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Abstract

Waves collected in the nearshore waters off the southern tip of the Indian mainland from February
2018 to January 2019 are used to examine the wave spectral characterization. The annual mean of
the significant wave height (1.23m) in this area is slightly higher than that along the waters of the
eastern Arabian Sea (0.9 to 1.1m), but the maximum value in an annual cycle (3.6m) is less than that
(4.5 to 5m) found in those regions. Compared to other coastal locations around India, significant
seasonal variations are not observed in the wave height at this location. A maximum of four wave
systems are present in the study region. 76% of the surface height variance in the region results from
swells from the south-southwest, and the balance is wind-seas from the west to the southeast. In a
year, 72% of the time, single peak spectra are observed, majority of them are swell-dominated. The
annual mean peak period and the wave energy potential of the area are larger than that available in
the rest of the locations around the mainland of India. Also, the area is not subjected to high waves.
Hence, it is an ideal location for installing wave energy converters.
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1 Introduction

On the ocean surface, wind-generated waves are ubiquitous at the air-sea interface.
Information on waves provides valuable insights for coastal management, maritime operations, and
coastal engineering in the region. Wave data are required for planning coastal developments,
designing offshore structures, and coastal protection measures. The waves in the ocean are the result
of wind forcing, both local and remote forcing (Munk et al., 1963). Waves generated by the winds
are able to travel large distances and reach distant shores. In the North Indian Ocean, the seasonal
reversal of the monsoon winds (Wyrtki, 1971) brings a shift in the wave direction (Kumar et al.,
2012). During the Indian summer monsoon (June- September), the winds are from the southwest,
while the winds are from the northeast in the post-monsoon (October- January). In the Arabian Sea,
the winds blow strongly from May to September, due to the Findlater Jet with maximum wind stress
magnitudes of about 6 dyne/cm?. The winds are very weak with maximum wind stress magnitudes of
about 2 dyne/cm? during the transition months, March-April and October (Shetye et al., 1994). The
earlier studies on the Indian shelf seas indicate that the waves generated in the Indian Ocean, the
Southern Ocean, and the Atlantic Ocean characterize swell waves of the region (Samiksha et al.,
2012; Remya et al., 2016; Amrutha et al., 2017; Naseef and Kumar, 2020 and references therein),
whereas the locally generated wind waves constitute the wind-seas and the waves are influenced by
the monsoon, low-level jets, tropical cyclones, and large scale ocean-atmosphere coupled processes
such as Indian Ocean Dipole, El Nifio Southern Oscillation and Boreal Summer Intra-Seasonal
Oscillation (Anoop et al., 2015; Anoop et al., 2016; George and Kumar, 2019; Anoop et al., 2020;
Joseph and Kumar, 2021; Aravind et al., 2023).

The complete depiction of waves at a location is given by the directional wave spectrum, and
the types of waves present at a location are identified from the spectral partitioning of the directional
spectrum. The spectral partitioning of the wave spectra was introduced by Gerling (1992), and
improved by Hasselmann et al. (1996) and Hanson and Phillips (2001) using the watershed
algorithm. Wang and Hwang (2001) proposed a separation method based on the steepness of wind-
sea and swell and Hwang et al. (2012) improved this method based on a 1-D spectrum integration
function, which solved the problem of swell overestimation, but this method is good for mixed or
wind-sea-dominated sea states. Gilhousen and Hervey (2001) also estimated separation frequency
based on a hypothesis that the steepness of swell is smaller than that of wind-sea, and the maximum
steepness appears near the peak of wind-sea energy. Gilhousen and Hervey (2001) method is
implemented by NOAA’s National Data Buoy Center (NDBC). Based on the overshoot phenomenon

in wind-generated waves, Chen et al. (2015) developed a method to extract wind-sea and swell from
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the directional wave spectrum considering the observed data in the South China Sea. Portilla et al.
(2009) modified the noise-removal scheme using a simple convolution kernel, which effectively
solves the presence of small spurious partitions. Following Hanson and Phillips (2001) and Portilla et
al. (2009), Douglas and Voulgaris (2019) developed a spectral partitioning algorithm. Watershed-
based 2-D partitioning method (Douglas and Voulgaris, 2019) has proven itself as a sturdy and
efficient means of spectral partitioning and is widely used and embedded in numerical wave models
(e.g., WAVEWATCH IlI (Tolman, 1989)).

Villas Boas et al. (2017) reported that the wave spectrum off the California coast consists of
seven different wave systems, each one having characteristic directions and frequencies. In the
eastern equatorial Pacific, wave spectral data consists of four wave systems (Portilla-Yandun et al.,
2016). Studies based on the numerical model WAVEWATCH lIl, indicate that the waves in the deep
waters off the southern coast of India are characterised by seven types of distinct clusters of wave
systems (Amrutha and Kumar, 2021). The different wave systems during the tropical cyclone Kyarr
are reported by Nair et al. (2022) through spectral partitioning of the measured 2-D wave spectra.
Hsu et al. (2023) compared the performance of different wind-sea and swell separation methods for
1-D wave frequency spectrum during three historical Atlantic hurricanes, and also studied the model
performance on 2-D directional wave spectrum. Hsu et al. (2023) found that the method proposed by
Gilhousen and Hervey (2001) performed well during storm events and demonstrated the necessity of
considering external data such as wind speed for sea-swell separation when available. In the central
region of the west coast of India, three to four wave systems are observed (Sivakrishnan and Kumar,
2023).

Most of the earlier studies on surface waves in the coastal waters of India are in the central-
eastern Arabian Sea (Kumar et al., 2003; Aboobacker et al., 2011; Kumar et al., 2012; Glejin et al.,
2013; Nair and Kumar, 2017; Anusree and Kumar, 2023) and the western and northern Bay of
Bengal (Sundar, 1986; Johnson et al., 2013; Nayak et al., 2013; Patra and Bhaskaran, 2016; Patra et
al., 2016; Amrutha et al., 2017; Nair et al., 2019). The annual mean significant wave height at these
locations is presented in Table 1. Studies on the wave characteristics in the coastal waters of the
southern tip of India are limited.

In view of the above, an attempt is made in this article to study the wave characteristics in the
coastal waters of the southern tip of India based on one-year-long measured wave data. The present
study describes the seasonal variations in wave characteristics and identifies the predominant wave

systems.



2. Data and methods

The present study uses measured wave data from February 2018 to January 2019 in the
southern tip of India at Kolachel (latitude 8° 9.89" N; longitude 77° 14.92' E), at a water depth of 15
m (Fig. 1). The waves are measured with a surface following buoy (Datawell Directional
Waverider). The buoy is moored using an anchor with a weight of 400 kg, a 30 m long rubber-cord
of diameter 35 mm, and a 25 m long polypropylene rope of diameter 16 mm. The movement of the
wave buoy is sampled at a rate of 3.84 Hz and is recorded onboard at a sampling frequency of 1.28
Hz. The data covering a period of 30 minutes are processed as one record. The resolution and
accuracy of the heave measured are 0.01 m and 3%, respectively (Datawell, 2009). The wave
spectrum is obtained from the data of heave through a fast Fourier transform. Data processing is
through the use of the Waves21 software of Datawell (Datawell, 2009). The resolution of the spectral
data from 0.025 Hz to 0.1 Hz is 0.005 Hz, and from 0.1 to 0.58 Hz, it is 0.01 Hz. Significant wave
height (Hs), spectral peak period (Tp), mean wave period (Tmo2), and energy period (Tm-10) are
obtained every 30 minutes from the wave spectrum. The wave direction is based on circular
moments following Kuik et al. (1988). The direction is the approaching direction at the peak
frequency and is increasing clockwise with 0° as the north. The height (H) and period (T) of the
individual wave are obtained from the zero up-crossing method (Tucker, 1991). The maximum

height in a 30-minutes duration is maximum wave height (Hmax).

Following the Maximum Entropy Method (Lygre and Krogstad, 1986), the directional
spectra, S(f, 0), are obtained. The method of Portilla et al. (2009) is used to distinguish the swells and
wind-seas and calculate the separation frequency, fc. The 1-D separation is carried out based on the
hypothesis that the swell energy at the spectral peak cannot be higher than that of a Pierson-
Moskowitz (PM) spectrum having the same frequency. At the same frequency, if the ratio between
the peak spectral energy density of a record and the energy of a PM spectrum is above a threshold
value of 1, then the record is classified as wind-sea, else it is considered as a swell. The swell
parameters and wind-sea parameters are estimated for frequencies from 0.025 Hz to f. and from f¢ to
0.58 Hz.

A freak or rogue wave is identified when the abnormality Index (Al), the ratio between Hmax
and Hs, is more than 2 (Onorato et al., 2002). Gaps in the data in May are due to buoy maintenance.

Wave power per crest length (kW/m) is obtained using the below expression (1).
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Where, p is seawater density (kg/m®), Cgy is the group velocity (m/s), g is the gravitational

acceleration (m/s?), d is the water depth (m), and 0 is the wave direction (deg).

The wave systems present in the study area are identified by spectral partitioning of the
monthly directional wave spectra. Since the wind data was not available, the spectral partitioning
algorithm used is that of Douglas and Voulgaris (2019) following Hanson and Phillips (2001) and
Portilla et al. (2009). The directional wave spectrum is partitioned with the watershed algorithm after
filtering using double convolution. For each partition, the peak frequency, peak direction, and peak
energy are calculated. All the partitions within the wind region (frequency < 0.12 Hz) are merged.
The Hs and Tmo2 for each partition are estimated from spectral moments. The percentage contribution
of swell (wind-sea) in a 30-minute record is estimated as the ratio of the swell (wind-sea) Hs and the
total Hs of the respective record multiplied by 100.

3. Results and discussion
3.1. Variations in wave parameters

Statistical analysis of the wave characteristics described in this section is based on the mean,
maxima, and standard deviation. The annual mean value of Hs is 1.23 m with a standard deviation of
0.55 m, and the most energetic sea state is with Hs of 3.60 m and occurred on 16 July 2018 at 05:00 h
during the monsoon (Table 2). The monthly average Hs ranged from 0.72 m in December to 2.12 m
in July, with slightly higher monthly means (>1.6 m) from May to August (Table 2). Intra-annual
variability is observed with July exhibiting monthly mean wave powers thrice as large as those
experienced in December. The daily variations are large, with a standard deviation of more than 0.35
m in May, July, and August. The maximum height of a single wave (Hmax) fluctuated from 0.6 to 6.0
m with an annual mean value of 1.9 m. Earlier studies have shown that waves in the eastern Arabian
Sea (AS) have a strong seasonal variation (Kumar et al., 2012). In the present study area, seasonal
average Hs are 1.07, 1.73, and 0.84 m in the pre-monsoon (February-May), monsoon, and post-
monsoon (October-January), indicating that the inter-seasonal variations (42%) are less than those
(76%) along the eastern AS (Kumar et al., 2014a).

The annual mean Hs observed (1.23 m) is higher than that reported (0.91 to 1.14 m) for other
locations in the eastern AS (Table 1). In the study area, annually for 55% of the time, Hs exceeded 1
m. In April, Hs above 1.5 m are observed due to the long-period swells (Tp > 18 s) (Figs. 2a and 2b).
By 24 May, due to the monsoon influence, Hs increased from 1.5 m and reached 3.2 m by 28 May
(Fig. 2). In the first week of June, Hs reduced to less than 2 m, and by 8 June, Hs started increasing

from 2 to 2.8 m. The Hs at the study area is much less than the value (e.g., 4 m) measured in the same
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period in the central-eastern AS at a location 810 km north of the study area. The high Hs in the
central-eastern AS is due to the Findlater Jet (Findlater, 1969). Its influence on the southern tip is
less, resulting in lower wave heights in the southern part of the eastern AS compared to the central
part (Table 1). Anju and Kumar (2023) also observed that during June-July, the wave height is higher

in the northern part of the west coast of India compared to the southern part.

Wave roses during three seasons and for the full year for Hs and T, are presented in Fig. 3.
Predominant waves are from the sector between south and southwest except during monsoon. During
monsoon, most of the waves are from the sector between southwest and west. Wind-seas are from

south-southeast and west during February-May and from southwest-west during the monsoon
(Fig.3).

The peak wave period and associated wave direction are examined through scatter plots in
different seasons (Fig. 4). The peak wave period has a wide range (4 to 22.2 s) with a mean value of
12.5 s, indicating the presence of short to long-period waves. Waves with periods in the range of 8 to
14 s had directions widely distributed (Fig. 4). Waves with larger Ty are from the south-southwest
(direction <240°). Due to near resonance conditions, the long-period waves cause large heave
motions of oil rigs and cause prose to offshore operations (Gjevik et al., 1988). Long-period waves
and their orientation with moored vessels cause mooring line failure for ships berthed in open sea
jetties (McComb et al., 2009). In the study area, around 3% of the time in a year, long-period waves
(Tp> 18 s), are recorded and these waves arrive from 178° to 235°. Hs of the long-period waves
ranged from 0.6 to 3.1 m with an average height of 1.5 m. There is no specific season in which the
long-period waves were observed, it was during 18-20 January, 21-23 April, 23 May, 23-30 July, 23-
24 August, 26-28 September, 11 October, and 20 November. Over an annual cycle, the variation in
the mean wave period is 3 to 11 s, with an annual average value of 6.4 s.

The swells and the wind-seas are separated to quantify their contribution to the wave
characteristics in the study area. Swells contribute 76% of the surface height variance with a
maximum Hs of 3.4 m with a mean Hs value of 1.1 m (Table 2). Wind-seas form the remaining 24%
with a maximum value of 2.9 m and a mean value of 0.6 m. Wind-seas are relatively higher (29%)
during February-May than the remaining period (23%). The predominance of swells over the wind-
seas is similar to that observed in the eastern AS (Kumar et al., 2003; Glejin et al., 2013; Kumar et
al., 2014a). The seasonal average swell contribution in the monsoon period is 77.2%, which is
similar (70 to 79%) to that observed for other locations in the coastal waters of India (Kumar et al.,
2014a). For a location in the Gulf of Mannar, Amrutha and Kumar (2017) observed that 53% of the



surface height variance is due to swells from the southeast and south and the balance is wind-seas

from the southeast and east.

During the monsoon period, 54% of the time, intermediate-period waves (6 < Tp < 14 s) are
observed, while 18% of the time, short-period waves (Tp < 6 s) and 28% of the time, long-period
waves (Tp>14 s) are present. During post-monsoon, the intermediate-period, short-period, and long-
period waves are 49%, 19%, and 32%, whereas, during the pre-monsoon, it is 48%, 24%, and 28%
(Table 2).

The waves show a diurnal variation with the heights reaching highest in the late evening
(19:30-23:30 LT, i.e., 14:00-18:00 GMT) in January, November, and December. From February to
April, the maximum heights occurred between 09:00-12:00 GMT (Fig. 5). An inverse relation is
observed between the wave period and the wave height due to the sea breeze-land breeze cycle,
which is a common phenomenon in the nearshore areas of the tropics and subtropics and is
pronounced during the non-monsoon months (Miller et al., 2003). Examination of the abnormality
Index reveals that freak waves are present and their occurrence is 5.7%, 4.2%, and 6% during pre-
monsoon, monsoon, and post-monsoon. Freak waves with higher heights (Hs > 2 m) are present only
in pre-monsoon and monsoon and their occurrence is 0.2 and 0.8% respectively (Fig. 6). Maximum
significant wave height during freak waves is 3.1 and 2.9 m in pre-monsoon and monsoon and the
significant steepness (corresponding to Tmo2) is 0.05 and 0.03. Earlier studies have shown that for
narrow banded spectrum, freak waves occurred in sea states with significant steepness of more than
0.07 (Bitner-Gregersen and Gramstad, 2016), whereas in the present case, the spectrum is broad-

banded with spectral with parameter between 0.82 and 0.90.

The mean value of wave power (8.8 kW/m) is higher than the median value (5.5 kW/m). The
first and third quartile of the wave power is 3.1 and 11.5 kW/m. Wave power available in the study
area is higher than that (7.9 kW/m) in the coastal waters of the central west coast of India. The
maximum values of wave power are during the monsoon months of the year with average seasonal
power of 15.6 kW/m and 6.2 kW/m during the pre-monsoon and 3.7 kW/m in the post-monsoon. The
energy period (annual mean value is 9.7 s) is less than the spectral peak period (12.4 s) and hence
estimation of wave power based on peak period (10.2 kW/m), which is a common practice in
locations where the energy period is not available, will lead to 16% overestimation of the wave
power. Recent studies based on reanalysis data also indicate that the coastal waters of the southern
tip of India have a large wave energy potential compared to other locations in the coastal waters of
India (Amrutha et al., 2020). Since the study area is also not subjected to high waves, it is an ideal

location for installing wave energy converters. ERAS data indicates that the maximum Hs from 2000
;



to 2017 at 8° N; 77.2°.E, off the study area, is 3.3 m and the maximum individual wave height (Hmax)

i56.0 m.
3.2  Wave spectra

A better understanding of different wave systems is achieved from the analysis of individual
wave spectra. Measured wave data contains wind-sea or swell-dominated multi-peaked spectra,
single-peaked swell, and single-peaked wind-sea (Table 3). Most of the data recorded are single-
peaked spectra (72.2%), and these were mainly swells during 53.9% of the time and wind-seas
during the remaining period. Most of the multi-peaked spectra (26.5%) were also swell-dominated
(Table 3) indicating that overall, 80.4% of the spectra were swell-dominated. Amrutha and Kumar
(2017) observed slightly higher multi-peaked spectra (58.5% of the time) in the east of the present
location situated in the Gulf of Mannar. Globally, 75-85% of the ocean state at different locations
are single peaked spectrum (Guedes Soares, 1991). The annual mean T, (12.5 s) also indicates that
the maximum spectral energy density is in the swell region. The annual mean Tp is highest in the
coastal waters of the southern tip of India compared to that observed in the eastern AS (10-11.9 s),
Gulf of Mannar (10.7-12.1 s) and northwestern Bay of Bengal (11.9-12.2 s) (Table 1).

The temporal variation of spectral energy distribution over a range of frequencies is studied
with spectral energy density in the time-frequency plot (Fig. 7). The spectral energy density is
normalized by the maximum value of the spectral energy density of the respective spectrum. Most of
the time, spectral energy is predominantly in the frequency of swells (frequency bands 0.06-0.09 Hz)
(Fig. 7).

The wave spectra clustered into various frequency bins indicate that the frequency peak of a
large number of wave spectra (e.g., 44%) is between 0.08 and 0.1 Hz with an average Hs of 1.3 m
and a mean period of 6.3 s (Table 4). 42% of the instantaneous observed snapshots of 2-D directional
wave spectra are within peak frequencies of 0.06 and 0.08 Hz with a mean Hs of 1.1 m. Only during
0.05% of time wave spectra are with peak periods less than 5 s. The monthly averaged spectrum is
mainly single-peaked in most of the months, except from February to April and October (Fig. 8a).
The monthly average wave spectrum is swell-dominated in all the months. The peak frequency of the
swell part of the monthly averaged wave spectrum varied from 0.07 to 0.095 Hz, with high values

from June to August and low values during January, April, and September to October.

Wave systems with different peak frequencies generally come from different directions.
Variations in directions of the monthly average spectrum are less for frequencies ranging from 0.05
to 0.1 Hz in all months. The mean wave direction shows large variation in the high-frequency band
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(>0.15 Hz) in different months (Fig. 8b). During May to September, high-frequency waves are from
270 to 300°, during October and April, it is from 230 to 260° and in March and November-
December, it is from 170 to 210°. The change in the high-frequency waves is mainly due to the
change in the wind pattern from west-southwest to east-northeast caused by the southwest and
northeast monsoons. Long-period swells (Tp>14 s) are mainly from 190 to 210°, and the
intermediate-period waves (14>Tp>6 s) are from 180 to 240°, while the wind-seas are from 150 to
280° (Fig. 8b). The spectral narrowness parameter (v) varies from 0.42 to 0.99, with an average
value of 0.66 indicating broad-banded wave spectrum. The values of the spectral peakedness
parameter varied between 1 and 9 with a mean value of 2, and for high waves (Hs > 2 m), the

spectral peakedness parameter ranged from 1.6 to 2.6.
3.3.  Spectral partitioning

The monthly mean directional wave spectra of each month from February 2018 to January
2019 is shown in Figure 9 and it indicates the spread of wave spectral energy in different frequencies
and direction. Two well-separated peaks in spectral energy are observed from May to August due to
the presence of monsoon waves from the southwest and the Southern Ocean swells from the south.
The different wave systems obtained by spectral partitioning of the measured 2D wave spectra are
presented in Figure 10. In the figures, partition O represents noise, partition 1 represents the wind-sea
system, 2 represents the major swell system and the subsequent numbers represent other wave
systems. A maximum of four wave systems are recorded during the study period. Figure 11 depicts
the partial distribution of system-wide Hs and Tmo2 over a one-year period (February 2018 to January
2019). The highest (2.13 m) and lowest (0.71 m) total Hs are recorded in July and February,
respectively. System 1 is a short-period (SP) wave system that exhibits fewer notable fluctuations
throughout the period, except in May, when the Hs of System 1 is 0.80 m, accounting for
approximately 23% of total Hs. System 2 is the dominating system throughout the year, composed of
intermediate-period waves (IP) and sometimes SP. System 2 has the highest Hs in August (1.62 m)
and the lowest in February (0.54 m). Except for May and February, System 2 is the largest
contributor to total Hs, with a proportion of Hs to total Hs greater than 60% throughout the entire
period. In August, Hs of System 2 contributed more than 90%. During June and July, the percentage
of System 3 Hs to total Hs is over 30%, and during all other months, when there are only three
systems present, the partial to the total Hs ratio is only around 0.1. System 3 is made up of IP waves,
yet it is around 4 s in February. System 4 appears in 6 months, with a Hs average of around 0.24 m

and the maximum (0.37 m) occurs in July. System 4 appears to be the least significant, with partial



Hs to the total Hs below 5%. During February, April and May System 4 consist of SP waves whereas

in other months it is IP waves.

Amrutha and Kumar (2021) reported that the two systems with relatively high magnitude of
energy are coming from the west. Spectral energy peak of the system from the west (System 3) starts
to increase from May and diminishes as the monsoons progress, also the same pattern is observable
in the case of Hs (Fig. 10). A low frequency (0.15-0.2 Hz) system from NW is present at locations in
the western shelf seas, the same system is observed here as System 3 with wide directional spread
and higher spectral energy peak (15-20 m?/Hz/deg) during the monsoon period. A high-frequency
system is also observed from the west having significant spectral energy (System 2). Even though
Amrutha and Kumar (2021) observed two systems from the west with comparable Hs in deep-waters,
in nearshore waters, System 2 had significantly higher Hs than System 3. Another system from the
south with high frequency (0.1-0.2 Hz) is present with spectral energy peaks during July (10-15.1
m?/Hz/deg). A system from SE directions with low directional spread is also observed during the
pre- and post-monsoon periods. The system shows low spectral energy (0.1-0.5 m?/Hz/deg). System
1 is locally generated waves. Swells due to monsoon winds and swells from the south Indian

Ocean/Southern Ocean cause System 2.
4 Concluding remarks

One year of measured wave data using waverider buoy indicates that the annual average
value of the significant wave height off the southern tip of Indian mainland is slightly higher than
that along the coastal waters of the eastern AS. Over an annual cycle, 76% of the surface height
variance in the study region is a result of the swells, and the balance is the wind-seas. Annually,
80.4% of the wave spectra are swell dominated. A maximum of four wave systems are observed in
the study region. A large variation is observed in the direction of high-frequency waves in an annual
cycle due to the change in the local wind direction. Throughout the year, intermediate period waves
dominate the area. Land/sea breezes cause the diurnal variation. Energy period is less than the
spectral peak period and hence estimation of wave power based on peak period led to 16%
overestimation of the wave power. The region has larger wave energy potential compared to the rest
of the locations around the mainland of India with least seasonal variations and are not subjected to
extreme waves. Hence, coastal waters of the southern tip of the Indian mainland are an ideal location

for installing wave energy converters.
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Table 1. Studies on waves in Indian waters based on measured wave data covering 1 year and above

Location Position Water Period of Data Annual Annual Reference
depth  data used (%) average average
(m) Ho(m)  Tp(9)
Versova, north  19.1300° N; 15 1 Jan 2017- 100 0.91 10.0 Kumar et al.
north-eastern 72.7400° E 31 Dec 2017 (2018)
Arabian Sea
Ratnagiri, eastern 16.980° N; 13 1 Jan 2011- 9998 1.14 10.1 Amrutha et al.
Arabian Sea 73.258° E 31 Dec 2011 (2019)
Vengurla, eastern 15.842° N 15 1 Sep 2014 - 99.95 0.94 11.6 George et al.
Avrabian Sea 73.563°E 31 Aug 2015 (2020)
Karwar,  eastern 14.822° N; 15 1 Jan 2011- 99.98 1.13 115 Nair and
Arabian Sea 74.052° E 31 Dec 2011 Kumar (2017)
Honnavar, eastern 14.304° N; 9 1 Jan 2011- 95.65 1.05 11.9 Amrutha and
Arabian Sea 74.391° E 31 Dec 2011 Kumar (2016)
Tuticorin, Gulf of 8.8811° N; 12 1 May 2015- 99.94 0.84 121 Amrutha and
Mannar 78.2956° E 30 Apr 2016 Kumar (2017)
Off Dhanushkodi, 9.113° N; 12 9 Feb 2010- 90.54 0.90 10.7 Gowthaman et
Gulf of Mannar 79.407° E 31 Mar 2011 al. (2013)
Off Dhanushkodi, 9.319°N; 12 9 Feb 2010- 96.52 0.55 3.3 Gowthaman et
Palk Bay 79.434°E 31 Mar 2011 al. (2013)
Puducherry, 11.924° N: 15 1 Jan 2010- 99.98 0.70 8.0 Johnson et al.
western Bay of 79.851°E 31 Dec 2010 (2013)
Bengal
Gangavaram, 17.633° N; 18 1 Jan 2010- 97.48 1.02 11.9 Kumar et al.
northwestern Bay 83.267°E 31 Dec 2010 (2014b)
of Bengal
Visakhapatnam, 17.705° N; 15 1 Mar 2015- 100 1.04 124 Nair et al.
north western Bay 83.328° E 29 Feb 2016 (2019)
of Bengal
Gopalpur, northern  19.282° N; 15 1 Jan 2015- 99.99 1.00 12.2 Nair et al.
Bay of Bengal 84.964° E 31 Dec 2015 (2018)
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Table 2. Statistics of each month: mean value, standard deviation and maximum of significant wave

height along with swell and wind-sea percentage and its heights in the measured data

Month Mean Standard Maximum Average No. of Swell Average Wind- Average
(m) deviation (m) Tp (S) data (%) Hs of sea Hs of
(m) swell (%) wind-
(m) sea (m)
February  0.72 0.06 0.87 11.3 125 67.0 0.59 330 041
2018
March 085 0.18 1.42 12.2 1488 706 0.71 29.4 0.44
2018
April 1.03 0.25 2.25 13.0 1408 79.0 091 21.0 0.45
2018
May 2018 1.62 0.54 3.24 12.1 762 60.3 1.26 39.7 0.95
June 2018 1.86 0.28 2.78 11.0 1260 72.1 157 27.9 0.96
July 2018 2.12 0.40 3.60 13.1 1488 82.3 1.93 17.7 0.87
August 166 0.36 3.02 115 1488 76.1 144 23.9 0.79
2018
September 1.27  0.18 181 13.6 1440 774 112 22.6 0.59
2018
October 1.08 0.26 2.36 124 1488 76.2 0.94 23.8 0.52
2018
November 0.77 0.12 1.19 11.9 1440 76.3  0.67 23.7 0.37
2018
December 0.72 0.17 1.25 12.3 1485 76.9 0.64 23.1 0.32
2018
January 0.75 0.16 1.43 13.8 1271 78.2 0.67 21.8 0.33
2019
Pre- 1.07 042 3.24 12,5 3783 71.5 0.89 28.5 0.55
monsoon
monsoon  1.73 045 3.60 124 5676 77.2 151 22.8 0.80
Post- 0.84 0.24 2.36 12.6 5684 769 0.73 23.1 0.39
monsoon
Annual 123 0.55 3.60 125 15143 756 1.06 24.4 0.58
average
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Table 3. Percentage of single-peaked and multi-peaked wave spectra in different months along with

classification as wind-sea, swell or mixed based on spectral peak period

Month Single-peak (%) Multi-peak (%)
Total Wind-sea  Swell Total Wind-sea  Swell

dominated dominated dominated dominated

(Tp<835) (Tp>85) (Tp<835) (Tp>85)
January 88.99 0.00 88.99 11.01 0.00 11.01
February  89.60 0.00 89.60 10.40 0.00 10.40
March 69.02 0.07 68.95 30.98 0.94 30.04
April 86.86 0.14 86.72 13.14 0.00 13.14
May 35.70 22.57 13.12 64.30 12.07 52.23
June 60.24 56.83 341 39.76 0.79 38.97
July 79.30 68.28 11.02 20.70 0.00 20.70
August 73.59 53.16 20.43 26.41 0.13 26.28
September 71.25 9.93 61.32 28.75 0.00 28.75
October 56.05 6.52 49.53 43.95 2.08 41.87
November 78.26 0.00 78.26 21.74 0.07 21.67
December 76.97 0.00 76.97 23.03 0.47 22.56
Annual
average 72.15 18.22 53.93 27.85 1.35 26.49
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Table 4. Average wave parameters and amount of wave spectra in different spectral peak frequencies

Number

Peak  wave

Peak frequency of wave Percentage of Tmoz .
Hs (m) period

(fp) range (Hz) spectra wave spectra (s) .

S
0.04 <, <0.05 102 0.67 1.48 7.98 20.24
0.05<f,<0.06 1092 7.21 1.44 6.99 17.18
0.06 <, <0.07 3005 19.84 1.16 6.44 14.67
0.07 <1, <0.08 3370 22.25 1.05 6.27 12.93
0.08 <f;<0.10 6646 43.89 1.30 6.31 10.86
0.10<f;<0.15 892 5.89 1.25 5.97 8.75
0.15<f,<0.20 28 0.18 1.25 5.01 5.93
0.20<f;<0.30 8 0.05 1.13 3.95 4.39
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Figure 1. Map showing the buoy location off the southern tip of Indian mainland (off Kolachel) used

in the present study. The colour contour indicates the water depth in metre. The wave buoy locations

mentioned in Table 1 are also indicated in the figure
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Figure 2. Time series plot of a) significant wave height, b) peak wave period, ¢) mean wave
direction, d) percentage of long-period waves, e) percentage of intermediate-period waves and f)
percentage of short-period waves. Significant wave height and peak wave period at Karwar, a

location 810 km north of the study area is also shown in Figure 2a and 2b
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Figure 3. Wave roses during different periods from February 2018 to January 2019 (a) significant
wave height and mean wave direction, (b) peak wave period and mean wave direction, (c) percentage

of swell in the measured data and mean wave direction, (d) percentage of wind-sea in the measured

data and mean wave direction. The plots represent the direction where the waves come from. The

radius of the figure indicates the percentage of the time
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26



0.1

spectral energy density (m?/Hz)

0.01

300 -

N

-

o
]

N

N

o
]

mean wave direction (deg)

S & &
> & < E8ge
T 5 = ‘”QJ.QEE
S5 = O — ()] :q—lO(DQJ
C.QLs_>‘CZsCDQ.-|—->O
T 08 ol 55350900
SL=2<<=2S55<n0ZA0O

e & = @9 @
t e : e o
H [ ] . [} [}
e @& =+ @ 0

seesssssse
ettee®
esses®

o eoeded i
P L o80es ..... -
P AP Lt 0% 0pee
.:::,-0"' o®®
e
P Ll LT T T T o0 g
..,-0‘;0.‘.'3“.‘,9:“‘“. ...Oo"nu‘o.uu
'..-' ) ...... ...
s
... 000y
:
.
: .000000000000°°":___..'tooo.

My b 4 ... 2 ......
= S \-\..—l-..\"?/s
NS
. (]

I | | | | | | I | I |
0.1 0.2 0.3 0.4 0.5
Frequency (Hz)

Figure 8. (a) Monthly average wave spectrum and (b) mean wave direction during February 2018 to

January 2019

27



15

1.0

0.5

0.0

| |
= &
=) [

|
-
w

Energy Density (m*m/Hz/deg)

|
g
=)

180° 180° 180°

Figure 9. Monthly average directional wave spectrum for the period February 2018 to January 2019.
The color bar is for spectral density (m? /Deg/Hz). The spectral density of the sea surface height
variance is shown in logarithmic scale (base 10)

28



FEB MAR APR

360

i80

: 360
/ =
~ 0.4 180 0.4 180 P> 0.4
2 3 0.2 o 0.2 o

N
===
»
===
IS
o
|
IS

5
w

360

°
°
N
°
»
—
° "
w
o
oo
s —1
° "
w
a
co
°
N
°
»
e
° "

Spectral energy density m*m/Hz/deg

|3 |3 |4
3
2
2 1
1.5 1.5
2
B / 1
0 0 ‘ o gf
1
360 360 360
180 0.a 180 0.4 180 0.a I
0.2 o 0.2 ~ 0.2 0
oo 0 o oo
NOV
3 DEC 5 JAN y
' |
2 2
0.5 0.5
0.5

360
S
180 Cg,. 180 0.4 1\ 180
© 0.2 o
o2
0o o S,

(SN
o 0 «¢

11 1
360 360
o,
0.4
0.2 o
0 o

Figure 10. Wave spectral partitions in different months obtained from the monthly average

directional spectra. The colour legend indicates the different wave systems present

29



23 ® @ system 1 M system 2 ++ system 3 ¥V system 4 —@ Total

2 Y /‘\
./. .7_7_.

L5

Hs (m)
l
N\
+

/I/ ~~ i“_‘zgf;
0.5 +

r—,)'M
. R S —
v- v
0
1 2 3 4 5 6 7 8 9 10 11 12
16 month
b)
14 v
v +— +
12 e 4 u
RF /
zio0m /N ) e . /
\-0:1 \\ \ ./// \\\
= hY A \
al 8 + \\ / \\ / // \\ /
\\\ / \\ I‘."‘II @ / \ \\\ ’/. .
§) .\ﬁ —+ /\ fud ) /"074 - :.—IL'JL/_“‘-\. °
° e
./ ‘-‘"‘I
4 o
&Hté V \. PY ./.‘—H__.f_.ff-’.i-—.
2
1 2 3 4 5 6 7 8 9 10 11 12

month

Figure 11. Monthly variation of system-wise significant wave height (a) and mean wave period (b)

during February 2018 to January 2019

30



