp), significant height (Hm0) and mean period (Tm02) of wind-sea, swell
and resultant wave

Figure 7: Seasonal variation of wind speed with respect to wind direction in CFSR data.
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Figure 8: Panel (a) represents temporal variation of IWA and SSER, and panel (b) represents
variation of IWA and SSER with respect to the CFSR wind speed and relative angle.

Figure 9: Sea state diversity with respect to wind-sea proportion
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Figure 10: Comparison of SWAN simulated wave parameters with in-situ observation data
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Figure 11: Typical wave propagation and transformation based on SWAN model and the
model domain
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