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ARTICLE INFO ABSTRACT

Keywords: Harbour resonance and its contribution to wave overtopping are examined for a small irregular-shaped harbour
Wave overtopping in the eastern Mediterranean. Offshore wave measurements are used to determine the incident wave conditions
Nume‘rical modelling during storm events. Resonant periods of the harbour basin are identified through in situ measurements at four
Boussinesq different deployment locations during multiple storm events. Numerical simulations using a Boussinesq-type
Harbour resonance

model and an idealised offshore spectrum yielded similar resonant frequencies to the field measurements and
allowed us to visualise the corresponding resonant modes. Wave overtopping along the vertical docks of the
harbour is inferred by combining numerical time series of free surface elevation with EurOtop formulae. Two
approaches to estimate wave overtopping rates are examined and compared: a novel approach considering
wave energy in the sea-swell frequency range and varying the freeboard through time series in the infragravity
frequency range, and the conventional method that considers spectral parameters along the entire frequency
range. The novel approach provides an estimate for the contribution of harbour resonance to wave overtopping
considering that infragravity wave energy inside the basin is mainly resonance-driven.

Field measurements

1. Introduction McComb et al.,, 2005; Thotagamuwage and Pattiaratchi, 2014), es-
pecially for harbours with entrances exposed to shallow foreshores.

Coastal areas are constantly interacting with the sea, and are under These motions interrupt berthing operations and can cause overtopping
anthropogenic pressures as well as climate change-induced sea-level along the docks in cases of poorly sheltered basins (Gierlevsen et al.,
rise. Rising seas are likely to affect harbour operations and further 2001; McComb et al., 2009; Thotagamuwage and Pattiaratchi, 2014;
work is required to clearly address the challenges of these implica- Maravelakis et al., 2016). IG waves have periods ranging between 25
tions (Asariotis et al., 2018), such as site-specific studies used to infer and 600 s (Rabinovich, 2009) and are generated through non-linear
the future impact of climate change on port operations (e.g., Sierra interactions of wind-generated waves (Longuet-Higgins and Stewart,

et 31:’ 29172 Abdelhafez et al., 2021% Cafnus et al, .2019)- Wa\{e over- 1962; Baldock and Huntley, 2002; Battjes et al., 2004). Existing ana-
topping is among the processes contributing to physical coastal impacts lytical and experimental results have given insight on the contribution
such as 1r}undaF10n, erosion, and coastal flooding (Wong et al., 2014). of incoming short period waves to IG period oscillations in harbour
Overtopping discharges and consequently flooding are expected to basins. Bowers (1977) concluded that bound waves trapped in swell-

intensify due to rising sea levels (Chini and Stansby, 2012; Gallien et al., wave groups and travelling towards the shoreline at the group velocity

2014; Vitousek et al., 2017; Vousdoukas et al., 2018; Xie et al., 2019). . . s . .
Globall ted 1 topping h ected to i directly excite natural oscillation periods, leading to resonance. Free
obaly aggregated annua’ overtopping hours are projected to increase long waves, released through breaking, can also excite low-frequency

imes by the end of the 21 ntury under the wor: 1 . . . .
ul? to 50 times by t e. end of the 2lst century under the worst case oscillations, including the resonant modes of a harbour basin (De Giro-
climate change scenario (Almar et al., 2021). Hence, enhanced efforts K X

. . o lamo, 1996; Mei and Agnon, 1989; Wu and Liu, 1990; Gao et al.,
to better understand the underlying physical processes contributing to 2016)

wave overtopping at coastal infrastructures are paramount. . o
In two landmark papers, Okihiro et al. (1993) and Okihiro and

The penetration of infragravity (IG) waves in harbours is well . i
documented for enhancing wave agitation (Okihiro and Guza, 1996; Guza (1996) recognised ocean swells as the primary energy source
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for harbour seiches at frequencies above 0.002 Hz, using field mea-
surements at Barbers Point and Kahului harbours of Hawaii, and at
Oceanside harbour in California. Morison and Imberger (1992) found
that resonance in Esperance harbour, Western Australia was a result
of incoming swells of periods between 15-25 s and other longer os-
cillations (> 40 s), while Lopez et al. (2012) found that long-period
oscillations (0.7 mHz < f < 2.5 mHz) in the Port of Ferrol, Spain were
strongly correlated with offshore swell energy. However, IG generation
has also been observed under storm conditions (Holman et al., 1978;
Nakamura and Katoh, 1993; Jeong et al., 1997). Thotagamuwage and
Pattiaratchi (2014) concluded that oscillations in a small marina in SW
Australia were generated by offshore swell waves and they were further
amplified during storm events.

Numerical simulations have been proven useful for studying the
contribution of IG waves to harbour resonance. Harkins and Briggs
(1995) numerically found more infragravity wave energy inside Barbers
Point harbour from narrow banded incident spectra than from broad
banded spectra, which was confirmed through field and laboratory
data. Long wave penetration and wave amplification has been studied
in Marina di Carrara, Italy using Mild Slope Equation (MSE) and
Boussinesq-type (BT) numerical models (Bellotti and Franco, 2011;
Bellotti et al., 2012; Guerrini et al., 2014; Cuomo and Guza, 2017).
Results were validated through extensive field measurements and was
found that long waves in the range 0.003-0.3 Hz are forced by short
incoming waves (Bellotti and Franco, 2011). Low frequency oscilla-
tions in the Hambanota port, Sri Lanka, were investigated during the
southwest monsoon of 2019 in the Indian Ocean, combining field
measurements and numerical simulations based on an extended MSE
model (Dong et al., 2020b). Analysis of simulation results and measure-
ments resulted in the identification of the port’s natural frequencies,
while field measurements revealed stronger correlation of the lower
frequency oscillations in the port with lower frequency incident energy
offshore. Kofoed-Hansen et al. (2005) performed numerical simula-
tions using a BT model for Torsminde harbour, Denmark, and the
Port of Long Beach in California, and attributed the generation of
low-frequency energy forcing harbour resonance to the non-linear in-
teraction of short waves. Recently, Kwak et al. (2020) and Leys et al.
(2018) combined field measurements with BT model simulation re-
sults to study the effect of harbour basin geometry and design to
wave amplification due to resonance, and proposed solutions to mit-
igate the problem for small craft harbours on the Atlantic coast of
Canada and Mukho harbour, Korea, respectively. Similar studies fo-
cusing on solutions to reduce harbour oscillations have also been
conducted by Gierlevsen et al. (2001) and McComb et al. (2009). In
addition to suggesting engineering solutions to already problematic
situations, Kofoed-Hansen et al. (2001) have suggested the use of
BT-models for the initial design of marinas and the identification of
oscillations modes.

Taking into account the necessity to reduce computational time for
forecasting applications (Troch et al., 2021; André et al., 2021), Artifi-
cial Neural Networks (ANN) have also been applied for the prediction
of long wave heights in ports and harbours, using field measurements
and numerical results from BT models in the training procedure of the
neural networks (Lopez and Iglesias, 2013; Zheng et al., 2020; Dong
et al., 2020b). Lately, considerable research has been focused on the
transient resonance inside harbours triggered by long period waves,
such as tsunamis, using numerical simulations validated by physical
experiments (Dong et al., 2020a; Gao et al., 2020; Ma et al., 2021;
Zheng et al., 2021).

In terms of the contribution of IG waves to wave runup and over-
topping, the release of IG waves in the surf zone and their contribution
to the swash has been studied by Raubenheimer et al. (1996) and Guza
and Thornton (1982), respectively. Ruessink et al. (1998) have found
that, for the dissipative beaches of the Dutch coast, IG energy dominates
the swash, while McCall et al. (2014) and Baumann et al. (2017) have
shown for reflective and dissipative beaches, respectively, that under

Coastal Engineering 169 (2021) 103973

low-freeboard conditions large wave overtopping events are mainly
driven by IG waves.

The EurOtop (2018) manual recommends using the spectral energy
wave period T,,_,(, = m_;/my, where m, are the spectral moments
defined as m, = f0°° Sf"df, where f is the period and S(f) is the
spectral density. Using the T,_,, spectral period ensures that the
lower frequency energy range is included in estimations of overtopping
rates. Hofland et al. (2017) derived a T,,_, ,, prediction formula for shal-
low foreshores, and showed that 7,,_; , can increase up to eight times
for extremely shallow foreshores. Oosterlo et al. (2018) found that
infragravity waves need to be considered in wave overtopping studies
as they were found to have a large contribution to the probability of
failure of dikes, and suggested that further research was needed on this
topic.

Compared to the incident wave conditions impacting the open coast,
the wave environment inside a harbour is far more complicated during
storm events. Multiple incident wave directions inside the basin are
generated due to refraction and reflections off vertical structures. As
is, estimation of overtopping rates in empirical formulae is based on
incident wave heights (e.g. EurOtop, 2018), yet in harbours, reflections
might double the wave heights impacting the quays. Harbour resonance
leads to wave amplification at the basin’s natural oscillation frequen-
cies, whose spatial distribution corresponds to the resonant modes. The
modes, and by extension the incident wave conditions along the docks
are multidirectional, and thus it becomes challenging to define incident
wave directions to be used with empirical formulae (e.g. EurOtop,
2018). However, harbour resonance can play an important role in
wave overtopping along quays (Gensen, 2017), and it should not be
neglected. To overcome the complexity of wave overtopping inside
harbour basins, Nicolai et al. (2016) simply formulated the influence of
wave overtopping by adding a static 0.3 m to the water level to estimate
the flooding risk along quays of Rotterdam harbour.

In an effort to better understand the contribution of IG waves
in overtopping, this study examines the oscillation modes that res-
onate in the Venetian harbour of Chania, Greece, in storm conditions.
We set out to quantify the physical problem by identifying the local
wave climate and better understanding the effects of resonance for
the Venetian harbour. An extensive field campaign over a time period
of nine years, resulted in a dataset of measured waves offshore and
inside the harbour for numerous storm events. The locations where
measurements were made inside the harbour were selected with the BT-
model (COULWAVE, Lynett, 2002). The numerical and field results on
resonant modes are analysed and compared. Results from the numerical
simulations are used for the estimation of overtopping rates along the
docks of the western basin using empirical formulas from EurOtop
(2018), and, finally, we examine the contribution of infragravity waves
to overtopping rates.

2. Study site

The harbour of Chania is located on the northwestern coast of the
island of Crete (inset of Fig. 1a). The harbour was constructed by the
Venetians in the 14th century, on a natural rocky shelter. Nowadays,
the harbour is an archaeological and recreational attraction in Crete.
Hotels, cafes and restaurants occupy the docks.

The harbour is divided into a western and an eastern basin (Fig. 1a).
The western basin is used by a limited number of recreational boats
during the summer period, while sailboats and fishing boats make
use of the sheltered eastern basin throughout the year. The harbour
entrance is located at the western basin, while a ~ 4 m wide rectangular
culvert close to the eastern edge of the harbour’s breakwater (label 2,
Fig. 1a) allows for the circulation and renewal of sea water between the
basins and the open sea. Another distinctive feature is the canyon out
of the entrance which is an artificial approaching channel dredged in
different phases in the past to deepen the shallow waters surrounding
the harbour and facilitate the safe entrance of ships. Its depth is about
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Fig. 1. (a) Bathymetry of the study area and instrument deployment locations (AWAC, A, B, C, D); label 1 shows the location of the low-crested offshore breakwater, and label 2
designates the culvert in the eastern harbour basin. The study area location is shown with the black star in the inset figure. (b-e) Transects of the relief grid (bathymetry/topography,
2 m cell size) across the harbour basins; plan view of each section is provided in (a). (For interpretation of the references to colour in this figure legend, the reader is referred to

the web version of this article.)

16 m at its deepest point just north of the entrance. Its orientation
coincides with the direction of incident waves during storm events and
as a result waves entering the channel refract out of it and propagate
to the harbour’s entrance with reduced height and energy (Zwamborn
and Grieve, 1975; Dusseljee et al., 2014).

A vexing issue with the harbour is the exposed and insufficiently
protected entrance facing a ~ 180 km north fetch. During winter storm
events, the western basin experiences up to 2 m waves and significant
wave overtopping volumes. The western and southern docks of the
western basin often flood (Fig. 2b—c), while plunging waves impact
violently the dock facing the entrance (Fig. 2e), with up-rushing water
jets overtopping it. The only protection is provided by a low-crested
offshore breakwater (label 1, Fig. 1a) which was partially fulfilled in
the early 90’s. The partial fulfilment has led to successive failures of
the structure and as a result it does not provide the protection it was
designed for.

3. Field measurements and harbour observations
3.1. Field data collection

Fig. 1a shows the instrument deployment locations. The offshore
wave climate is being measured using the acoustic AWAC 600 kHz
directional wave system (Nortek, 2021). The instrument makes use of
four acoustic transducers, one in the centre facing the water surface
and three others on the sides, oriented 25° off the vertical axis. The
transducer in the centre directly measures the changes in sea surface
elevation through the Acoustic Surface Tracking (AST) method, while
the other three measure wave-generated orbital velocities from which
the directional parameters are derived. The instrument deployed at
~ 23 depth (see Fig. 1a), can accurately measure waves as short as 1
s period and 1.47 m wavelength through the AST method. Estimates
of directional parameters at these depths are reliable for waves with
peak periods greater than 3 s (Nortek, 2018). The AWAC is mounted
on a tripod steel base stabilized in place by the weight of an enclosed
deep-cycle battery mounted at the bottom of the tripod. The wave
measurements are scheduled at a rate of 2 Hz for 1200 s/h, starting on
October 6th, 2011. The data collection has been continuous to this day,
apart from two minor and three major data gaps which represent ~ 28%
of the whole dataset. The recorded time series are used to obtain the
fundamental statistical and spectral wave parameters to characterize
the sea state, using the zero down crossing method in the time-domain
and FFT (Fast Fourier Transform) in the frequency-domain.

Inside the harbour basin, four locations were chosen to collect free
surface elevation measurements (see deployment locations in Fig. 1a).
Deployment location A is in the centre of the western basin at ~ 5
m depth. Locations B and C correspond to the southern and northern
parts of the western basin, respectively, deployed at depths of ~2
m. Deployment location D was located at the eastern-most point of
the harbour, also at ~ 2 m depth. The measurements were collected
simultaneously in three out of the four deployment locations using
one TWR-2050 and two RBR-Duet pressure gauges, the sensors being
deployed at different locations during storm events. Sampling rate was
set at 1 Hz recording for 4096 s with a 2 s gap in-between successive
recordings.

3.2. Description of offshore wave climate

Results from the statistical analysis of the offshore measurements
are given in the joint distribution table of significant wave height, H, /3
and significant wave period 7 /3 (Table 1). The data covers the period
from October 6, 2011 until the 20th of August, 2020. Calm sea state
values (H, ;3 < 0.25 m) represent ~ 18%. H, 3 values of intense storm
events (H,,; > 4 m) are observed at significant wave periods between
8 and 11 s, while significant wave heights (2.5 m < H,;;3 < 4 m) in
common storm conditions have significant wave periods in the range of
6-10 s. Predominant directions of incident waves in the study area are
from NW to N (60%) with the storm waves coming mostly from NNW
and N directions. Throughout the monitoring period, the most severe
storms were recorded in the winter months of 2015, 2019 and 2020,
with significant wave heights exceeding 4.5 m in eight storm events.
The maximum H,,; = 6.06 m and H,,,, = 9.89 m values were recorded
on January 6th, 2020, with T}/3 = 9.96 s.

The tidal range in the Mediterranean Sea is of the order of centime-
tres. Long-term water level readings for the Venetian harbour of Chania
are not available, with the nearest permanent station being the tide
gauge in Souda Bay (~ 7 km SE of Chania), operated by the Hellenic
Hydrographic Service.

Tidal constituents for the study area of Chania were obtained from
the AWAC water level recordings of each deployment (hourly average
water level using 20 min samples) using the T Tide tidal harmonic
analysis tool (Pawlowicz et al., 2002). Since AWAC deployments ranged
between 4-6 months, only the diurnal and semi-diurnal tidal con-
stituents were estimated. The diurnal (O,, K;, P;) and semi-diurnal
(M,, S,, N,, K,) tidal constituents sum up to a tidal range of +2.3 cm, a
typical low tidal range of the Mediterranean sea (Tsimplis et al., 1995).
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(b)

Fig. 2. (a) Aerial picture of the western harbour basin (Credit: Konstantinos Gdontakis). (b—e) Wave overtopping pictures along western-basin docks under storm conditions: (b—c)
green wave overtopping at the southern-most and the western dock of the western basin, respectively; (d—e) wave overtopping under impulsive conditions at the NW and SW
docks of the western basin, respectively. Arrows in (a) indicate the locations pictured in (b—e). (For interpretation of the references to colour in this figure legend, the reader is

referred to the web version of this article.)

Table 1

Joint distribution table of H,,; and T ; for the offshore wave climate in the study area, derived from field measurements collected during the time period between October 6th,

2011-August 20th, 2020. The prevailing classes of H,,; and T pairs are in bold.

Hy/; (m) Ty (8) Sum (%)
0-3 3-4 4-5 5-6 6-7 7-8 89 9-10 10-11 11-12
NoData 27.64
<0.25 2.87 9.65 4.38 1.01 0.13 0.01 0.003 0.004 0.001 0.003 18.07
0.25-0.5 2.50 10.08 8.88 1.49 0.46 0.05 0.00 0.00 0.00 0.00 23.46
0.5-1.0 0.12 3.84 9.90 5.49 0.22 0.05 0.004 0.00 0.00 0.00 19.61
1.0-1.5 0.00 0.003 0.51 4.11 1.19 0.01 0.001 0.001 0.00 0.00 5.82
1.5-2.0 0.00 0.00 0.01 0.40 1.99 0.12 0.001 0.00 0.00 0.00 2.53
2.0-2.5 0.00 0.00 0.00 0.01 0.81 0.47 0.01 0.00 0.00 0.00 1.30
2.5-3.0 0.00 0.00 0.00 0.00 0.08 0.63 0.05 0.00 0.00 0.00 0.76
3.0-3.5 0.00 0.00 0.00 0.00 0.00 0.23 0.15 0.004 0.00 0.00 0.38
3.5-4.0 0.00 0.00 0.00 0.00 0.00 0.02 0.19 0.01 0.00 0.00 0.22
4.0-4.5 0.00 0.00 0.00 0.00 0.00 0.00 0.10 0.03 0.00 0.00 0.13
4.5-5.0 0.00 0.00 0.00 0.00 0.00 0.00 0.01 0.04 0.00 0.00 0.05
5.0-5.5 0.00 0.00 0.00 0.00 0.00 0.00 0.00 0.01 0.00 0.00 0.01
5.5-6.0 0.00 0.00 0.00 0.00 0.00 0.00 0.00 0.003 0.003 0.00 0.005
6.0-6.5 0.00 0.00 0.00 0.00 0.00 0.00 0.00 0.001 0.00 0.00 0.001
Sum (%) 5.49 23.57 23.69 12.50 4.88 1.59 0.51 0.12 0.004 0.003 100.00

This tidal range is comparable to the +4.5 cm found by Papadopoulos
(2009) for the station in the bay of Souda by obtaining the diurnal and
semi-diurnal tidal components through yearly recordings.

Larger water level changes were also captured in the AWAC record-
ings, which include the longer fortnightly and monthly tidal con-
stituents (excited mainly by fluctuations caused by meteorological phe-
nomena such as wind stresses and atmospheric pressure, Tsimplis,
1994; Papadopoulos, 2009) as well as storm surge and the seasonal
cycle in the study area. The total water level range (including tidal
fluctuations and storm surge) in all AWAC deployment recordings was
found to lie within +24 cm.

3.3. Resonant frequencies

During the study, it was visually observed that overtopping along
the docks of the western basin occurred when significant wave heights
offshore exceeded 2 m. However, instrumentation was not deployed
inside the harbour for all these events. The following recorded surface
elevation time series inside the harbour, belonging to storm events
between February 2015 and February 2019, were chosen for spectral
analysis to identify the resonant periods at each deployment location:

Storm 1: 10/02/15-12/02/15, 43 time series,
max(H,3) = 5.8 m, location A.

Storm 2: 08/04/15-11/04/15, 49 time series,
max(H,;3) =3.9 m, locations A, D.

Storm 3: 31/12/15-01/01/16, 21 time series,
max(Hy;3) = 2.4 m, locations A, B, D.

Storm 4: 05/02/16-06/02/16, 20 time series,
max(H,;3) =3.1 m, locations A, B, D.

Storm 5: 25/09/18-27/09/18, 41 time series,
max(H, ;3) = 3.0 m, locations B, C, D.

Storm 6: 13/02/19-15/02/19, 51 time series,
max(H,3) = 5.0 m, locations B, C, D.

The main average offshore incident direction was north for all six
storm events, while max(H, ;;) refers to the maximum offshore signif-
icant wave height of each event. The number of successive harbour
surface elevation time series of 4096 s outlined above, corresponds to
the time period during which the incident offshore significant wave
heights exceeded 2 m.

Raw spectra derived through spectral analysis of the individual
AWAC and pressure gauge time series of free surface elevation were
averaged (at each frequency bin) over the duration of each storm event
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(offshore H;;; > 2 m) to obtain the storm-averaged spectra shown in
Fig. 3. In order to examine the spectral energy distribution in the low
frequency range and identify the harbour resonant frequencies at each
location, the raw spectra from all selected storm events derived from
time series recorded at each pressure gauge deployment location inside
the harbour were averaged to obtain the storm-averaged spectra shown
in Fig. 4; the frequency step of the pressure gauge storm-averaged
spectra is Af = 2.44x10~* Hz (1/4096 s), which is sufficient to resolve
the resonant frequencies of each location. The degrees of freedom of the
storm-averaged spectra (displayed in Fig. 3 and the caption of Fig. 4)
according to the z? distribution (Goda, 2010) varies depending on the
number of available time series at each location.

Due to the short duration of the AWAC recordings (20 min/h), the
resulting spectral frequency resolution of the offshore storm-averaged
spectra shown in Fig. 3 does not provide a detailed picture of the
spectral energy distribution in the IG range. Further, since the off-
shore spectra are narrow banded and low frequencies are fetch-limited
(1/f <~ 145), sloshing inside the harbour must be driven by the release
of free long waves from non-linear interaction of the storm waves
offshore, and not by swell as was the case in other case studies (e.g.
Okihiro et al., 1993; Okihiro and Guza, 1996).

In the sea-swell energy range, the highest spectral energy peaks
at location A match the highest energy range of the offshore spectra,
indicative of the intense penetration of the offshore storm waves and
lack of protection of the main harbour entrance — field measurements
at location A have registered significant wave heights of up to 1.6 m
and maximum wave heights more than 2 m during severe storm events.

Location A experiences very little wave energy at around 8 s
(0.12 Hz), while distinctive peaks appear at neighbouring 9 s (0.11 Hz)
and 7 s (0.14 Hz). More specifically, during Storm 2, the 9 s energy
peak concentrates double the amount of energy compared to the 7 s
peak, likely as a result of the offshore spectrum featuring wave energy
at periods above 9 s. In the less energetic Storm 4, the spectral energy
at 7 s remains the same as for Storm 2, while the energy at 9 s drops
significantly and becomes almost equal to the spectral energy at the 7
s peak.

At location B, the sea-swell spectral energy is more widespread and
the spectral peaks are not as distinctive as in location A. By contrast,
the storm-averaged spectrum for location C features pronounced energy
peaks at 6 and 8 s during Storm 5. During more energetic Storm 6, the
same energy peaks appear at location C, noticeably at lower energy
values, but a new energy peak appears at ~ 11 s (0.88 Hz) following
the increased amount of offshore energy present at the same frequency
range.

Location D is the most sheltered in the harbour, and it shows
negligible amounts of energy in the sea-swell frequency range, with
almost all of the energy concentrated in the IG range. The IG energy
(f < 0.04 Hz) at location A, on average, is about 5% of the total during
the storm events studied. At locations B and C, sea-swell (SS) energy
overshadows IG, since both sites are in the more energetic western
basin, In these two locations, IG energy rises to ~ 20% of the total. At
the most protected location D, the IG frequency range of the spectrum
includes 88% of the total energy.

Fig. 4 shows the storm-averaged spectra for all storm events, for
each of the four instrument deployment locations inside the harbour,
focusing in the IG frequency range. Several distinct spectral energy
peaks at narrow frequency bands are visible, with most being com-
mon between different deployment locations inside the harbour basins.
These distinct peaks indicate wave amplification inside the basins at
specific frequencies corresponding to the natural oscillation frequencies
of the harbour.

Starting from the highest peak frequencies, the spectrum for loca-
tion A peaks at 55.3 s period, for location B at 54.6 s and for location C
at 56.1 s. Each of the peaks possibly corresponds to a different higher
mode. No spectral energy peak appears at the 54.6-56.1 s frequency
range for location D, presumably because these higher resonant modes
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only affect the western harbour basin. Instead, location D features a
peak at period 60.2 s, at which period the spectra for locations A and B
appear as nodal points, thus corresponding to a resonant mode affecting
only the eastern basin.

The next frequency band featuring a distinct peak corresponds to
periods ranging between 73.1-75.9 s. This peak features in the spectra
of locations A, B and D. The next energy peaks are located at 89 and
95 s. The flatness of the energy spectra for locations A, C an D in the
frequency range 89-95 s, and the fact that the spectrum for location
B only features a distinct peak at 95 s, they can be interpreted as two
resonant frequencies, one at 89 s, affecting locations A, C and D, and
another at 95 s affecting all deployment locations. The next energy peak
is at 132 s, which is prominent in the spectrum of location D, and to
some extent at location C. Location B is unaffected, while the spectrum
of location A exhibits a faint peak.

The most prominent energy peak is at 240 s, and is common for the
storm-averaged spectra of all deployment locations inside the harbour.
The following peaks appear at periods of 585 and 512 s for locations
A-B and C-D, respectively. However, since the frequency difference
corresponds to a single frequency step in the energy spectrum, it is
possible that both frequency peaks correspond to the same frequency
band. It will be shown in the next section that these two spectral
peaks at period bands of 512-585 and 240 s correspond to the first two
resonant frequencies of the harbour.

Last, there is a distinct peak at a period of 1365 s, which is common
at all four locations. This very low frequency band is beyond the
possible range of the harbour’s natural oscillation periods. Also, due
to the relatively coarse resolution of the storm-averaged spectra for
all storm events derived from 4096 s time series at this low-frequency
range, the peak at 1365 s actually corresponds to a wide frequency band
(1170 s - 1638 s).

In order to obtain a more detailed picture of the spectral energy
distribution at this low-frequency range, we did a separate spectral
analysis using continuous free surface elevation data collected at lo-
cation D during storm event 2. The continuous dataset with 1 Hz
sampling frequency was divided into eleven time series of 24,576 s,
resulting in a spectrum of resolution 4f = 4.069 x 10~ Hz and 22
degrees of freedom. The higher-resolution averaged spectrum shown
in Fig. 5 exhibits several peaks at discrete frequency bands beyond the
534 s period. These frequency bands likely correspond to the natural
oscillation periods of a larger system, such as the entire bay of Chania.

4. Numerical modelling

We study the excitation of the Venetian harbour numerically using
the Boussinesq-type COULWAVE model. COULWAVE in its present
form solves a suite of governing equations at different approximations
and numerical schemes (Lynett et al., 2008). In this study, we employ
the fully non-linear, weakly rotational and weakly-dispersive BT equa-
tions, implemented through a finite-volume numerical scheme (Kim
et al., 2009). Wave energy is dissipated through wave breaking, using
a modified version of the Kennedy et al. (2000) model described
in Lgvholt et al. (2013), and a Mannings bottom-friction term.

Shallow-water wave equations models are generally not used in
harbour resonance studies (Synolakis and Kanoglu, 2015), but are
used to study runup and wave amplification of tsunamis. BT models
are computationally expensive compared to linear mild-slope models
(e.g. CGWAVE, PHAROS, MIKE 21 EMS, etc.) typically employed for
harbour resonance studies (e.g. Morison and Imberger, 1992; Okihiro
et al., 1993; Bellotti, 2007; Modesto et al., 2020). However, BT mod-
els offer multiple advantages in return: (i) hydrodynamics are more
accurately resolved from deep to shallow water, including energy dis-
sipation due to wave breaking in the nearshore, (ii) wave runup can be
simulated through moving boundary algorithms, therefore no empirical
reflection coefficients need to be defined along the coastline, and (iii)
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Fig. 4. Storm-averaged spectra at the four deployment locations inside the harbour using available time-series of 4096 s from all storm events with H,,; > 2 m at each deployment
location. The degrees of freedom of each spectrum are: 266, 266, 184 and 364 for locations A, B, C and D, respectively.

non-linear wave-wave interactions that generate IG energy (Longuet-
Higgins and Stewart, 1964) are simulated, and thus realistic spectral
boundary conditions can be imposed to predict meaningful harbour
amplitudes and amplifications. The adequacy and benefits of BT models
for harbour resonance studies have been demonstrated by Nwogu
(2001). Douyere (2003) has specifically applied COULWAVE to study
wave amplification due to resonance in Hawaiian harbours.

Our simulations were run on a 749 x 510, 2 m cell-sized numerical
grid, which has adequate resolution to resolve the harbour features of
hydraulic importance, such as the culvert in the eastern harbour basin
(label 2, Fig. 1a). Bathymetric data were collected using the single beam

echo sounder Sonar Mite (Ohmex Instruments), while topographic and
shallow water relief data was collected using an RTK GPS system (Hiper
Pro, Topcon). Bathymetric and topographic data were merged to create
the seamless grid referenced at MWL shown in Fig. 1a.

We defined the offshore boundary conditions through a directional
JONSWAP spectrum (e.g. Goda, 1988), representing an idealized north-
ern storm with parameters H,, = 3.5 m, 7T, = 85 s, and y = 33.
The frequency step used in the input spectrum is df = 0.002 Hz.
The spectral energy was curtailed at 5% of the peak energy (defined
at f = 1/T,) on both the high-frequency and low-frequency limit of
the directional spectrum, corresponding to f,,. = 0.205 and f,,;, =
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Fig. 5. Energy density spectrum at location D for storm event 2, using 24,576 s time series and 22 degrees of freedom, and the periods corresponding to selected spectral peaks.

0.085 Hz, respectively (Fig. 7a). The energy of the curtailed spectrum
was not rescaled resulting in a reduced spectral significant wave height
H,, = 3.4 m. The JONSWAP input parameters are based on offshore
conditions recorded during the initial stages of Storm 6, when for four
consecutive hours significant wave heights ranged between 3.2-3.5 m
and peak periods between 8.2-9.0 s; the COULWAVE input JONSWAP
spectrum and the corresponding (recorded) target offshore spectrum
are shown in Fig. 6a.

The directional spectrum G(0|f) was set after Mitsuyasu et al.
(1975) to

G@|f) = Gy cos®n (g) .0 € [-10,10], )]

where s, is the directional spreading factor and 6 is the azimuth
measured with respect to the principal wave direction (Goda, 2010).
The directional spreading factor was set at s,, = 80 based on the decay
of the AWAC-derived directional energy distribution within +10 deg
around the principal wave direction (north in this case), where the
directional spectrum was cut off.

Open boundary conditions were used for the northern, eastern
and western boundaries of the computational domain, where reflected
waves were absorbed through sponge layers as recommended by Kirby
et al. (1998). No empirical reflection coefficients were used along the
coastline. The input relief grid of 2 m cell size features steep slopes at
the harbour’s vertical walls (Fig. 1b-e) which induces the reflections in
the simulation through the model’s moving boundary algorithm (Lynett
et al., 2002). A constant depth region was created below 20 m depth
and the input directional spectrum was forced through an internal
source generator combined with the sponge layer on the northern
boundary.

The model run simulated 200 min of physical time, with the first
20 min disregarded as “model warm up” to allow the simulation to
reach a quasi steady state. Surface elevation information was stored on
a 10m-spaced array and the spectral energy density in each node was
obtained through FFT analysis (with frequency step 4f ~ 10~* Hz). The
resulting simulated H,,, distribution inside and offshore the harbour
basin is illustrated in Fig. 6b. The insufficient offshore protection of
the harbour is evident from the high H,,, values found in the western
basin, particularly in the area between the harbour entrance and the
NW-facing dock of the western basin, where H,,, values range between
1-1.5 m. Wave statistical parameters controlling wave overtopping
derived through the pressure gauge recordings in harbour deployment
locations B, C and D that correspond to the offshore wave conditions
shown in Fig. 6a are compared with the COULWAVE predictions in
Table 2. The numerical results are generally in good agreement with
the field measurements.

25 T T T T T T T
(a) —— AWAC-measured spectrum
20 —— COULWAVE input spectrum (JONS) ]
“‘; 15 COULWAVE stats | Field stats
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Fig. 6. (a) Comparison between the JONSWAP input spectrum to the COULWAVE
simulation (black line) and the representative measured offshore conditions (red line).
(b) COULWAVE-simulated H,,, distribution inside the harbour basin and offshore. (For
interpretation of the references to colour in this figure legend, the reader is referred
to the web version of this article.)

Table 2

Comparison of spectral wave parameters derived from pressure gauge field measure-
ments in deployment locations B, C and D, and COULWAVE numerical results for
the storm event shown in Fig. 6: H,, is the significant wave height over the whole
frequency range, H,, ;; is the significant wave height in the IG frequency range (0-
0.04 Hz), and 7,,_, , is the spectral period controlling wave overtopping. The parameters
were derived using field and numerical free surface elevation time series of 4096 s;
the field-extracted parameters were derived using the closest (in time) pressure gauge
time series to the AWAC measurements.

Location B Location C Location D

Field Coul Field Coul Field Coul
H,, (m) 0.83 0.86 0.67 0.67 0.40 0.41
H,o 6 (m) 0.39 0.44 0.30 0.30 0.37 0.37
Ty1o (8 43.0 36.3 42.8 48.5 233 252
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Fig. 7. (a) Space-averaged spectrum computed from the COULWAVE free surface
elevation time series inside the harbour basin compared to the JONSWAP spectrum
forcing the offshore boundary conditions. Shaded area denotes the IG frequency range
of the space-averaged spectrum blown out in (b).

4.1. Harbour basin resonant frequencies and modes

The resonant frequencies of the basin were identified using the
space-averaged spectrum, as defined in (Douyere, 2003),

N
5=~ XS, @
i=1

where S;(f) is the spectral energy of node i in the harbour basin,
and N is the number of cells inside the basin. The space-averaged
spectrum was utilised to identify the frequency bins of wave energy
concentration, and in combination with the inspection of the individual
spectra, it provides a snapshot of the harbour excitation (Douyere,
2003).

Fig. 7a compares the resulting space-averaged spectrum inside the
harbour basin to the input JONSWAP spectrum. Due to offshore wave
breaking and sheltering of the harbour basin, the space-averaged spec-
trum has considerably less energy across the sea-swell frequency range.
The numerical model generates energy in higher and lower frequencies
than f,,. and f,,;,, respectively, as a result of non-linear wave-wave
interaction in the surf zone, part of which is being released in the form
of free waves (Longuet-Higgins and Stewart, 1962, 1964).

The dominant frequency peaks in the IG-range which result from
the spatial averaging of the (harbour basin) numerical time series are
shown in Fig. 7b. A considerable number of resonant periods are close
or identical to the ones identified from the field measurements (in
parentheses): 125 s (132's), 100 s (95s), 71.2 5 (73 s-76 5), 62.5 5 (60.2 s),
55.4 s (55.3 s-56.1's), 38.4 5 (36.9s), 31.3 s (30 s) and 27.8 s (27 s). The
simulated resonant periods of 489 s and 250 s are not captured at any of
the sensor deployment locations. Instead, the closest resonant periods
in the measurements correspond to 512 s and 240 s, respectively.

Fig. 7b reveals how the wave energy is contained within regular
frequency bins with step d f. The model is thus able to resolve resonant
frequencies within +d f /2. On the other hand, the detection of resonant
frequencies identified through the field measurements is limited by the
FFT frequency step, which is a function of the length of the free surface
elevation time series (Tygy), i.e. Af = 1/Tpgg. Therefore, resonant
periods T, identified through the numerical model (peaks in Fig. 7b) lie
within a range of T, +d f /2, and resonant periods identified through the
field measurements (peaks in Fig. 4) lie within a range of T, + Af /2.
Taking the dependence on df and Af into account, a more accurate
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comparison between resonant frequencies predicted by the model and
the ones measured through field measurements is presented in Table 3.

A spatial overview of the harbour excitation model predictions is
given in Fig. 8 for the first eight resonant frequencies. The modes
of oscillation show the distribution of spectral energy corresponding
to each resonant frequency. The mode of the resonant period of 489
s (512 s) exhibits a node at the harbour entrance and an antinode
on the eastern-most point and corresponds to the zeroth mode of a
long and narrow open-ended basin, known as the Helmholtz or gravest
mode (Rabinovich, 2009); again, the corresponding field measurement
is stated in the parenthesis. The mode of the resonant period of 250 s
(240 s) features two antinodes at the two ends of the harbour basin and
a node midway, and corresponds to the fundamental mode of a long and
narrow closed basin (Rabinovich, 2009). The distribution of spectral
energy across the basin for the Helmholtz and fundamental modes
is in agreement with the distribution of measured spectral energy at
~ 512 and 240 s (Fig. 4) relative to the deployment location of the four
pressure gauges.

The resonant periods of 125 s (132 s), 100 s (95 s), 71.2 s (73 s=76 S)
correspond to the second, third and fourth modes of a long and narrow
closed basin, featuring two, three and four nodes, respectively. The
modes for the resonant periods of 62.5 s (60 s) and 55.4 s (55 s) involve
two-dimensional basin effects with harbour oscillations also occurring
along the width of the basin. Last, the mode for the energetic resonant
period of 50 s only involves the western harbour basin. It is the rocking
mode of the western basin and which corresponds to sloshing occurring
between the harbour entrance and the dock directly impacted by the
incoming storm waves.

5. Overtopping discharge due to harbour resonance

Here, we attempt to quantify the influence of harbour resonance
on wave overtopping along the docks, a process that is not well un-
derstood, and to our knowledge has not been examined before. This
is particularly important in view of the already-happening sea level
rise. Wave overtopping discharges were evaluated at 20 locations along
the perimeter of the western harbour basin (Fig. 9). During storm
events, it has been observed that the magnitude and type of wave
overtopping vary along the docks. Locations 1-15 suffer from green-
water type overtopping while locations 16-20 are impacted, depending
on the storm intensity, by heavy loads with up-rushing water jets
overtopping them. At the western side (locations 1-8) overtopping is
caused from diffracted and partially refracted waves approaching the
docks in wide angles, with reflected waves contributing periodically
to increased overtopping discharges. Along the southern locations (9—
11), incident waves are approaching the docks in normal directions
coming from the harbour entrance, but here wave reflections have a
larger contribution to overtopping than incident waves. Southeast dock
locations (12-15) are overtopped mainly by waves strongly reflected
at that part of the basin, forming standing waves. Locations 16-20
directly face the unprotected entrance; waves approach the docks from
the entrance on an oblique angle (~ 20° angle anticlockwise to the
normal wave incident direction, see Fig. 9), shoaling up and eventually
impacting the docks in impulsive conditions.

5.1. Wave overtopping formulas

We employ the empirical equations of EurOtop (2018) to estimate
the mean overtopping rates using the mean value approach (without
including a safety factor for structural design). The EurOtop equations
provide overtopping discharge predictions for structures facing the
open sea. While this is clearly not the case for a harbour basin, they
are the only established choice for such estimates.

A range of empirical equations are available in the EurOtop manual
depending on the characteristics of the incident waves (wave height,
period and direction), the type of structure considered (breakwater,
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Table 3

Detection upper and lower limits for the basin

at instrument deployment locations A — D.

resonant periods (in seconds) through the numerical simulation, and
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field measurements

Field measurements COULWAVE
A B C D
Tn,mm Tn,max Tn.mm Tn,max Tmmm Tn,max Tn,mm Tn,max Tn,min Tn.max
Helmholtz mode 546 630 546 630 481.9 546.1 481.9 546.1 328.3 956.1
Fundamental mode 234.1 248.3 234.1 248.3 234.1 248.3 234.1 248.3 200.0 333.5
2nd mode - - - - 129.9 134.2 129.9 134.2 1111 1429
3rd mode 93.9 96.1 93.9 96.1 88 90 93.9 96.1 90.6 110.6
4th mode 72.5 73.8 73.8 75.2 76.6 78 75.2 76.6 66.5 76.7
5th mode - - - - - - 59.8 60.6 58.8 66.7
6th mode 54.9 55.7 54.2 55 55.7 56.5 - - 52.5 58.7
7th mode - - 49.7 50.3 49.7 50.3 - - 47.6 52.5
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Fig. 8. Modes corresponding to the first eight resonant frequencies identified for the harbour basin through the numerical simulation. The colourmap has been normalised by the
maximum spectral energy for each resonant frequency (Max(S)) registered across the harbour basin nodes. Spectral energy values two order of magnitudes less than Max(S) appear
as white. Instrument deployment locations A — D are shown with the green circles. (For interpretation of the references to colour in this figure legend, the reader is referred to

the web version of this article.)

dyke, vertical wall, etc.), and finally the influence of the foreshore
with length equal to L, (the wavelength corresponding to 7,,_; )
evaluated at the toe of the structure. The EurOtop equations for vertical
and steep walls were used for the harbour docks. We then inferred
the influence of the foreshore to account for the effect of obliquity
of the incident waves, which may lead to impulsive or non-impulsive

conditions.

We used the following steps to determine the appropriate overtop-

ping discharge equation:

» Step 1: The influence of foreshore was taken into consideration

without the presence of a significant mound, and with the toe of

the structure submerged (h > 0).

+ Step 2: We determined if impulsive or non-impulsive conditions

occur for shore-normal wave-attack using

2

HyoLy—10

h2

HypoLip—10

> 0.23 (non-impulsive conditions),

3)

<0.23 (impulsive conditions),
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where £ is the water depth at the toe of the structure and H,,,
is the spectral significant wave height. Then, we determined the
overtopping rates for shore-normal incidence.

For non-impulsive conditions, we used the overtopping discharge

equation
R
— 4 —005exp <—2.78 - < ) , @
gy, "

where R, is the crest freeboard (m) and ¢ is the overtopping rate
(m?3/s, per m along the dock).
For impulsive conditions, the corresponding equation is

[ H R,
. —E h—’”o exp <-2.2H—‘>,
/gHr:ZO Sm=1,0 m0
R

5
for 0 < — < 1.35,
m0
or
q H, R\
— =0.0014 h—m <Hc ) R
/ng:o Sm—1,0 m0 (6)
R
for —< > 1.35,

m0
where s, ( is the wave steepness defined as s,,_; o = H,,0/Ly-1 0-

Step 3: Under the influence of oblique waves and non-impulsive
conditions, ¢ is estimated through
2.78 R,

qp >
Vp Hm() ’

V gHy,
where y; is a reduction factor for angle of attack and is given by

vy = 1-0.0033|p| (for 0 < f <80°),
v =0.736 (for |p| > 80°),

=0.05exp <— )

(8)

and g is the incident angle relative to the vertical of the dock’s
orientation (EurOtop, 2018).

Step 4: In case of oblique incident waves and impulsive condi-
tions, equations of Step 3 should be used when waves approach
with p > 60°. For incident angles less than 60°, wave overtopping
estimates are based on results for f = 15° and g = 30°. The
influence of oblique wave attack is characterised by an obliquity
factor k; = q4/qp-¢o, Where gy is the overtopping rate for
shore-normal wave attack (EurOtop, 2018). Values of kg for 15°
and 30° are given by

—0.46
W2 R,
0.375 ( e )
HyoLn—1,0 Hmo

kp—150 = max
(-0.267

)

exp

RC
L)

for p = 15°, with max k; = 1,

0.454 (L R )70'96
kﬂ=30° = max ’ HyoLin-1,0 Hmo
(—0.495

exp (10)

R.
Hyo

for p=30°, with max k; = 1.

Wave overtopping discharge predictions for any given incident angle
were obtained through linear interpolation. Egs. (9) and (10) are appli-
cable in the range 1.35 < R./H,,, < 4. The relative freeboard was less
than 1.35 only in location 5, but since f = 68°, it was treated as under
non-impulsive conditions and the overtopping prediction equations of
Step 3 were used.

Egs. (4), (5) and (6) correspond to equations (7.5), (7.7) and (7.8) of
the EurOtop (2018) manual, while Egs (7), (9) and (10) correspond to
equations (7.16), (7.18) and (7.19), respectively. The use of Eq. (8) to

10
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Fig. 9. Wave overtopping prediction locations along the western basin perimeter
(squares). Black dots denote the nodes (numerical gauges) where numerical free
surface elevation time series were recorded. Triangles denote the numerical gauge
triads used to generate directional spectra and extract the input wave parameters
for the overtopping predictions. The displayed angle of incidence (measured from
the normal wave incident direction) corresponds to locations 16-20. The gauge triad
correspondence to overtopping evaluation locations is outlined on the left.

compute the reduction factor for oblique attack in coastal dikes or em-
bankment seawalls under non-impulsive conditions, which corresponds
to (5.29) in the EurOtop manual, is also recommended for vertical
walls (EurOtop, 2018).

5.2. Input parameters for EurOtop formulas

The geometrical input parameters for the above wave overtopping
prediction formulas, such as the water depth at the toe of the structure
and freeboard, were defined through a detailed topographic survey. The
incident wave parameters were derived from the numerical time series
stored at 10m-spaced nodes (gauges) inside the harbour basin. Triads
of numerical gauges, tied to overtopping prediction locations along the
dock (Fig. 9), were selected to produce wave directional spectra using
the Extended Maximum Entropy Method (EMEM, Hashimoto et al.,
1997). The directional spectra were then used to determine the mean
incident wave direction ¢. In turn, a 1D energy density spectrum was
extracted by integrating the directional spectrum along the directions
vector within the range ¢ + 22.5°. From this point on, two distinct
methodologies are applied to determine the wave overtopping input
parameters (illustrated in Fig. 10):

» Approach A: The first approach attempts to examine and quantify
the influence of harbour resonance on wave overtopping dis-
charges along the harbour dock. The incident significant wave
height H,,, and spectral period 7,,_; , used with the EurOtop for-
mulae were computed from the triad 1D power spectra, using only
the wave energy contained in the high-frequency range (HF, f >
0.04 Hz). These incident wave parameters represent the harbour
basin wave climate excluding sloshing. The influence of harbour
resonance was quantified through numerical time series of free
surface elevation recorded nearest to each evaluation location
along the dock. IG-motions #;; contained in the time series were
isolated through spectral analysis. #;; was subtracted from the
freeboard at still water level (R, gy, ), producing a freeboard time
series R, ;¢ = R. sy — ;- Wave overtopping using the EurOtop
formulae was computed first for R, sy, ;, producing gy r sy 1, and
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then for the IG-adjusted freeboard values R, ;;, producing time
series gy ops- The difference between the mean value of time
series qyr aps (Gur.aps) and gy sy quantifies the influence
of harbour resonance on wave overtopping along the docks.

Approach B: The second approach corresponds to the conven-
tional application of EurOtop formulae, which is used to provide
context to the overtopping discharges predicted using Approach
A. The incident significant wave height H,,, and spectral period
T, were computed from the triad 1D power spectra, using the
entire frequency range (IG and HF). EurOtop formulae were then
applied to each evaluation location using the freeboard corre-
sponding to SWL, resulting in overtopping discharge prediction

dHF-1G,SWL*

As described in Section 5.1, mean overtopping rates were estimated
for both normal and oblique incident wave conditions to compare
results between the two conditions and also because estimation of
overtopping rates of normal incident waves was a prerequisite for the
estimations in oblique conditions. Most locations resulted in impul-
sive incident conditions. However, using Approach A, locations 19-20
resulted in non-impulsive conditions for both normal and oblique in-
cidence due to high values of the ratio in Eq. (3). Also, for oblique
incidence, using Approaches A and B, locations 4-5 and 14-15 result
in non-impulsive conditions due to the wider angles of incidence (§ >
60°). For non-impulsive conditions, the prediction Egs. (4) and (7)
used to compute the mean overtopping rate for normal and oblique
incidence, respectively, do not include the effect of the spectral period.

5.3. Overtopping results

Estimates of gy r gy, (overtopping rates using spectral inputs for
f > 0.04 Hz and no freeboard adjustment) for normal incident con-
ditions are higher in comparison to oblique ones, at every evaluation
location (Fig. 11). Notably, the lowest overtopping rates were calcu-
lated at predictions locations 14 and 15 for oblique incidence, due
to maximum glancing angles and non-impulsive conditions. Another
interesting observation is that, for the triad T5 chosen, more reflected
energy was observed in the numerical directional spectra than else-
where. These observations are consistent with eyewitness accounts for
the particular storm used in the numerical simulation. At the loca-
tions facing the entrance (16-20), although common wave parameters
and incident angles were extracted from triad T6, overtopping rates
decrease from location 16 to 20, mainly due to differences in the
corresponding toe depths.

In normal incident conditions, overtopping rates vary differently
than in oblique conditions, because of the absence of incident angles
in the calculations. Rate prediction values for locations 9-15 are very
close due to similarities in the freeboards and incident wave param-
eters. The largest differences are found for locations 4-6, which is
mainly attributed to the relatively low freeboards (location 5 has the
lowest freeboard at 0.42 m) and to a lesser extent to the incident wave
parameters — the significant wave heights extracted from triads T1-T3
were not the largest. High oblique angles and non-impulsive conditions
reduced the overtopping rate in locations 4-6 (as in locations 14—
15) for oblique incidence, consistent with eyewitness observations for
the wave conditions simulated. During larger storms (H, /3> 4.5 m),
locations 4-6 experience the highest overtopping rates due to green-
water overtopping, consistent with what is predicted using the normal
incident angles.

Following Approach A, the effect of harbour resonance is added into
the equation by varying the freeboard using the IG time series at the toe
of each prediction location. The resulting overtopping rate, Gy r 4py»
shown in Fig. 11, is higher than gy gy, at all locations. This outcome
can be interpreted as the non-linear behaviour of the wave overtopping
equations to changes in the freeboard, i.e. increasing and decreasing the
freeboard does not result in proportional changes to the overtopping

11

Coastal Engineering 169 (2021) 103973

rate predictions as wave overtopping discharge is exponentially related
to R./H,. This non-linear behaviour is more pronounced for normal
incidence at prediction locations 4-6, which exhibit the lowest free-
boards. In these locations, small changes in the freeboard, in the form of
long-period fluctuations, result in disproportionately larger overtopping
rates compared to locations with higher freeboards.

When the amplitudes of natural oscillations temporally superim-
pose, the freeboard is significantly reduced, resulting in sporadic bursts
of high overtopping volume that significantly affect the mean over-
topping rate; this effect was more pronounced for normal incidence at
prediction location 4. Thus, docks with smaller freeboards are the most
affected from wave overtopping due to harbour resonance. Changes
between gy 4p; and gy gy are less pronounced for oblique inci-
dence, because points of low freeboard happen to exhibit less wave
overtopping for the simulated storm conditions due to the angles of
incidence (8 > 20°).

Comparing overtopping rates qyr_;c sy derived using the con-
ventional application of EurOtop formulae (Approach B) with over-
topping rates gyr 4p; calculated using Approach A, the former are
on average two times higher than the latter, both for normal and
oblique incident conditions. Thus, in general, accounting for the IG
wave energy directly through spectral parameters H,,, and T,,_; o yields
higher overtopping rates compared to Approach A for this case study.
In fact, the ratio qy r sw 1 /qn r-16.sw 1 is on average 0.50 and 0.46 for
normal and oblique incidence, respectively, while the corresponding
values for the ratio qyr gy /duraps are 0.79 and 0.74. However,
Approach A yields higher overtopping rates at locations with very low
freeboards; Gy y 4py is higher than g r_;; sy, at prediction locations
4-5 for oblique wave incidence and higher only for location 4 for
normal wave incidence. Another observation is that for locations 19—
20, there is a significant difference between the prediction rates of the
two approaches. This is partially due to the non-impulsive conditions
used in Approach A, that did not account for the effect of the spectral
period in the calculation of the overtopping rate prediction.

Approach A produces time series of wave overtopping rate
(9y F ap,) that allows to examine its temporal characteristics. Here, we
examine the temporal characteristics of time series g 4p; produced
for all prediction locations assuming normal wave incidence. This was
achieved by computing the spectra of each time series using FFT.
After inspection, similarities in the spectra between prediction locations
allowed us to present the spectra in four groups, as shown in Fig. 12. As
expected, the gy 4p; spectra for all groups exhibit prominent peaks
at the resonant frequencies identified through numerical modelling in
Section 4.

The locations included in group a (locations using triads T1 and T2)
are positioned along the western dock, which according to Fig. 8 is
not a major antinode for any of the first 8 modes shown. As a result,
the overtopping rate is well distributed among different frequency bins.
The largest wave overtopping rate contributor is the frequency bin
around 31.3 s period, which is a higher resonant mode not shown in
Fig. 8. The 45.5 and 55.3 s resonant periods are second closest, which
feature a weak antinode along the central part of the western basin.
However, weaker contributions from the Helmholtz, fundamental and
the 3rd frequency resonant modes are also visible. Group b (locations
using triads T3 and T4) has similar characteristics to group a, albeit the
spectral peaks are of lower magnitude.

In general, locations in group c (locations using triad T5) exhibit
lower overtopping rates compared to locations in groups a and b.
However, it is sitting right at the antinode of many resonant modes, as
shown in Fig. 8. The most energetic mode at this antinode corresponds
to the resonant period of 55.3 s that only involves the western basin.
Similar but smaller modal amplitudes resulting from the 50.0 and 45.5
s resonant periods can also be distinguished in the spectrum.

Group d (locations using triad T6) involves the prediction locations
facing the entrance. This part of the western basin is mainly affected
by the resonant periods around 50 s that create energetic antinodes
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Fig. 10. Illustration of the proposed Approach A used to evaluate the contribution of harbour resonance on wave overtopping along the docks.

along the dock of group d (Fig. 8). As a result, overtopping rates feature
prominent peaks around the resonant periods of 45.5, 50 and 55.3 s.
There are added contributions from higher resonant modes at periods
below 35 s.

6. Discussion and conclusions

This study investigated the resonant frequencies and modes of a
small, irregularly shaped harbour with two basins. The wave climate
offshore the Venetian Harbour of Chania was characterised through
in situ measurements using an ADCP deployed at ~ 23 m depth, for
a nine year period. The data recording plan of 2 Hz sampling rate
for 1200 s/h allowed us to obtain the offshore wave field (1200 s
provide reliable statistical results), while also capturing its temporal
development in detail through hourly intervals. However, the sampling
duration of the individual time series was not sufficient to obtain the
spectral resolution required to study the offshore energy distribution in
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the infragravity frequency range in detail. Thus, it was not attempted
to correlate the infragravity energy distribution offshore and inside the
harbour.

The resonant frequencies of the harbour basin identified through
field measurements at four different deployment locations during sev-
eral storm events, offer insight on the response of the basin to offshore
forcing. The storm-averaged spectra for all storm events feature dis-
tinctive peaks and troughs at specific frequency bands (Fig. 4). The
frequencies corresponding to each peak represent resonant frequencies
at which spectral energy is amplified due to sloshing. The frequencies of
the spectral energy peaks identified from the individual storm-averaged
spectra corresponding to each of the four deployment locations gener-
ally agree well. However, small frequency deviations were found for
some of the spectral peaks. For example, the frequency peak corre-
sponding to the spectral peak of the fundamental mode (i.e. at T, =
240 s) is common between the spectra of all four locations, but the
frequency peak corresponding to the Helmholtz mode is not. This
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Fig. 12. Spectra of the time series of overtopping rate produced using Approach A for
normal wave incidence. The spectra have been averaged in groups of similar spectral
distributions (prediction locations referred here are shown in Fig. 9).

resonant frequency deviation can be attributed to the relatively coarser
period resolution at the frequency range of the Helmholtz mode.

Numerical simulations using the Boussinesq-type model COUL-
WAVE and a JONSWAP offshore spectrum provide a detailed picture
of the wave climate inside the harbour basin; the input spectrum only
contains energy in the sea-swell frequency range using a constant
frequency step df and infragravity energy was generated through
non-linear interactions of the input frequency components. The mean
spectral energy inside the basin was derived by space-averaging the
spectra of all numerical time-series collected inside the harbour basin.
Spectral energy in the infragravity range is contained in peaks at
discrete frequencies driven by harbour resonance. However, by forcing
the offshore spectral energy using a constant frequency step d f, the
spectral peaks are also positioned at frequency steps that are multiples
of d f and not necessarily at the true resonant frequencies.

As a result, the basin was forced at frequencies closer to the actual
resonant frequencies in the higher-frequency range compared to the
lower-frequency range — the spectral leakage is particularly evident
around the Helmholtz and fundamental resonant frequencies (Fig. 7b).
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This limitation does not allow us to directly compare the total energy
contained in each resonant frequency. However, it is still evident that
the Helmholtz mode is very energetic and also that the 50 s resonant
period has comparable mean energy to the Helmholtz mode across the
harbour, even though it only involves the western basin (Fig. 8).

Despite this, the resonant frequencies identified through numerical
modelling generally compare well with the field data. No attempt
was made to compare the relative energy of each resonant frequency
predicted by the model to the storm-averaged spectra since the spec-
tra produced through the field data used different storm events for
each location (of varying intensity and duration). The spatial distribu-
tion of spectral energy across the basin provides an overview of the
modes corresponding to each resonant frequency, through which the
Helmholtz, fundamental and higher modes were identified (Fig. 8).
The distribution of energy of each mode is consistent with the spectral
energy of the resonant peaks in the storm-averaged spectra relative to
the corresponding deployment locations.

The numerical time series were used in combination with EurOtop
formulae to obtain wave overtopping rates at evaluation points along
the western basin docks and investigate the influence of resonance
on wave overtopping. Two different approaches were used for that
purpose: Approach B producing qy r_;¢ sy 1 involved the conventional
application of EurOtop wave overtopping formulae, and novel Ap-
proach A producing gy gy and gy 4py; that was used to infer the
contribution of harbour resonance to wave overtopping. Comparing
qur.swi With gy p_;c sy allowed us to examine the importance of IG
energy in wave overtopping along the harbour docks. Excluding eval-
uation points 19 & 20, the ratio qy r sy 1 /49y F—16.5w 1 Teached values
up to ~ 2.9 and ~ 3.6 for normal and oblique wave incidence, respec-
tively (Fig. 11). The contribution of IG energy was found to be more
pronounced in evaluation points near the south antinode which is com-
mon in multiple resonant modes, i.e. evaluation points 9-15 (Fig. 8).
In contrary, for normal incidence, the smallest gy r sy 1 /dnF-16.5w1L
ratios were found for evaluation locations 1-3 due to low IG energy
relative to the total, and for evaluation locations 16-18 due to relatively
higher freeboards. These observations concur with the notion that IG
contribution to wave overtopping is highest when the IG/total energy
ratio is the highest and freeboard is the lowest.

Approach A also allowed us to examine the contribution of har-
bour resonance to wave overtopping by modelling the IG energy as a
(stochastic) freeboard adjustment of the vertical walls surrounding the
western basin. Time series of IG waves extracted from the numerical
simulation at the toe of each evaluation points were translated to
freeboard adjustment to obtain time series of overtopping rate g r 4p;-
FFT analysis of gy 4p,; revealed which resonant modes contribute the
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most to wave overtopping in each evaluation location (Fig. 12). Obtain-
ing the mean value gy 4,p, and comparing it to gy gy -; provided
an approximation for the total contribution of harbour resonance to
wave overtopping rates. gy 4p; is driven by the non-linear behaviour
of the overtopping equations to changes in the freeboard and the ratio
drrr.aps/amF.swi was found to be largest in evaluation locations with
the lowest SWL freeboard.

In comparison with gy r_;G sy for which IG energy is included in
the spectral parameters used with the EurOtop formulae (H,,.T,,_1 ),
Gur.aps Tates were lower for most evaluation points. The two ap-
proaches are fundamentally different. For impulsive conditions,
qur-16.sw1 accounts for the influence of IG in spectral period 7,,_; o,
whereas Gy 4p; treats all IG fluctuations (f < 0.04 Hz) as being long-
enough to be considered a change in the SWL. The IG limit of 0.04 Hz
was used in this application because this frequency range is typically
the range in which harbour resonant frequencies are detected, however,
its use as an upper limit for considering long waves as a change to
the SWL is rather arbitrary. The proposed methodology of evaluating
the influence of harbour resonance in wave overtopping rates needs
to be validated through field measurements of wave overtopping at
the harbour docks or through well-controlled laboratory experiments
for vertical walls with significant influence from a shallow foreshore.
This is particularly important as rising sea levels due to climate change
will increase overtopping volumes, and likely the frequency of extreme
storms.

7. Glossary

f : frequency

f, :resonant frequency (eigenfrequency)

S(f) : spectral energy density

Af : field spectral energy density frequency step

df : frequency step of the input spectrum used with the numerical
model

Trsg : total duration of field time series
m, : spectral moments

H,,, : spectral significant wave height
T, : peak wave period

p

T,_1o :spectral wave period computed using the m_; and m, spectral
moments

T, : resonant period (eigenperiod)

L,_io : wavelength corresponding to T,,_; o

Sm_10 : wave steepness corresponding to L,
H,,; : zero-down crossing significant wave height
Ty;; : zero-down crossing significant wave period
H,,. :zero-down crossing maximum wave height
g : gravitational acceleration

MW L : mean water level

h : depth at the toe of the structure

g :mean overtopping rate
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R, : crest freeboard

c

vp : reduction factor for oblique incidence

p : wave incident angle relative to the structure orientation
kg : obliquity factor

¢ : mean incident wave direction

n;c : free surface elevation in the infragravity frequency range (f <
0.04 Hz) extracted from the numerical simulation at the toe of
the structures

R, sy : crest freeboard relative to still water level
R, ;¢ : adjusted freeboard time series (R, sy — 176)

qur.swy : Mmean overtopping rate obtained from the higher frequency
range (f > 0.04 Hz) of the incident wave spectrum and R, g |,

qdur.apys - time series of overtopping discharge obtained from the
higher frequency range of the incident wave spectrum and (time
series) R, ;g

dur.aps - Mean overtopping rate obtained by averaging time series

dHF,ADJ

dur-16.swy :Mmean overtopping rate obtained from the full frequency
range of the incident wave spectrum and R, gy 1
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