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Abstract

Variability in the characteristics of depth-induced wave breakers along a non-uniform coastal
topography and its impact on the morpho-sedimentary processes is examined at the island sheltered
wave-dominated micro-tidal coast, Karwar, west coast of India. Waves are simulated using the
coupled wind wave model, SWAN nested in WAVEWATCH III, forced by the reanalysis winds
from different sources (NCEP/NCAR, ECMWF, and NCEP/CFSR). Impact of the wave breakers is
evaluated through mean longshore current and sediment transport for various wave energy conditions
across different coastal morphology.Study revealed that the NCEP/CFSR wind is comparatively
reasonable in simulation of nearshore waves using the SWAN model nested by 2D wave spectra
generated from WAVEWATCH III. The Galvin formulafor estimating mean longshore current using
the crest wave period and the Kamphuis approximation for longshore sediment transport is observed
realistic at the sheltered coastal environment while the coast interacts with spilling and plunging
breakers.
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+-Introduction

Coastal zones are one of the major sources for development of a nation’s economy. In consideration
of the importance of coastal environment, the integrated coastal zone management (ICZM) has been
widely implemented for collection of scientific information to understand coastal dynamics.
Concerning the physical aspect, earlier observation shows that the depth-induced breaker plays a
major role in sediment transport and successively it impacts on beach and shoreline stability (CEM
2006). Breaking wave is the terminal form of surface gravity wave that transports the wave energy to
coastal morphology. The major characteristics of breaking waves: wave energy (height), angle of
wave approach to coast (direction), and number of wave occurrence (period), are responsible for
longshore morpho-sedimentary processes, while the magnitude of sediment transport generated by
breaking waves is also controlled by the composition of associated sedimentary environment (CERC
1984; Kamphuis 2013). Also, breaking wave controls the rip current flow regimes and surfzone
retention (Pitman et al. 2016). The characteristics of surface gravity wave travelling from open ocean
transform due to refraction, diffraction and shoaling, and these waves superimpose locally generated
wind waves (Chen et al. 2005; Londhe and Deo 2004). Further, the existence of land and sea breezes
with diurnal scale is a typical phenomenon in coastal areas (Schmidt 1947).Thus, the intensity of
breaking waves is directly related to swells, local wind pattern, and coastal morphology. Hence, non-
uniformity in the behaviour of breaking wave, associated sediment transport, beach erosion/accretion
processes, as well as shoreline advance and retreat, is natural. Along the shore, variability in the
characteristics of breaking waves can be easily observed at an island sheltered coastal environment
due to its complex bathymetry. Thus, simulation of spatio-temporal breaking waves using a wind-
wave model is highly useful apart from field observations since in situ measurements that use
multiple instruments are expensive, and gathering of long-term observations takes time. As the sea
surface wind is the main source for generation of surface gravity waves, finding an appropriate wind
source for wave simulation is essential to the wind-wave model. These backgrounds reveal the
importance of numerical model for understanding the different conditions of breaking wave in space

and time, and its impact on morpho-sedimentary processes.

The depth-induced breaking waves have been classified into four different types (spilling,
plunging, collapsing, or surging) based on the physical changes of the surface profile during the
breaking process (Galvin 1972). The depth-induced breakers have been estimated following the
breaker index (gamma, y) and the proportional coefficient of the rate of dissipation (alpha, ). The
breaker index is the ratio of the maximum wave height (Huax) to the respective water depth (d), i.e.

y=Hmax/d (Battjes and Janssen (1978)), and the rate of dissipation is the ratio of orbital velocity to



phase velocity. The concept of the proportional coefficient of the rate of dissipation was
demonstrated by Iverson (1952), who observed that the crest particle velocity is equal to the phase
velocity at the point of breaking. Earlier, Kaminsky and Kraus (1993) reported a range of the breaker
index from 0.6 to 1.59 with an average of 0.79, and thereby, Nelson (1997) observed the lowest
breaker index was 0.55. However, Kaminsky and Kraus (1993) reported that no specific unique
condition can be considered for estimation of breaking wave as it varies across different coastal
morphology. However, the experiment on o was very less which has been considered as 1 in
numerical prediction. Babanin (2011) reported that the alpha is at most 0.81 in the plunging breakers
and 0.95 in the spilling breaker. Thereafter, Tissier et al. (2012) explained the breaking criteria based
on wave front slope and critical slope. Followed by these observations, a study was considered to
analyze the diversity in the formation of depth-induced breakers and its impact on different energy
environment along the sandy beaches at the island sheltered wave-dominated micro-tidal coast,

Karwar (Figure 1).

Karwar is a port town located on the Karnataka coast, part of the West Coast of India (WCTI).
The WCI is strongly dominated by seasonal climates, where the summer monsoon (hereafter
monsoon) period varies from June to September, and the remaining eight months (non-monsoon) are
under a fair weather condition. During monsoon, the wave climate is very rough, whereas that is
calm to moderate during remaining period. The sandy beaches are highly dynamic during the
monsoon due to high intensity waves, whereas the beaches are less dynamic during the non-monsoon
period as the coast interacts with weak breakers. Along the Karnataka coast, Kumaret al.
(2006)reported that about 75% of the total shoreline is covered by sandy beaches, and the variation
of breaking waves follows a strong seasonal pattern along the open coast (Shanas and Kumar 2014).
However, the formation of breaking waves and its impact in the sheltered coastal zone along the
WCI are not well understood across the successive monsoons, and hence this area was selected to

fulfill the considered objectives.
2. Methodology
2.1. Study location

The offshore/nearshore islands in this domain are (1) Kurmagadgudda, (2) Shimisgudda (Sungniri),
(3) Devgadgudda, (4) Mandalgudda, (5) Karkaigudda, and (6) East Island, as reported in Chart No.
2008 of the Naval (National) Hydrographic Office (Figure 1). The Kali River originates from the
Western Ghats and drains into the Arabian Sea at the Karwar coast, and it has a width of around 800

m at the river mouth. The beaches lie in a wave dominated micro-tidal estuarine coastal environment,



and the coast is dominated by southwest (SW) high energy waves (Dora and Kumar 2015). Further,
the beaches were found uncertainly stable during annual cycles followed by non-uniform intra-
annual sediment accretion/erosion (Nayak 1993; Hanamgond and Mitra 2007; Vinayaraj et al. 2011;
Dora et al. 2012, 2014). Earlier observation revealed that the wind in this domain exhibits both the
land and sea breezes in diurnal scale, where the nearshore waves follow a strong seasonal pattern
during an annual cycle (Dora and Kumar 2015). During 2008-2010, the sea surface was considerably
composed by wind-seas (36%) and swells (64%), while the peak wave direction (D) were from 186
to 323° with a range of peak wave period (T,) from 3 to 22 s. The annual average significant wave
height (Hi,) at 7 m water depth (NWB) was 0.8 m with a peak Hg; of 3.6 m and that was during the

monsoon period (Dora and Kumar 2015).

In this study, the spatio-temporal variation of depth-induced breakers and its impact on beach
morpho-sedimentary environment was analyzed at the six locations from BM1 to BM6 along the
Karwar shoreline (Figure 1). Three locations (BM1, BM2, and BM3) were selected along the
Devbag beach situated north of the Kali River mouth, and other three locations (BM4, BMS, and
BM©6) were along the Ravindranath Tagore (RT) beach situated at south. The selected six locations
were enclosed by individual coastal topography. Earlier, Dora and Kumar (2015) studied the
nearshore wave propagation along the shore, and observed different wave energy along the six
locations. The BM1 location was partially sheltered from high energy SW waves, and the BM2
location was fully sheltered during the complete annual cycle by nearshore islands (Kurmagadgudda
and Shimisgudda). The BM3 and BM4 locations were near to the Kali River mouth, and they were
also open to SW waves. In an annual cycle, the BMS5 location was exposed to the nearshore waves
while the BM6 location was sheltered by the Karwar headland during most of the time. Further, the
nearshore zone was observed as being partially protected by four offshore islands (Devgadgudda,
Mandalgudda, Karkaigudda, and East Island) where the protection zone varies seasonally depending

on the wave propagation to the coast.

2.2. Model setup and input parameter

One of the well-established wind-wave model, SWAN (Simulating WAves Nearshore) nested in
WWIIT (WAVEWATCH III) (Boojj et al. 1999; Tolman 2014) was executed to estimate the depth-
induced breakers. The wind input for WWIII was collected from different sources: the National

Centers for Environmental Prediction and the National Center for Atmospheric Research



(NCEP/NCAR) wind (Kalnay et al. 1996), the European Centre for Medium-Range Weather
Forecasts (ECMWF) wind (Dee 2011), and the National Centers for Environmental Prediction and
Climate Forecast System Reanalysis (NCEP/CFSR) wind (Saha 2010). Spatial resolution of
NCEP/NCAR, ECMWF and NCEP/CFSR winds are 2.50°x2.50°, 0.75°x0.75°, and 0.50°x0.50°
respectively, while temporal resolution are 6, 6, and 1 h. The NCEP/NCAR wind data at 0.995 sigma
level represents 42 m above the ground (Faucher 1999), whereas the NCEP/CFSR and ECMWF
wind data are at 10 m. The NCEP/NCAR wind data was converted to 10 m elevation (U,g) with

respect to MSL based on the wind profile power law (Roland 1988) as per Eq. (1).
Ujo=Ug * [10/R]" Q)

where, Uy is the wind speed that is measured at a fixed elevation (R) and used as reference wind

speed, and P is the power law exponent and is equal to 1/7.

The WWIII was implemented on the Indian Ocean with a mosaic of two domains (Table 1).
In this study area, Amrutha et al. (2016) examined the sensitive analysis of the WWIII by calibrating
and validating the difference source terms. Following their recommendation, the model was executed
using ST4 physics for the present observation. Bathymetry and obstruction grid files for the selected
domains were extracted in the GRIDGEN of version 3 (Chawla and Tolman 2007) by considering
full resolution ETOPO1 (Amante and Eakins 2009). Two dimensional (2D) spectra extracted from 1
February 2008 to 31 January 2011 in the mosaic approach of WWIII were used as the offshore
boundary to the SWAN for simulation of nearshore surface gravity waves, while the SWAN run was
based on the mosaic of two domains (Table 1). The bathymetry data referred in the SWAN model
was extracted from Chart No. 2008 of the NHO. The SWAN model setup, the active physical
processes, and the initial, as well as boundary conditions, were similar to those described in the

earlier observation (Dora and Kumar 2015).

2.3. Numerical approximation

In response to the depth-induced breaking waves those belong either in intermediate or shallow
water, the waves were sorted out in which the water depth (d) must be smaller than half of the
respective wave length (L). Horikawa (1988) reported that the gamma varies from 0.8 to 1.0 for the
spilling breaker, 1.0 to 1.2 for the plunging breaker, and just above 1.2 for the collapsing breaker,

whereas the limit was unknown for the surging breaker. The study region is usually dominated by



spilling and plunging waves. Thereby, following the concept derived by Battjes and Janssen (1978)
as well as Battjes and Stive (1985), the y anda were considered as 0.73 and 1 respectively to get most
possible breakers. Further, the breakers were classified as spilling (£, < 0.4), plunging (0.4 <&, < 2.0),
surging, or collapsing (&> 2.0) based on the surf similarity parameters derived by the Iribarren
number (&), as given in Eq. (2).

m

Sp = \/T’/’LO(Z)

whereHy, is breaking wave height, L is deep water wave length, my is bed slope.

In response to understanding the function of breakers, the mean longshore current (hereafter
longshore current) was estimated using the formulae of Longuet-Higgins (1972) and Galvin (1987)

which vary in their input parameters as given in Eqgs. (3) and (4).
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where, vy, is mean longshore current (m/s) by Longuet-Higgins (1972), v is mean longshore current
by Galvin (1987), g is acceleration due to gravity, C (=0.01) is coefficient of bottom friction, 0 is

relative angle of incident wave to depth contour at breaking, K¢ (=1) is dimensionless coefficient.

The longshore sediment transport (LST) associated with the breaking waves, beach
morphology and sediment characteristics was calculated based on the Coastal Engineering Research
Center (CERC 1984) and Kamphuis (2013) formulae. Based on the CERC (1984), the total bulk
volume LST Rate (LSTR) in m*/s is:

5
_ K 8112 o

Qcerc = 16(psp—p)[1_p]\ﬁHb5m [26] (%)

where, p is water density (1025 kg/m®), ps is sediment density (2650 kg/m’), K (=0.39) is an

empirical coefficient that associated with Hsiz (SPM 1984), p is sediment porosity, y is breaker index

that has been typically considered as equal to 0.73. Porosity (p) was estimated based on the

coefficient of uniformity following Vukovic and Soro (1992) as given in Eq. (6).

p=0.255%[1+0.83"] (6)

The coefficient of uniformity (Cu) was calculated as Cu = Dg/Do, where, the Do, and Dgo
are the grain diameter at the tenth and sixth percentages in the cumulative frequency curve of

distributed grains.



Based on Kamphuis (2013), the total LSTR (m*/h) is:
Qk = 7.3H5 Ty mp7°D50*°sin®¢[264](7)

where, T, is peak wave period (s), and D5 is median grain diameter (mm).

2.4. In situ observation

In situ wave data was collected in deep as well as in coastal zone to validate the simulated waves.
The wind data was measured by the Automatic Weather Station (AWS) at near shore and used to
validate the reanalysis wind dataset. As the AWS wind was measured at 50 m elevation from MSL,
the AWS wind data was converted to 10 m elevation with respect to MSL using Eq. (1). The offshore
and nearshore waves were measured by wave rider buoys deployed at 15 m water depth (OWB) and
at 7 m water depth (NWB) (Figure 1). The procedure for collection and analysis of wave and wind
parameters were as explained in the earlier study (Dora and Kumar 2015). Deep ocean waves
measured by deployed wave buoy at AD02 were also used.By deploying an InterOcean S4
directional wave measuring instrument (hereafter S4DW) at surf zone, the waves and current in the
surfzone were measured at 1 m water depth. The S4DW is a spherical shape with 25 cm diameter
and a weight of 1.5 kg in water. The instrument senses wave orbital current components, and depth
sensor provides 4 mm depth resolution. Simultaneously, the S4DW measures the magnitude of
current speed following Faraday’s law of electromagnetic induction, where two orthogonal pairs of
titanium electrodes and an internal flux-gate compass provide the current vector. The meteorological
convention is used for the presentation of wind and wave direction (0° for wave/wind from the north,
90° for east, 180° for south, and 270° for west). Measurements were made in Coordinated Universal

Time (UTC) and the local time (Indian Standard Time) is 05:30 hrs ahead of UTC.

Earlier observation exhibited that the inter-tidal beach slope varied from 0.62 to 7.32° during
the period of three years, and the mean grain size varied between 0.141 and 0.599 mm along the
study area (Dora et al. 2012, 2014). The details procedure of collecting sediment characteristics and
cross-shore profiles were as explained in earlier studies (Dora et al. 2012, 2014). These data were
used to interpret the sediment transport by the Kamphuis approximation (2013). The LSTR measured
using sediment trap (S.Trap) in the surfzone by Kumar et al. (2003) was used to determine the
accuracy in the estimated LSTR. A brief description of the in situ wind, wave, current, and sediment

transport observation used in the study is given in Table 2.As the river discharge data could not be



collected, the analysis was carried out with some limitation in which the river influence was omitted.
The reanalysis wind dataset, modelled waves, as well as the estimated alongshore current and the
LSTR were compared, and evaluated with respect to field-measured data based on the correlation

coefficient (R) and BIAS (B).

3. Results and discussions
3.1. Sea surface wind

The reanalysis wind data was compared with the in situ measurements in the coastal zone over four
months (Figure 2). The measured wind data basically belongs to the monsoon and post-monsoon
periods. During this period, the maximum wind speed measured by the AWS was 10.7 m/s with an
average of 2.9 m/s. The wind rose diagram as well as the time series plot showed that the wind speed
having more than 4 m/s was frequently occurring while the wind was from southwest-west (240-
270°). The duration as well as the strength of wind decreased gradually towards the north (Figure 2).
The time series plot exhibited that the wind from southwest-west was during July and August,
whereas the wind was blowing from random direction with comparatively low wind speed (< 4 m/s)
during most of the time in September and October. The random wind direction reflects the impact of

local wind pattern over the wind propagating from a remote area.

As per the time resolution of wind data, the NCEP/CFSR wind is compared with the AWS
wind using 1, 3, and 6 h interval data, however, the degree of agreement of the ECMWF and
NCEP/NCAR wind to AWS wind was estimated based on 6 h interval data. The study exhibited that
the correlation of NCEP/CFSR wind speed and AWS wind data was almost similar in the data set of
different time intervals. The R was 0.48, 0.47, and 0.46, whereas the B was -1.01, -1.04, and -0.99
m/s at 1, 3, and 6 h interval data set respectively. Thereby, all the three reanalysis wind was
compared to AWS wind data at 6 h interval. All of the reanalysis wind speed to the AWS wind speed
exhibited a moderate correlation while the deviation of reanalysis wind speed from the AWS wind
was comparatively more in the NCEP/NCAR wind data (Table 3). However, the wind rose diagram
showed that there was a considerable deviation in the reanalysis wind direction from the AWS data,
whereas the NCEP/CFSR wind direction showed comparatively closer to the direction of AWS wind.
Consequently, further analysis was carried out based on the zonal (x-component/u-component) and
meridional (y-component/v-component) wind components. During the period of wind measurement,

the zonal component in the AWS wind was between -1.9 and 13.4 m/s with an average value of 2.3



m/s, while themeridional component varied from -9.1 to 6.1 m/s with an average speed of -0.3 m/s.
The wind exhibited a good correlation in the zonal component compared with the result observed in
the meridional component. The correlation coefficients in the zonal component of the NCEP/CFSR,
ECMWEF, and NCEP/NCAR wind to the AWS data were 0.67, 0.69, and 0.64, respectively, while
they were 0.41, 0.32, and 0.29 in the meridional component. The shoreline inclination is along south-
north direction, and hence the coastal breeze dominated to the coast along east-west direction.
Hence, the zonal component showed comparatively good correlation between the observed and
reanalysis wind data set. Thus, the reanalysis wind direction was poorly correlated to the measured

data while the correlation in the wind speed was reasonable.

3.2. Surface gravity waves
3.2.1. Deep and intermediate waves

The analysis was continued for simulating nearshore waves as the earlier study showed that the coast
is dominated by swell (Dora and Kumar 2015). The surface gravity waves over the Indian Ocean
were simulated using the WWIII model forced by all three sources of wind data (NCEP/NCAR,
ECMWF, and NCEP/CFSR). The significant wave height (Hgg), peak period (T}), and associated
direction (D,) was examined in deep ocean as well as in coastal zone by comparing the simulated
values with measured data (Figure 3). The number of available data varies from deep ocean to coast,
and the correlation coefficients and bias were estimated based on the available data set (Table 2).
During most of time, in the deep ocean (Figure 3a) as well as in the nearshore zone (Figure 3b), the
simulated wave parameters with the NCEP/CFSR and ECMWF wind were found to be close to the
measured wave than the NCEP/NCAR wind simulated wave. From the deep ocean to nearshore
zone, an overestimation was observed in the NCEP/NCAR wind-based wave parameters. However,
the wave height based on the ECMWEF and NCEP/CFSR wind was very close to the time series trend
of measured data. Along the three observation points from the deep ocean to nearshore zone, the
correlation coefficient (R) in wave height between the NCEP/NCAR forced wave and measured data
was 0.895+0.055 and the bias (B) was 0.31£0.22 m, whereas the correlation coefficient between the
ECMWEF forced wave and measured data was 0.895+0.085, and the bias was 0.075+0.055 m (Table
4). However, a comparatively good correlation coefficient (R = 0.93+£0.04 and B = 0.04£0.05 m) was
observed between the NCEP/CFSR forced wave and measured data. The negative bias (-0.01 m) in
Hgig at the offshore zone exhibits a slight underestimation by the NCEP/CFSR wind, which is



comparatively less than that observed by the ECMWF wind. Earlier, Akpinar et al. (2012) also
reported that ECMWF wind underestimate in the simulation of surface wave, whereas, Chawla et al.
(2013) and also Van Vledder and Akpinar (2015) found the best result by NCEP/CFSR wind.
Correlation of the simulated wave periods based on all the wind sources to the measured data was
less than that observed in the Hg,. From the deep ocean to nearshore zone, the correlation coefficient
in wave period between the NCEP/NCAR wave and measured data was 0.49+0.20 and the bias was
0.31£0.59 s, which reflects a slight overestimation of the simulated wave period. Correlation
coefficient of the simulated wave period based on the ECMWF to measured data was -0.545%0.075,
while the negative bias (-0.30 to -0.69 s) exhibited an underestimation of the simulated wave periods.
However, for the simulated wave period based on the NCEP/CFSR wind data was found to be better
than that observed in the NCEP/NCAR and ECMWF wind data. Correlation coefficient between the
NCEP/CFSR simulated wave period and measured data was 0.555+0.085 and bias was 0.085£0.055
s. Further, the study exhibited that the direction of the simulated deep ocean waves based on all wind
sources exhibited as almost similar, and they were close to the observational data. Correlation
coefficient of the simulated wave direction by the NCEP/NCAR, ECMWF, and NCEP/CFSR wind
to the in situ measurement was 0.68, 0.72, and 0.71, and the respective bias was 4.46, 7.25, and
4.69°. The simulated wave directions in the nearshore zone were also found to be reasonable.
Correlation coefficient of the wave direction by the NCEP/NCAR, ECMWF, and NCEP/CFSR wind
to the measured data were respectively 0.43, 0.60, and 0.44, while the bias was 6°, 7°, and 10°.
However, the offshore wave direction during the short period (~10 days) based on all the wind
sources showed a poor correlation to the in situ measurement data as the observation point was very

close to the offshore islands, where the maximum bias was 10° (Figure 3c).

Earlier analysis revealed that the nearshore intermediate wave simulated using the SWAN
model based on 1D wave spectra along the offshore boundary is unrealistic, whereas the simulated
waves were reasonable based on the parametric boundary condition (Dora and Kumar 2015). In this
study, the coastal wave parameters were again examined using the SWAN model nested by the 2D
wave spectra along the offshore boundary. The 2D wave spectra were generated from the WWIII
model forced by wind from different sources (Figure 3d). The pictorial presentation of time series
wave data exhibited an overestimation in the hindcasted wave height that based on the NCEP/NCAR
2D wave spectra of WWIIL. Also, comparatively more deviation was observed in the simulated wave
direction from the field measured data, while the wave simulation is based on the NCEP/NCAR
wind. Further, the study exhibited that the correlation coefficient in the wave height based on the
NCAR/CFSR wind to the measured data was better (R=0.93) than that based on the ECMWF wind

10



(R=0.83). Additionally, the bias exhibited an underestimation of the simulated wave height by the
ECMWEF, whereas an overestimation was observed by the NCEP/CFSR. Based on both R and B, the
simulated wave period by the NCEP/CFSR was found closer to the measured data (R =0.49, B = -
0.08 s) than that observed by the ECMWF (R=0.49, B=-0.47 s), while the simulated wave period by
the NCEP/NCAR also exhibited a good correlation (R = 0.65, B = -0.43 s) to the measured data as
compared to the ECMWEF. The correlation was poor for the wave direction (R<0.3) from all three
different wind sources because the deviation of wave direction is a circular pattern, whereas the bias
(B) was 8, 7 and 9° for NCEP/CFSR, ECMWF and NCEP/NCAR wind respectively. Also, the
earlier observation between the simulated wave direction based on the parametric boundary
condition and observation wave data exhibited the bias of 6° while the correlation coefficient was
poor (Dora and Kumar 2015). The present study revealed that the nearshore wave parameters can be
simulated using the SWAN model either by providing the parametric wave condition or 2D wave
spectra along open boundary, whereas the 1D wave spectra were found to be unrealistic. Followed
by these statistical analyses as well as the better spatio-temporal resolution among the three
reanalysis wind sources, the NCEP/CFSR wind was found to be reasonable overall compared to the
NCEP/NCAR and ECMWF wind for the simulation of surface gravity waves in the coastal zone.
Hence, depth-induced breakers were simulated in the SWAN nested by the 2D wave spectra obtained
from WWIII forced by the NCEP/CFSR wind.

3.2.2. Breaking waves

The breaking waves, extracted from the simulated nearshore waves, were compared with the field
measurement over 302 pairs of data collected at 3 h intervals by the S4DW near the BM1 location.
During the observation period, the average Hig, T, and D, of the simulated breaking waves were
0.49 m, 11.7 s, and 263°, while the observed data showed 0.47 m, 11.3 s, and 257°. Hence, the
simulated breaking waves were considered reasonable. Study showed that the breakers were varying
from spilling to plunging nature (Table 5). The spilling breakers were comparatively more at the
island sheltered zone (BM2) while the open and partial open coasts (BM1 and BM3) were dominated
by plunging breaker. Further, the plunging breakers were gradually decreased with increased spilling
breakers from Kali river mouth to Karwar headland along RT beach. This represents the behavior of

breakers is highly depend on the wave propagation to the coast, where a typical observation on the
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wave propagation and transformation was analyzed earlier followed by eight different case studies

(Dora and Kumar, 2015).

Along the WCI, the depth-induced breaking waves along the open coast strongly follow
seasonal variations (Shanas and Kumar 2014). In the present study, the breaking waves in the island
sheltered zone also exhibited a seasonal pattern followed by the seasonal behavior of the nearshore
waves which was observed in the earlier study (Dora and Kumar 2015). Figures 4 and 5 represent the
monthly average of the simulated Hg, carried out during the three years from February 2008 to
January 2011. The breaking waves were energetic during the monsoon, and during the remaining
period that was weak. The peak condition of the breaking waves was during July at the open coast as
well as at the island and headland sheltered zones, as the extreme rough condition of the monsoon
climate along the WCI occurs during the same period (Rajeevan et al. 2010). Further, the behavior of

breakers varies along the shore due to non-uniform coastal morphology along the locations.

The three locations (BM1, BM2, and BM3) along the Devbag beach exhibited considerable
variation in the breaking waves. The BM1 location was partially blocked by Kurmagadgudda Island
from the SW waves, which is the dominant direction of waves along this region (Dora and Kumar
2015). During most of the time, the wave propagation to the BM1 location was from 255 to 270° as a
result of the refraction and diffraction phenomena while the SW waves propagates to the coast. The
wave height at this location was up to 2.5 m, and the high waves (2-2.5 m) occurred during the
monsoon. The BM2 location was fully sheltered by the nearshore islands of Kurmagadgudda and
Shimisgudda. The earlier study revealed that the high energy wavesduring the monsoonwere almost
orthogonal to the coastin a narrow range in terms of frequency and direction (Dora and Kumar
2015). Hence, the location BM2 is protected from high-intensity direct waves. Thus, this location
was dominated by waves reaching from 225 to 240°, where the wave height was up to 1 m during
most of the time. The waves from 240 to 300° were the result of interference between the waves
diffracted due to the nearshore islands, as the location is obstructed by the nearshore islands from the
direct waves approaching in this sector. The average wave height at this location was 0.8 m, and the
maximum wave height was 2.1 m during the monsoon. The BM3 location was blocked by nearshore
as well as offshore islands from southwest-west waves. Also, the depth counters from 5 m to the
shoreline were strongly tilted towards the west from the true north. Hence, the breaking waves at this
zone represent SW waves, where the waves from 225 to 240° were dominated in this zone with a
maximum height of 2.4 m. Following the classification of Bromirski et al. (2005), the breaking
waves along these three locations were mainly observed as intermediate (6 <T,< 12 s) and long

period (T,> 12 s) waves, while the short period (T,< 6 s) waves occurred rarely from 225 and 240°,
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and comparatively more of them were observed at BM2 and BM3. The short period waves at BM1
were comparatively less, and these were from 255 and 270°, which was the result of diffraction by
the nearshore islands on the waves from 225 to 240°. The overall study shows that the breaking zone
at Devbag beach was dominated by intermediate and long period waves (Figure 4). The breaking
waves along the three locations at Devbag beach revealed that the nearshore islands play a major role

in the variation of breaking wave intensity and behavior.

Along the locations from BM4 to BM6 on the RT beach, the number of high waves decreased
gradually with a clockwise shift of the wave direction from the SW to the northwest-west (270 <D, <
300°). At the BM4 location, most of the breaking waves were from the SW, while the breaking
waves at the BM5 location were from the southwest-west and northwest-west directions. The
maximum Hgi, at the BM4 location was 3 m, whereas it was 2.5 m at the BMS5 location and both of
these peak wave heights occurred during the monsoon. The breaking waves at the BM6 location
were dominated by the waves from the northwest-west direction in which the maximum Hg;, was 1.4
m and are mainly observed during the monsoon. The gradual clockwise shift of the wave direction
from the BM4 to BM6 locations was due to the presence of the Karwar headland, which blocks the
SW waves. The breaking waves at the BM4 and BM5 locations were the result of intermediate and
long period waves, whereas the breaking waves at the BM6 location exhibited a considerable
quantity of short period waves along with intermediate and long period waves (Figure 5). About 75%
of the short-period waves at the BM6 location indicate that the wave climate at this location was
dominated by the local wind condition, where the Hg; in 90% of the data was less than 1 m. The
study found that, even though BM1 and BM6 locations were open to northwest waves, short period
waves were observed only at the BM6 location. This is due to the poor contribution of the swells in
the resultant waves at the BM6 location, whereas the swell effect is considerable at BM1 location.
Further, the study revealed that the waves at the breaking zone during an annual cycle were spatio-
temporally bi-directional (SW and NW), where overall, the Hg; was less than 1 m. The study on
breaking wave behavior from BM1 to BM6 in the island sheltered coastal zone revealed that the
wave behavior at breaking zone can be different from that of the source wave, and hence observation

on the offshore wave apart from the nearshore zone is essential for studying the coastal processes.

3.3. Longshore current

13



Followed by the examination of breaking wave formation, the alongshore current was analyzed at all
six locations. Based on the input parameters, there is some difference between the concept of
Longuet-Higgins (1972) and Galvin (1987) which was considered in this study for estimating the
alongshore current. The concept derived by Longuet-Higgins is proportional to the breaking wave
height, whereas Galvin reported that the alongshore current was strongly proportional to the wave
period while the role of the wave height is negligible. However, both of these formulations depend
on the beach slope and angle of the wave approach to the coast (relative angle). Thereby, the
alongshore current was evaluated based on both the concepts. The results were examined by
comparing the field data measured using S4DW, where the measured breaker parameters were used
as input to the formulae for estimating alongshore current. During measurement period in the
surfzone, the maximum wave height (Hpax) varied from 0.38 to 1.55 m and the Hg; was between
0.24 and 0.94 m. Simultaneously, the predominant wave direction (D) was 241+45°. Total 302 data
set, collected in the breaking zone, exhibited that the maximum wave height was 1.64 times to the
significant wave height, while the peak period (T,) was 1.98 times to the significant wave period
(Ts), 2.35 times to the zero-crossing wave period (T,), and 3.81 times to the crest period (T.). The
average alongshore current measured by the S4DW was 0.08 m/s with a maximum value of 0.38 m/s.
Using these measured breaking wave parameters, an overestimation was observed in the estimated
alongshore current based on the Longuet-Higgins formula. The estimated average alongshore current
was 1.14 m/s, while the average Hj; was 0.47 m, the average angle of the wave approach to the coast
was 15°, and the beach slope from the waterline to the position of S4DW was 1:55. Further,
Longuet-Higgins reported that the alongshore current observed in field and laboratory experiments is
consistent with a friction coefficient (C) of about 0.01 while horizontal mixing was taken into
account. Hence, the Longuet-Higgins concept was not considered for further study due to the poor
performance in the estimation of alongshore current, and also there is no tuning factor other than the
friction coefficient. Thereby, the Galvin approximation was examined for estimating alongshore
current. As the wave period in the Galvin formula is directly proportional to the alongshore current,
the usage of peak period (T,) will estimate highest alongshore current, whereas the crest period will
estimate lowest alongshore current. The Galvin formula using the crest period exhibited a slight
overestimation in the predicted alongshore current, and it was found to be more reasonable than the
value based on the other wave periods. Thus, a further modification was taken in the dimensionless
coefficient (Kg), whereas Galvin observed a range in K¢ such as the lower value (0.6) for field
observation and the higher value (1.1) for laboratory conditions. The estimated average alongshore

current was observed as 0.11 m/s by the Galvin formula using the crest period and Ks=0.6, and the
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maximum alongshore current was 0.37 m/s, which are closer to the measured data. Thereby,
alongshore current was estimated by the Galvin formula at all the locations (Figure 6) based on the
crest wave period. Analysis showed that the magnitude of the alongshore current at a particular
location strongly depends on the variation of either the angle of the wave approach to the coast or the

wave period.

The relative angle was observed in a wider range, whereas the wave period was almost
similar at all the locations (Figure 6). The diversity of relative angle was observed considerably at
the island (BM2) and headland (BM6) sheltered zones. Annual average (range) relative angle at both
the locations showed southward direction, and these were respectively -12° (0+44°) and -13°
(0+38°). Annual average (range) relative angle at the remaining four locations were towards the
north direction, and these were 6° (13+£15°), 5° (7£34°), 8° (10£17°), and 2° (7£8°) respectively at
the BM1, BM3, BM4, and BM5 locations. The annual maximum crest period (T.) along the six
locations was 6 s, whereas the annual average crest period (T.) was 3 s from BM1 to BMS, and that
was 2 s at BM6 locations. Consequently, the annual average alongshore current at BM2 and BM6
was southerly, and that was -0.06 and 0.04 m/s respectively. The annual average alongshore current
at the remaining locations was 0.13, 0.01, 0.05, 0.03 m/s respectively at the BM1, BM3, BM4, and
BMS5 locations. The maximum alongshore current was towards the north, and that was 0.50, 0.22,
0.18, 0.24, 0.16, 0.05 m/s respectively from BM1 to BM6. The study showed that the role of relative
angle on alongshore current was strong in the island and headland sheltered zones (BM2 and BM6),
whereas it was weak along the open coast (BMS5). Further, the study exhibited that the annual
maximum, as well as average wave crest period, was almost similar from BM1 to BMS5 due to the
swell dominant area, whereas the dominance of wind-sea reduced the wave crest period at BM6
location. At all the locations, a seasonal variation in the alongshore current was observed. During the
monsoon, the alongshore current at the island/headland sheltered zone (BM2 and BM6) was strong
due to the high relative angle. However, a reversal pattern was observed in the seasonal occurrence
of the alongshore current at the BM1 location. A weak alongshore current at BM1 during the
monsoon was due to the low relative angle, whereas that was comparatively high during the non-
monsoon period. The alongshore current was strong (maximum of 0.5 m/s) at the BM1 location,
where the wave period as well as relative angle together plays a major role than that observed at the
other locations. During the annual cycles, based on the computed value, the study showed that the
maximum northward alongshore current at Devbag beach was 2 times to that estimated at RT beach,
whereas the maximum southerly alongshore current was almost similar. The annual average of

alongshore current at both the beaches exhibited a dominance of northward alongshore current.
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3.4. Longshore sediment transport

The CERC (1984) and Kamphuis (2013) formulae, considered in this study for estimating the LSTR,
strongly differ from each other based on their input parameters. The CERC formula depends on the
breaking wave height, whereas the grain size, wave period, and beach slope contribute considerably
in the Kamphuis approximation. The angle of the wave approach to the coast plays a major role in
both of the approximations. The degree of agreement of these two formulae for estimating the LSTR
was analyzed by comparing the sediment transport data collected in the field using sediment trap. At
the sediment transport measurement location, the surfzone width was 40+£10 m, and the range of the
grain size was 195+45 [im. Based on the observed data, the average LSTR was 230 m’/day, while
the average breaking wave height and peak period was 0.87 m and 11 s, respectively, and the average
relative angle of the wave approach to the coast was 4.9° (Kumar et al. 2003). The field measured
parameters revealed that the LSTR based on the CERC formula was 944 m®/day, whereas the
Kamphuis approximation showed 279 m*/day, which was closer to the measured data (230 m®/day).
As K is the only tuning parameter in the CERC formula, the range of K was taken instead of a
constant following the derivation of King (2005), who suggested a simple relation of K to the size of

grain diameter [Dsg] as given in Eq. (11).
R
Ksig = D_j)(l 1)

where Dsg is the size of grain diameter (mm) and Rp (=0.1 mm) is the reference grain size that is
constant in space and time. The Eqgs. (5) and (11) together with constant porosity (p=0.43) represents
the modified form of the CERC formula as given in Eq. (12).

0.0069

5
Qerne = %2 [EHzsin [20)(12

It is clear that the modified CERC formula, i.e. Eq. (12), will increase the LSTR in case of
finer grains (Dso< 0.26 mm) than the predicted LSTR by the original CERC formula with K =0.39.
However, the predicted LSTR will be reduced in cases of medium (0.25 < Dsp< 0.5 mm) and coarse
(0.5 < Dsp< 1 mm) grains. Thus, the estimated LSTR based on the modified CERC formula was
overestimated as the size of grain diameters of all the samples was less than 0.2564 (=0.1/0.39) mm.
This revealed that the concept of King (2005) for estimating LSTR with the help of CERC (1984) is

applicable to some specific sedimentary environment. However, the size of grain diameter along the
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Karwar shoreline was observed a mixture of fine, medium and coarse sands during the three annual
cycles. Hence, the LSTR based on the modified CERC formula (Eq. 12) was examined with respect

to the Kamphuis approximation at the different breaking zones having their unique morphology.

The estimated LSTR based on both approximations exhibited a uniform trend and strong
seasonal variation at all the six locations (Figure 7). To obtain both the net sediment transport (ST yet)
as well as the gross sediment transport (STgross) for each month, the LSTR was estimated at hourly
intervals followed by the estimated breaking wave parameters, where the beach slope, median grain
size, and porosity were unchanged during the monthly interval. Most of the time, the net sediment
transport was strongly northward except at the island and headland sheltered zones (BM2 and BM6),
and it showed a similar result to that observed in the alongshore current. The ratio of LSTR based on
the modified CERC formula to the Kamphuis approximation was 4, 21, 5, 8, 12, and 28,
respectively, at the BM1, BM2, BM3, BM4, BMS5, and BM6 locations. This observation showed that
the degree of accuracy in the predicted LSTR by the modified CERC formula gradually decreases
from the open coast to the sheltered zone. Thereby, the study revealed that the morpho-sedimentary
characteristics of a beach are essential for estimating the LSTR. Further, the earlier observations
(Dora et al. 2012, 2014) found that there was no strong correlation between the grain size and beach
slope at the island sheltered beaches. Hence, the Kamphuis approximation is reasonable for all types
of coastal zones since it considers all the responsible parameters. The ST g5 Was closer to the STpe
at all locations except for the BM3 location. This indicates that the sediment transport at the BM1,
BM2, BM4, BM5, and BM6 locations were strongly unidirectional during the annual cycle. At the
BM3 location, the gross LSTR was 1.7 times the ST, due to the frequent occurrence of the
bidirectional longshore sediment transport. The unidirectional sediment transport was observed
towards the north at open coast, and that was towards the south at island/headland sheltered zones.
Thereby, the monthly observation of the longshore sediment transport (LST) exhibited that July is
the peak period when the extreme sediment transport occurred in all types of coastal zones along the
Karwar shoreline. Overall, the study predicted that the annual STyt (ST gross) based on the Kamphuis
formula during the three consecutive years along the Devbag beach (combined result of BM1, BM2,
and BM3) was 0.4 x 10° (1.4x 105) m3/year. Similarly, the annual STt (STgross) along the RT beach
(combined result of BM4, BM5, and BM6) was 0.7 x 10° (0.8 x 105) m3/year. At Devbag beach, the
study result showed that the relation of gross to net sediment transport was 3.5, while that was 1.1 at
RT beach. The gross value exhibited that the LSTR was more at the Devbag beach compared to the
RT beach, whereas the Devbag beach with a low net sediment transport is found to be more stable

than the RT beach. Earlier, Chandramohan and Nayak (1991) reported that the Karwar coast is
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dominated by a bidirectional LST, whereas Kunte and Wagle (2001) observed northerly sediment
transport along this coast. The contrasting results between the present study and earlier observations
as well as the non-uniform behaviour of sediment transport along the shoreline together show the
necessity of long-term observation of sediment transport before planning any coastal protection

measures.

4. Conclusion

This study has shown that the NCEP/CFSR wind is reasonable for prediction of surface gravity wave
at the sheltered coastal zone. Further, the study revealed that the Kamphuis (2013) formula for
estimating sediment transport is realistic from open coast to sheltered zones, whereas the CERC
(1984) formula along with the concept of King (2005) overestimates. Galvin’s (1987) formula gives
a reasonable result in estimation of longshore current compared to that based on Longuet-Higgins
(1972). Observation on the function of breaking waves, the longshore current and sediment transport,
revealed that the information about beach morphology and sediment characteristics is essential along
with breaking wave parameters for the interpretation of beach stability. The study area, Karwar - the
island sheltered coast, was observed as having spilling and plunging breakers based on Iribarren’s
surf similarity parameter. The associated longshore current and sediment transport were observed bi-
directionally along the shore due to complex morphology, whereas both of them exhibited net
northward direction in an annual cycle. Observation revealed that the physical processes in the
breaking zone along a sheltered coast are under strong dynamics due to its complex bathymetry and

hence, long-term observation along the shoreline is essential.
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Figure captions:

Figure 1: Pictorial presentation of study area including offshore/nearshore islands, locations of
waverider buoys (OWB and NWB), collected sediment samples and monitored cross-shore profiles
(BM1 to BM6). The water depth (m) below chart datum is negative.

Figure 2: Wind rose and time series plot of AWS, NCEP/CFSR, ECMWF and NCEP/NCAR wind
data at coastal region.

Figure 3: Time series plot of measured wave parameters and that estimated based on NCEP/CFSR,
ECMWEF and NCEP/NCAR wind data in (a) deep, (b) nearshore (c¢) offshore, and (d) nearshore. At
deep, the estimated values based on WWIII and at other locations are based on SWAN coupled with
WWIIL

Figure 4: Breaking wave parameters simulated by NCEP/CFSR wind at three locations (BM1, BM2
and BM3) along Devbag beach. Top panel shows the time series plot of breaking wave height,
middle panel shows the wave rose diagram of wave height and bottom panel shows the wave rose
diagram of wave period.

Figure 5: Same as Figure 4 for locations along RT beach (BM4, BM5 and BM6).
Figure 6: Time series plot of mean longshore current based on Galvin approximation, wave period
based on SWAN simulation, and relative angle at six locations along two beaches during February

2008 to January 2011.

Figure 7: Monthly net (ST,.) and gross (STgos) sediment transport at six locations based on
modified CERC and Kamphuis formulae.
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Table 1: Brief description of computational domains used in WWIII and SWAN.

Model  Domain outlook Spherical coordinate
Number Grid Resolution  Area Area dx dy
start (Lat, Lon) end (Lat, Lon) (x-axis) (y-axis)
WWIII  First Coarse Low 20.50° E, 59.50° S 149.50° E, 29.50° N  0.50° 0.50°
Second Moderate Medium 73.50° E, 14.00°N 74.50°E, 15.50°N  0.05° 0.05°
SWAN  Third Fine High 73.98°E, 14.74°N  74.14°E, 14.86°N  0.001°  0.001°

Fourth ~ Very fine Veryhigh 74.05°E, 14.80°N 74.14°E, 14.86°N  0.0002° 0.0002°

Table 2: Brief description on the in situ wind, wave, current and sediment transport (ST) data used for
evaluationof model simulation and numerical estimation (S.Trap indicates sediment trap).

Data Region Name Location (lon, lat) Time duration Water depth
(start) (end) / land elevation
Wind Coastal AWS 74° 07' 55" E, 14° 50' 48" N 50 m
01-07-2009 31-10-2009

Wave Deep ADO02 68°59'11"E, 15° 0'22"N -3500 m
Offshore OWB 74°03' 11" E, 14°49' 17" N 20-12-2010 30-12-2010 -15m
Nearshore NWB 74° 06' 04" E, 14° 49' 56" N 01-02-2009 14-01-2010 -7m

- -1

Breaking S4DW  74°06'39"E, 14°51' 11" N 01-09-2008  31-10-2008 m

Current zone

ST Surf zone S.Trap 74° 08' 29" E, 14° 46'41" N 04-02-1990 18-05-1990 -2m

Table 3: Scenario of statical observation on wind speed (m/s) of NCEP/NCAR, ECMWF, and NCEP/CFSR with
AWS measurement.

Statistic AWS AWS AWS
Vs Vs Vs
NCEP/NCAR ECMWF NCEP/CFSR
R 0.49 0.62 0.46
BIAS 2.24 -0.71 -0.99
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Table 4: Scenario of statical observation on wave parameters of NCEP/NCAR, ECMWF, and NCEP/CFSR with
AWS measurement.

Wave parameters Buoy Buoy Buoy
Vs vs Vs
NCEP/NCAR ECMWF NCEP/CFSR
R BIAS R BIAS R BIAS
Deep ocean wave (2009)
Wave height(m) 095  0.53 098 -0.13 097 0.05
Wave period (s) 0.57 043 0.62 -0.69 064 0.14
Wave direction (°) 0.68  4.46 072 725 071 4.69
Offshore wave (2010)
Wave height (m) 085 009 0.81 -0.09 0.89 -0.01
Wave period (s) 069 -028 047 -038 048 -0.03
Wave direction (°) -0.13 936  0.32 10.15 030 10.24
Nearshore wave (2009)
Wave height (m) 084 020 090 -0.02 0.89 0.09
Wave period (s) 0.29 0.90 047 -030 047 0.13
Wave direction (°) 0.43  5.83 0.60 6.68 044 991
Nearshore wave (2010)
Wave height (m)  0.89  0.15 0.83 -0.02 093 0.07
Wave period (s) 065 -043 049 -047 049 -0.08
Wave direction (°) 0.17  8.65 0.01 6.51 -0.05 7.73

Table 5: Breaking wave classification and quantification (%) based on the surf similarity parameters derived by
| the Iribarren number (&,).

Type Range BMI BM2 BM3 BM4 BM5 BM6
|| Spilling £,<0.4 4 76 4 30 40 55
|[ Plunging | 0.4<& <2.0 | 96 24 96 70 60 45
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Figure 1: Pictorial presentation of study area including offshore/nearshore islands, locations
of waverider buoys (OWB and NWB), collected sediment samples and monitored cross-shore

profiles (BM1 to BM6). The water depth (m) below chart datum is negative.
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Figure 2: Wind rose and time series plot of AWS, NCEP/CFSR, ECMWF and NCEP/NCAR

wind data at coastal region.
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Figure 3: Time series plot of measured wave parameters and that estimated based on NCEP/CFSR,
ECMWF and NCEP/NCAR wind data in (a) deep, (b) nearshore (c) offshore, and (d) nearshore. At
deep, the estimated values based on WWIII and at other locations are based on SWAN coupled with
WWIIL
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Figure4: Breaking wave parameters simulated by NCEP/CFSR wind at three locations
(BM1, BM2 and BM3) along Devbag beach. Top panel shows the time series plot of
breaking wave height, middle panel shows the wave rose diagram of wave height and bottom

panel shows the wave rose diagram of wave period.
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Figures: Same as Figure 4 for locations along RT beach (BM4, BM5 and BM6).
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Figures: Time series plot of mean longshore current based on Galvin approximation, wave
period based on SWAN simulation, and relative angle at six locations along two beaches

during February 2008 to January 2011.
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Figure7: Monthly net (ST, and gross (ST ) sediment transport at six locations based on

modified CERC and Kamphuis formulae.
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