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Abstract

Understanding the short-term statistics of waves is crucial for various marine applications.
Present study investigates variations in the short-term statistics of waves in the eastern Arabian Sea,
at a water depth of 15 m utilizing 172,704 30-min-long sea state records from 2010 to 2020. The
maximum recorded individual wave height during the study period is 8.3 m. Individual wave period,
height, length and steepness are higher during the monsoon (June-August). Consequently, the
number of waves is lower than it is in the non-monsoon. Moreover, there are high energy swells
during high wave events, and during the non-monsoon, the wave spectrum is multi-peaked, with
low-frequency swells and high-frequency wind-seas. The crest height of the largest wave in different
years during the study period is 0.57-0.60 times the wave height. The characteristic wave height,
Hu1o, is 1.24 times the significant wave height, and the maximum wave height is 1.6 times the
significant wave height. Significant inter-annual variability exists in the exceedance probabilities of
waves with higher heights. For the extreme sea state, the probability of the exceedance of normalized
wave heights is in good agreement with the Rayleigh, Forristall and Van Vledder distributions.
However, the crest heights only follow the Rayleigh distribution.
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1. Introduction

The wind waves or ocean surface waves generated by winds blowing over the ocean surface
are random in nature and are a key factor in planning marine operations and air-sea interaction
studies (Kinsman, 1965). The wave field at most locations represents the wind-seas (locally forced
waves) superimposed on the swells (remotely forced waves) (Sverdrup and Munk, 1947). Waves
have a range of wave periods (T) and are associated with a range of heights (H). A sea state is
defined as a duration in which the wave conditions can be considered almost stationary, with the
period normally defined in the range of 0.5 to 3 h, and it is represented in terms of significant wave
height (His or Hs) and mean wave period (Tys or Tmoz). Characteristic wave parameters like
significant wave height, mean wave period and mean wave direction are used for specifying the

wave conditions.

Identifying the wave height distribution is crucial for determining wave heights with different
exceedance probabilities. Quantifying the probability of a wave height exceeding a critical height is
an essential step in designing marine structures and vessels, and it is also used in the evaluation of
high wave height. Numerous studies have explored the importance of wave height distributions (e.g.,
Goda, 2010; Guedes Soares, 2003; and the references therein). Moreover, information on the
characteristics of high waves is necessary for marine operations and the design of coastal and
offshore facilities. Different methods have been used to predict the probabilistic nature of sea waves.
Based on the linear model of waves with a narrow energy spectrum, it is shown that the short-term
statistics of wave heights in deep water (see Ochi, 1998, for a review) follow the Rayleigh
distribution (Longuet-Higgins, 1952). Longuet-Higgins (1952) introduced the Rayleigh distribution
based on the assumptions of a stationary Gaussian ocean surface and a narrow spectrum, in which
the parameter of the distribution is a=Hrms. When time series is not available but only spectral data is,
a=\(8mo ) can be used, and the distribution is then known as the spectral Rayleigh distribution.
According to Forristall (1978), the Rayleigh distribution overpredicts the probabilities of the highest
waves. Forristall analysed 116 hours of hurricane-generated waves in the Gulf of Mexico and the
data were empirically fitting to a Weibull distribution and suggested a two-parameter Weibull
distribution as in Appendix-I. Dattatri et al. (1979) examined the distribution of height and period of
waves recorded off Mangalore, the west coast of India. The observed statistics of extreme waves
deviate from the values based on the Rayleigh distribution (Stansell, 2004; Mori and Janssen, 2006).
Casas-Prat and Holthuijsen (2010) examined the height distributions of 10,000,000 deep water waves
obtained from buoy measurements in the Mediterranean Sea off the coast of Spain. Amrutha and

Kumar (2015) reported that the significant wave height is ~8% lower than that projected by the



Rayleigh distribution for waves measured at a water depth of 13 m. Measurements of individual
wave heights and crest heights at 190 m water depth in the northern North Sea show that for
individual wave height and crest heights in long-crested seas, Forristall distribution is considered to
provide the most appropriate descriptions of these measured wave data (Kvingedal et al., 2018).
Orimoloye et al. (2019) observed that the Rayleigh distribution could not properly represent bimodal
seas with wider spectral widths. Furthermore, Karmpadakis et al. (2020) explained that different
distribution models perform depending on relative depth, spectral bandwidth and steepness based on
the data from the central and southern North Sea. The investigation of short-term statistics of waves
with significant wave heights greater than 3 m in coastal waters around the United Kingdom (over
40,000 half-hour-long records) indicate that the Rayleigh distribution with parameter a = Hims has

lower errors than other models in the estimation of Hys (James and Panchang, 2022).

The design criteria for coastal facilities require characteristic wave heights such as Hiz (the
average of the highest one-third of all wave heights) or Hy0, which is a wave height with an
exceedance probability of 10% (the average of the highest one-tenth of all wave heights). If the wave
heights follow the Rayleigh distribution, these characteristic heights can be converted into another
through known constants. When designing the deck elevation of an offshore platform, the crest
height of the wave is more of interest than the total wave height (Goda, 2010). For ship routing and
ship design, European regulations define ship design standards in relation to Hiso. In marine
engineering applications, larger wave heights (Hmax and Hu1o0) are essential, but they may not be
readily available (Nayak and Panchang, 2015). Hence, it is important to know the variations of

different wave parameters at a location.

The wave period corresponding to a particular wave height is essential for various marine
operations and construction projects. The early studies done by Battjes (1970) gave the joint
distribution of Hys and the mean wave period. The probability-based design of offshore structures
generally requires Hy3 and the mean wave period to describe the long-term wave climate (Mathisen
and Bitner-Gregersen, 1990) from the respective distribution of individual wave heights. Hence, it is

of prime importance to find a wave period associated with a wave height.

Wave steepness (wave height/wave length) is a measure of wave stability, with steeper waves
causing a greater hazard. As the waves approach the nearshore, wave height increases, wavelength
decreases and steepness increases. In coastal regions, smaller vessels may capsize when the
steepness increases. Hence, it is essential to determine the steepness of waves in coastal waters,

especially when the wave heights are large.



The eastern Arabian Sea is exposed to swells from the Southern Ocean and the south Indian
Ocean. Hence, the waves will be swells superimposed on wind-seas (Dora and Kumar, 2015). During
the monsoon period (June-August), the coastal waters of the eastern Arabian Sea experience a rough
sea state (Hyz > 1.5 m). Since the Arabian Sea is characterised by strong seasonality due to change in
the direction of the monsoonal wind (Schott and McCreary, 2001), significant changes in wave
characteristics are observed with the seasons. Hence, it is necessary to examine the monthly

variations in wave parameters.

Considering the above, the present study assesses the monthly and inter-annual variability in
the short-term statistics of waves in coastal waters. The main objective of the analysis is to identify a
distribution function for individual wave height and crest height. The rest of the paper is arranged as
follows. Section 2 presents a description of the data used and the methodology, and Section 3
compares the main wave parameters along with the results and discussions. The summary and

conclusions are presented in Section 4.
2. Data and methods

The wave data used for this study were measured off Karwar, located in the eastern Arabian
Sea at 15 m water depth (14.822° N; 74.052° E). The data were collected using a moored Datawell
MKIII directional waverider buoy from 1 January 2010 to 31 December 2020. The waverider buoy
recorded the two horizontal (north-south and east-west) and vertical accelerations of the buoy, and

the corresponding translational motions were estimated (Datawell, 2009).

Vertical displacement is measured with 1 cm resolution and 3% accuracy. The height (H) and
period (T) of the individual waves are obtained following the zero-up-crossing method (Tucker,
1991). Hys, Hy1o and the significant wave period (Ty3) are obtained from individual waves in a 30-
min sampling period. The crest height (Hc) and trough depth (Ht) are calculated from heave data. The
maximum height of the wave in a 30-min record is the maximum wave height (Hmax). Wave length
(L) at the measurement location is computed from the wave period and the water depth (d) by

solving the wave dispersion relation iteratively.

The wave spectrum of surface elevation is computed from the heave data measured for 30
min through the Fast Fourier Transform (FFT). The wave spectrum has a resolution of 0.005 Hz
from 0.025 Hz to 0.1 Hz and 0.01 Hz from 0.1 Hz to 0.58 Hz (Datawell, 2009). Spectral moments
(mp) and the spectral peak period (Tp) are derived from the wave spectrum. The significant wave

height (Hmo), energy wave period (Tm-1,0) and average wave period (Tm-1,1) are computed from the

spectral moments. The n'™ order spectral moment is obtained as m,, = f0°° ™ S(f)df, where S(f) is the
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spectral energy density at frequency f. The spectral narrowness parameter (v) (Longuet-Higgins,
1975) and spectral width parameter (¢) is used as an indicator of the strength of non-linear focusing
and estimated using equation (1). Both v and ¢ vary from 0 to 1 with lower values for the narrow-
band spectrum, i.e., the energy is concentrated near the spectral peak frequency, as individual waves
have similar frequencies with differing amplitudes. The other parameter evaluated to examine the
peakedness of the wave spectrum is the spectral peakedness parameter (Qp) (Goda, 1970). The value
of Qp is infinite for a single frequency wave spectrum i.e., extremely narrow-banded, and is unity for
an extremely broad-banded. The skewness and kurtosis of the free surface elevation are computed to
study the non-linearity of the wave fields. The directional width or the spread parameter is estimated
following Kuik et al. (1998).

_ 2
Spectral narrowness parameter (v) = %"%ml (1)
_ 2
Spectral width parameter (g) = |72 (2)
mgo My

The annual probability of the exceedance of observed characteristic wave heights (Hw/z, Hu1o
and Hmax) and corresponding wave periods (Tws, Ti1o and Tumax) are compared for the years with
more than 95% data. The years with fewer data are not considered for comparison since the
behaviour of the distribution changes with data less than 95%. The six selected years are 2011, 2012,
2014, 2016, 2017 and 2018. The probability of exceedance of the wave heights and crest heights of
each 30-min record is calculated and compared with six selected wave height distribution models.
The wave height distribution models (James and Panchang, 2022) examined in the study are
presented in Appendix-1. The number of sea states falling in each bin is counted. To calculate the
probability of the exceedance of the observed wave heights and periods, 0.2 m bins (i.e., 0.0-0.2 m,
0.2-04 m ...) and 1 s bins (i.e., 0-1 s, 1-2 s ...) are considered, respectively. In order to estimate the
probability of exceedance of a certain wave height, the ratio between the sum of the number of data
in the consecutive bins up to the selected height and the total number of data in that particular period
of the analysis is calculated. The exceedance probability is estimated by subtracting this ratio from 1
(WMO, 1998). The observed probabilities for a sea state are compared with model values using bias,

which is calculated as the mean of differences between the observed and the model values.



3. Results and discussions
3.1 Wave characteristics

Observed half-hour-long sea state records at a 15 m water depth off Karwar from 2010 to
2020 have been analysed. Even though the data were collected continuously, there are data gaps in
some years due to the drifting of the buoy from its deployed location (resulting from accidental
entanglement with fishing nets) and the retrieval of the buoy for routine maintenance. A total of
172,704 half-hour data sets are used in the study (Table 1). The percentage of data recorded, the total
number of waves, and the number of sea states with Hyz less than or equal to 1.5 m, Hys between 1.5
m and 3 m, and Hyz greater than or equal to 3 m in each year is presented in Table 1. The number of
data is fewer in 2010, out of which 95.14% have a significant wave height (H1/3) less than or equal to
1.5 m and only three datasets have a significant wave height greater than or equal to 3 m. Of the
years in the study period, 2011 has the maximum number of data (17,517). The number of sea states
with Hys equal to or greater than 3 m is the highest (415) in 2018. Over the period of one year,
5,395,125 to 5,534,980 waves were measured in different years and the average height and period of
these waves were 0.65 m and 5.7 s (Table 1). A total of 32,843,173 waves were measured during
2011, 2012, 2014, 2016, 2017 and 2018. The annual maximum wave height ranged from 4.8 m in
2010 to 8.3 m in 2020. The largest wave period is 22 s, the maximum observed Hyz is 4.8 m, and the
maximum wave height is 8.3 m. The sea state containing the high waves that are measured has a
significant wave height (Hyz) of 2.6-4.3 m and a peak period T, of 10.5-13.3 s, and those waves are
from 238 to 263°.

The heights of individual waves show a seasonal variation and are higher (with a monthly
average value of 1.2-1.4 m) from June to August (the monsoon period), and they are lower (0.3-0.35)
from November to February (Fig. 1b). The number of waves is less from June to September, whereas
a large number of waves (555,226-567,719) are observed in January (Fig. 1a), since the mean wave
period is low in January. The individual wave period (Fig. 1c) and wave length (Fig. 1d) in October
2016 is slightly less than the rest, whereas it is higher in November. The steepness of individual
waves is not more than 0.028, with the minimum occurring during October-March. The monthly
average value of wave length ranges from 36 to 67 m, but the maximum wave length is 267 m. For
the data analysed, the d/L values range between 0.051 and 3.751 and the monthly average values
range from 0.42 to 0.79 with an average of 0.62, indicating that all the waves measured are
intermediate or deep-water waves (Fig. 1f). Note that the d/L value is low from June to August, since

the wave period increases with an increase in height due to the monsoon.



In a year, the largest wave heights generally occur either in June or July. However, in 2011,
2019 and 2020, the highest waves occurred in September, October and August, respectively (Table
2). In 2019, the annual maximum significant wave height of 5.1 m occurred in October for the first
time in the last 42 years at the study location due to the impact of the tropical cyclone Kyarr (Nair et
al., 2022). The length of the largest wave varies from 96 to 139 m in different years (Table 2), while
the steepness ranges from 0.035 to 0.080 and is smaller than the steepness of the wave-breaking limit
(~0.142 tanh(kd), where K is the wave number and d is the depth).

3.2  Relation between characteristic wave heights and periods

To gain an idea of how wave heights change with corresponding wave periods, a scatter
diagram has been plotted between periods and the square root of heights. The analysis is done for
2011 since that year has 99.98% of the data. Earlier studies suggest that the best-fit slope for the plot
between peak wave periods and the square root of heights ranges from 2.6 to 3.9 (ISSC, 1979). For
the original JONSWAP spectrum, the slope value is ~4.5. However, the present data between Tis3
and Haz, Ty10 and Hyao and Thmax and Hmax Tp and Hmo deviate from these ranges, and it does not
follow a particular trend (Fig. 2). We obtain one set of data having lesser wave heights (black scatter
in Fig. 2) and another one with higher wave heights (blue scatter in Fig. 2). June, July and August are
the months with larger wave heights (blue scatter in Fig. 2), and the trend falls between slopes 3.9
and 6.7. It is clear that a few data falls in between the lines having slopes 2.6 and 3.9 and the
majority of higher wave heights are in between 3.9 and 6.7. The dashed lines in Fig. 2 represent the
three slopes (2.6, 3.9 and 6.7).

Here, we find the relation of Hi10 and Hmax with Hyz (Fig. 3a and 3b). We observe that Hiio
is less spread compared to Hmax values. Along the study location, Hi/10 is approximately equal to 1.24
times the value of Hys (Fig. 3a), and Hmax is approximately 1.65 times the value of Hys (Fig. 3b),
which is consistent with the theoretical values (Longuet-Higgins, 1952). Amrutha and Kumar (2017)
reported that Hmax is 1.50-1.62 times Hyz for the high waves in the eastern Arabian Sea. For cyclone-

generated waves, the average value of the ratio between Hmax and Hyzis 1.66 (Kumar et al., 2020).

The energy wave period (Tm-1,0) is a key parameter in offshore power calculations. It may not
be readily available and can be calculated from T if it is available (Kamranzad et al., 2013). The
energy wave period can be estimated from Tp as Tm-10 = 0.9 T, for a standard JONSWAP spectrum
with a peak enhancement factor of y = 3.3 (Contestabile et al., 2015). Here, we try to find whether
this relation holds true for the waves in the coastal waters along the eastern Arabian Sea. The

variation of the average wave period (Tm-1,1) with T3 (Fig. 3c) and the energy wave period with Tp



(Fig. 3d) is derived using the data for 2011. A strong correlation between the Tm.1,1 and Ty is clear.
For lower values, Tys approximately matches Tm1: (Fig. 3c). Kumar and Mandal (2022)
investigated the relation between Tm-1,1 and Ty at four different locations, including our study area
along the eastern Arabian Sea. They affirm that both the wave periods correlate well with a
coefficient of 0.88-0.94. The correlation between the Tm-1,0 and Tp is not as strong. It shows different
trends for T, less than 6 s and greater than 10 s (Fig. 3d). In addition, they are widespread for higher
values of Tp. According to Ahn (2021), the energy wave period of the total sea geographically varies
from 0.79 to 0.85 times Tp along the US coastal waters. However, along the eastern Arabian Sea, the

following relationships are obtained between these characteristic wave periods.
Tm11=0.76 Tyz +1.18 3)
Tm-10=0.29 Tp + 4.85 (4)
3.3  Variations in wave height and period distributions

The probability of exceedance of observed characteristic wave heights (H/3, Hy1o and Hmax)
and corresponding wave periods (T3, Ty and Thmax) for the years having more than 95% data is
illustrated in Fig. 4. The exceedance probabilities for a given wave height Hyz are presented on a
logarithmic scale to show both the average values (slightly below the 50% level) and the values
occurring for about 10 hours per year (0.11%, near the lower end of the graph). Large inter-annual
variations in the exceedance probability of wave heights are observed in 2012 towards higher wave
heights. Kumar and George (2016) indicate that the number of higher wave heights were the least in
2012. Perhaps the eastern Arabian Sea may have experienced some kind of wind or monsoon
variability in 2012 compared to other years, both of which can cause large inter-annual variations in
the wave heights. The monsoon is a dominant mode of variability in the northern Indian Ocean,
which accounts for about 92% of the total variability (Anoop et al., 2015). From 1979 to 2012, the
annual mean wind speed along the eastern Arabian Sea shows a statistically significant decreasing
trend of 1.5 cm s year! (Shanas and Kumar, 2014). The rest of the years follow a comparable

pattern.

The inter-annual variability is not notable for lower wave height and period, and it is
remarkable for a Hmax greater than 4 m (Fig. 4c). The percentage of sea states having a Hmax greater
than 4 m is the highest in 2016 (6.30%) and the lowest in 2012 (3.61%). The other years have more
than 5% data with Hmax greater than 4 m. Even though Hass in 2012 shows significant variation from
the others (Fig. 4a), Tys does not exhibit any considerable differences (Fig. 4d). Similarly, the Tys

and Ty10 of 2014 show significant inter-annual variabilities (Fig. 4d and Fig. 4e, respectively), but



the corresponding wave heights do not. The exceedance probabilities of wave heights in 2014 and
2018 were larger, while that of wave periods are lesser than the rest. There are no considerable inter-

annual variations in the probabilities of Txmax (Fig. 4f).
3.4 Short-term statistics of high waves

Here, we focus on the wave and crest height distributions of high waves (Hyz > 3 m) to
understand the variability of the severe wave field. Data during 2010-2020 has been utilised for
further analysis, out of which 2010 has only two data with Hy3 > 3 m. The number of data with high
waves varies each year from a maximum of 415 in 2018 to a minimum of 26 in 2013 (Table 3). The
sea state that has the maximum wave height is selected from each year, as well as the calculated ratio
of their crest height (Hc) and trough depth (H) to the respective wave height (H). These results are
shown in Table 3. The mean value of the ratios remains roughly the same every year. The crest
height to the corresponding wave height ratio ranges from 0.3 to 0.8, with an annual mean ranging
from 0.57 to 0.60. The minimum occurred in 2017 and the maximum occurred in 2013. The crest
height of the highest waves in different years varies from 1.06 to 1.62 times the His of the
corresponding 30-min data (Table 2). The crest height is 1.55 and 1.63 times the Hy for the highest
waves recorded elsewhere, such as the New Year wave and Andrea wave, largest waves recorded in the
North Sea (Bitner-Gregersen et al., 2014).

The wave spectrum for the record having the highest His in different years is examined along
with the annual average wave spectrum and the pre-monsoon (Feb-May) average wave spectrum
(Fig. 5). It can be seen that the wave spectrum is double-peaked, with low-frequency swells and
high-frequency wind-seas during the pre-monsoon period (Figs. 5g to 5l), while during the high
wave events, the wave spectrum is single-peaked with extremely high spectral energy (Fig. 5a to 5f).
In all years, during the high wave events, the wave spectrum is narrow, and the spectral peak lies
predominantly in the swell region (mostly between 0.075 and 0.095 Hz), indicating the presence of
high energy swells reaching the measurement location. The spectral narrowness parameter is low
(0.45-0.50) for all the records having the highest Hyss in a year, compared to that of the pre-monsoon
(0.58-0.64) and annual average wave spectrum (0.55-0.59). When combined sea states consisting of
long-period and short-period waves are present, the spectral narrowness parameters have a high
value, which indicates a broad-banded spectrum. Most of the time, the spectral energy of the wave
fields of the eastern Arabian Sea is concentrated on a wide range of frequencies and directions i.e.,
broad-banded sea state. Variation in the spectral width parameter is similar to that of the spectral
narrowness parameter (Fig. 6a). The wave spectrum for the highest waves has a Qp ranging from 2.0

to 4.1 in different years, while that for the annual average wave spectrum is 1.3-2.3 (Fig. 6). For the
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narrow-band spectrum, the spectral peakedness parameter is relatively higher than those for the

broad-band wave spectrum (Fig. 6b).

Kurtosis, the fourth order moment of the probability density function of the sea surface
elevation, gives a measure of the importance of the tails of the distribution (i.e., information on the
percentage of extremes in the record). The kurtosis of the surface elevation is found to increase with
the abnormality ratio (Hi3/Hmax) (Fig. 6¢), while the skewness (the degree of vertical asymmetry of
the surface elevation) does not show a strong correlation with the abnormality ratio (Fig. 6d). Mori et
al. (2011) observed that the role of the skewness in the wave height distribution is less important than
kurtosis. The skewness comes usually as a result of second-order corrections (bound modes) and is
weakly affected by the dynamics of free waves (Onorato et al. 2005). Kurtosis varies for swell and
wind-sea dominated sea states with smaller values in swell-dominated conditions than for wind-sea-
dominated conditions (Petrova and Guedes Soares, 2008). The directional width or the spread
parameter is low (12.2-17.7° ) for all the records having highest Hyz in a year, compared to that of
the pre-monsoon (31.2-35.2°) and annual average wave spectrum (12.5-30.6°) (Fig. 5). Kumar and
Anoop (2013) observed that the directional spreading of wind-sea dominated wave spectrum is less
(~18°) than that of the swell dominated spectrum (~24°). The nonlinear effects of surface waves
increase as the waves move from deeper to shallow waters and start to feel the seabed, and this may
have an effect on the presented results since the data used in the study are from a water depth of 15

m.

The measured distributions of individual wave heights within sea states with significant wave
heights exceeding 3 m are compared with the wave height distributions. Here, wave heights are
normalized by mo (moment of zero-order). Fig. 7 depicts the exceedance probability predicted by
different models and that of observed data (dashed line) for the sea states having maximum Hyz in a
year from 2011 to 2020. Since there are only two data available in 2010, we exclude them. As can be
seen, the observed data generally agrees well with the Rayleigh distribution at higher normalised
wave heights for most of the years. The Rayleigh distribution seems to be a little over-predictive.
Earlier studies support the conclusion that the Rayleigh distribution overpredicts the heights of the
larger waves in a record (Casas-Prat and Holthuijsen, 2010). Even though the Rayleigh model falls
into the deep-water model category, it is widely applied in all water depths. It also agrees with the
Forristall distribution in 2014, 2015, 2016 and 2018. The Forristall distribution has been widely
adopted in both deep and intermediate water depths. For lesser normalized wave heights, the
observed data does not coincide with any of these models except for the Longuet-Higgins
distribution at some points. In short, for estimating the extreme wave heights along the study area,
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the Rayleigh distribution will be appropriate, followed by the Forristall distribution. The study by
Longuet-Higgins (1952) pointed out that the wave heights will be Rayleigh distributed if the wave
spectrum becomes extremely narrow. The probability of wave heights to exceed 3 m is less than 40%
and that of 4 m is less than 20% only. Similarly, the distributions for crest heights have also been
estimated, and it is found that the normalized crest heights (normalized by Hi;3) are Rayleigh
distributed (Fig. 8). Fig. 8 indicates that the Rayleigh distribution exactly obeys the measured values
towards higher crest heights, and it falls inside the 95% confidence interval. Meanwhile, none of the
other models agree with the observed data well. Further, in every year, the probability of crest
heights to exceed 0.5 m is below 20%. Fernandez et al. (2016) observed that for shallower water
depth, departure from second order distribution in the unidirectional sea states vanishes and crest
heights fit the Forristall distribution. The data with Hys more than 3 m used in the study falls in
intermediate water depth with d/L values ranging from 0.09 to 0.15. Fig. 9 shows the scatter plot of
bias with Hys for various distributions. The symbol size is proportional to the spectral narrowness
parameter and the colour is as per the spectral width parameter. The bias between the data and
Rayleigh distribution is less for narrow banded spectra. The wave field obeys the Gaussian statistics
when it is narrow banded, and hence it follows the Rayleigh distribution.

Although the Rayleigh model best matches the observed data for the extreme sea state, the
Van Vledder distribution exhibits less bias when the entire set of data is taken into account (Fig. 10).
Shoaling alters the shape of the distribution as the waves get closer to the coast. Van Vledder (1991)
distribution is thus proposed to take the shallow-water effects into account. The bias between
distribution models and the observed data for all the sea states with significant wave height more
than 3 m is shown in Fig. 10. It can be seen that the Rayleigh, Forristall and Van Vledder
distributions have the least error. The Rayleigh distribution is biased 0-0.05 higher than the observed
data except at one point where it is biased 0.007 lower than the observed data. The two models with
the highest error are Longuet-Higgins and Klopman, as the former underestimates the observed data
while the latter overestimates it. Klopman (1996) distribution is mainly for very shallow-waters,

whereas all the waves used in the study are intermediate or deep-water waves.

Similar studies have been carried out in many ocean basins. James and Panchang (2022)
investigated the short-term statistics of wave conditions in the coastal waters of UK using more than
40,000 half-hour-long sea states. According to them, the relative wave height is an important factor
in choosing the wave height distribution with the least error for a given sea state. For the sea states
having low relative wave heights, the Naess model is the most accurate in describing the tail of the

wave height distribution and the Van Vledder model for high relative wave heights (James and
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Panchang, 2022). The data from the central and southern North Sea have been utilised by
Karmpadakis et al. (2020), who examined the accuracy of nine wave height distribution models
under a range of conditions. They showed that no single model accurately describes the measured
wave heights across different conditions. However, the Boccotti distribution gives better
approximations for low relative wave heights, and as it increases, the Van Vledder, Mendez and

Battjes-Groenendijk models fit well.

Tayfun and Fedele (2007) conducted studies using wave heights measured at a deep-water
platform in the North Sea and found that they also agree well with the Boccotti distribution.
Kvingedal et al. (2018) utilized data from the northern North Sea at a water depth of around 190 m
and found that the Forristall distribution has good accuracy while the Rayleigh distribution behaves
as a conservative upper bound. Casas-Prat and Holthuijsen (2010) examined the short-term statistics
of 10 million deep water waves in the Mediterranean Sea off the coast of Spain. They could find that
normalized crest heights and trough depths are Rayleigh distributed, but the normalized wave heights
are not. There, the wave heights are well predicted by Rayleigh-like distributions obtained from
linear theories and by empirical Weibull distributions. However, in the eastern Arabian Sea off
Karwar, the Rayleigh distribution has the greatest accuracy in predicting the most severe sea state.
This result is consistent with the findings of Dattatri et al. (1979), who used the wave height data

from the Mangalore coast, which is also along the eastern part of the Arabian Sea.
4. Conclusions

In this study, the short-term statistics of wave conditions in the nearshore waters of Karwar
are investigated using 172704 half-hour-long records. The highest individual waves reached 8.3 m.
The mean monthly averaged d/L value is 0.62, indicating that all the measured waves are in
intermediate and deep waters, and the results also show that the waves with a significant wave height
(Hy3) of more than 3 m are in intermediate water. For estimating Hy10 and Hmax, the significant wave
height (Hus3) is utilized. Hyo is 1.24 times Hys and the maximum wave height, Hmax, is 1.65 times
Hus. There is considerable inter-annual variability in the exceedance probabilities of wave heights in
2012, and there is no such significant variability for Tumax. The energy wave period along the study
area cannot be correlated to the spectral peak period as indicated by earlier studies (Kamranzad et al.,
2013; Contestabile et al., 2015), and it shows different trends for lower and higher values of the peak
period. Moreover, a best-fit slope between the characteristic wave period and the corresponding
wave height could not be obtained, as in ISSC (1979). Instead, we define a range of slopes to
understand the relation during southwest monsoon months (June-July-August), when there are higher

wave heights.
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The analysed wave spectrum for the annual average wave heights, the pre-monsoon average
wave heights and the record with the highest Hys reveal the presence of low-frequency swells and
high-frequency wind-seas during the pre-monsoon period. During high wave events, the spectrum is
narrow and single-peaked, with the peak lying in the swell region. The exceedance probability of
normalized wave heights of high waves (Hi3 > 3 m) agrees with the Rayleigh, Forristall and Van
Vledder distributions. However, for the most extreme sea states, only the Rayleigh distribution
displayed the least error. Similarly, crest heights of the extreme sea state also follow the Rayleigh
distribution. Besides, the crest height of the largest wave in different years was 0.57 to 0.60 times the

wave height.
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Appendix-1: Wave height distribution models examined in the study

1.

Rayleigh Distribution

o) = exp (- (2))
Where a = Hyps

Spectral Rayleigh Distribution

o) = exp (- (2))

Where a = /8m,

Forristall Distribution

oo = (-3

Where @ = 2.126 and § = 8.42

Longuet-Higgins Distribution

Q(H) = exp <_ 1-0.;341/2 (J:—mo)z>

Where v is the spectral bandwidth

Klopman Distribution

Q(H) = exp (—A ( H )K)

Hrms

B

2 2
Where—m,A— (F(E+1)) and f = 0.7

D

Van Vledder Distribution

00 = exp (-4 (1))

K
Where K = —— A= T (% + 1) and T is the gamma function.

Hm?
-5
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Table 1. Percentage of waves in different groups based on height and number of waves. The years
having maximum number of data (greater than 95%) has shown in bold.

Year Data Annual Annual Average His<l.5m 1.5m<Hiy3<3m H13>3m Number d/L

(%) average average height of

Has Hmax waves

(m) (m)
2010 70.58 0.63 1.08 95.14 4.84 0.02
2011 99.98 1.02 1.73 0.65 74.16 24.93 0.91 5534980 0.63
2012 98.61 1.00 1.73 0.65 74.55 25.34 0.11 5460034 0.61
2013 8294 0.81 1.39 94.30 5.51 0.19
2014 98.65 0.97 1.65 0.62 80.81 17.42 1.76 5464264 0.63
2015 84.32 1.00 1.71 80.39 17.84 1.77
2016 96.20 1.05 1.78 0.69 75.83 22.09 2.08 5395125 0.62
2017 99.46 1.04 1.76 0.66 74.99 23.46 1.54 5497168 0.61
2018 95.21 1.00 1.69 0.62 79.08 18.44 2.49 5491602 0.67
2019 76.44 0.78 1.34 93.90 4.81 1.29
2020 82.61 1.16 1.95 71.91 25.74 2.35
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Table 2. Characteristics of the wave with maximum height in different years.

Year Month day hour Hmax(m)  Thmax(S) Hc(m) Hi(m) His(s) length (m) steepness

2010 6 15 19 438 12.0 3.3 1.5 3.1 135 0.0354
2011 9 3 07 638 10.8 3.8 2.9 3.3 120 0.0564
2012 7 22 00 6.2 9.9 4.2 2.0 2.6 108 0.0571
2013 6 11 13 7.2 10.3 4.4 2.8 3.0 113 0.0633
2014 6 10 04 74 9.2 4.7 2.7 3.4 98 0.0751
2015 6 21 14 79 10.6 5.1 2.8 4.3 117 0.0673
2016 6 30 02 81 10.1 5.0 3.1 3.7 110 0.0736
2017 7 20 05 76 9.0 4.8 2.8 3.7 96 0.0797
2018 7 16 17 79 10.8 5.5 2.4 3.7 120 0.0661
2019 10 25 03 83 10.2 4.8 3.5 4.1 112 0.0743
2020 8 5 07 83 12.3 5.5 2.8 4.1 139 0.0596
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Table 3 Range and mean values of the ratios for sea states with significant wave height
more than 3 m in a year. He, Ht and H are the crest height, trough depth and maximum
wave height respectively.

Year Hc/H Hv/H Number of
records
Range Mean Range Mean
2010 0.68-0.70 0.69 0.30-0.32 0.31 2
2011 0.36-0.72 0.58 0.28-0.64 0.42 154
2012 0.45-0.66 0.58 0.34-0.55 0.42 18
2013 0.43-0.69 0.60 0.31-0.57 0.40 26
2014 0.40-0.75 0.59 0.25-0.60 0.41 297
2015 0.42-0.76 0.59 0.24-0.59 0.41 262
2016 0.42-0.73 0.58 0.27-0.58 0.42 351
2017 0.34-0.73 0.57 0.27-0.66 0.43 256
2018 0.36-0.77 0.58 0.23-0.64 0.42 415
2019 0.39-0.71 0.58 0.29-0.61 0.42 173
2020 0.32-0.75 0.58 0.25-0.68 0.42 338
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wave length, e) monthly mean of individual wave steepness and f) ratio of water depth and
wave length in years 2011, 2012, 2014, 2016, 2017 and 2018
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Fig. 9. Scatter plots of bias between observed data and the distribution models calculated for

each 30-minute record with significant wave height (Hw3) greater than or equal 3 m. The

symbol size is proportional to the spectral narrowness parameter and the colour is as per the

spectral width parameter
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Fig. 10. Bias between observed wave height data and the distribution models calculated for

each 30-minute record with significant wave height (Hw3) greater than or equal to 3 m. Each

plot represents various years from 2011 to 2020.
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