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De sea ain’t got nuh back door.
-Bajan (Barbadian) Proverb

Meaning: the sea can be very dangerous, so be careful.
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SUMMARY

Coastal communities across the globe are often protected by structures, such as seawalls,
levees or dikes, which allow only a safe volume of water to pass over or “overtop” them due
to wave action during storms. The area seaward of these structures is often characterised by
shallow, gently sloping beds referred to as foreshores.

As storm waves propagate over the shallow foreshores, two notable processes occur. The
first, is the attenuation of high-frequency waves that are collectively referred to as wind-sea
and swell (SS), with periods less than 20 seconds. The limited water depth over the foreshore
forces the SS waves to shoal and ultimately break. This shoaling and breaking, in turn, results
in the second important process: the growth of infragravity (IG) waves, with periods in the
order of minutes.

The methods used in current practice to estimate wave overtopping are able to accurately
quantify the impact of SS waves. However, they tend to neglect the influence of IG waves,
which are known to play a critical role in erosion and flooding along shallow coast lines. In
light of this, this dissertation aimed to develop new methods to estimate the influence of IG
waves on the safety of coastal defences with shallow foreshores against wave overtopping.
This aim was ultimately achieved by using state-of-art numerical models, empirical methods
and field measurements to develop a suite of tools, that together, provide a framework to
accurately quantify the influence of IG waves on wave overtopping.

As data on shallow foreshores was limited, a numerical model (XBeach Non-hydrostatic)
was first used to generate a large dataset of wave measurements at the toe of the structure for
varying offshore, foreshore and structure slope conditions. The analysis, detailed in Chapter
2, revealed that the influence of 1G waves increased for higher, directionally narrow-banded
(long-crested) offshore waves; shallower foreshore water depths; milder foreshore slopes;
and reduced vegetated cover. The combined effect of the different environmental parameters
on the I1G waves was then captured in an empirical model, which formed the base of the
framework to follow.

For determining wave overtopping, the standard approach requires the use of a wave model
(often a phase-averaged model like SWAN) to estimate wave parameters at the toe, which
are then used as input to the well-known formulae of the EurOtop design manual. However,
this approach largely neglects the impact of IG waves. In Chapter 3, this is rectified by
augmenting the traditional approach with the empirical model developed in Chapter 2 to
include the effects of the 1G waves on the design parameters. Considering accuracy and
computational demand, the modified approach proved superior when assessing wave
overtopping at dikes with shallow foreshores. This approach formed the first sub-method to
estimating wave overtopping in the overall framework.
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Nevertheless, it is often difficult to obtain accurate estimates of wave parameters at the toe
of structures with shallow foreshores. Chapter 4 offers a solution to this problem by
proposing a new set of overtopping formulae that instead rely on deep-water wave parameters
as input. This is done by revisiting the old but proven approach of Yoshimi Goda, now with
additional data and new trend analysis techniques. The newly-derived formulae proved
accurate and can be considered an alternative to the current standard (Chapter 3). Particularly,
for dikes and seawalls with very and extremely shallow foreshores, where I1G waves tend to
dominate. This approach formed the second sub-method to estimating wave overtopping in
the overall framework.

Finally, in order to estimate the impact of IG waves on safety, a probabilistic method
(FORM) was introduced to the framework in Chapter 5. Using the first sub-method (Chapter
3), the probability of dike failure by wave overtopping with and without IG waves was
determined for dikes along the shallow Dutch Wadden Sea coast. Including the IG waves
resulted in 1.1 to 1.6 times higher failure probabilities for the Dutch Wadden Sea coast,
suggesting that coastal safety may be overestimated when they are neglected. This was
attributed to the influence of the IG waves on the wave period and, to a lesser extent, the
wave height at the structure toe. Furthermore, the spatial variation in this effect observed for
the Dutch Wadden Sea highlighted its dependence on local bathymetric and offshore forcing
conditions—with IG waves having greater influence on the failure probability for cases with
larger offshore waves and shallower water depths.

The general conclusion of the dissertation is that IG waves can have an important impact on
safety. Moreover, findings indicate that the safety of existing coastal defences with shallow
foreshores may be overestimated, since G waves are largely neglected in the current practice
for their design and assessment. For the case considered here (the Dutch Wadden Sea), the
increase in required crest level due to the IG waves was around 2 dm with a cost in the order
of M€1/per km. For shallower coastlines exposed to more energetic wave conditions, the
influence of the IG waves and the corresponding safety costs are likely to be greater. This
dissertation provides practitioners with a suite of tools to quantify to influence of 1G waves
on the safety of coastal defences with shallow foreshores against wave overtopping. Thereby,
reducing the uncertainty in the overall impact of shallow foreshores and allowing dike
managers to make more informed decisions when considering hazard mitigation strategies.

viii



SAMENVATTING

Wereldwijd worden kustgemeenschappen vaak beschermd door constructies, zoals
zeeweringen, “levees” of dijken, die alleen een veilige hoeveelheid water doorlaten of
"overslaan" als gevolg van golfslag tijdens stormen. Het gebied zeewaarts van deze
constructies, ook wel vooroevers genoemd, wordt vaak gekenmerkt door ondiepe beddingen
met een gering verhang.

Terwijl stormgolven zich voortplanten over de ondiepe vooroevers, vinden er twee
opmerkelijke processen plaats. Het eerste is de verzwakking van hoogfrequente golven die
worden aangeduid als wind-zee en deining, ook bekend als SS-golven, met perioden van
minder dan 20 seconden. De beperkte waterdiepte van de vooroever leidt tot ophogen van
golven en uiteindelijk tot golfbreking. Dit proces resulteert in het tweede belangrijke proces:
de vorming van infragravitatie (IG) golven, met perioden in de orde van minuten.

De hedendaagse methoden die worden gebruikt om golfoverslag in te schatten, zijn ook
toepasbaar voor het nauwkeurig kwantificeren van de impact van SS-golven. Echter wordt
de invloed van 1G-golven verwaarloosd in deze methoden, alhoewel bekend is dat deze
golven een cruciale rol kunnen spelen bij erosie en overstromingen langs ondiepe kustlijnen.
In het licht hiervan is dit proefschrift gericht op het ontwikkelen van nieuwe methoden voor
het kwantificeren van de invloed van 1G-golven op de veiligheid van kustverdediging met
ondiepe vooroevers tegen golfoverslag. Dit doel werd uiteindelijk bereikt door gebruik te
maken van geavanceerde numerieke modellen, empirische methoden en veldmetingen om
een reeks instrumenten te ontwikkelen, die samen een raamwerk bieden om de invloed van
IG-golven op golfoverslag nauwkeurig te kwantificeren.

Omdat de gegevens over ondiepe vooroevers beperkt waren, werd eerst een numeriek model
(XBeach Non-hydrostatic) gebruikt om een grote dataset van golfmetingen te genereren aan
de voet van de constructie, waarbij de helling in het gebied offshore, in de vooroevers en van
de constructies wordt gevarieerd. De analyse, zoals gedetailleerd omschreven in Hoofdstuk
2, onthulde dat de invloed van 1G-golven toenam voor hogere, directioneel smalbandige
(lange kuif) offshore-golven; ondiepere vooroeverwaterdiepten; mildere vooroeverhellingen;
en verminderde begroeide dekking. Het gecombineerde effect van de verschillende
omgevingsparameters op de 1G-golven werd vervolgens vastgelegd in een empirisch model,
dat de basis vormde van het te volgen raamwerk.

Voor het bepalen van golfoverslag vereist de standaardbenadering het gebruik van een
golfmodel (vaak een fasegemiddelde model zoals SWAN) om golfparameters aan de voet in
te schatten, die vervolgens worden gebruikt als input voor de bekende formules van de
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EurOtop ontwerphandleiding . Deze benadering negeert echter grotendeels de impact van 1G-
golven. In Hoofdstuk 3 wordt dit verbeterd door de traditionele benadering uit te breiden met
het empirische model dat in Hoofdstuk 2 wordt beschreven om de effecten van de 1G-golven
op de ontwerpparameters op te nemen. Rekening houdend met de nauwkeurigheid en de
rekenvraag, bleek de aangepaste benadering het beste toepasselijk bij het beoordelen van
golfoverslag bij dijken met ondiepe vooroevers. Deze benadering vormde de eerste
submethode voor het inschatten van golfoverslag in het algemene raamwerk.

Toch is het vaak moeilijk om de golfparameters aan de voet van de constructies met ondiepe
vooroevers nauwkeurig in te schatten. Hoofdstuk 4 biedt een oplossing voor dit probleem
door een nieuwe reeks overslagformules voor te stellen die in de plaats daarvan gebaseerd
zijn op diepwatergolfparameters als input. Dit wordt gedaan door de oude maar bewezen
aanpak van Yoshimi Goda opnieuw te bekijken, nu met aanvullende gegevens en nieuwe
trendanalysetechnieken. De nieuwe afgeleide formules bleken nauwkeurig en kunnen
worden beschouwd als een alternatief voor de huidige standaard (Hoofdstuk 3). Met name
voor dijken en zeeweringen met extreem ondiepe vooroevers waar 1G-golven de neiging
hebben te domineren. Deze benadering vormde de tweede submethode voor het inschatten
van golfoverslag in het algemene raamwerk.

Tenslotte is in Hoofdstuk 5 een probabilistische methode (FORM) in het raamwerk
geintroduceerd om de impact van 1G-golven op de veiligheid in te schatten,. Met behulp van
de eerste submethode (Hoofdstuk 3) is de kans op dijkdoorbraak door golfoverslag met en
zonder 1G-golven bepaald voor dijken langs de ondiepe Nederlandse Waddenzeekust. Het
opnemen van de 1G-golven resulteerde in 1,1 tot 1,6 keer hogere faalkansen voor de
Nederlandse Waddenzeekust, wat suggereert dat kustveiligheid kan worden overschat als ze
worden verwaarloosd. Dit werd toegeschreven aan de invloed van de 1G-golven op de
golfperiode en in mindere mate de golfhoogte bij de voet van de constructie. Bovendien
benadrukte de waargenomen ruimtelijke variatie voor de Nederlandse Waddenzee de
afhankelijkheid van lokale bathymetrische en diepwater-forceringsomstandigheden - waarbij
IG-golven een grotere invioed hebben op de faalkans voor gevallen met grotere diepwater
golven en kleinere waterdiepten.

De algemene conclusie van het proefschrift is dat IG-golven een belangrijke impact kunnen
hebben op de waterveiligheid. Bovendien wijzen de bevindingen erop dat de veiligheid van
bestaande kustverdediging met ondiepe vooroevers mogelijk wordt overschat, aangezien 1G-
golven in de huidige praktijk grotendeels worden verwaarloosd in hun ontwerp en
beoordeling. Voor de case study in dit onderzoek (de Nederlandse Waddenzee) bleek de
verhoging van het vereiste crestniveau als gevolg van de 1G-golven ongeveer 2 dm met
bijkomende kosten in de orde van M€1/km. Voor ondiepere kustlijnen die zijn blootgesteld
aan meer energetische golfomstandigheden, is de invlioed van de 1G-golven en de
bijbehorende veiligheidskosten waarschijnlijk groter. Dit proefschrift biedt beoefenaars een
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reeks hulpmiddelen om de invloed van IG-golven op de veiligheid van kustverdediging met
ondiepe vooroevers tegen golfoverslag te kwantificeren. Daardoor wordt de onzekerheid in
de algehele impact van ondiepe vooroevers verminderd en kunnen dijkbeheerders beter
geinformeerde beslissingen nemen bij het overwegen van strategieén voor risicobeperking
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INTRODUCTION

This chapter defines the scope of the dissertation by: describing the societal problem to be
addressed (Section 1.1); identifying gaps in current literature (Section 1.2); and describing
the approach taken to fill these gaps and address the wider problem (Sections 1.3 and 1.4).
An outline of the dissertation is provided in Section 1.5, highlighting connections between
chapters and their individual contributions to the overall research aim.

1.1 BACKGROUND

To protect coastal communities from wave-driven flooding, structures such as seawalls,
levees or dikes (or “dykes”) are built to resist the force of extreme water levels and
waves—permitting only a safe volume of water to pass over or “overtop” the structure. Along
many of the world’s coastlines, these structures are fronted by shallow, sometimes vegetated
foreshores. Examples include the sandy foreshores along the Belgian coast (Altomare et al.,
2016), the wide shelfs of the Mekong Delta, Vietnam (Nguyen et al., 2020), the steep
foreshores found in Japan (Mase et al., 2013), the broad saltmarshes of New Orleans
(Jonkman et al., 2009) and the intertidal flats of the Wadden Sea along the north coasts of the
Netherlands (Figure 1.1) and Germany and the west coast of Denmark.

Figure 1.1: Dike partially covered by asphalt and partially by grass, fronted by a shallow, mildly-sloping
foreshore (mudflat) along the Dutch Wadden Sea coast.
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As wind-waves (generated by local winds) or swell (generated by distant storms)—referred
to collectively as sea and swell (hereafter, SS) waves—propagate over these foreshores, the
limited water depth forces the waves to shoal and ultimately break (Figure 1.2). This reduced
wave load at the structure is then expected to improve the reliability of the structure by
reducing the likelihood of it failing. If vegetation is present, this attenuation effect is further
enhanced by the drag forces exerted by stems, branches and leaves.

The efficiency with which the foreshores attenuate the incident wave energy is dependent on
their width, slope, properties of their vegetated cover (if present) and how shallow the water
depth over the foreshore is compared to the incident wave height. The ability of shallow
foreshores, with and without vegetation, to attenuate SS waves has been the subject of many
studies, including physical model tests (Méller et al., 2014), numerical simulations (Vuik et
al., 2016, Willemsen et al., 2020) and field measurements (Garzon et al., 2019). While these
studies assessed the ability of the foreshore to attenuate the height of SS waves, they
neglected the influence of infragravity (hereafter, 1G) waves, which tend to dominate in
shallow water (Figure 1.2).

Sea and swell Infragravity Overtopping wave
waves dominate waves dominate

Shallow water / m

Foreshore

Figure 1.2: Schematic representation of wave overtopping at a dike-foreshore system showing the transition from
deep water, where SS waves play a more critical role (or dominate) to shallow water, where 1G waves dominate
(adapted from: https://kbase.ncr-web.org/all-risk/projects/b2-wave-propagation-over-foreshores/).

In the deep ocean, these low-amplitude (IG) waves—with periods exceeding 20 s or
frequencies lower than 0.05 Hz—are formed through nonlinear interactions of SS-wave
components (Longuet-Higgins and Stewart, 1962). This may be visualized in Figure 1.3 by
considering a bichromatic wave field (comprising 2 SS waves with discrete frequencies). As
the waves travel with different celerities, there are moments where they add up and moments
where they cancel each other out. The resulting wave-group pattern, with sequences of higher
and lower amplitudes, generates an 1G wave which travels phase-locked or “bound” to the
wave group. As SS waves approach shallow water, they may experience shoaling over



gently-sloping foreshores and continue to transfer energy to the bound IG wave resulting in
amplitude growth. After SS waves break, the wave-group structure disappears and the bound
IG wave is freed (released) (Masselink, 1995). Alternatively, IG waves may be generated on
steeply-sloping foreshore slopes by the temporal variation in the location of breaking waves.
This occurs when alternating groups of higher and lower amplitude wave groups break farther
and closer to the shore, respectively. The resulting fluctuations in wave set-up and set-down,
with the period of the wave groups, produce both seaward and shoreward propagating IG
waves (Battjes, 2004, Symonds et al., 1982).
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Figure 1.3: Example of a) a bichromatic wave field of two sinusoidal waves with periods 14 s and 15 s
propagating over a flat bottom in 20 m water depth; and the b) the resulting wave group pattern and bound IG
wave, adapted from Bertin et al. (2018) and Longuet-Higgins and Stewart (1962).

Recent observations of the impact of IG waves include: unexpectedly high run-up levels
observed at the rocky coast of Banneg Island, France (Sheremet et al., 2014); extensive
damage and causalities that occurred along a coral reef-lined coast in the Philippines during
Typhoon Haiyan (Roeber and Bricker, 2015, Shimozono et al., 2015); and the erosion and
overwash of several dunes on the west coast of France (Baumann et al., 2017, Lashley et al.,
2019). In each of these cases, the observed extreme water levels and resulting damage have
been attributed to the presence or dominance of nearshore 1G waves by means of either data
analysis or numerical modelling.

Despite evidence of their impact, 1G waves are often not considered in the design and flood
risk assessment of coastal flood defences, as many of the widely-used methods—such as
phase-averaged wave modelling (e.g. SWAN)—tend to exclude them. As a result, the true



efficacy of shallow foreshores in attenuating nearshore waves and reducing the likelihood or
probability of dike failure by wave overtopping remains unknown.

1.2 KNOWLEDGE GAPS

The following knowledge gaps, organized by the four themes, were identified through a
review of relevant literature.

1.2.1  IMPORTANCE OF INFRAGRAVITY (IG) WAVES FOR DETERMINING WAVE OVERTOPPING
Previous attempts have been made to relate the magnitude of 1G-wave energy, either at the
shore (in the form of swash) or near the shore, to parameters that describe the coastal
environment; however, to date, the findings have been inconsistent. Guza and Thornton
(1982) found that the 1G component of wave run-up increased linearly with increasing
offshore wave height; while it was later shown to be better predicted using the well-known
breaker (Iribarren) parameter which considers deep-water wave length and foreshore slope,
in addition to the offshore wave height (Ruessink et al., 1998, Sallenger and Holman, 1985).
In contrast, Stockdon et al. (2006) concluded that the IG component was actually independent
of the foreshore slope. This was later challenged by studies advocating the importance of the
slope parameter (Gomes da Silva et al., 2018, Passarella et al., 2018). At the same time, other
authors found clear correlations between 1G-wave motions and the local water depth (Cox et
al., 2013, Hofland et al., 2017). These contradictory findings reveal that further research on
the subject is required and suggest that nearshore 1G-wave energy is unlikely a function of
any single environmental factor.

1.2.2  APPROPRIATE MODELS FOR SIMULATING NEARSHORE WAVES AND OVERTOPPING
Practitioners often employ diverse, though not always thoroughly validated, numerical
models to directly or indirectly estimate wave overtopping at sloping structures. These
models, broadly classified as either phase-resolving or phase-averaged, each have strengths
and limitations owing to the physical schematization of processes within them (Cavaleri et
al., 2007, Vyzikas and Greaves, 2018). Phase-resolving models use high-grid resolutions in
order to simulate the propagation of individual waves; while phase-averaged models do not
treat waves individually but instead describe the evolution of the wave energy spectrum—a
phase-averaged quantity.

Previous studies have shown that while phase-averaged models are generally able to
accurately reproduce SS waves, they do not account for the interactions that force 1G-wave
motions (Buckley et al., 2014, Cavaleri et al., 2007); yet these models are often applied in
shallow water where 1G waves may dominate. Whether or not phase-averaged models can be
accurately applied under very shallow conditions requires further investigation.

Several attempts at model comparisons for wave overtopping have been made (St-Germain
et al., 2014, Vanneste et al., 2014). However, no study to date has considered the full range
of model complexity—from phase-resolving models, which also resolve depth, to phase-



averaged. Likewise, none of these studies successfully quantified the accuracy versus speed
of these models under irregular wave forcing.

1.2.3  EMPIRICAL MODELS FOR WAVE OVERTOPPING

The state-of-the-art empirical models for wave overtopping of sloping structures (EurOtop,
2018) typically require wave parameters at the toe of the structure as input. Phase-averaged
wave models are commonly used to estimate these parameters; however, there is one major
drawback of this approach. Under very shallow conditions—where 1G waves may play a
significant role—phase-averaged models are no longer valid. This means that either costly
physical model tests, or more computationally demanding phase-resolving models, must be
used to obtain accurate estimates of the required input parameters (Mase et al., 2013).

In light of this drawback, there is need for an empirical method capable of capturing the
influence of IG waves but based on deep-water wave characteristics—similar to the early
design diagrams of Goda et al. (1975) for vertical walls; thereby removing the need for
additional numerical or physical modelling.

1.24  OVERTOPPING FAILURE PROBABILITY

The probability of failure due to wave overtopping is determined by assessing the likelihood
that the actual overtopping discharge (m3/s or I/s per m) exceeds some critical value, which
is dependent on the structures erosion resistance. Vuik et al. (2018) assessed the failure
probability of the hybrid flood defences along the Dutch Wadden coast considering the
effects of vegetation and an idealized foreshore geometry. While this study proved to be a
significant step towards the incorporating the foreshore in assessing coastal flood risk, it was
based on phase-averaged wave modelling and only partly considered the influence of 1G
waves on the wave period at the toe using the empirical model of Hofland et al. (2017)—
which has been shown to underestimate the influence of IG waves on very gentle slopes
(Nguyen et al., 2020). On the other hand, Oosterlo et al. (2018) carried out a similar
probabilistic assessment of a dike with a sandy foreshore but used a more computationally-
demanding wave model. The authors found, for the considered case, that accounting for the
IG waves resulted in two orders of magnitude higher failure probabilities compared to a
simple rule-of-thumb method that neglected them.

There is need for a computationally inexpensive probabilistic method which accurately
considers the influence of IG waves on both the wave height and spectral wave period at the
dike toe. Likewise, it is necessary to investigate whether the large influence of the IG waves
reported by Oosterlo et al. (2018) is also found for other cases, or if it were merely an artefact
of the method used or specific case considered.




1.3 RESEARCH OBJECTIVES

It is the primary aim of this dissertation to develop new methods to estimate the influence of
IG waves on the safety of coastal defences with shallow foreshores against wave overtopping.
The study is guided by the following four research questions (RQ’s), which aim to fill the
identified knowledge gaps (Section 1.2):

RQ1. Under what conditions do I1G waves dominate wave conditions at the toe of the
dike?

RQ2. Is there a trade-off between numerical model accuracy and the computational
load required to simulate wave overtopping in 1G-wave dominated
environments?

RQ3. How can empirical estimates of wave overtopping be improved to account for
very shallow foreshores where 1G waves dominate?

RQ4. What is the influence of IG waves on the probability of dike failure by wave
overtopping along the Dutch Wadden Sea coast?

It should be noted that while the Dutch Wadden Sea coast was considered the central case
study of this dissertation, RQ’s 1 to 3 were not limited to environmental conditions specific
to that area. Likewise, the analytical framework developed in response to RQ4 is also
adaptable to other locations. The findings herein may therefore be considered applicable to
coastlines within and outside of the Netherlands.

1.4 APPROACH AND METHODS

In this dissertation, the above research objectives were achieved by: assessing the influence
of these 1G waves on wave overtopping using state-of-the art numerical modelling tools;
deriving empirical methods to capture this influence; and finally developing a method to
estimate probability of dike failure by wave overtopping—taking into account the
influence of 1G waves. The tools used and developed herein were validated as much as
possible with physical model and field measurements (Figure 1.4).

As field measurements and laboratory experiments are expensive to implement and typically
limited to a narrow range of conditions, numerical models offer a timely and cost-effective
alternative to better understand the interaction between waves, the foreshore, and the
structure. Once validated, the phase-resolving wave model, XBeach Nonhydrostatic was used
to generate a large dataset of IG wave heights at the structure toe, under a wide range of
environmental conditions. From this numerical dataset, empirical relations were derived to
estimate the magnitude of IG waves for a given set of environmental conditions (RQ1).
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Figure 1.4 Overview of the main components of the research approach (adapted from: https://kbase.ncr-
web.org/all-risk/projects/b2-wave-propagation-over-foreshores/).

The newly derived empirical relations are used to augment the phase-averaged wave model,
SWAN—which inherently excludes IG waves. The performance of the combined SWAN
and empirical approach was assessed against other widely-used numerical models (RQ2).

To account for the effects of IG waves on empirical wave overtopping (RQ3), the Goda et al.
(1975) approach was revisited here. In this approach, wave overtopping is determined using
deep-water wave parameters; thus, removing the need for additional numerical modelling
and avoiding the difficulties of obtaining accurate estimates of nearshore parameters. Using
existing physical model tests, a new set of empirical formulae based on this approach were
derived.

Finally, a modular probabilistic framework that couples numerical, empirical and
probabilistic models, is advanced to estimate the influence of IG waves on the overtopping
failure probability. This is done by augmenting the approach of Vuik et al. (2018) with newly
derived empirical relations to account for the 1G waves. The framework is then applied to the
Dutch Wadden Sea coast to assess the overtopping failure probability with and without the
influence of IG waves (RQ4).

1.5 OUTLINE OF THE DISSERTATION

An overview of the connections between the dissertation chapters, RQ’s and the four major
themes, as described in Section 1.2, is presented in Figure 1.5.
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Figure 1.5: Connections between chapters (black), research questions (RQ’s), main outputs (grey) and
dissertation themes: infragravity waves (IG), numerical modelling (NM), overtopping (OV) and probability of
failure (PF).

This dissertation is organized as follows:

Chapter 2 describes the influence of various environmental parameters on the magnitude of
IG waves at the dike toe. In this way, the conditions that result in IG waves dominating wave
conditions at the dike toe are identified (RQ1).

Chapter 3 compares the ability of several widely-used numerical wave models to simulate
wave propagation and wave overtopping, either directly or indirectly, for dikes with very
shallow foreshores. In this way, their speed versus accuracy in very shallow foreshore
environments is quantified (RQ2).

In Chapter 4 a new set of formulae to estimate the mean overtopping discharge are derived
empirically using deep-water wave characteristics and key foreshore parameters, which
accurately describe the influence of the foreshore bathymetry on wave breaking and the
growth of 1G waves (RQ3).

Chapter 5 demonstrates, by means of a case study of the Dutch Wadden Sea coast, how the
probability of dike failure by wave overtopping for cases with shallow foreshores can be



calculated, both with and without considering the influence of IG waves. In this way the
influence of IG waves on the probability of failure is quantified (RQ4).

Chapter 6 concludes the thesis by addressing the overall research objectives, highlighting the
implications of the findings for current practice, stating limitations and identifying areas for
future work.

1.6 RESEARCH CONTEXT: THE ALL-RISK PROJECT

This dissertation is part of the wider All-Risk project, which was initiated in 2017 to support
the Dutch Flood Protection program (in Dutch, HWBP) in its implementation of a new
probabilistic risk-based approach to the management of flood defences. This approach
required that multiple failure mechanisms for all flood defence structures be established and
then combined to assess the overall probability of flooding. The All-Risk project sought to
address this new challenge by providing cutting-edge research in the fields of: A) risk-based
design; B) hydraulic loads; C) subsoil heterogeneity; D) flood defence reliability; and E) the
legal framework necessary for the implementation and acceptance of the proposed solutions.

The overall project aimed to: i) provide a better understanding of the reliability of flood
defences, and ii) provide scientific support for the transition towards the implementation of
risk-based flood protection standards. To that end, project B covered three topics:

1. Foreshore ecosystems management
2. Wave propagation over foreshores and impact on dike design; and
3. Large-scale uncertainty in river water levels.

This dissertation (sub-project B2, emboldened above) focuses on how the safety of coastal
flood defences—specifically, their ability to resist overtopping waves—may be affected by
processes occurring over shallow foreshores. The findings herein not only offer insight into
the influence of shallow foreshores on wave propagation and overtopping but also provide a
suite of tools to quantify that influence. This dissertation may therefore serve the HWBP as
guidance for the design and assessment of coastal defences with shallow foreshores, taking
into account 1G waves; and thereby reducing the uncertainty in hydraulic (wave) loads.

This dissertation is also closely linked to that of sub-project B3 (authored by Beatriz Marin
Diaz), focused on the ecological aspects of the shallow, often-vegetated foreshores of the
Dutch Wadden Sea. Together, they offer insight into the ability of shallow foreshores
improve coastal protection in the face of climate change and other ecological stressors.
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IMPORTANCE OF INFRAGRAVITY WAVES
AT DIKES WITH SHALLOW FORESHORES"

ABSTRACT

As a first step to achieving the overall research aim (Section 1.3), this chapter seeks to: i)
identify the influence of various offshore, foreshore and dike slope conditions on the
magnitude of nearshore IG waves; and ii) develop a predictive model for the relative
magnitude of IG waves—defined as the ratio of the 1G- to SS-wave height at the dike toe.
This is achieved using a combined physical and numerical modelling approach. Findings
show that higher, directionally narrow-banded incident waves; shallower water depths;
milder foreshore slopes; reduced vegetated cover; and milder dike slopes promote 1G-wave
dominance. Additionally, the empirical model derived—which captures the combined effect
of the varied environmental parameters—allows practitioners to quickly estimate the
significance of IG waves at the coast, and may also be combined with spectral wave models
to extend their applicability to areas where IG waves contribute significantly.

The chapter is organized as follows: Section 2.1 describes the physical processes that result
in 1G waves in deep and shallow water. Section 2.2 provides descriptions of the numerical
and physical models, followed by an overview of the formulae used to carry out the analyses.
In Section 2.3, the numerical model is first validated and used—together with the physical
experiment—to provide an in-depth discussion on the source of nearshore 1G-wave energy.
Next, the results of the numerical simulations of varied offshore, foreshore and dike slope
conditions are presented and discussed. Section 2.3 ends by quantifying the influence of each
parameter and presenting the empirical model to predict the relative magnitude of nearshore
IG waves. Section 2.4 concludes the chapter by addressing the objective and identifying
specific areas for future work.

“This chapter has been published as: Lashley, C. H., Bricker, J. D., van der Meer, J., Altomare, C., and
Suzuki, T.: Relative Magnitude of Infragravity Waves at Coastal Dikes with Shallow Foreshores: A
Prediction Tool, Journal of Waterway, Port, Coastal, and Ocean Engineering, 146,
10.1061/(asce)ww.1943-5460.0000576, 2020.
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2.1 INTRODUCTION

2.1.1  BACKGROUND
I nfragravity (1G) waves—often referred to as “long”, “surfbeat” or “tsunami-like” waves—
are now widely recognized as the driving force behind several critical nearshore processes:
beach and dune erosion (Roelvink et al., 2009); the development of seiches in harbours
(Okihiro et al., 1993); and wave-driven coastal inundation (Stockdon et al., 2006). Recent
observations of their impact include: unexpectedly high run-up levels observed at the rocky
coast of Banneg island (Sheremet et al., 2014); extensive damage and casualties which
occurred along a coral-reef-lined coast in the Philippines during Typhoon Haiyan (Roeber
and Bricker, 2015, Shimozono et al., 2015); and on the west coast of France, where several
dunes were eroded and “over-washed” (Baumann et al., 2017, Lashley et al., 2019a). In each
of these cases, the observed extreme water levels and resulting damage have been attributed
to the presence or dominance of nearshore IG waves.

In deep water, these long-period, low-amplitude waves are formed through nonlinear
interactions of sea and swell—hereafter referred to as sea-swell (SS)—wave components
(Longuet-Higgins and Stewart, 1962), such as: those locally generated by wind (sea); and
those generated by distant storms (swell). The resulting wave-group pattern, with sequences
of higher and lower amplitudes, generates an IG wave which travels bound to, and & radians
out of phase with, the wave group.

As SS waves approach shallow mildly-sloping foreshores, they experience shoaling and
continue to transfer energy to the bound IG wave, resulting in its amplitude growth. After SS
waves break, the wave-group structure disappears and the bound IG wave is either freed
(released) (Masselink, 1995) or dissipates together with the SS waves (Baldock, 2012). This
enhancement and subsequent freeing of the bound IG wave is considered to be the main
generation mechanism of nearshore 1G waves on mild slopes (8, < 0.3, Equation 2.2.1);
where the normalized bed-slope parameter (8,) is defined as (Battjes, 2004):

B |9
By = Ejh:b’ (2.)

where B [-] is the bed slope (taken here as foreshore slope, tan(m)); the angular frequency
of the IG wave, w = 27f},,, [rad/s], where f;,,, [Hz] is the mean frequency of the IG wave
at the breakpoint; g [m/s?] is the gravitational constant of acceleration and h, = H,,,o/2 [m]
is the mean breaker depth, where 2 [-] is the ratio of local wave height to water depth at the
breakpoint.

Alternatively, nearshore 1G waves may be generated on steep slopes (8, = 1) by the temporal
variation in the location of breaking waves. This occurs when alternating groups of higher-
and lower-amplitude waves break farther and closer to the shore, respectively. The resulting



13

fluctuations in wave set-up and set-down, with the period of the wave groups, produce both
seaward and shoreward propagating IG waves (Battjes, 2004, Symonds et al., 1982) which
are out-of-phase and in-phase with the wave groups, respectively (Baldock et al., 2000).

These free IG waves are able to propagate in very shallow water where they either slowly
dissipate by: i) bottom friction (Henderson and Bowen, 2002, Pomeroy et al., 2012), ii) 1G-
wave breaking (De Bakker et al., 2014, Van Dongeren et al., 2007), iii) the nonlinear transfer
of energy back to higher frequencies (Henderson et al., 2006); or are reflected off the coast
or structure, forming (partially) standing waves (Sheremet et al., 2002). The magnitude of
these I1G waves at the shoreline can be substantial, exceeding that of waves at SS frequencies.
Under these conditions of dominance, IG waves govern wave run-up and consequently, the
potential for wave-induced flooding and coastal erosion (Guza and Thornton, 1982, Holman
and Sallenger, 1985, Lashley et al., 2018, Ruessink et al., 1998, Ruggiero et al., 2004, Van
Gent, 2001).

In the design and assessment of coastal dikes, the extent of wave run-up and the associated
volume of water which overtops the dike are typically assessed using empirical formulae that
require wave height at the dike toe as input (EurOtop, 2018, Mase et al., 2013, Van Gent,
2001). Given their computational efficiency, spectral wave models—such as SWAN (Booij
et al., 1999) and STWAVE (Smith et al., 2001)—are now widely used to estimate wave
conditions at the dike toe, including vegetation effects (Suzuki et al., 2012). While these
phase-averaged models may accurately estimate the SS-wave height at the toe (Hpss toe
[m]), they exclude the nonlinear interactions that force the 1G-wave component (Hpg ic toe
[m]) (Nwogu and Demirbilek, 2010). Thus, their applicability to cases with shallow
foreshores—where the ratio of local water depth at the dike toe to the offshore (deep-water)
wave height, heoe /Hpmo geep < 4 (Hofland et al., 2017)—is limited; as IG waves tend to be
significant under shallow conditions (Hofland et al., 2017, Van Gent, 2001). In light of this,
it is the primary aim of the present chapter is to investigate the range of environmental
conditions that promote the dominance of IG-wave energy at the toe of coastal dikes; and to
provide a tool whereby the magnitude of Hy,g 6 toe, relative to Hy, g ss t0e, May be estimated
as an indicator for the validity of these models.

Previous attempts have been made to relate the magnitude of 1G-wave energy, either at the
shore (in the form of swash) or near the shore, to parameters that describe the coastal
environment; however, the findings have been inconsistent, to date. Guza and Thornton
(1982) found that the IG component of wave run-up increased linearly with increasing
offshore wave height (Hp,o geep [M]). Holman and Sallenger (1985) and Ruessink et al.
(1998) have later shown that it may be better predicted using the well-known breaker
parameter (&, [-]), also referred to as the Iribarren number, which considers not only Hy,, geep
but also the deep-water wavelength (L, [m]) and foreshore slope angle (m [°]). Contrastingly,
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Stockdon et al. (2006)—in their analysis of 6 field sites—concluded that the IG component
scaled better with \/H, geep Lo [M] and was actually independent of m. For barred beaches,
Cox et al. (2013) found a high correlation between shoreline IG motions and nearshore bar
depth, suggesting that local water depth (h.,. [Mm])—or local strong variations in foreshore
geometry—plays a significant role. This finding also agrees well with studies on shallow
reefs where wave characteristics were better described by relative water depth
(Rtoe/ Hmo,aeep ), cOmpared to &, (Lashley et al., 2018, Yao et al., 2013). Diversely, Inch et
al. (2017) have found that nearshore 1G waves were best predicted using an offshore forcing
parameter that is proportional to the SS-wave energy flux (Hmo_deepsz [m2s]). Recently,
both Gomes da Silva et al. (2018) and Passarella et al. (2018), in disagreement with Stockdon
et al. (2006), argue that considering m reduces IG-swash prediction errors. These
contradictory findings both reveal that further research on the subject is required and suggest
that nearshore 1G-wave energy is unlikely a function of any single environmental factor.

Each of the before-mentioned studies aimed at parameterizing 1G-wave energy, at or near the
shore, were limited to the environmental conditions of the geographic areas and time periods
considered. Here, we combine the results of physical modelling and the XBeach phase-
resolving numerical model (Smit et al., 2010) to generate a comprehensive dataset of varying:
i) offshore forcing conditions (wave height, period and directional spreading); ii) foreshore
conditions (initial water depth, slope, vegetated cover and bottom friction); and iii) dike
slopes. XBeach, in non-hydrostatic mode, has been successfully used to reproduce nearshore
hydrodynamics over a wide-range of coastal environments under varying combinations of
deep-water wave heights and periods; these include: shallow, mildly-sloping foreshores
(Roelvink et al., 2018); shallow fringing reefs (Lashley et al., 2018, Pearson et al., 2017);
vegetated coasts (Van Rooijen et al., 2016); and steeply-sloping gravel beaches (McCall et
al., 2015). Therefore, the model is seen here as an appropriate tool to carry out the analysis.

2.2 METHODS

2.2.1  PHYSICAL MODEL DESCRIPTION

The physical modelling was performed at Flanders Hydraulics Research ina 70-m long, 4-m
wide and 1.45-m deep wave flume (Altomare et al., 2016). The experiments simulated the
transformation of swell waves—with deep-water wave steepness, s, < 0.015 (Table 2.1)—
over a smooth 1:50 sloping foreshore backed by a 1:2 sloping dike (Figure 2.1) with varying
offshore significant wave heights (Hp, geep), SPeCtral peak periods (T, [s]) and initial still-
water depths (h;,.). The flume, equipped with second-order wave generation, produced
irregular waves which corresponded to a JONSWAP-type spectrum with a peak enhancement
factor of 3.3 with a duration equal to 1000 times T, (~1000 waves). The variations of water-
surface elevations were measured using 10 resistance-type gauges, all synchronously
sampling at 50 Hz (Figure 2.1). Considering a geometric scaling of 1:25, conditions at the
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dike toe were measured 1 m (prototype scale) seaward of the dike base (at gauge 10). A
summary of the test conditions is provided in Table 2.1. Note that the depth becomes very 2
shallow and almost zero (Table 2.1).

02f " 2-4 517 8 -'10f
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Cross-shore Location, x (m)

Figure 2.1. Physical model setup showing resistance gauge locations. Reproduced from: Lashley et al. (2019b).

Table 2.1. Summary of physical model test conditions in prototype scale, with wave steepness (s,), relative water
depth (Reoe/ Hmo,geep). Mean frequency of the 1G wave at the breakpoint (f,,,), normalized bed slope (f5,) and
observed relative magnitude of infragravity waves (H,;, Equation 2.22) values.

Test  Prototype Scale So htoe frow By  Hg
N “Hmodeer  Tp () heoe Hmogeep  (H2)
(m) (m)

1 1.675 11.50 0.757 0.008 0.452 0.06 050 1.05
2 1.425 12.65 0.025 0.006 0.018 0.06 053 1.43
3 2.125 11.60 0.020 0.010 0.009 0.05 047 1.74
4 2.500 11.60 0.025 0.012 0.010 0.05 048 1.82
5 3.025 11.50 0.025 0.015 0.008 0.05 042 2.01
6 1.700 11.40 1.250 0.008 0.735 0.07 041 085
7 1.475 12.40 1.262 0.006 0.856 0.06 0.48 0.70
8 1.625 11.40 1.250 0.008 0.769 0.06 048 0.82
9 2.850 11.55 1.250 0.014 0.439 0.05 041 1.20
10 2.875 12.65 1.250 0.012 0.435 0.05 042 1.12
11 1.500 11.45 0.787 0.007 0.525 0.06 0.49 0.96
12 1.300 12.40 0.050 0.005 0.038 0.06 055 1.39
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2.2.2 NUMERICAL MODEL DESCRIPTION

2.2.2.1 Governing Equations

For this study, we applied the open-source XBeach numerical model. The non-hydrostatic
mode (XB-NH) was selected because it resolves both infragravity and sea-swell wave
motions, including the effect of vegetation. It computes depth-averaged flow due to waves
and currents using the non-linear shallow water equations, and is less computationally
demanding than depth-resolving models (e.g. OpenFOAM (Jasak et al., 2007) or SWASH
multi-layer (Zijlema et al., 2011)). The governing equations, in one-dimensional form,
follow:

on Oduh

at " ox 2.2)
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T Mox T TaE T T ax IR o (2.3)

where x [m] and t [s] are the horizontal spatial and temporal coordinates, respectively, n [m]
is the free surface elevation, u[m/s] is the depth-averaged cross-shore velocity, v, [m?/s] is
the horizontal eddy viscosity (Smagorinsky, 1963), h [m] is the water depth, p [kg/m®] is the
density of water, c¢ [-] is the bed friction factor and F, [N] is the depth-averaged vegetation
force (Van Rooijen et al., 2016). The depth-averaged dynamic (non-hydrostatic) pressure
normalized by the density, g [m?/s?] is computed from the mean of the dynamic pressure at
the surface (g, [m?/s?], assumed to be zero) and the bed (g, [m?/s?], by assuming a linear
change over depth). In order to compute the dynamic pressure at the bed, the contributions
of advective and diffusive terms to the vertical momentum balance are considered negligible:

ow 0dq

—+—=0,

at 0z (2.4)
where w [m/s] is the vertical velocity and z [m] is the vertical coordinate. The vertical
velocity at the bed is set by the kinematic boundary condition:

—u a(n—h)
b ox ' (2.5)
and the vertical momentum balance at the surface follows:

adwg qu awy,

ot h oat’ (2.6)
The dynamic pressure at the bed is then solved by combining Equation 2.2.6 and the local
continuity equation:

Ju mg——w%__o
ax h (2.7)
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In the present study, we obtain ¢; from the Manning’s roughness coefficient (n [s/m*?]) as
follows (Roelvink et al., 2015):

n?g

Cr=5—

T

F, is obtained by integrating the drag force per unit height (F, [N/m]) over the vegetation
height (h,, [m]) (Dalrymple et al., 1984):

(2.8)

1
FD ZEPCvaNvululv (29)

where C;, [-]is the drag coefficient, b, [m] is the vegetation stem diameter and N,, [stems/m?]
is the vegetation density. Though not assessed as part of the present study, the performance
of XBeach in simulating the effects of vegetation has been previously validated with data
from two physical experiments, showing high skill (Van Rooijen et al., 2016). Note that a
recent study using SWASH reveals that the effects of porosity and inertia of vegetation can
be important for wave propagation in dense vegetation fields (Suzuki et al., 2019). However,
those effects were not taken into consideration in this study since the vegetation considered
here is not so dense to have a significant influence on the results.

To control the computed location and magnitude of depth-limited wave breaking, a
hydrostatic front approximation is applied. The pressure distribution under breaking waves
is therefore considered to be hydrostatic once the local surface steepness exceeds a maximum
value (Smit et al., 2010). This criterion is controlled by the user-specified maxbrsteep
parameter.

2.2.2.2  Model Set-up

The numerical simulations were first configured using a 1D approach to represent actual
flume conditions. In the current study, we apply the configuration of Lashley et al. (2018)
which obtained reasonably accurate results when applied to similar shallow environments
(fringing reefs). As such, the maximum breaking wave steepness (maxbrsteep) was set to 0.5
compared to its default value of 0.6. A brief analysis of the sensitivity of the model results to
the maxbrsteep parameter is provided in the Appendix (Figure A. 1). The Manning’s
roughness coefficient (n) was set to 0.012 s/m*® to represent a relatively smooth flume
bottom (Suzuki et al., 2017). The cross-shore grid spacing (Ax) applied varied from a
maximum of L, /100 (offshore) to a minimum of 1 m (dike toe). This choice of varying Ax
minimized computation time while ensuring that the waves were accurately resolved. No
further tuning of the model was done as part of this study.

For validation, the model was forced at its boundary with time series of velocities derived
from the paddle motion observed during the physical experiment, which corresponded to a
JONSWAP-type spectrum and included the generation of second-order bound waves.
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Likewise, the extent of numerical model domain corresponded to that of the physical flume
(Figure 2.1).

While assessing the influence of the varied environmental parameters (described in Section
2.2.4), the model domain was allowed to vary depending on the water depth and foreshore
slope (Figure 2.2). These simulations were forced with irregular waves generated using
parametric (JONSWAP-type) spectra with a peak enhancement factor of 3.3. For the
numerical simulations where directional spreading was considered, a 2DH approach was
adopted with cyclic lateral boundaries. This approach assumed alongshore uniformity and
used an alongshore grid spacing, Ay = 2Ax, which was found to be optimal considering both
accuracy and computational demand. All other model parameters were set to match the 1D
simulations.

It should be noted that the numerical model, like the physical experiments, assumes bound
IG waves at its boundary and does not consider potentially free IG waves arriving at the
boundary from distant sources. Likewise, neither the physical experiment nor the 1D
numerical simulations contain (two-dimensional) trapped 1G waves, which might have an
effect in the field. They do, however, consider the generation of free 1G waves resulting from
the shoaling and breaking of the SS-wave groups within the model domain.

Hmn‘.’?,deep 7;) a

H mo toe

\/ SWL : /
| / h

>4H,

0, deep

Figure 2.2. Schematic representation of dike-foreshore system indicating the relevant environmental parameters.

2.2.2.3  Validation Metrics

In order to assess the performance of XB-NH, we applied the following objective functions:
Scatter Index (SCI [-]), as a normalized measure of error (Equation 2.10); and Relative Bias
(Rel. bias [-]), as an indicator of prediction bias (Equation 2.11).
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1 A (2.10)
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where ¥ represents the parameter being evaluated, in a sample size N [-]; and subscripts XB
and Obs refer to XBeach predictions and observations during the physical experiment,
respectively. Lower SCI values (< 0.15) indicate accurate model predictions (Roelvink et al.,
2018); while a positive or negative Rel. bias estimate indicates a systematic over- or under-
prediction, correspondingly.

2.2.3  DATA PROCESSING AND ANALYSIS

2.2.3.1  Mean Water Level

The mean water level (77 [m]) was calculated by taking the mean of the surface elevation time
series, n(t) [m] at each instrument location, relative to the base of the dike (unless otherwise
stated).

2.2.3.2  Separation of Sea-swell and Infragravity Waves

The time series of n(t) were further analysed using the Welch’s average periodogram
method and a Hann filter with a 50% maximum overlap. The resulting one-dimensional
spectra of wave energy density, C,, (f) [m?/Hz], with ~43 degrees of freedom and a
frequency resolution of ~0.008 Hz, were then used to determine the significant wave heights
in both the SS (Hy,0 s5) and IG (H,, 6) bands, as follows:

Hiposs = 4 f Cpmdf, (2.12)

and

(2.13)

where half the peak frequency (f,/2 = 1/2T, [Hz]) is taken as the cut-off to separate SS and
IG motions (Roelvink and Stive, 1989). This choice of cut-off frequency is based on the
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tendency that, in deep water, the majority of SS-wave energy is found at frequencies > £, /2
while the majority of 1G-wave energy lies at frequencies <f, /2.

2.2.3.3  Infragravity-wave Generation Mechanisms

To investigate the generation of 1G waves by either: i) shoaling of the bound wave; or ii)
breakpoint forcing, a cross-correlation analysis was carried out between the envelope of the
SS waves, A(t) and the low-pass filtered (< f,,/2) surface elevation time series , 16 () [m],
which represents |G motions. Following Janssen et al. (2003), A(t) [m] was calculated as:

A(t) = [n%5(8) + ir{n®* N, (2.14)
where n55(t) is the high-pass filtered (> fp/2) surface elevation time series which represents
SS motions, and I' denotes the Hilbert transform operator.

The correlation between A(t) (offshore) and 1€ (t) was then determined using the following
cross-correlation function:

n'° (A + 1))
- 0,04 ’
where (... ) denotes a time averaging operator; T denotes a time shift; and o, and g, are the
standard deviations of #'%(t) and A(t), respectively; and =1 < R, 4[-] < 1.

Ry (2.15)

This approach has been found to successfully identify both bound incoming (negative R, 4)
and outgoing free 1G waves (positive/negative R,,) (e.g. Janssen et al., 2003, List, 1992);
incoming break-point generated IG waves (positive R,,); and outgoing break-point
generated 1G waves (negative R, ,) (e.g. Baldock and Huntley, 2002, Pomeroy et al., 2012).

2.2.3.4  Separation of Incoming and Outgoing Infragravity Waves
The total low-pass filtered surface elevation signal was then separated into incoming, 7;,(t)
[m], and outgoing, n,,.(t) [m], components as follows (Guza et al., 1984):

' () = nfi (©) + 5. (@), (2.16)
nio () = T Cm ¥ U7 4 (217)
" Cin + Cout '
and
IG IG
IG 77 (t)'cout_u (t)'h
Noue () = : (2.18)
out Cin + Cout
where
g x<Xx )19
Cin_{\/ﬁ xeb. (2.19)
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Cout = \/ﬁ (2.20)

h is the water depth at the location (including wave-induced setup); and w(t) is the horizontal
velocity time series. Here, the incoming waves seaward of the breakpoint (x;) are assumed
to be bound—propagating with celerity (c) equal to the group velocity (c,); while those
shoreward of the breakpoint and those outgoing are assumed to be free waves travelling with
\/ﬁ. This method, initially developed for normally-incident, shallow-water (long) waves,
requires co-located pressure gauges and current meters—to obtain n(t) and u(t) ,
respectively—in order to decompose the total signal into seaward (outgoing) and shoreward
(incoming) propagating components (Guza et al., 1984). These signals were then used to
calculate the incoming and outgoing significant wave heights in the IG frequency bands
(Hmo,16,in @nd Hpg 16 oue) USING Equation 2.13.

2.2.3.5  Identification of Standing Wave

Inshore of the forcing zone (shoreward of the breakpoint), the superposition of the incoming
wave and that reflected at the structure form a standing-wave (List, 1992). This standing
wave is then characterized by areas of maximum energy (antinodes)—where the total energy
is approximately the sum of the incoming and outgoing waves—and areas of minimum
energy (nodes)—where the total energy is approximately equal to the difference between the
incoming and outgoing waves.

For a given cross-shore location (x), the frequencies at which nodes in a standing wave occur
were identified as follows (Buckley et al., 2018, Nwogu and Demirbilek, 2010):

1 Xdike 1 -1
frode = Z(zmnode -1 J ——dx , (2.21)
x

Jgh

where x4 [M] is the dike location (point of reflection) and m is the number of nodes from
the reflection point (m,,4. = 1 corresponds the fundamental mode of the dike-foreshore
system. This equation considers the dike-foreshore system to be an open-ended basin of
variable depth. It is based on the formation of a node at a distance from the structure equal to
one-quarter the wavelength of a wave propagating with speed, ¢ = \/g_h [m/s]. By
calculating this wave speed at discrete points across the foreshore, f,,,4. May be obtained for
the sloping bathymetry (Roeber and Bricker, 2015).

2.2.3.6  Relative Magnitude of Infragravity Waves
We defined the relative magnitude of nearshore 1G waves (H,; [-]) as the ratio of H, ¢ to
Hpno,ss. at the toe of the structure:

~ HmO,IG,toe

= _molGtoe (2.22)

16 —
HmO,SS,toe
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and I1G-wave dominance where H,; > 1.

2.2.4

ENVIRONMENTAL PARAMETERS FOR NUMERICAL SIMULATIONS

Following validation, XBeach was used to simulate a range of environmental parameters,
specifically those related to hydrodynamic forcing conditions: H, geep, T, and directional
spreading width (o [°]); foreshore conditions: h.,., foreshore slope angle (m), width of
vegetated cover (W, [M]) and bottom friction (n); and dike slope angle (« [°]).

2.24.1

Selection Criteria for Parameter Values

The range of each parameter was selected to extend the analysis as far as possible while
adhering to the limits of both nature and the reliability of the numerical model. The criteria
applied to the selection of parameter values follow:

0.005 < sy < 0.036 at the model boundary, where s,[-] is the deep-water wave
steepness;

The water depth at the model boundary = 4H,,q geep t0 €nsure that no depth-
induced breaking occurred offshore (Hofland et al., 2017);

kh < 1 [-] at the model boundary to minimise the relative dispersion and celerity
errors associated with the nonlinear shallow water equations; where wave number,
k=2m/L[m?;

o values of 0°, 10° and 24° to represent wave flume, swell and wind sea conditions,
respectively (Roelvink et al., 2018). This parameter may also be characterized by
the user-defined spreading factor s [-] in XBeach (Equation 2.23);

_ 180 2

o= . (2.23)
T (s+1

W,eq, measured as horizontal distance from the dike, ranged from 0 to 800 m which
is typical of salt marshes found in the Netherlands (Vuik et al., 2016). A summary
of the parameter values simulated is provided in Table 2.2 and the properties of the
vegetation considered in Table 2.3. Note that a relative vegetation submergence
depth (h/h,) of 3.33 is considered here.

n values of 0.012, 0.02 and 0.03 s/m*®to represent smooth wave flume, muddy
foreshore and sandy foreshore conditions, respectively. This parameter is then
converted to a dimensionless friction coefficient (c;) in XBeach (Equation 2.2.8).

For the foreshore slope (m), the steepest and mildest slopes considered were 1:10
and 1:1000 respectively. Slopes steeper that 1:10 are considered part of the structure
and slopes gentler than or equal to 1:1000 are all treated as (near) flat.
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Following a one-[factor]-at-a-time (OAT) approach, each environmental parameter was
varied while all others remained constant. For example, in the assessment of the influence of
initial water depth, h.,, was varied from 0 m to 5 m while o, cot(m), W,,.4, n and cot(a)
were kept constant at their reference values. For each parameter value, 24 combinations of
Hypo,deep @nd T, (0.005 < sy< 0.036)—based on Table 2.2 and the above criteria—were
simulated at the model boundary. As a result, a total of 672 XBeach simulations were carried
out.

Table 2.2. Summary of values (prototype scale) for offshore significant wave height (Hy,,geep), Pk period (T;,),
directional spreading (o), initial water depth (h,,), foreshore slope (cot(m)), width of vegetated cover (W),
bottom friction (n) and dike slope (cot(a)).

HmO,deep (m) Tp (8) 0(°) hee (M) cot(m) VVveg (m) n (S/mlls) cot(a)

1 5 0 0.5 10 0 0.012 2
3 6 10 1.0 25 200 0.020 4
5 7 24 15 50 400 0.030 6
7 8 2.0 100 600 10
9 9 2.5 250 800 oo?
11 11 3.0 500

13 3.5 1000

15 5.0

17

@No-dike scenario.

Table 2.3. Vegetation properties representative of salt marshes in the Netherlands (Vuik et al., 2016).

Parameter Value

Drag coefficient, C, 0.4

Stem diameter, b, 0.003 m
Density, N, 1200 stems/m?
Height, h,, 0.3m

2.2.4.2  Quantifying the Influence of Environmental Parameters

Influence factors (y [-], Equation 2.24), which describe the effect of each environmental
parameter on H,;, were obtained by analysing the mean response of H, to variations in each
environmental parameter, relative to a reference case—where h;,, = 1m, o =0°,
cot(m) =50, W,eg =0m, n=0.012s/m'3 and cot(a) = 2 —for the 24 different
combinations of Hy,g geep and T,.
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1w A
_ G,i
7 = ﬁz 16, (2.24)

i=1 HIG,ref,i'
where the subscript i represents the environmental parameter being evaluated and subscript
ref refers to the simulation with reference parameter values.

2.3 RESULTS AND DISCUSSIONS

2.3.1  XBEACH VALIDATION

Before using XB-NH to generate the synthetic dataset, we first verify that it accurately
simulates the hydrodynamics of shallow foreshore environments by comparing it to the
observations of the physical experiment. The mean water levels (77) predicted by XB-NH
compare well with those observed during the physical experiment (Figure 2.3), with minor
SCI (0.069) and Rel. bias (0.053) error values. In particular, the location and magnitude of
wave-induced setup (the rise in 77 ), shoreward of the breakpoint—where h, = H,,,/2—is
well represented (Figure 2.4a). Here, the ratio of breaking waves to local water depth (£2) is
taken as 0.5; this value was found to best represent the onset of wave breaking (Figure 2.4b).

Likewise, Figure 2.4b shows good agreement between the modelled and observed H,,,q ;; and
Hy,0 5. These cross-shore profiles show the growth of H,,, ss during shoaling (seaward of
the breakpoint) and its subsequent dissipation by depth-induced breaking. Conversely,
H,,0 16 is enhanced during shoaling but continues to grow as SS waves break, resulting in 1G-
wave dominance at the dike toe. This is further seen in the transformation of wave spectra
(Figure 2.5), shows that XB-NH accurately captures the shift in spectral density, C,,, (f) from
SS to IG frequencies. This apparent transfer of energy to lower frequencies is due to the
dissipation of SS waves by depth-induced breaking and the concurrent enhancement of IG
waves. It should be noted that the results here differ from those in Lashley et al. (2019b), as
the observed surface elevation time series are used here as model input and not parametric
spectra, for increased accuracy.

Considering the validation metrics, both H,,,o ;¢ and H, ss Show little bias (Rel. bias values
of 0.021 and -0.01, respectively); while H,,, ;; predictions—though still considered accurate
(SCI = 0.111, Figure 2.6a)—show more scatter than predictions of H,,,ss (SCI = 0.04,
Figure 2.6b). That said, note that this difference in scatter is related to the low values of
H o, Observed. The SCI is defined as the root-mean-square error (RMSE) between the
model and observations, normalized by the mean of the observations (Equation 2.10). Both
predictions of Hpg ;e and Hp,gss have similar RMSE values: 0.002 m and 0.003 m,
respectively; however, the lower mean of the observed H,, ¢ results in a larger SCI value.
Nevertheless, both SCI values are considered to be well within acceptable values—SCI <
0.15 or within 15% error (Roelvink et al., 2018).
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To investigate the sensitivity of the predicted 77, Hy,,56 and Hp,g ss t0 the random wave
components imposed at the model boundary, each XBeach simulation was run ten times with
a new random-wave time series. However, the effects were found to be negligible (< 3%
variation in Hp, ;¢ and < 1% in both 77 and H,y s5)-
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Figure 2.3. Modelled and observed comparison of 77 (model scale).
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Test 1;10.11: Hpo deep = 0.06 m, T), = 2.3 s, hyoe = 0.031 m
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Figure 2.4. Cross-shore profiles of modelled (solid lines) and observed (circles): a) 77 ; b) H,,,o, Showing the total
(black), SS (blue) and IG (red) signals; and c) modelled incoming and outgoing H,, ;6. for Test No. 11 (model
scale). Dashed vertical lines indicate mean breakpoint.
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Figure 2.5. Comparison of modelled and observed wave spectra: (a) offshore, at gauge 1; and (b) at the dike toe,
at gauge 10, for Test No. 11 (model scale). Dashed lines represent the frequency separating SS and IG motions.
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Figure 2.6. Modelled and observed comparison of @) H,,o;c and b) Hy, ss (model scale).

2.3.2  REFLECTION OF INFRAGRAVITY-WAVES AT THE DIKE
The cross-shore evolution of the total, incoming and outgoing H,,, ;; for Test No. 11 are
shown in Figure 2.4c. The incoming IG waves gain energy over the shallow foreshore as SS
waves shoal (x > 28 m) and break (x > 41.5 m), before finally experiencing near-complete
reflection at the dike (x = 46 m, Figure 2.4c). The superposition of the incoming and the
reflected outgoing IG signals results in a maximum total signal at the dike (Figure 2.4b).
Following reflection, the outgoing waves experience inverse shoaling—also referred to as
de-shoaling (Battjes, 2004)—where they reduce in amplitude with increasing water depth;
that is, as the wave celerity increases (Figure 2.4c).
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0.01 0.4 C,, (m*Hz)x 107 10
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Figure 2.7. Spatial evolution of wave spectral density for Test No. 11 based on a) the incoming and b) the total
surface elevation signals. Dashed white curves show the predicted standing wave nodes (f;,,4., Equation 2.21 for
Myoqe = 1, 2 and 3). Dashed black line shows cut-off frequency separating SS and 1G motions. Vertical red line
indicates break-point location.

To investigate the presence of a standing wave, we analyse the evolution of wave spectral
density at each cross-shore location, resulting in the spatial plot shown in Figure 2.7. This
was done first considering only the incoming signal (Figure 2.7a)—obtained by running the
simulation without the dike, to exclude the effects of reflection—and then for the total signal
where reflection from the dike is included (Figure 2.7b). A pattern of curved spectral ridges
and troughs is clearly visible at low frequencies in Figure 2.7b but absent in Figure 2.7a.
These locations of minimum and maximum C,, (f) correspond to nodes and antinodes in a
standing wave (Buckley et al., 2018, Klopman and Van der Meer, 1999, Symonds et al.,
1982). This is further corroborated using Equation 2.21, as the predicted f;,,q. line
corresponds well with the minima in C,, (f).

2.3.3  INFRAGRAVITY-WAVE GENERATION MECHANISM
The high spatial resolution of the numerical model allows the presentation of the sequence
of cross-correlations (R,4 [-]) between the modelled local n'¢(t) and A(t) offshore (x =
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0 m), at each cross-shore location, as a continuous spatial plot with ridges of positive and
negative correlations (Figure 2.8). The slight negative correlation seen at zero time lag (7 =
0 s) corresponds to the trough of a bound 1G wave that is out of phase with the incident wave
groups (Longuet-Higgins and Stewart, 1962).

At x~10 m, both this negative signal and a bar of positive correlation—which represents the
crest of the bound wave—becomes more visible. Shoreward of this point (x > 10 m), the
positive/negative form of the cross-correlation becomes stronger; this is consistent with an
incident bound wave developing an asymmetric form during shoaling (Baldock and Huntley,
2002, List, 1992). Concurrently, the lag between the wave group—travelling with velocity
(cg), based on linear wave theory (black dashed line in Figure 2.7a and b)—and the trough
of the bound wave increases. This phase shift allows the transfer of energy between the wave
group and the bound wave, resulting in IG wave growth (Van Dongeren and Svendsen, 1997).

Shoreward of the breakpoint (x;,, = 41.5 m), the ridge of positive correlation is strongly
enhanced, suggesting the contribution of an incoming break-point generated IG wave. The
now-enhanced 1G wave is reflected at the dike (x = 46 m, T~23 s) and propagates to the
offshore boundary (x = 0 m, t~53 s) as a free long wave; that is, a wave propagating with

celerity equalled to ./ gh (dashed black and white line in Figure 2.7a and b).v

Theoretically, breakpoint forcing would result in both incoming and outgoing 1G waves
propagating away from the breakpoint. However, this is not immediately evident in Figure
2.7a as the outgoing signal is dominated by that reflected at the dike. To investigate this
further, the simulation was re-run with the dike removed and the landward boundary set to
absorbing-generating (weakly reflective). In the absence of a reflective boundary, a
negatively correlated ridge may be seen extending from the breakpoint (x;, = 41.5m,
t~30s) to offshore (x = 0m, t~49 s) (Figure 2.8b). This negative cross-correlation
corresponds to a seaward propagating free 1G-wave, generated by SS-wave breaking
(Baldock, 2006, Contardo and Symonds, 2013, Pomeroy et al., 2012). Thus, the incoming 1G
waves shoreward of the breakpoint (x > 41.5 m, Figure 2.8a) are the combined result of
enhanced bound waves and the shoreward propagating component of breakpoint forced
waves. Accordingly, the IG waves propagating seaward (outgoing) are the combined result
of the wave reflected at the dike and the wave radiated seaward directly from the breakpoint.

This finding is further supported by the normalized bed-slope parameter analysis, where S,
ranged from 0.41 to 0.55 for the 12 physical model tests (Table 2.1). These values are over
the threshold for bound-wave shoaling as the main generation mechanism (5, < 0.3) but still
under the threshold for break-point forcing to dominate (8, = 1). This suggests that both
generation mechanisms do indeed contribute to Hyg 16 ¢oe-
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Figure 2.8. Cross-correlation functions (R,,,) between A(t) at x = 0 and n'“(t) at all cross-shore locations—as
modelled in XBeach—for Test No.11 both (a) with and (b) without the dike. Dashed black lines correspond to an
incoming wave group propagating with celerity, c,; dashed black and white lines represent an outgoing wave

propagating with celerity \/ gh. Dashed vertical lines indicate the breakpoint.

2.3.4  INFLUENCE OF ENVIRONMENTAL PARAMETERS
2.34.1  Deep-water Significant Wave Height and Peak Period

Given that Hypg geep and T, are known to be correlated, we jointly assess their influence on
nearshore wave conditions. Figure 2.9 shows the variation in H,o,16.c0er Hmo.ss,c0e @Nd Hyg
with changes in Hy, geep and T, at the offshore boundary, while all other parameters were
held constant: hye = 1m , 0=0°, cottm) =50 , Wy =0m , n=0.012s/
m'/3and cot(a) = o0. BOth Hpg,16.c0e (Figure 2.9a) and Hyng ss 00 (Figure 2.9b) increase
linearly with increasing H,,g qeep and, to a much lesser extent, T,,; made evident by the
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minimal scatter displayed. Likewise, Figure 2.9c displays a clear positive relationship
between Hp,g geep and H,; with minor scatter associated with variations in T,.
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Figure 2.9. Scatterplots of &) Hyno16.c0e B) Hmo.ss.coe @d C) Hg against Hyp0,eep Under reference conditions (o =
0° heoe = 1M, Ot Afore = 50, Wyey = 0m, n = 0.012 s/m*3and cot ayy, = ), for each of the 24
combinations of H,y,g 4c, and T,, simulated. Solid black line indicates model fit; dashed black lines indicate +/-
95% confidence intervals.

This relationship is well described (coefficient of determination, R? = 0.94) by the following
expression, obtained using the linear least-squares method:

HIG =ar HmO,deepOIS: (225)

where the fitted coefficient a = 0.358 (0.344,0.371) m~%% for the above-mentioned
reference parameter values; numbers in parentheses indicate the lower and upper 95%
confidence bounds, respectively.
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Figure 2.10. Scatterplots of H,; against a) s,, b) VHmogeepLo and ¢) Hzg geep T, Under reference conditions (o =
0°, hype = 1m, cot(m) =50, W,,, = 0m, n = 0.012 s/m'/*and cot(a) = <), for each of the 24
combinations of Hp,g 4e, and T,, simulated.

The strong dependence of both Hpg6t0e @D Hpossitoe ON Hipogeep iNdicates an

unsaturated surf zone, typical of steeper foreshore slopes (Power et al., 2010, Stockdon et al.,
2006), where the inner surf zone wave heights are equally dependent on the local water depth
(htoe) and the offshore wave height (Hp,ogeep ). This dependence also justifies the
relationship obtained between H,; and Hpoaeep (Equation 2.25); that is, H,; exhibits a
negative exponential (or negative power) relationship with hoe/Hpmo geep . @S Shown in
(Lashley et al., 2019b), and hence a positive power relationship with Hyo geep/heoe. This
ratio of offshore wave height to local water depth has been found to accurately describe both
the intensity (Hofland et al., 2017, Lashley et al., 2018) and location of wave breaking (Yao
et al., 2013)—which in turn determine the magnitude of nearshore waves. Thus, for the
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constant water depth simulated here (h.,. = 1 m), the above power law holds. The influence
of variations in h;,, is assessed, separately, in Section 2.3.4.3.

We also assessed the influence of additional parameters that combine H,yg geep and Ty, s
(Figure 2.10a); /Humo,aeep Lo (Figure 2.10b), as recommended by Stockdon et al. (2006); and
Hmo’deepsz (Figure 2.10c), as proposed by Inch et al. (2017). However, while these
parameters may describe the individual components (Hpo jc toe 8Nd Hpg ss¢0e) Well—as
shown in their respective studies—they yielded lower R? values here, compared to Equation
2.25. This suggests that T,, has only a minor influence on Hy.

2.3.4.2  Deep-water Directional Spreading

Considering wave flume (o = 0°), typical swell (¢ = 10°) and typical wind-sea (¢ = 24°)
conditions, a total of 72 estimates of Hpg6t0e @8N0 Hposstoe Were obtained. Both
parameters show negative relationships with o (Figure 2.11). However, Hp 6 toe
experiences 2.6 times more dissipation (on average) than H,;, s 0. fOr the same increase in
o, suggesting that wave energy at IG frequencies is significantly more sensitive to variations
ing. A change in o from wave flume conditions to a typical wind sea results in a 36%
reduction in Hy,g 16 t0e COMpared to an 16% reduction in Hy,g ss 0. TNis finding emphasizes
the need to consider directional spreading in the offshore forcing; as the assumption of
unidirectionality leads to unrealistically high estimates of H,,q ;¢ r0e (Van Dongeren et al.,
2003). Note that these findings are specific to the large wave height to water depth ratios
simulated here, where heavy wave breaking results in an increase in the directional spread of
wave energy (Herbers et al., 1999). The effect of directional spreading is expected to be less
for deeper conditions.

AS Hy0 16.0e 1S MOre sensitive to changes in o than Hy,g ss o, Vi decreases linearly with
increasing o (Figure 2.12):

7,=1—001-0 (2.26)
where ¥, = 1 corresponds to the reference case.
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Figure 2.11. Scatterplots of @) Hyo,16,t0e @Nd b) Hyng 55t0e 898INSE T (Reoe = 1m, cot(m) = 50, W,y = 0m,
n= 0.012 s/m'? and cot(a) = <°). Each data point is represented by two markers with colormaps indicating
the magnitude of H,g 4¢c, (NOt) and T, (cold).
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Figure 2.12. Mean response of ,; to variations in o, relative to the reference case (¢ = 0°). Red line indicates
the model fit (Equation 2.26). Vertical error bars represent the standard deviation of each mean.

2.3.4.3  Initial Water Depth at the Dike Toe

Each of the ten values of h.,, simulated (Table 2.2) was exposed to the 24 different
combinations of Hg 4eep, and T, resulting in 240 estimates of H,;,g ¢ 0o (Figure 2.13a) and
Hpno,ss.t0e (Figure 2.13b) for analysis. In addition to the influence of h,,,, the combined



35

influence—if any—of H,q 4c¢p OF T, may be observed in the colormaps presented in Figure
2.13. Both Hypg 16.c0e @Nd Hypg 55100 @ppear to decrease as the initial water depth becomes
shallower (Figure 2.13); however, this reduction is more notable in Hy,g ss t0e, Where a clear
linear trend is observed. The points in Figure 2.13b which appear to deviate from the general
trend, at hype = 1.5 m and h.,, = 3.5 m, correspond to simulations with Hp,g geep = 1 m
and Hpogeep = 3 m , respectively. In these simulations, the relative water depth,
htoe/Himoaeep > 1.0 and Hyyg ss.¢0e 1S NOL yet depth-limited.
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Figure 2.13. Scatterplots of &) Hy,g,16,t0e @Nd b) Hyy s5,¢0e @0INSE Aeoe (07 = 0°, cot(m) = 50, Wyeq = 0m, n =
0.012 s/m'/® and cot(a) = ). Each data point is represented by two markers with colormaps indicating the
magnitude of H,y geep (hOt) and T, (cold).

To quantify the influence of h,,,, We analyse the average response of H,; to variations in
heoe, relative to that obtained for the reference case (y;,, Equation 2.24)—where h;,, = 1 m.
Figure 2.14 shows that 7, —and thus H,;, on average—increases exponentially with
decreasing water depth. This observation is in line with the findings of Hofland et al. (2017),
which showed that the spectral wave period (T,,_1 ) at the dike toe—which also represents
the relative contribution of lower frequency (IG) waves—increased exponentially with
shallower water depths. By fitting a curve to the data, we obtain the following expression for

the influence of hy,,:

7 = 1.04 - e~ 14htoe 40,9 - =019hc0e, (2.27)
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where y;, = 1 corresponds to the reference case.

Th

Nitoe (m)

Figure 2.14. Mean response of i, to variations in h,,,, relative to the reference case (h,,, = 1 m). Red line
indicates the model fit (Equation 2.27). Vertical error bars represent the standard deviation of each mean.

2.3.4.4  Influence of Foreshore Slope

Hpo.16.t0e iNitially increases as cot(im) increases, reaching a maximum value at cot(m) =
50 (Figure 2.15a). This is due to the combination of both the bound-IG wave shoaling and
breakpoint generation mechanisms (0.3 < 8, < 1), as described in Section 2.3.3. However,
as the foreshore becomes milder—as cot(m) increases further— Hygcr0e OdeCreases
exponentially (note the log scale of the x-axis). Hposs0e. ON the other hand, shows a
consistent negative exponential relationship with cot(m) (Figure 2.15b). As SS waves begin
to break further offshore with increasing cot(m), the surf zone becomes wider and results in
increased dissipation.

These trends lend support to the arguments of Lara et al. (2011) and Baldock (2012) which
suggest that the bound IG wave may not be released during SS-wave breaking, but remains
locked and therefore dissipates in the surf zone concurrently with the SS-waves that force it.
This dissipation is less evident for steeper slopes (Figure 2.16a and b), as the bound wave
may indeed experience some dissipation but break-point forcing is strong inside the relatively
narrow surf zone; thus, leading to higher values of H,q ;¢ 0. HOwever, as the foreshore
becomes milder (cot(m) > 100; B, < 0.3) and the surf zone wider, breakpoint forcing
becomes weak—since its forcing (breaking) region becomes large in comparison to the wave-
group motion (Baldock and Huntley, 2002). This absence of breakpoint forcing and the
dissipation of the bound-I1G wave in the surf zone results in lower values of H,, 6 0. (Figure
2.16¢).
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Figure 2.15. Scatterplots of @) Hyo,6,t0e @Nd b) Hypos500e 0aINSE cot(m) (o = 0°, hepe = 1m, W,,.p = OM,
n= 0.012 s/m'? and cot(a) = <°). Each data point is represented by two markers with colormaps indicating
the magnitude of H,g 4¢c, (NOt) and T, (cold).

The mean response of H,; to variations in cot(m), relative to the reference case (vr, Equation
2.28) shows three distinct trends (Figure 2.17), dependent on the characteristics of wave
breaking (represented here by cot(m) and the relative water depth, h¢oe/Hpmo geep)- FOr
steeper slopes (cot(m) < 100), y; increases logari