A FIELD EXPERIMENT ON GRAVITY WAVES: EFFECTS OF THE WAVE STEEPNESS AND
EFFECTIVE WATER DEPTH ON THE WAVE PROFILE AND BREAKING LIMIT
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This paper describes a series of field observations of large surface gravity waves, recorded at the Natural Ocean
Engineering Laboratory (NOEL), Italy. The study involves a variety of sea states measured at a series of water depths,
from deep to the shallowest limit of intermediate waters. The discussion is focused on the effect of the spectral and
local wave parameters, described by the wave steepness and the effective water depth, on the wave profile, statistical
properties and the breaking characteristics. The data presented show a transition in the dispersive properties of the
wavefield as waves propagate from deep to shallower water. This is indicated both in the wave profiles as well as the
wave height distributions. Leading roles, albeit competitive to each other, play the wave steepness and wave breaking.
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INTRODUCTION

This paper describes field observations of limiting surface gravity waves, recorded at the Natural Ocean
Engineering Laboratory (NOEL) of the Mediterranea University of Reggio Calabria, Italy. The experiment
focuses on the evolution of a sea state as it propagates from deep to the shallowest limit of intermediate
waters. The purpose of this experiment is to measure a large number of sea states evolving in a range
of water depths. Due to the non-controlled nature of field experiments, the data was collected over a 2
month period between May and July 2023, a period ideal based on the local wind climate, in order to
have a database consisting of the best possible variety of sea states. The goal of these measurements is to
highlight the effects of the peak period, the wave steepness and the water depth on the wave profile and the
breaking limit. Previous laboratory studies (e.g. Katsardi et al., 2013) have shown that the characteristics
and formation of limiting waves are critically dependent on the effective water depth that reflects the peak
period and the local water depth. These though were limited by the laboratory environment while the field
conditions at NOEL can eliminate these weaknesses.

BACKGROUND

The NOEL has been a site for a multitude of field experiments, starting from Boccotti et al. (1993a,b);
Boccotti (1997) and including Boccotti et al. (2011); Romolo and Arena (2013); Voermans et al. (2020). In
these experiments, proof was derived for the quasi-determinism theory of Boccotti (1983), while the theory
for the wave energy converter device, the so-called REWEC, was validated there as a scale model (Boccotti,
2007; Boccotti et al., 2007, 2012). The engineering significance of the findings from the experimental work
in NOEL is presented in Boccotti (2014).

Regarding previous work relative to our research and concerning shallower water depths, Whittaker
et al. (2016) analysed field data of surface water waves propagating on relatively shallow waters; the ef-
fective water depth ranging between 0.32 < k,d < 0.48. They have shown that the quasi-determinism
or NewWave (Lindgren, 1970; Boccotti, 1983; Tromans et al., 1991) description of large waves may have
some relevance even in this shallow water range. Nevertheless, the comparisons were made with the aver-
age linearised profile of the largest non-breaking measured waves. In the shallowest regions, the dispersive
properties are limited, and the waves exhibit solitary-type behavior. Evidence for the latter is provided by
field data presented in Tayfun and Alkhalidi (2020) involving severe sea states with large waves, including
breaking waves, propagating at effective water depths between 0.19 < k,d < 0.42. Strong relevant evi-
dence of the large waves’ behaviour in the shallow end of intermediate waters is also shown in Katsardi
et al. (2013).

It is well known that the effects on the formation of large waves are reflected in the statistical proper-
ties of the wavefield, such as the wave crest and height distributions (Gibson and Swan, 2007; Latheef and
Swan, 2013) and the probability density functions (Fedele and Arena, 2010). While nonlinearity is very sig-
nificant, wave breaking moderates its effects leading to a restriction of wave height, modifying the statistical
properties of the wavefield (Latheef and Swan, 2013; Karmpadakis and Swan, 2020). Moreover, a number
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of studies indicate that the relative importance of wave breaking increases as the effective water depth re-
duces. Examples include field data taken from four offshore locations (Wu et al., 2016) and laboratory data
(Katsardi and Swan, 2011); all measured in finite water depth. Later, Karmpadakis et al. (2019) presented
a series of wave basin laboratory measurements in intermediate water depths (0.90 < k,d < 1.80), while
Schubert et al. (2020) presented recently very long directional laboratory simulations of both breaking and
non-breaking waves in a larger water depth range (0.70 < k,d < 2.26). Statistical properties of waves
recorded in NOEL are also presented in Voermans et al. (2020), concerning waves incident to a vertical
wall.

Wave height distributions and breaking limits
The established wave height distributions that will be used in this paper are:

1. Rayleigh’s linear distribution (Eq. 1) (Longuet-Higgins, 1953),
H
Peay = exp[=2(5)'] )
2. Forristall (1978) linear distribution (Eq. 2) fitted to deep water data,

H
Peap = exp [—2.263(5)2"26] 2)
3. Bocecotti (1989) distribution (Eq. 3) that incorporates finite spectral bandwidth effects,

1+ #T*) oxp [ 1 H
FTA =Ty T4
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with T* being the abscissa of the first minimum of the autocorrelation function (7(¢)) of the surface
elevation and the double over dot denotes the second time derivative: #(f) = 8%r/ot.

4. Klopman (1996) modified Glukhovskii distribution (Eq. 4) derived from field experiments:
H

Peqr = exp [-A( )] “4)

rms

H,,,; is the root mean square wave height and « is assumed to be a function of the ratio H* = H,,,s/d

such that: )
= 5
1o ©)
and A is defined by:
2
A=[[E+1]° (6)
K
I denotes the gamma function and 8§ = 0.7 based on a fit from laboratory data (Klopman, 1996).
5. Battjes and Groenendijk (2000) composite weibull distribution (CWD) (Eq. 7):
_[PiE) =exp-(fDM] H<H, o
cdf —
T\ Pt = exp-(£)2] H>H,

where k| = 2, k, = 3.6, and H,, defines the transition wave height at which the Weibull distributions
are matched. By defining the transition wave height as:

H; = (ﬁtrl +Btr2m)d €]

where B;,1 = 0.35 and S, = 5.8. The solution includes the local water depth (d) and also the bottom
slope (m). The normalising wave heights, H; and H,, are expressed in terms of the normalised tran-

sition wave height, H,=H, /H,s and given by an equation or tables from Battjes and Groenendijk
(2000).
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6. Mendez et al. (2004) distribution (Eq. 9) that also includes the parameter of the bed slope:

Pegf = exp [—¢2(K*)(1_LK*5)2] for0 <& < 1/ )

with & = H/H,,s, p(k*) = [1 = (k*)*2**]1187 and k* as a single shape parameter dependent on the local
wave properties and the propagation history and estimated with the following empirical equation:
Hrms
K= (7)2-5(4.7 —20.81r +26.211%) (10)
where Ir is the local Iribarren number, Ir = +/H,5/(gT2/27), m the bed slope and T, the mean wave
period.
The wave breaking limits that are used for comparisons in this paper are:
1. McCowan (1894) solitary wave breaking criterion (H/d = 0.78),
2. Miche (1944) criterion (Eq. 11), appropriate for regular waves and valid for all water depths,
Hypk
Tb = 0.1427 tanh(kd) (11)
3. Goda (2010) updated criterion (Eq. 12) for incipient wave breaking,

H, A
—b=27r

- p d[1.0_6—1.5%(1+11m4/3)] (12)

k, indicating the deep water wavenumber, m the bed slope and A = 0.173.

EXPERIMENTAL SETUP

At NOEL, the governing wind field (both fetch and velocities), as well as the local bathymetry char-
acteristics, allows the conduction of field experiments with a length scale between 1:30-1:50 compared to
open sea experiments, hence a time scale of 1:5-1:7. The local bed slope is ~1:10. The measurements
were carried out using a set of 7 ultrasonic probes over the mean water level and 5 pressure transducers
underwater, all supported on 4 separate steel columns (Fig. 1). In this study, only the surface elevation data
from the ultrasonic probes was used.

Key Parameters

The measured data allows the quantification and variation of the maximum crest elevation, the maxi-
mum wave height and the occurrence of wave breaking with respect to key parameters such as the significant
wave height H, the spectral peak period T, and the local depth d. In physical terms the significant wave
height and the spectral peak period determine the sea state steepness (k,H,/2), where k, is the wave number
corresponding to the spectral peak. The effective water depth (k,d) is related to the water depth and the
spectral peak period. Both parameters, the sea state steepness and the effective water depth, determine the
nonlinearity of the wavefield and the extent of the occurrence of any wave breaking.

Processing field data

The time window chosen as representative of a storm in full scale conditions is 1h corresponding to
approximately 5-7h for scale factors of 1:30-50, while the underlying spectra were extracted by using FFTs.
The waves were analysed with a zero up-crossing method to extract individual wave properties. As shown in
Fig. 1, there are two wave records measured at each water depth. The records chosen here are the least noisy
compared to the ones in the same depth to ensure reliable results. In this case, the sensors chosen are the
ones labeled U1, U3 and U6. The measured surface elevation data is stored in individual Smin records. By
extracting the H; of each such record (Fig. 2), we were able to assess time periods of significant wavefield
steepness on several occasions throughout the length of the experiment, and then focus on those. Herein,
we will examine three 1h records of significant wave activity and assess their properties. The records are
named rec140723, rec260723 and rec270723, corresponding to the dates they were collected and involve
~1700 individual waves. The main analysis will be done on the steepest record rec260723 with additional
commentary on the other two.
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Figure 3: Energy density spectra of rec260723 (normalised with maximum of the deepest sensor), a) d =
3.86m - k,d = 2.89,b) d = 1.82m - k,d = 1.50, ¢) d = 0.54m - k,,d = 0.68

DISCUSSION OF RESULTS
Table 1 provides the wavefield parameters for the three cases indicated in Fig. 2 which will be analysed
in this Section.

Table 1: Wavefield parameters for the three cases

recl140723 rec260723 rec270723
Parameters Ul U3 [8]9) Ul U3 U6 Ul U3 U6
Depth (in m) 3.78 1.75 0.44 3.86 1.82 0.54 3.83 1.79 0.50
T, (ins) 2.63 2.84 2.84 2.33 2.33 2.33 2.84 2.84 3.01
k,d 2.26 1.09 0.49 2.89 1.50 0.68 1.98 1.11 0.49
H (in m) 0.344 | 0.322 | 0.255 || 0.387 | 0.359 | 0.275 || 0.440 | 0.410 | 0.297
H,,, (in m) 0.223 | 0.214 | 0.176 || 0.251 | 0.234 | 0.184 || 0.288 | 0.270 | 0.200
Hk,/2 0.103 | 0.100 | 0.140 || 0.145 | 0.148 | 0.173 || 0.114 | 0.127 | 0.144
H,,,, (in m) 0.559 | 0.584 | 0.401 || 0.593 | 0.589 | 0.400 || 0.694 | 0.701 | 0.419

Frequency Spectrum

The extracted power density spectra for case rec260723 are shown in Fig. 3. The spectrum is broad in
deeper waters (k,d = 2.89) and becomes narrower in intermediate water depth (k,d = 1.50). In shallower
water (k,d = 0.68) the wave energy has dissipated due to wave breaking. Note that &, corresponds to the
locally measured spectrum.

Wave Profile

In Fig. 4 the wave profile close to the largest measured wave height, H,,,,, of each record is displayed.
The wavefield is relatively steep (deep water steepness Hy,k,/2 = 0.145) propagating from effectively deep
to shallow waters (2.89 > k,d > 0.68). By analyzing the wave profile in the different depths for this
steep sea state, the different shapes in the largest waves are evident; in the larger water depth the wavefield
is relatively dispersed, while the wavefield at the shallowest probe is much less dispersed and the largest
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waves resemble a wave soliton. The above findings are consistent with previous extended experimental
work by Katsardi et al. (2013).

Probability of exceedence

In Fig. 5 the wave steepness Hk,/2, the H/d parameter, the H/H parameter and the 7./H parameter
are plotted against their probability of exceedence, Q, for the waves at each water depth level. Apparently
in Fig. Sa there is an increase in wave steepness with the reduction of water depth, particularly in the
shallowest record. Between the deep and intermediate records there is minimal increase in steepness that
could be attributed to the shoaling process. Also, shallow water waves look to have reached some threshold
due to wave breaking. This is also apparent in Fig. 5b , where in shallow water the H/d parameter reaches
0.75. In deeper waters H/d is small which reflects a wavefield that is not depth limited. In Fig. 5c, the deep
and intermediate water distributions are similar with a slight increase of the H/ H, ratio for the intermediate
depth reflecting the small increase in the wavefield steepness (Fig. 5a). However, the shallower distribution
has a different shape, with the H/H ratio increasing for Q > 2 * 10 and decreasing for Q < 2 * 10¢?
compared to the distributions in deep water. This is due to the competitive influence of the increase of both
the wavefield steepness and wave breaking. Finally, Fig. 5d (17./H) shows the gradual increase in the crest-
trough asymmetry as we move from deep to shallow water, directly related to the increase of nonlinearity
or wave steepness.

Fig. 6 presents wave height distribution plots against their probability of exceedence (Q, H) compared
with well-known distributions presented earlier in this paper. As seen in Fig. 6, in deep water, all of the
distributions overestimate the wave heights, with Boccotti’s and Klopman-Glukhowskii’s showing the best
behaviour. In intermediate water, all of the distributions overestimate the wave heights except for Klop-
man’s. In shallower water, the Klopman-Glukhowskii still works well together with the Mendez distribu-
tion. In previous laboratory work by Katsardi et al. (2013), the best distribution in intermediate water depths
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Miche (a,b) and Goda (c,d) breaking criteria superimposed; (c,d) are based on deep water wavenumbers to
align with Goda’s criterion)

(similar to our k,d = 1.50) was Battjes’s distribution, while in shallower waters all distributions failed to
describe wave heights with Klopman and Mendez showing better behaviour. However, the main differences
of the laboratory experiment from this data set are that (i) it involves unidirectional wave propagation in a
flume with all the additional dissipation limitations and (ii) it involves a much milder bed slope m = 1/100
compared to the field experiment (m = 1/10). Therefore, this shift in the validity of the distribution is
probably due to the effect of the steeper bed slope and the related parameters such as the wave steepness
(and thus the nonlinearity) and the effects of directionality. It is also significant to mention that the distribu-
tions that utilise the root-mean-square wave height (H,,,,) are used with the measured H,,,; from the dataset
rather than estimations such as H,,,; = gHs according to linear theory for a narrow-banded process or
other parametrisations that seem to overestimate the measured H,,,;.

Wave Breaking

Fig. 7 describes the variation of the local wave steepness (Hk/2) and the wave height to water depth
ratio (H/d) as a function of the local effective water depth from all ~ 1700 separated waves from each
sensor of rec260723. The Miche (1944) breaking criterion is superimposed with a black line on Fig. 7a,b
and the Goda (2010) criterion on Fig. 7c,d. From the plot it is derived that in deep water the wavefield does
not include breaking waves, but in shallow water the wavefield is much closer to breaking limit. In fact,
some red dots that represent the shallow record are over the limit of the Miche criterion. On the other hand,
Goda’s limit, which includes the effect of bed slope, does not underestimate the largest waves occurring in
shallow water. Propagating into shallower water the waves move even closer to the breaking limit, where
each wave’s local parameters are compared to the established breaking limits. Through spectral analysis
(Fig. 3), there is also clear evidence of energy dissipation from wave breaking as spectral energy reduces
significantly in the shallower measurements. Sometimes, a steeper sea-state in deep water can cause more
energy dissipation prior to the waves reaching their more depth-limited state closer to the coast.

A shallower case with a rogue wave
In rec140723, whose local height maxima and surrounding wave profile are depicted in Fig. 8, the
wavefield shows similar characteristics to rec260723, with the effective water depth of all records being
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shifted shallower. Indeed, the shallowest record reaches the shallow limit k,d = 0.49 < 0.50. This is
profound in Fig. 8c where the wave profile, shows limited evidence of frequency dispersion but rather almost
describes a sequence of solitary-type wave forms. This is consistent with the uni-directional laboratory
measurements from Katsardi et al. (2013) discussed earlier in this paper. In the intermediate depth (k,d =
1.09) record depicted in Fig. 8b there is the appearance of a rogue wave as defined by the H > 2H criterion,
as the downcrossing H,,,, = 0.643m=~ 2H,, the H, being equal to 0.322m. It also satisfies the n./H; > 1.25
threshold (Dysthe et al., 2008) as its crest height to significant wave height ratio reaches n./H, ~ 1.3.

As shown in Fig. 9a this wavefield is less steep than the previous one (Fig. 5a). It is interesting that the
steepness in shallower water is significantly higher than the deeper records, where the steepness curves are
almost identical. It is an indication of a wavefield that does not include a lot of breaking waves in deeper
water, so the energy has not dissipated as much as a steeper wavefield when propagating into shallower
water. The wave height to water depth ratio in shallow water (Fig. 9b) reaches H/d > 0.78, which is larger
than the classic solitary wave McCowan (1894) breaking criterion. The contrast between these wave forms
and those observed in deeper water (Fig. 8a) is marked, not least in terms of their crest-trough asymmetry.
Indeed, it is hardly surprising that the distribution of wave heights and their limiting characteristics should
differ significantly. In Fig. 9c the cross of the H/H curves indicate the limiting state of the dispersive
characteristics of the wavefield, while the increase of the 7./H, ratio as the field propagates to shallower
water is shown in Fig. 9d.

A case with large troughs on the highest waves

In rec270723, whose wave profile close to H,,, is shown in Fig. 10, the effective water depth for all
probes is similar with the rec/40723 case examined in Figs. 8, 9. Again, in shallower water (Fig. 11c)
the wavefield has almost lost its dispersive characteristics, though in deeper water the local height maxima
appear in instances with large troughs that resemble large regular waves that deviate from the usual shape
of deep water large waves (Boccotti, 1983). As shown in Fig. 11a the shallower wavefield is as steep
as rec140723 but the deeper records show a wavefield that is much steeper in deeper water which has
dissipated due to breaking when it reaches shallow water. In Fig 11b, the H/d ratio in shallower water also
reaches H/d > 0.78, larger than the McCowan criterion. The H/H curves shown in Fig. 11c show a cross
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at steep angle of probability of exceedence between the shallower and deeper records that indicates again
the difference in the dispersive properties as well as that the waves have reached a hard height threshold due
to breaking. The threshold is also evident in Fig. 11d which shows the 1./H curves.

CONCLUDING REMARKS

This work aims to provide evidence of the effects of the sea state and local wave parameters to the
wave profile and wave breaking by using a dataset collected in the field that corresponds to real conditions.
Previous numerical simulations and experimental findings are confirmed and enriched, showing the clear
change in wave profile while steep waves are propagating in shallower water while they approach their
breaking limit, with a soliton-like behaviour being the characteristic of shallower water steep waves. The
main reason for this transition is the change in the dispersive properties of the wavefield, which is also
indicated at the wave height distributions. Both wave steepness and wave breaking dominate the formation
of the wave profile and the evolution of the wavefield albeit in a competitive manner. Finally, the bed
slope seems to play a crucial role not only at the propagation and thus the increase in the wave height, but
also in the calibration and validation of the various models; both related to probability of exceedence and
breaking limit. More recent and elaborate wave and crest height distribution models (e.g. Wu et al., 2016;
Karmpadakis et al., 2022; Karmpadakis and Swan, 2022) will be evaluated with this dataset in the future.
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