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The present study highlights the wave—tide interactions in a tide-dominant coast Versova, along the west
coast of India. Versova is a macro tidal area and is home to fisheries. Model simulations are carried out to
investigate wave—tide interactions with and without incorporating water level (WL) variations in the
model setup. The simulation results are compared with the observed data at Versova. Model comparison
with wave observation shows that the simulated significant wave height (Hs) reproduced the observed
wave heights with an accuracy of scatter index = 8% and correlation = 0.94 with the inclusion of WL
variations. The incorporation of WL variations created the energy modulations in the low-frequency part
of the wave spectra, raising the periodical modulations in wave height. This low-frequency wave energy
modulation is absent in the without WL simulations, resulting in underestimation of energy density which
causes underestimation of Hs by ~1 m. Hence this study strongly suggests that water level variations
must be incorporated into the wave model to accurately represent wave modulations which are significant
during monsoon and extreme events in the tide-dominant coastal areas.
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1. Introduction

Numerical modelling of wind-generated ocean
waves is essential as it directly affects the near-
shore processes like beach erosion, deposition,
sediment transport and planning shoreline man-
agement. All coastal activities, especially coastal
infrastructure development, require a clear under-
standing of coastal wave hydrodynamics (Parvathy
et al. 2014). Ocean surface wave energy is signifi-
cantly affected by the bathymetry, currents, and
water level changes in shallow water areas (Battjes
and Janssen 1978; Madsen and Sorensen 1993;
Large et al. 1995; KiRyong and Daniela 2006).
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Incident wave height increases during the rising
tide in a dominant tide area called ‘tidal push’ in
which incoming tide somehow eases the passage of
shoreward propagating waves. The reverse hap-
pens during the outgoing tide, which opposes the
passage of waves by dissipating wave energy. This
kind of wave height modulation is seen globally in
all tidal basins (Davidson et al. 2009; Kang and
Kim 2015; Lewis et al. 2019). The present study
tries to understand the wave height modulations
by the tidal elevations near the coastal areas of
India.

Swells dominate wave climate around the coastal
areas of India during southwest (SW) and
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northeast (NE) monsoon and by wind seas during
the pre-monsoon (Rao and Baba 1996; Sanil
Kumar et al. 2000; Vethamony et al. 2011). Rough
wave climate prevails along the west coast of India
during the SW monsoon due to the dominance of
strong southwest winds. The magnitude of waves is
predominantly high (2—4 m) during SW monsoon;
hence accurate wave climate prediction is essential
to manage day-to-day maritime activities near the
coastal waters. High waves and high water level
(WL) variations can cause a severe impact on the
coastal wave climate. A few studies showed the
effect of WL variations on the wave height during
extreme conditions can exist for 5-6 days. The
present study is unique, exploring the impact of the
WL variations on waves near the Versova coast
during SW monsoon. Geographically Versova is
situated along the northwest coast of India in
Maharashtra. Versova is home to a large fishing
community and is famous for port transactions.
The people living in these areas mainly depend on
fishing for their livelihood. Earth System Science
Organization-Indian National Centre for Ocean
Information Services (ESSO-INCOIS) delivers the
potential fishing zone (PFZ) advisories using the
sea surface temperature and chlorophyll data.
PFZ advisory delivers information about poten-
tial fishing areas, thus reducing time and effort in
searching the shoals for fish (Arun Jenish and
Velmurugan 2022). On the other hand, wave
forecast information ensures the fishermen’s
safety in the sea. Thus accurate wave height
prediction is essential to manage the fishing
operations in the coastal areas of India (Balakr-
ishnan Nair et al. 2013; Remya et al. 2020; Adi-
tya et al. 2022).

The people living in these areas mainly depend
on fishing for their livelihood. Hence accurate wave
height prediction is essential to manage the fishing
operations in these coastal areas.

To analyse the wave height modulations caused
by the WL elevations near Versova, we have
employed the new generation spectral wave (SW)
model developed by DHI. MIKE 21 SW was vali-
dated for several offshore and coastal regions by
Golshani et al. (2005) and Jose et al. (2007) around
the globe. Some of the researchers used the SW
model to understand the Indian Ocean region wave
characteristics (Aboobacker et al. 2009, 2011a, b,
2013, 2014; Aboobacker 2010; Remya 2012; Remya
et al. 2012; Sabique et al. 2012; Balakrishnan Nair
et al. 2013; Parvathy et al. 2014; Sirisha et al. 2015,
2017, 2019). The present study addresses the
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numerical modelling of waves by incorporating WL
variations using MIKE 21 SW.

The manuscript is organised as follows. Sec-
tions 2 and 3 provide details of observation data
and salient features of results, respectively. Sec-
tion 4 gives the summary of the work and conclu-
sions of the study.

2. Data and methodology

2.1 Observation data

The present study utilises the measured data from
Directional Wave Rider Buoy (DWRB) at Versova
coastal station (figure 1) maintained by ESSO-
INCOIS. Wave rider buoy measures horizontal and
vertical accelerations using two accelerometers and
an onboard compass. The directional displace-
ments obtained along the two horizontal axes are
converted into wave parameters using in-built
software in the buoy. Wave rider buoy measures
the wave periods in the range of 1.6-30 s and
directions in the range of 0°-360° with a directional
resolution of 1.5°. The buoy data records are col-
lected at a frequency of 1.28 Hz for 17 min in every
half an hour.

Buoy computes the spectra with the help of fast
Fourier transforms (FFT) with a high-frequency
cut-off at 0.58 Hz. More details related to buoy
measurements are mentioned in (Sanil Kumar et al.
2013). Wave parameters like significant wave
height (Hs), swell wave height (Hss), wind sea
wave height (Hsw) and maximum wave height
(Hmax) were derived from the wave spectrum. The
real-time data was received by INCOIS through
the Indian National Satellite System (INSAT)/
Global System for mobile communication (GSM)
modes (Sirisha et al. 2019).

2.2 Water level data

The tides near Versova are semi-diurnal (two highs
and two lows) with significant diurnal inequalities.
The water level data for the present study was
obtained from the INCOIS tide gauge deployed at
Versova. The tide gauge measurements used in the
study contain tide (31 tidal constituents, including
all the principal tidal constituents) and nontidal
components of water levels at Versova (hence it is
mentioned as water level throughout the manu-
script). The tide gauge network of INCOIS consists
of 36 state-of-the-art RADAR tide gauges which
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Figure 1. Plot (a) shows bathymetry contours and buoy location (shown with pink colour dot) and (b) fine resolution mesh used

for the simulation of waves at Versova.

transmit near real-time data to ITEWS (Indian
Tsunami Early Warning System; Unnikrishnan
2016).

2.3 Forcing winds

The study uses atmospheric winds generated by
European Centre for Medium-Range Weather
Forecasts (ECMWF) which have spatial and tem-
poral resolutions of ~27.5 km and 3 hours,
respectively. ECMWEF’s database consists of
atmospheric observations which are assimilated
into NWP models. The output parameters
obtained from these models are disseminated as
medium-range forecasts that predict the weather
15 days ahead (Erik Andersson 2013). The quality
of ECMWF forecast winds was ensured by Janssen
et al. (1997) by comparing forecast winds with
buoy and altimeter data. The research community
extensively uses ECMF winds for the modelling
and forecasting of surface waves in the Indian
Ocean region (Shenoi et al. 2009; Balakrishnan
Nair et al. 2013, 2014; Sirisha et al. 2015, 2017,
2019; Sandhya et al. 2018; Remya et al. 2020;

Harikumar et al. 2021; Seemanth et al. 2021; Adi-
tya et al. 2022). The present study uses the 24-hr
ECMWEF forecast winds for the simulation runs.

2.4 Numerical wave model

The study uses a state-of-the-art of third-genera-
tion spectral wind-wave model (MIKE 21 SW)
developed by the Danish Hydraulic Institute
(DHI), Denmark (DHI 2014). The model is based
on unstructured meshes, which enhances the
accuracy of wave propagation near complex areas
of the coastline. The model simulates all physical
characteristics of waves, i.e., wave growth, decay
and transformation of waves and swells in offshore
and coastal areas. The model’s unique feature is
the flexible mesh, i.e., fine-resolution mesh could be
used in shallow regions and a coarse-resolution
mesh in offshore regions. Hence this model is highly
suitable for regional and local-scale wave
modelling.

In MIKE 21 SW, the wave fields are represented
by wave action density spectrum N(a, ) where o
and 0 are relative angular frequency and direction
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of wave propagation, respectively. The action
density N(o,0) is related to energy density E(q,0)
by,
N(o,0) = E (1)
a
The governing equation in MIKE 21 SW is the
wave action balance equation formulated in either
Cartesian or spherical coordinated. In horizontal
Cartesian coordinates, the conservation equation
can be written as:

ON S

SV (V) =2, 2)
where N(Z, o, 0, t) is the action density, ¢ is the time,
T = (2 9y), = (c, ¢y, Cq, ¢p) is the propagation
velocity of a wave in the four-dimensional phase
space, i.e., Z, o and 0. The right-hand side of equation
(2) represents the source term S which is a
superposition of source functions describing various
physical phenomena and is given by:

S = Sin + Snl + Sds + Sbot + Ssurf + Stri- (3)

The physics of the model includes the
phenomena like wave growth by the action of
wind (Sy), quadruplet nonlinear wave—wave
interaction (Sy,), dissipation due to white capping
(Sgs), dissipation due to bottom friction (Spet),
dissipation due to depth-induced wave breaking
(Sswef); and triad wave interactions (Si;). The
source terms of (Spet), (Sswt) and (St;) dominate in
shallow water or finite depth waters only. The
incorporation of water levels significantly impacts
the water depth, which further affects the relative
magnitude of energy density near shallow water
areas. The source functions and propagation
schemes used in the SW model are described in
detail and explained in Sgrensen et al. (2004) and
DHI (2014).

Bathymetry plays an essential role in wave
transformations such as wave refraction, shoaling,
bottom friction and depth-induced wave breaking
in the nearshore modelling and hence improved
bathymetry datasets of ETOPO2 (2-minute Grid-
ded Global Relief Data) are used in the nearshore
model domain (Sindhu et al. 2007; figure la). A
fine-resolution mesh of (0.027°) was used in the
vicinity of the Versova coast, and a mesh resolution
of (0.136°) was used in the offshore waters of the
domain (figure 1b). The boundary conditions are
required to propagate the accurate swells in the
model domain. Hence wave simulations are carried
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out using global multi-grid WAVEWATCH-III,
and boundary parameters required for the SW
model were extracted from these outputs. The
quality of the WAVEWATCH-III simulated wave
fields is thoroughly verified by the buoy and
altimeter data by Remya et al. (2020) in the Indian
Ocean region. MIKE 21 SW simulations were car-
ried out from 16th June to 16th July 2016, and the
results were validated with buoy data. Two sepa-
rate simulations are carried out with water level
(W+T) and without incorporating water level
(W) during the study period.

2.5 Methodology

Qualitative assessment of wave parameters is car-
ried out with the help of statistical measures such
as bias, root mean square error (RMSE), scatter
index (SI) and correlation coefficient (R) (Sirisha
et al. 2017). All the statistical quantities are com-
puted between observed and simulated wave
parameters during the study period.

3. Results and discussions

The impact of water level on waves has been studied
by incorporating water level variations in the near-
shore simulations for one month (16th June-16th
July). Figure 2 shows time series plots of observed
wave parameters of significant wave height (Hs),
water levels (WL), forecasted wind speed (Ws) and
direction (WD). Observation shows sinusoidal
variations in the wave heights (~1-3 m) at Versova
during the study period. The wave heights were low
(<2 m) in the initial period (16th—21st June), which
then peaked due to the monsoon winds picking up, as
evident from wind speed and direction (9-12 m/s
and SW direction; figure 2c—d). Water level varia-
tions at the location are in the range of 1-6 m during
the period. The analysis of observed Hs variations
shows a low wave condition (16th—21st June) and
high wave condition (22nd June-16th July) during
the selected period. Hence, the following sections
verify the modulation of coastal waves in the pres-
ence of water level variations in these two conditions
(figure 2).

3.1 Case 1: Impact of water level on low wave
conditions (16th—21st June)

During this period, measured Hs < 1.6 m were
noticed near Versova due to the prevalence of low
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(a)

Figure 2. Observed wave parameters of (a) Hs (significant wave height), (b) WL (water level), (¢) Ws (wind speed) and (d) WD
(wind direction). The boxes marked with pink and orange colours refer to case 1 and 2, respectively.

Observation W+T w
1.0 T r T T T
16-06-2016 17-06-2016 18-06-2016 19-06-2016 20-06-2016 21-06-2016 22-06-2016
5 - - 5 - - -
T 4 . (b) 20-06-2016, 0900 UTC al .(c) 20-06-2016, 1500 UTC
,:]?, 3] g 3]
£ 2 £ 2
2> 1 - §, 1
é 0 : : é‘ 0 .
g 00 01 02 03 04 05 06 07 2 o 03 04 05 06 07
5 s : — 3 5 : :
H 4 (d) 21-06-2016, 0900 UTC 3 4 - (e) 21-06-2016, 1500 UTC
5 , : : g s :
© (]
..E 20 1 E 24.
g 14 AN ‘.6 14
7 r _ D 8 L D
0 ; - - : . ; (7] ; : - - . ;
00 01 02 03 04 05 06 0.7 00 01 02 03 04 05 06 0.7
Frequency (Hz) Frequency (Hz)

Figure 3. Plot (a) refers to time series plot of Hs from observation and simulations during low wave climate conditions. Plots
(b—e) represent comparison of one dimensional spectra from observation and simulations on 20th and 21st June, 2016 at Versova.

wind (<9 m/s) conditions (figure 2a, c). The range
of low and high tides varied from 1.32 to 4.69 m
during this period. The simulated wave heights are
compared with observed wave heights, as shown in
figure 3. Wave heights from the W+T simulations
closely follow the measured Hs, whereas W simu-
lations completely missed the variations of mea-
sured Hs (figure 3a). The statistics of Hs shows low
values of (bias = 0.04 m, RMSE = 0.10 m, SI =
7%) and high correlation (R = 0.77) in (W+T)
compared to W (table 1). The statistics of W

suggest a poor correlation (R = 0.16) between
observed and simulated Hs during low wave
climate.

It is noticed that water levels have varied in the
range of 2-4 m during this period (figure 2b). A
wave entering shallow water is affected by the
physical process, such as shoaling and dissipation,
due to bottom friction and wave breaking. When
the water level variations are included in the sim-
ulations, the depth at each point varies, causing
the same variations in the shallow water processes.
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Table 1. Model error statistics for buoy significant wave height comparison.

W-+T W
Bias (m) RMSE (m) SI (%) R Bias (m) RMSE (m) SI (%) R
Case 1 0.04 0.10 7 0.77 0.05 0.16 11 0.16
Case 2 0.005 0.18 8 0.90 —0.30 0.39 17 0.76

For example, during a high tide, the wave feels less
dissipation at one point due to bottom friction
since the high tide adds more depth to the point,
whereas in a low tide, wave energy is dissipated
more at the same point due to a decrease in the
water depth. This difference in energy dissipation
is highly correlated with the water level variations
at each location. The low-frequency part of the
spectrum is mainly affected in this case as the
swells have large wavelengths, and the energy
modulations will be more on the low-frequency
part of the spectrum (Holthuijsen 2007). When
there is a low tide, water depth decreases, the low-
frequency part of the spectrum experiences more
dissipation, and the reverse happens during high
tide. These water depth variations are absent in
constant bathymetry simulations, and the energy
modulations due to the nearshore process at each
location will be independent of depth variations.

Energy modulations can be confirmed by com-
paring one-dimensional energy spectra from sim-
ulations with observations on 20th and 21st of
June 2016 (figure 3b, ¢, d, e). Both observation
and simulations show peak frequency (PF < 0.125
Hz), indicating the dominance of swells near this
coast. PF shift noticed on 21st June might be due
to the errors in the forecast winds. The compar-
ison of spectra shows reasonable agreement of
(W+T) spectra with observation and underesti-
mation of the low-frequency peak in W simula-
tion. The energy dissipation is not correctly
balanced in the low-frequency part of the spec-
trum, resulting in the underestimation of W-sim-
ulated spectra (figure 3b, c, d, e). This suggests
the incorporation of water level variations in the
model for accurate simulation of waves during low
wind conditions.

3.2 Case 2: Impact of water level on high wave
conditions (22nd-16th July)

This section analyses the impact of water levels on
high waves (>2 m). Figure 4(a) shows the Hs

comparison from 22nd June to 16th July 2016 at
Versova. The range of low and high tides varied
from (1.58-4.88 m) during this period. ECMWF
winds of (6-12 m/s) and WL variations of (2-6 m)
are noticed during the period (figure 2b, c). Hs
from observations shows high waves (2-3 m) con-
tinuously throughout the period. Severe underes-
timation of ~1 m is seen in the W simulation,
indicating the energy dissipation is more in the
absence of tide. W+T simulated Hs is mostly fol-
lowing the observed variance in the Hs. Error
statistics of (W+T) simulation show very low
values of bias (0.005 m), RMSE (0.18 m), ST (8%)
and high correlation (0.90) that confirm excellent
agreement of simulated Hs with observation
(table 1). To understand the energy dissipation in
both simulations, we have compared the one-di-
mensional wave spectra on 30th June and 4th July
(figure 4b, ¢, d, e). The spectra from observation
and simulations show a dominant peak on a lower
frequency (PF < 0.125 Hz) that confirms the pre-
dominant waves swell during these days in both
simulations. The high-frequency tail of the
observed spectrum (0.2-0.6 Hz) was correctly
reproduced with slight underestimation in both
simulations that could be attributed to the quality
of forcing winds. The energy densities at the low
frequencies are largely dissipated in (W) simula-
tions. It is evident from the plots that the simu-
lated spectra (W+T) reproduced the observation
on 30th June and 4th July, but an underestimation
of energy density was noticed (3-4 m®*S/rad) in
the case of W simulation. This confirms that the
low-frequency wave spectra have undergone mod-
ulations incorporating water level variations.

We also analysed the influence of spring tide
(2-7th July, 2016) and neap tide (12-17th July,
2016) on Hs during the study period (figure 5 and
table 2). WL variations of (>5 m; figure 5a) and
(2-4 m; figure 5c¢) are observed during the spring
tide and neap tide periods near Versova, respec-
tively. The time series comparison of wave heights
during spring tide reveals that Hs from W
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Figure 4. Plot (a) refers to time series plot of Hs from observation and simulations during high wave climate conditions. Plots
(b—e) represent comparison of one dimensional spectra from observation and simulations on 30th June and 4th July, 2016 at
Versova.
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Figure 5. Time series plots of water level variations and wave heights during a spring tide (a, b) and neap tide (c, d).

Table 2. Model error statistics for buoy significant wave height comparison during spring and neap
tide periods.

W+T w
Tides Bias (m) RMSE (m) SI (%) R Bias (m) RMSE (m) SI (%) R
Spring 0.08 0.22 8 0.66 —-0.41 0.48 19 0.45

Neap 0.01 0.15 7 0.93 —0.23 0.31 14 0.82
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simulation could not pick the variability in the
observed Hs due to the absence of WL variations
(figure 5b). Wave feels less energy dissipation
during spring tide since it adds more depth to the
point due to very high tide. The absence of WL
variations during spring tide resulted in severe
underestimation of wave height by —0.41 m, high
RMSE (0.48 m) and low correlation (0.45; table 2),
suggesting poor agreement of Hs from W simula-
tion during this period. During neap tide period, Hs
from W simulation pick the variability in the
observed Hs, with high underestimation (—0.31 m)
and high RMSE (0.31 m) compared to W+T sim-
ulation (figure 5d, table 2). Wave feels high dissi-
pation of energy due to decrease in water depth
during extreme low tide.

From the above analysis, it is evident that the
variations in the water level cause modulations in
the wave energy and hence in the wave height.
Figure 5 shows the maximum wave height
(Hmax) contours from both simulations on a
particular day (26th June 2016). Versova coast
experiences high waves (~5 m) in (W+T) and
(~4 m) in W simulations (figure 6). The differ-
ence in the Hmax from both simulations shows
the importance of the inclusion of water level
variations for accurate wave prediction in macro
tidal areas.
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Water level variations in (W+T) simulation
modulate the water depth, which in turn modu-
lates the wave energy and wave height parame-
ters. The magnitude of modulations observed in
wave height parameters Hs, Hmax, Hsw and Hss
in (W+T) simulation are plotted in figure 7(a).
Wave height modulations are observed maximum
during high wave conditions compared to the low
waves. The difference between the high and low
wave modulations was found to be high for Hmax
(9%) and Hs (5%) compared to other parameters.
These modulations are changing with respect to
water depth (figure 7b). The magnitude of mod-
ulations is found to be maximum (27%) near
shallow water areas (~10 m depth) and negligible
(5%) in the transitional waters (~35 m depth) off
Versova. The wave starts feeling the bottom when
it enters only the shallow waters, and hence the
impact is more in the shallow water. The study
points out that tidal variations must be incorpo-
rated into the numerical models in order to
properly simulate the wave fields near tidal
dominant areas. Peak period and peak direction
had not shown significant difference in W4T and
W simulations. Hence the present study does not
address the modulations of periods and directions.
However, dynamically coupled models (Atmo-
sphere—Ocean—Tide) could be used to understand
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Figure 6. Contour plot of Hmax from both simulations (a) W4T and (b) W on 26th June 2016 in the study area. Refer

figure 1(b) for the geographical representation of the study area.
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Figure 7. (a) Modulation of wave heights during low and high wave conditions near Versova. (b) Variation of nearshore wave

height with respect to water depth.

the fine modulations in wave parameters near the
tidal basins.

4. Conclusions

Wave-tide interactions are studied on a tide-
dominant coast, Versova, along the west coast of
India during the SW monsoon (June-July). MIKE
21 SW model has been used to simulate the waves
near Versova during the SW monsoon. To inves-
tigate the wave—tide interactions, the wave model
has been simulated with (W+T) and without (W),
incorporating water level variations from a tide
gauge during the SW monsoon (16th June-16th
July 2016). Wave measurements at Versova
showed low waves from 16th-21st June and high
waves during the period (22nd June-16th July).
Hence, SW model results are analysed separately
under the low and high wave conditions.

During low wave conditions, comparison of
simulated Hs with observation shows good
agreement for W4T simulation and mismatch of
high RMSE (0.10 m) and low correlation (0.16)
obtained for W simulation. During high wave
conditions, Hs from (W+T) simulation follows
the variations as that of measured Hs, but a
severe underestimation of 1 m was noticed in W
simulation throughout the period (22nd June-
16th July 2016). The statistics of (W+T) simu-
lation show less bias (0.005 m), RMSE (0.18 m),
ST (8%) and high correlation (0.90) that confirms
excellent agreement of simulated Hs with obser-
vation. It is noticed that simulated Hs exhibited

more deviation from the observation during high
wave conditions.

To understand the deviation in W simulations
during low wind conditions, we have compared
one-dimensional energy spectra from both simula-
tions (W+T, W) with measured spectra. Com-
parison of 1d spectra reveals the underestimation
of energy density over the low-frequency region in
the W simulation and reasonable agreement of
simulated spectral energy density with measured
spectra for (W+T) simulation. This confirms that
low-frequency wave spectra have undergone mod-
ulations by incorporating water level variations.
The interesting point noticed here is the underes-
timation of energy density at the low-frequency
region found to be very high (3-4 m**S /rad) during
high wind conditions in W simulation, which leads
to further underestimation of Hs at Versova.

By incorporating water levels in the simulation,
the wave feels less dissipation due to bottom fric-
tion during a high tide. Since high tide adds more
depth to the point, wave energy is dissipated more
during a low tide at the same point. This difference
in energy dissipation is highly correlated with the
water level variations at each location. In the
present study, the low-frequency part of the spec-
trum is highly affected by tide modulations. The
absence of water level variations in the W simula-
tion causes the absence of energy modulation over
low-frequency regions, which further results in the
underestimation of energy density.

The study points out that these energy modu-
lations are changing with respect to water depth.
Near shallow water areas (10 m depth), the
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magnitude of modulations is found to be maximum
(27%) and negligible (5%) in the transitional
waters (35 m depth) off Versova. Wave starts
feeling the bottom when it enters the shallow
waters, so modulations become strong only in the
shallow water. The study shows that tidal varia-
tions must be incorporated into the numerical
model to properly simulate the wave fields in the
dominant tide areas, which significantly impacts
wave forecasting. Moreover, the wave-tide inter-
action study is an essential topic in the scenario of
sea-level rise, increasing cyclones and extreme
waves along the west coast of India. A similar
analysis has to be performed along with the vul-
nerable coastal areas of India and will be the future
scope of the present work.
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