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Summary

Low-lying islands are highly vulnerable to wave-induced flooding, with low-frequency waves (frequency <0.04
Hz) being one of the main drivers. The impact of these inundations can increase due to wave resonance over
coral reefs, which has been observed in the range of low-frequency waves. This study aims to understand
the reef resonance phenomenon along with processes that could limit its resonant amplification over wave
height and wave run-up.

A numerical experiment was carried out based on a 1D SWASH numerical model. A cross-shore profile of
a schematized fringing coral reef was built, and resonance was forced over this bathymetry for the first two
resonant modes and two water depths. The offshore forcing was designed as a simplified wave climate, with
small amplitude regular low-frequency waves.

Resonance was found to occur in a bandwidth of periods for each resonant mode, generating two res-
onant amplification peaks (one for each resonant mode). The periods leading to the maximum resonant
amplification inside each resonant bandwidth are the modeled resonant periods, which were found to be
longer than the theoretical resonant periods (based on reef flat width and water depth). The resonant am-
plification over wave height and run-up were found to be more significant for the fundamental mode than
for the first mode, decreasing for both resonant modes when increasing the water depth. Moreover, for the
wave conditions modeled in this experiment, the relative resonant amplification was found to be stronger for
smaller wave heights than larger wave heights.

Reef wave resonance presented a build-up behavior, needing a minimum number of waves to reach
a maximum resonant amplification, which varied depending on the wave period, wave height, and water
depth. Resonant amplification was found to increase for a larger amount of trapped wave energy over the
reef and lower friction dissipation. Frictional dissipation was found to be the most effective process to coun-
teract wave resonant amplification. Thus, increasing coral reef bottom friction is essential for enhancing
low-lying island coastal safety.
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1
Introduction

1.1. Motivation
Low-lying islands with elevations of less than a few meters above mean sea level are highly vulnerable to
flooding(Woodroffe 2008). This risk in safety is expected to increase due to climate change effect on sea-level
rise and wave climate (Storlazzi et al. 2018, Cheriton et al. 2016). Low-lying islands, compared to traditional
beaches, have a fringing coral reef preceding their beaches. Fringing coral reef can act as a coastal flooding
defense, because they can dissipate a large amount of wave energy, reducing the wave heights reaching the
coastline. However, under certain hydrodynamic conditions fringing coral reef can also enhance flooding
due to their impact on reef wave dynamics. An example for such enhance flooding has been observed un-
der storm conditions due to typhoons(Roeber and Bricker (2015), Péquignet et al. (2009), Shimozono et al.
(2015)).

The coral roughness and the fringing reefs particular bathymetry determine reef hydrodynamics. Fring-
ing coral reefs are characterized by a sharp frontal slope, a shallow water reef flat, and considerable bottom
roughness. These features strongly induce wave energy dissipation, mainly due to wave breaking and bot-
tom friction. The limited water depth over the reef platform leads to dissipation of high-frequency waves
(frequency > 0.04 Hz) and dominance of low-frequency waves (frequency < 0.04 Hz) (Cheriton et al. 2016).
Low-frequency waves can be seen as flooding drivers in low-lying islands due to their relevant contribution
to over-wash and run-up (Nwogu and Demirbilek (2010),Cheriton et al. (2016)).

Inundations on low-lying islands can increase due to long waves resonant amplification on the reef flat
(Gawehn et al. 2016). The resonant phenomenon has been observed during flooding such as the ones caused
by the tropical storm Man-Yi in Guam (Péquignet et al. 2009) and the typhoon Haiyan at the Samar Island
in the Philippines (Shimozono et al. 2015). The main characteristics influencing reef resonance and its cor-
responding amplification are offshore wave conditions (wave height and wave period), offshore water level,
reef flat water depth, reef geometry (flat width, fore reef, and beach slope), and coral roughness (bottom fric-
tion dissipation). Theoretically, resonance can occur when the incoming offshore wave frequency matches
one of the reef natural frequencies. This matching of frequencies will form standing waves with a node at the
reef crest (Buckley et al. 2018). The eigenmodes (also known as natural frequencies), are mainly determined
by the reef flat width and water depth. Narrower reefs and larger water depths increase resonant frequencies.

The impact of resonating waves on flooding depends on the resonant amplification, which can occur un-
der the condition of an energetic resonant forcing (Péquignet et al. 2009). Thus, a forcing matching a natural
frequency, but without enough energy, is not expected to generate a strong resonant amplification. The study
of Pomeroy et al. (2012) showed that the magnitude of amplification is also friction-dependent, and it can be
significantly reduced due to frictional dissipation. According to Pearson et al. (2017), resonance is more prob-
able under conditions with considerable low-frequency wave energy or higher water level. Both conditions
can be found during storms, however, it is also important to understand if resonance can happen under swell
conditions. Pomeroy et al. (2012) found that resonance under mild conditions was only possible with mini-
mal bottom friction. According to Péquignet et al. (2009), the resonant frequencies can increase with a rise in
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2 1. Introduction

the water level, allowing a larger wave frequency range to resonate. Thus, under the scenario of sea-level rise
and coral reef degradation, resonance over reefs may become relevant under mild wave climate conditions.

Resonant waves can also develop non-linear wave shapes (Gawehn et al. 2016), which are expected to be
more dangerous than sinusoidal waves (Didenkulova et al. 2007). However, the increase of coastal flooding
due to non-linear wave shapes has not been studied over coral reefs. Non-linearity could generate a larger
run-up amplification, or on the contrary reduce resonant amplification due to wave breaking dissipation,
and/or non-linear transference of energy to other frequencies.

The resonance mechanism of low-frequency waves over coral reefs has not been thoroughly investigated.
A better understanding of the environmental conditions triggering/counteracting wave resonant amplifica-
tion and their impact on reef hydrodynamics is needed. Understanding the conditions and the hydrodynam-
ics transformations over the reef flat is essential to comprehend the impact of resonance on coastal flooding
hazards.

1.2. Research objectives
1.2.1. Problem definition
Resonance of low-frequency waves over fringing coral reefs can generate massive flooding on low-lying is-
lands. The probability of this phenomenon is expected to increase due to sea-level rise. Additionally, resonant
waves can present non-linear wave shapes that can increase/reduce the resonant amplification and, conse-
quently, the flooding impact. Thus, understanding processes that can enhance or counteract the resonant
amplification is essential for assessing coastal flooding hazard on reef-lined coasts.

1.2.2. Research question
What are the main processes limiting the resonant amplification of long waves and the associated run-up over
a schematized fringing coral reef?

Hypotheses: Resonant amplification is expected to be more effective when energetic long waves reach
the reef flat. However, nonlinear wave shapes and energy dissipation are more likely to develop for the largest
long waves, which could limit the amplification factor. Thus, perhaps the highest wave will not result in the
maximum wave height and run-up amplification.

Research sub-questions

• For a certain water level, what are the characteristics (period and wave height) of a regular long wave
leading to a maximum wave height/run-up amplification?

• How do long waves transform over the reef flat under resonant conditions? Which non-linear wave
shapes are present under resonance? Does this have a significant impact on wave height/run-up am-
plification?

• How long does it take for resonant behavior to be built up in order to generate a maximum wave
height/run-up amplification over the reef?

• What is the effect of friction on wave height/run-up resonant amplification over the reef?

1.3. Thesis outline
Chapter 1 outlines the motivation, problem definition, and research questions of this thesis. Chapter 2 gives
the necessary background to have a general understatement of reef hydrodynamics and wave resonance,
and Chapter 3 reviews the methodology to force resonance over fringing reefs and shows the validation of
the numerical wave model (SWASH) used to do so. Chapter 4 presents the results of this resonance study,
and Chapter 5 discusses the limitations and findings of this study. Chapter 6 presents the main conclusions
and gives some recommendations for future research. The appendices include complementary information
about the modeled reef profile (A), the SWASH code (B) and more detailed results (C).



2
Background

Coral reefs are marine ecosystems formed by layers of calcium carbonate skeletons. These structures can
be found mainly along with land formations characterized by shallow and warm water. Coral reefs can be
classified into three types: fringing reefs (grow near coastlines of islands or continents), barrier reefs (located
offshore and parallel to the coastline), and coral atolls (grow rings above a sinking volcano in the ocean). This
thesis focuses on fringing reefs connected to low lying islands.

Fringing coral reefs can be differentiated from sandy beaches by their rougher bed and their particular
bathymetry (Van Dongeren et al. 2013). A general reef profile consists of a sharp frontal slope that, which
leads to a reef crest, followed by a reef flat (figure 2.1). According to Quataert et al. (2015), an average fore reef
slope is steeper than 1:20, and the width of the reef platform ranges between 50 and 1000 m. Moreover, the
reef flat experiences shallow water conditions, and it can even be exposed during low tide. The reef platform
in the shore direction ends on a beach slope connecting with a low lying island. A low elevation characterizes
these islands, commonly of only a few meters above mean sea level. Due to this elevation condition, low-lying
islands are highly vulnerable to flooding (Woodroffe 2008) and to the impacts of climate change on sea-level
rise and wave climate (Storlazzi et al. 2018).

Figure 2.1: Fringing reef coral bathymetry diagram(USC).

Fringing coral reef systems provide coastal protection against erosion and flooding of low-lying islands
coastlines during moderate storms, because in average they can dissipate 97% of the wave energy Ferrario

3



4 2. Background

et al. (2014). However, fringing coral reefs can also lead to an enhancement of flooding during storm condi-
tions, such as a typhoon, due to their impact on wave dynamics (Roeber and Bricker 2015, Péquignet et al.
2009, Shimozono et al. 2015). This flooding is mainly caused by wave-driven water level variability, which
has a final impact on the run-up at the coastline. Wave run-up can be defined as the last expression of wave
transformation while propagating shoreward. In other words, wave run-up is the instantaneous variation
of the shoreline compared to the still water level(Buckley et al. 2018). Even though the definition of run-up
seems simple, its value is not easy to predict. This prediction complexity can increase in fringed coral reefs
environments, where model conditions and assumptions for sandy coasts may not apply due to the steep
slopes and high roughness (Buckley et al. 2018). Thus, a better understanding of coral reef hydrodynamics is
essential to asses coastal flooding impact on reef-lined coasts.

2.1. Coral reef hydrodynamics
2.1.1. General
Coral reef features such as the abrupt fore reef slope, the shallow water conditions on the reef flat, and the
large coral roughness, lead to strong wave dissipation. This dissipation mainly affects high-frequency waves,
and leads to a dominance of low-frequency wave over the reef. High-frequency wave energy reduces to-
wards the coast due to wave breaking, bottom friction dissipation, and non-linear energy transfer to lower
frequencies. On the contrary, low-frequency wave energy has been found to be minimum at the reef crest,
increasing as waves propagate landward(Nwogu and Demirbilek 2010). Thus, low-frequency waves are im-
portant contributors on the resultant wave run-up and, consequently, one of the main flooding drivers on
low-lying islands.

At the reef crest, according to Shimozono et al. (2015), the incoming offshore wave energy is considerably
dissipated around the peak frequency due to wave breaking and non-linearly transferred to lower frequen-
cies. The amount of energy dissipated/transferred is strongly dependent on the reef flat water level, which is
modulated by the tide (Hardy and Young 1996). During low tide, high-frequency wave energy on the reef flat
is limited by bottom friction, and due to a high rate of wave breaking at the fore reef slope. Under larger water
levels, waves start breaking at the reef crest, allowing waves to propagate further towards the coast than with
smaller water depths (Masselink et al. 2019). Thus, the wave energy reaching the shoreline is larger for higher
water depths.

Wave breaking leads to an increase in the mean water level, also known as wave setup. This rising of the
mean water level can increase wave run-up by allowing larger waves to reach the shoreline (Buckley et al.
2018). Wave setup reduces with increasing water depths (Cheriton et al. 2016), but its magnitude difference
between low and high tide is not big enough to reach the same water level under both tide conditions. Thus,
even when accounting for wave setup, shoreline wave energy is larger during high tide (Péquignet et al. 2011).

2.1.2. Low-frequency waves
Coral reef long waves can be generated mainly by two mechanisms: (1) Bound long waves and (2) Breakpoint-
forced long waves. Mechanism (1) consists of a release of the long wave bound to the offshore wave group
(Figure 2.2) due to high-frequency waves breaking. Mechanism (2) generates low-frequency waves through
wave breakpoint oscillations due to incident waves amplitude variations (Symonds et al. 1982). The dom-
inant mechanism on a reef depends on the fore reef slope (Péquignet et al. 2011). According to Masselink
et al. (2019) the mechanism (1) is dominant for slopes flatter than 1/20, whereas breakpoint-forced long
waves mechanism becomes more important for slopes steeper than 1/10. Furthermore, the same study con-
cludes that mechanism (2) is the most effective. Additionally, this mechanism generates more energetic low-
frequency waves on reefs with a fore reef slope steeper than 1/6.

After generation, low-frequency waves can go through several transformations over the reef flat. These
waves can be dissipated due to bottom friction, wave breaking, and non-linear energy transfer to other fre-
quencies. Additionally, low-frequency waves can experience changes in their wave shape due to non-linear
wave steepening, and they can even form undular and or turbulent bores. According to Cheriton et al. (2016),
wave non-linearity increases with decreasing reef flat water depth. Two reflectors limit the reef flat, the reef
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crest, and the beach (Figure 2.2). Incoming long waves can be reflected in both locations, and they can form
a standing wave pattern over the reef (Nwogu and Demirbilek 2010). Outgoing long waves can be partially re-
flected at the reef crest, changing their direction towards the coast. This double reflection, of incoming waves
at the beach and outgoing waves at the reef crest, can lead to wave energy being trapped over the reef.

Figure 2.2: Scheme of wave generation processes and reflection in a fringing coral reef. Modified from (Buckley et al. 2018).

Low-frequency waves can be classified into two groups depending on their frequency: infra-gravity waves,
with a frequency in the range of 0.004-0.04 Hz, and very low-frequency waves with a frequency varying be-
tween 0.001-0.004 Hz. The amplitude of both low-frequency waves is rather small under mild wave condi-
tions, increasing with higher offshore waves and larger water levels (Péquignet et al. 2009).

Gawehn et al. (2016) conducted a classification of very low-frequency wave motions over the fringing reef
on Roi-Namur Island in the Republic of the Marshall Islands (Figure 2.3). Water levels and wave data anal-
ysis, measured during five months at a cross-reef transect, lead to the conclusion that very low-frequency
waves can develop four different wave classes: resonant, (non-resonant) standing, progressive-growing, and
progressive-dissipative waves. From these four behaviors, resonant waves are the ones that can have a stronger
impact on coastal safety. Resonant long waves over the reef platform can lead to an increase of wave run-up
and coastal flooding (Nwogu and Demirbilek (2010), Péquignet et al. (2009)). According to Gawehn et al.
(2016) study, resonant situations are not unlikely to occur, being a 3.6% of the five months data, and can hap-
pen under both mild and storm conditions.

Figure 2.3: Bathymetric profile of the cross reef transect (Gawehn et al. 2016).
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2.2. Resonance
2.2.1. Resonance in basins
Wave resonance in basins develops when the forcing frequency matches one of the basin natural frequen-
cies. Resonant waves can present different standing wave patterns, differentiating between each other in the
number of nodes developed over the basin (Figure 2.4). For example, for an open-ended basin, the funda-
mental mode (n = 0) has a one node standing wave pattern, while the first resonant mode presents two nodes
standing wave pattern (n = 1).

Figure 2.4: First four eigen modes, or natural frequencies, in rectangular closed and open-ended basins. Source: (Rabinovich 2009).

The natural resonant frequencies, are determined by the basin geometry and the water depth. For an
open basin of length W with a uniform water depth d, these natural resonant periods can be estimated with
the Merian formula as:

Tn = 4W

(2n +1)
√

g d
, n = 0,1,2,3, . . . (2.1)

An example of an open-ended basin is a harbor, which has natural periods in the order of low-frequency
waves. Resonance in harbors lead to strong water level amplifications that can damage structures and vessels.
For the case of a harbor, the long waves resonant amplification factor can be estimated as (Rabinovich 2009):

H( f )2 = 1(
1− f / f0

)2 +Q−2
(
1− f / f0

)2 (2.2)

where,

H( f )2 = resonant amplification factor for wave frequency f

f = frequency of the incoming long wave

f0 = resonant frequency of the harbor

Q−1 = (dE/d t )/2π f E

Q is a quality factor that plays a double role by indicating the time decay rate of the energy (E) in the
system, and by measuring the increase of wave heights due to resonance. A higher Q value indicates a slower
energy decay and larger wave height amplification.
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2.2.2. Beach resonance
Edge waves are low-frequency waves trapped in the nearshore that can experience resonance over a beach,
which due to the frequency range and trapped wave condition, could have similarities to the behavior of
resonant low-frequency waves over reefs. Guza and Davis (1974) theoretically demonstrated that normally
incident waves experiencing a total reflection can excite edge waves under certain frequencies, generating
this excitation a resonant wave amplification. According to (Guza and Bowen 1976), edge waves can resonate
over a range of frequencies for a specific wavenumber. This resonant bandwidth is centered and maximum
at the natural frequency, which also shows a maximum initial growth. Moreover, the wave edge excitation is
larger for the fundamental resonant mode, which also shows the most rapid growth (Guza and Bowen 1977).
Theoretically, the edge wave amplitude is three times larger than the incoming offshore wave amplitude(Guza
and Bowen 1976).

The resonant edge wave amplitude has an initial exponential growth rate behavior. This rate reduces as
the wave amplitude grows, reaching zero at the final equilibrium state. This limitation of the maximum am-
plification, or finite amplitude, is mainly due to three processes (Guza and Bowen 1976). The first process is
frictional dissipation, which for a constant forcing, limits the resonant wave amplitude growth. The second
process is further non-linear interactions, which refers to a loss of edge wave energy due to energy radiation
to the far field (at double edge wave frequency) or non-linear energy transfer to other edge wave modes. Fi-
nally, the third cause of finite resonant wave amplitude is the demodulation from the resonant natural period,
which is amplitude-dependent at a fixed wave number. The detuning from the resonant period occurs be-
cause the natural frequency increases with increasing wave height, as larger trapped edge waves travel faster
than the ones with smaller wave heights. Thus, the forcing can cease being inside the resonant bandwidth as
the wave height increases, because the edge wave dispersion relation is amplitude dependent.

The Guza and Bowen (1976) study, which is valid for moderately non-linear waves, showed that the last
two processes are the most, and equally important, for limiting the wave amplitude growth. For a case with-
out wave energy radiation, the natural frequency and edge wave amplitude will rise until the lower end of the
resonant band. On the other hand, if the change of natural frequency is not considered, radiation limits the
wave amplitude if it can balances exactly the incident wave forcing. If the radiation is stronger than the forc-
ing the wave amplitude will slowly decay, which decreases with decreasing wave amplitude. For a frictionless
case, the radiated energy flux must balance the loss of edge wave energy.

2.2.3. Resonance over fringing coral reefs
Fringing coral reefs can be seen as a semi-enclosed basin, where the natural resonant frequencies depend
mainly on the reef flat width and water depth. These resonant periods, for most fringing reefs, are in the
order of tens of minutes(Péquignet et al. 2009). An upper limit for natural frequencies can be obtained for a
narrow reef with large water depth (Equation 2.1). For example, a 50 m reef flat width with 3.8 m water depth
(maximum water depth found according to Quataert et al. (2015)) has natural frequencies lower than 0.03 Hz.

Resonance over fringing coral reefs can occur under two main conditions. The first requirement is that
the standing low-frequency waves have a node at the reef crest (Buckley et al. 2018). The natural frequency
needed to have this specific node location, can be estimated with:

fnode =
1

4
(2n −1)

xshor el i ne∫
0

1√
g h(x)

d x

−1

(2.3)

where,

xshor el i ne = point of reflection at the shoreline

n = number of nodes from the reflection point

h(x) = still water depth + wave setup
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This formula differs from 2.1 due to its consideration of non-constant water depths, which is mainly due
to varying wave setup. Furthermore, this expression considers the reef flat width as the distance between the
reef crest (x = 0) and the shoreline (xshor el i ne ).

The second requirement needed for resonance to occur is to have a significant amount of low-frequency
energy trapped over the reef flat (Péquignet et al. 2009). Under these two conditions, resonant amplification
will arise since incoming offshore waves will be in phase with re-reflected incoming trapped waves (figure
2.2).

The wave energy over the reef flat increases with higher low-frequency waves. This amplitude is directly
dependent on the incident offshore wave height and water level. Furthermore, the duration of the offshore
forcing and its groupiness characteristics can also have an impact on the long waves amplitude, and conse-
quently, on the amount of energy over the reef flat. Gawehn et al. (2016) found some short time occurrence
of wave resonance, and a positive correlation between the low frequency energy over the reef flat and the
incident wave groupiness factor. However, this study was carried out in a specific location, and the findings
could be site related. The amount of wave energy at the reef flat is depth limited (Cheriton et al. 2016) and can
be reduced due to wave dissipation, such as wave breaking and bottom friction (Van Dongeren et al. 2013).
According to Buckley et al. (2018), coral roughness can dissipate wave energy of different frequencies, with
the low-frequencies being the most affected. Moreover, bottom friction dissipation limits the magnitude of
resonant run-up amplification (Pomeroy et al. 2012).

Resonant low-frequency waves can occur under different eigenmodes, and the fundamental mode is ex-
pected to amplify more than higher modes(Nwogu and Demirbilek 2010). The conditions under which the
different resonant modes could resonate differ depending on the reef characteristics. The fundamental mode,
which occurs when the wavelength is close to four times the reef width, will most probable resonate in nar-
row reefs with larger water depths (Shimozono et al. 2015), whereas higher modes can resonate with lower
water depth conditions. The reef flat width determines which type of low-frequency waves are more likely to
resonate. Infra-gravity resonance is dominant over a reef flat narrower than 300 m (Shimozono et al. 2015),
whereas very low-frequency waves are dominant on reef flats widths between 250 and 500 m (Pearson et al.
2017). Resonant very low-frequency waves were found to induce large water level oscillations amplitudes,
between 0.14 and 0.83 m, on a reef flat 270 m wide (Gawehn et al. 2016). No resonance of low-frequency
waves was found on reef platforms wider than 500 m.

Additionally to the wave resonance, Shimozono et al. (2015) found in his experiments an amplification of
the run-up over the beach. This resonant run-up was shown by comparing the run-up spectrum (SR ) with
the wave spectrum at the toe beach (Sbeachtoe ). The ratio of SR /Sbeachtoe showed significant peaks at specific
frequencies. This resonant behavior is dependent on the beach slope, and not the reef platform width as
for waves resonance. The same study showed that this resonant run-up occurs in the long waves frequency
range, over milder beach slopes.

Wave resonance is more probable to occur under conditions with considerable low-frequency wave en-
ergy and/or large water depths (Pearson et al. 2017). This rise in water level reduces dissipation due to
bottom friction and increases the resonant frequencies, allowing to resonate a wider wave frequency range
(Péquignet et al. 2009). Thus, under the scenario of sea-level rise wave resonance over coral reefs may be-
come more likely to happen, even under mild wave conditions.

Flooding can also increase due to non-linear wave shapes, such as bore-like wave shape. Bores form due
to non-linear wave steepening and are more likely to occur over wide reefs with steep slope beaches (Shi-
mozono et al. 2015). Steeper waves are more dangerous for flooding than regular waves, because non-linear
waves have greater velocities, and they can reach larger inland distances (Didenkulova et al. 2007). Addi-
tionally, the bore-like wave shape acts as a shock force, having a larger impact on structures than sinusoidal
waves. These non-linear wave shapes have also been observed in resonant low-frequency waves (Gawehn
et al. 2016). Non-linearity could enhance or counteract resonance, leading respectively to a larger resonant
run-up amplification or to a stronger wave energy dissipation. A continuous wave steepening could even lead
to wave breaking and non-resonant conditions.



3
Methodology

3.1. Numerical modeling

A numerical wave model can be used to better understand resonance conditions, wave transformations, and
shoreline impacts. There are mainly two types of wave models: (1) phase-averaged models and (2) phase-
resolving models. Model (1) is based on the energy equation and calculates the sea surface statistics, while
model (2) is based on momentum and mass conservation, and computes the sea surface elevation. The phase
resolving model is the most appropriate for this research due to the complex reef hydrodynamics. An exam-
ple is XBeach-Non hydrostatic model, which has been successfully used in several studies to represent wave
dynamics over a coral reef (Quataert et al. 2015, Pearson et al. 2017, Pomeroy et al. 2012).

Another option of phase resolving model is SWASH, which is a public code for simulating surface wave
transformations and rapidly varied flows in coastal waters developed by Zijlema et al. (2011). SWASH is gov-
erned by the non-linear shallow water equations, including non-hydrostatic pressure, and its main difference
with the previous model is that it can resolve the vertical velocity (u) profile, whereas XBeach-Non hydrostatic
uses a depth averaged velocity. SWASH can correctly simulate complex nearshore processes (such as wave
breaking, non-linear interaction, wave run-up, and wave-induced circulation) and represent hydraulic jumps
and bores (Zijlema et al. 2011). Moreover, Zijlema (2012) demonstrate the capabilities of SWASH for predict-
ing the wave dynamics over a fringing coral reef. These dynamics included wave breaking, bottom friction,
wave-induced setup, run-up, and generation/propagation of low-frequency waves.

SWASH was chosen in this study due to the characteristics mentioned above. As a starting point, a vali-
dation of SWASH was carried out using laboratory experiments data. After this step, the research questions
were analyzed through a horizontal one dimensional (1D) SWASH model, where resonance was force over a
schematized cross-shore fringing coral reef profile. This model setup neglects processes such as wave direc-
tional spreading and 2D effects.

3.2. Model validation

SWASH was validated with laboratory data from Demirbilek et al. (2007), an experiment where resonance
was observed. The reef bathymetry and the location of the nine wave gauges installed during this laboratory
experiment can be seen in Figure 3.1.
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Figure 3.1: Reef profile and location of wave gauges of Demirbilek et al. (2007) laboratory test. Source:Zijlema (2012).

In this laboratory experiment several tests were carried out for different input conditions, from which four
tests (Table 3.1) were selected to validate the predictive capabilities of SWASH over a coral reef. This selec-
tion was based on Zijlema (2012), where the same tests were used to prove that SWASH in its depth-averaged
model was able to accurately predict the bulk wave properties over a fringing coral reef.

Table 3.1: Input conditions of Demirbilek et al. (2007) tests used for SWASH validation.

Test N° Hm0 (cm) TP (s) dr (cm)
18 8.5 2.00 5.1
27 5.5 1.25 1.6
38 8.4 2.00 0.0
48 7.5 1.5 3.1

3.2.1. General validation
SWASH capability for modeling over reefs was analyzed by comparing the model results with the laboratory
gauge measurements. Due to measurement errors, gauge 4 was excluded from the validation (Zijlema 2012).
The comparison was made for three common wave parameters: significant wave height (Hm0), wave setup,
and wave run-up. The latter was analyzed through three statistics, maximum run-up (Rmax ), run-up value
exceeded by 2% of the incoming waves (R2%), and run-up value exceeded by 10% of the incoming waves
(R10%).

The model was tested for a horizontal 1D model with a uniform grid resolution of ∆x = 5 cm, an initial
time step of ∆t = 0.005 s, and two vertical layers (velocity profile resolution). To account for friction, a Man-
ning coefficient of n = 0.01 s/m1/3 was assumed. This friction value represents a smooth material such as the
plastic used to build the reef profile in this experiment (Demirbilek et al. (2007), Zijlema (2012)). The model
was built with a weakly reflective offshore boundary condition and without any at the onshore side (sufficient
beach length to avoid overtopping).

Figure 3.2 shows a comparison of the significant wave height (Hmo) cross-shore evolution between the
model results and laboratory measurements. In general, for every test, the largest differences were observed
for the first instrument seawards of the reef crest (gauge 6). In this area, plunging breaking waves were ob-
served during the experiment (Demirbilek et al. 2007), which could explain the deviations from measure-
ments, as SWASH cannot describe plunging waves due to its consideration of mono-value surface elevation.
Over the reef flat SWASH shows a good agreement with the four tests, presenting a stronger variability for the
largest dr (Test 18). Wave setup (Figure 3.3) appears to be slightly overestimated in almost every location and
test. However, the setup cross-shore evolution sign was predicted correctly by SWASH. The run-up calcula-
tions and statistics (Figure 3.4) have a more erratic behavior depending on the test. Nevertheless, the Rmax

shows to have an overall stronger agreement with laboratory data in all cases, which is the relevant run-up
statistic for this thesis.
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Figure 3.2: Comparison between SWASH computed significant wave height Hm0 (solid line) and Demirbilek et al. (2007) measurements
(circles) for tests N° 18,27,38 and 48.

Figure 3.3: Comparison between SWASH computed wave setup (solid line) and Demirbilek et al. (2007) measurements (circles) for tests
N° 18,27,38 and 48.

Figure 3.4: Comparison of statistic runup (Rmax ,R2%,R10% (solid line) between SWASH calculations (stars) and Demirbilek et al. (2007)
measurements (circles) for tests N° 18,27,38 and 48.



12 3. Methodology

To evaluate the general SWASH predictive skill for Hmo and wave setup, the bias and scatter index (SI)
were used and computed as:

Bias = 1

N

N∑
i=1

(
X i

SWASH −X i
obs

)
(3.1)

SI =
√

1
N

∑N
i=1

(
X i

SWASH −X i
obs

)2

1
N

∑N
i=1 X i

obs

(3.2)

Table 3.2 shows a good agreement between SWASH results and Demirbilek et al. (2007) measurements.
The maximum bias is found to be less than 7 mm (gauge 6) for the significant wave height and lower than
2 mm for the wave setup. For the SI, an 18% is the maximum error for both Hmo (gauge 9) and wave setup
(gauge 7), with an acceptable mean error of less than 8% and 15%, respectively. This error is expected to be
influenced by the imposed conditions and/or measurement errors, which did not show a good fit since the
beginning of the run (offshore gauges comparison). An adjustment to the imposed conditions could help to
reach a closer agreement between SWASH and laboratory test results.

Table 3.2: Statistical measures of SWASH performance for predicting Hm0 and wave setup for different locations.

Gauge N° Bias Hm0 (cm) SI Hm0 Bias setup (cm) SI setup
1 -0.32 0.04 - -
2 0.13 0.03 - -
3 0.12 0.03 - -
5 -0.08 0.06 - -
6 -0.63 0.09 - -
7 -0.34 0.08 -0.09 0.18
8 -0.14 0.11 0.15 0.17
9 -0.31 0.18 0.09 0.1

3.2.2. Grid size influence

To understand the impact of ∆x value (uniform grid) on SWASH performance, the reef was modeled with the
same characteristics as in Subsection 3.2.1 but for a finer grid with ∆x = 1 cm. In order to compare, the root
mean square errors (RMSE) for different wave parameters were computed (Table 3.3). For both grid sizes,
coarser and finer, SWASH can model hydrodynamics over coral reef with acceptable RMSE . The influence
∆x over RMSE varies per parameter. The coarser grid leads to a smaller RMSE r un−up , while the higher
resolution reduces RMSE Hm0. The wave setup error remains stable for both grid sizes. The finer grid is more
time consuming and does not perform better for every parameter. Thus a positive effect, in this case, was not
found.

Table 3.3: Root mean square errors (RMSE) for different wave parameters and grid resolutions.

∆x (cm) RMSE Hm0(cm) RMSE setup (s) RMSE r un−up (cm)
5 0.41 0.2 1
1 0.29 0.21 1.26

3.2.3. Vertical layers influence

The influence of vertical resolution on reef modeling was studied by varying the numbers of vertical layers
(1,2,6 and 12), with the corresponding adjustment of the breaking parameters according to Smit et al. (2014).
The rest of the model characteristics remained as in Subsection 3.2.1. Due to considerable computational
time needed for this variation, the experiment was carried out only for Test 18. Table 3.4 presents how the
model agreement varies depending on the analyzed parameter for different vertical resolutions. For example,
by comparing the RMSE , the two vertical layers model performed better for Hmo , and depth average showed
a more satisfactory fit for setup and run-up calculations. Thus, as for the grid size variation, a positive impact
of increasing vertical layers, in this case, can not be easily detected.
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Table 3.4: RMSE for Test 18 computed with different number of vertical layers.

N° of vertical layers RMSE Hmo (cm) RMSE setup (cm) RMSE r unup (cm)
1 0.69 0.12 0.79
2 0.51 0.13 0.96
6 0.81 0.14 0.91

12 0.84 0.17 2.01

3.2.4. Resonance validation
Resonance of the fundamental mode was also predicted by SWASH. Figure 3.5 shows that the fundamental
mode of resonance, modeled and measured, is in good agreement with theory (2.1) for every case. Never-
theless, the wave spectrum magnitude around the peak frequency is not computed adequately by SWASH for
test 18. This considerable difference remained even with higher grid and vertical resolutions.

Figure 3.5: Comparison between gauge 9 SWASH computed wave spectrum (thick line) and Demirbilek et al. (2007) measurements
(thin line) for tests N° 18,27,38 and 48 Dashed line indicates the first resonant mode (2.1).

3.3. Numerical experiments
3.3.1. Model setup
The schematized fringing coral reef profile used for the numerical modeling was taken as a simplified version
of the reef profile analyzed in Gawehn et al. (2016) (Figure 2.3), over which low-frequency wave resonance
with non-linear wave shape was observed (Gawehn et al. 2016). The reef profile built for the model (Figure
3.6), is characterized by a 1:6 fore reef slope, followed by a 270 m wide reef flat (width is in the range of max-
imum resonance for low-frequency waves, according to Pearson et al. (2017)). The reef flat is delimited by
two features, the reef crest (x = 0 m) offshore and the beach toe (x = 270 m) onshore. After the latter, the reef
structure ends with a 1:6 beach slope.

In order to better understand the offshore hydrodynamics conditions needed for waves to resonate over
the reef, and its impacts in reef hydrodynamics resonance was studied for a simplified wave climate. This
wave climate consisted in small amplitude regular low-frequency waves, which could have a wavelength
longer than 20 km. Thus, to fulfill SWASH requirement of linear wave theory at the wavemaker boundary,
the reef profile (Figure 3.6) was extended with a slope of 1/3 until reaching a bed level of -440 m at x = -2000
(Appendix A, Figure A.1). Moreover, at the most offshore modeled position (x = -2000 ) a weakly reflective
boundary condition was set, which is effective in absorbing waves inside the low-frequency band, while on-
shore the beach acted as a boundary condition. The beach was designed large enough to avoid overtopping
and water level reaching the grid limits, with a total beach height of 15 m over the reef flat.
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Figure 3.6: Schematized fringing coral reef profile built for numerical modeling experiments.

Table 3.5 shows the SWASH model setup used for these numerical experiments. A uniform grid, the only
option for a 1D SWASH model, with a resolution of ∆x = 10 cm, was chosen to characterize wave run-up.
Due to the large order difference between offshore water depth (minimum of 440 m) and grid resolution (10
cm), the model could only be stable for one vertical layer. However, this minimum vertical resolution is not
expected to have a relevant impact on long wave dynamics. The time resolution (∆t ), was changed automat-
ically by SWASH to fulfill a Courant number (σ = u∆t /∆x ) smaller than 0.5 starting from ∆t = 5 ms. This σ
limitation is recommended by SWASH user manual for wave non-linearity and wave interactions with steep
slopes, such as this case. To ensure stationary signals, a duration of four hours by run was chosen. A low fric-
tion coral reef (n = 0.01s/m1/3) was considered to avoid the influence of friction on resonant amplification
and wave transformations. The breaking parameter command option was activated in every case, with the
default values, to account for wave breaking and its impact on wave shape.

Table 3.5: Reef numerical model setup - SWASH.

Characteristic Symbol Value
Grid resolution ∆x 0.1 m
Vertical layers N° 1

Courant number σ < 0.5
Run duration t 4 h

Friction coefficient n (Manning) 0.01 s/m1/3

3.3.2. Small amplitude resonant regular long waves experiment
The goal of this numerical experiment is to generate and understand simplified scenarios of resonance under
the first two resonant modes. Therefore, resonance will be forced over a fringing reef with monochromatic
long waves, which will vary in wave period and wave amplitude. Moreover, resonance will be forced and
studied under two reef flat water depths (dr = 0.8 m, and dr = 1.6 m). The results of this numerical modeling
will be analyzed, and the reef resonant hydrodynamics characteristics will be investigated by searching the
long wave frequency and amplitude that generates the maximum resonant amplification on the wave height
at the beach toe (Hbeachtoe ), and the maximum run-up (Rmax ) .

Several steps needs to be followed to obtain the experiment objective:

1. The first two theoretical reef natural periods, fundamental T ∗
0 and first mode T ∗

1 , will be estimated from
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Equation 2.3 for both dr .

2. The model will be run with theoretical resonant regular long waves with an incident wave height of
Ho f f = 1 cm. This small amplitude (Ho f f /dr < 1.5%) was chosen to avoid a possible influence of non-
linear effects on resonance.

3. Following runs will be carried out with wave periods neighboring the theoretical resonant ones until
finding a maximum (Hbeachtoe ), and (Rmax ) for the two first resonant modes. The offshore wave height
will be kept at 1 cm.

4. The two modeled eigenmodes leading to these maxima will be defined as modeled resonant periods.
They will be named as T0 and T1 for the ones close or equal to T ∗

0 and T ∗
1 , respectively.

5. The influence of wave amplitude on the resonant amplification ratio will be studied for these two fre-
quencies by varying Ho f f between 0.1 and 1.5 cm.

6. Resonant amplification ratios will be computed to compare resonant Hbeachtoe and Rmax values with
respect to Ho f f (AH = Hbeachtoe /Ho f f , and AR = Rmax /Ho f f ).

These steps can be divided as two consecutive experiments. The first experiment has the objective of
finding the modeled resonant periods for the first two modes (step 1 to 4), and the second experiment has
the objective of understanding offshore wave height (Ho f f ) influence on resonant amplification (step 5 to 6).
The steps to be followed in each experiment can be visualize in Figure 3.7.

Figure 3.7: Methodology followed in this study to force resonance over a schematized fringing reef.

3.3.3. Data analysis
The methods and formulas used to analyze the results of the different SWASH runs are highlighted in this
section.

Splitting incoming and outgoing wave

The surface elevation η and the depth average velocity U were split based on the method of Guza et al.
(1985):

η± = 1

2
(η±U

√
d

g
) (3.3)
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U± = 1

2
(U ±η

√
g

d
) (3.4)

This methodology works under the assumptions of linear wave theory, shallow water, and cross-shore
wave propagation. It can be applied for long waves with a small amplitude.

Wave nonlinearity

The analysis of non-linear wave shape was carried out through the parameters of wave skewness (Sk) and
wave asymmetry (As), which were computed with the third-moment of the surface elevation (η) based on
Cheriton et al. (2016) study:

Sk =
〈
η3

〉〈
η2

〉3/2
(3.5)

As =
〈
H 3(η)

〉〈
η2

〉3/2
(3.6)

where H corresponds to the Hilbert transformation.

Energy fluxes

The average incoming and outgoing wave energy E and energy fluxes F were calculated based on Sheremet
et al. (2002), which assumes shallow water and cross-shore propagation:

E±( f , x) =1

4

[
Coηη( f , x)+ (d/g )CoUU ( f , x)

±(2
√

d/g )CoηU ( f , x)
] (3.7)

F±( f , x) = E±( f , x)
√

g d (3.8)

where, CoηU is the η−U cospectrum and Coηη CoUU are η and U autospectra, respectively.

The time evolution of the incoming and outgoing energy fluxes F were calculated based on Madsen et al.
(1997), which can be applied for regular and irregular waves in shallow water conditions:

F±(t , x) = ρU±(t , x)

(
gη±(t , x)d(t , x)+ 1

2
U±2

(t , x)d(t , x)

)
(3.9)

where, η± and U± were obtain from equations 3.3 and 3.4 respectively.



4
Results & Analysis

The SWASH numerical modeling experiment results and analysis are presented in this chapter. This experi-
ment focuses on forcing small amplitude regular long waves resonance over fringing coral reefs, in order to
understand the basics of low-frequency wave resonance and the corresponding resonant amplification over
reefs. The resonant amplification was analyzed for the first two resonant modes, and for different incident
offshore wave heights (Ho f f ). To normalize the influence of (Ho f f ) on resonant amplification two ratios were
built. The first resonant amplification ratio AH shows how much larger is the wave height at the beach toe (x
= 270 m) compared to Ho f f , and the second ratio AR reflects the ratio between the maximum beach run-up
and Ho f f :

AH = Hbeachtoe /Ho f f (4.1)

AR = Rmax /Ho f f (4.2)

After presenting the experiment results, an analysis was carried out for different processes that could
influence the wave height and run-up resonant amplification. These processes are:

• Influence of wave period on resonant amplification

• Influence of wave height on resonant amplification

• Resonant build-up behavior

• Influence of reef energy balance on resonant amplification

4.1. Numerical modeling results
The results were divided into two experiments. The first experiment was carried out to find the first two
modeled resonant modes (fundamental resonant period T0, and first resonant period T1) for a fixed Ho f f ,
and understand how the wave height at the beach toe (Hbeachtoe ) and maximum run-up (Rmax ) vary for
different wave periods. In the following experiment, the influence of offshore wave height on the wave height
and run-up amplification ratio was analyzed by varying Ho f f for T0 and T1 period waves. Consequently, the
resonant amplification ratios AH and AR were studied. Both experiments were carried out for two reef flat
water depths, dr = 0.8 m and dr = 1.6 m.

4.1.1. Finding resonance for small amplitude regular long waves
In order to find resonance, SWASH runs (example in Appendix B) were carried out starting from the theo-
retical resonant modes T ∗

0 and T ∗
1 (Table 4.1), computed based on Equation 2.3, and continuing with neigh-

boring periods. Through this methodology, the frequencies leading to the largest resonant amplifications
were found. This maximum amplification was identified by comparing for every modeled period, the wave
height at the beach toe (Hbeachtoe ), and the maximum run-up (Rmax ). These parameters, for dr = 0.8 m, are

17
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shown in Figure 4.1. Hbeachtoe was calculated with the zero down crossing technique, and Rmax as the max-
imum value of the run-up series with the still water level as reference. For every period, both variables were
computed with stationary water level time series. In this thesis, stationarity was considered when the slope
of the signal envelope reaches values smaller 10−6. This condition was fulfilled at different times for the dif-
ferent surface elevations signals analyzed, with an average time needed to reach stationarity of around 5000 s.

Both parameters, Hbeachtoe and Rmax , show two resonant amplification peaks in Figure 4.1, with a band-
width of resonant periods around each peak. Within each of these resonant bandwidths, the wave height at
the beach toe (Hbeachtoe ) and the maximum run-up (Rmax ) reach considerably higher values than the neigh-
boring frequencies. The fundamental resonant bandwidth (right peak) is wider than the first mode (left peak)
resonant bandwidth, which can be noted because the periods neighboring the fundamental mode experience
a relatively lower resonant amplification reduction than periods close to the first mode. For example, a varia-
tion of five seconds from the resonant period reduces Hbeachtoe in 2.5% for the fundamental mode and 6.2%
for the first resonant mode. Moreover, a 10 seconds variation from the resonant period reduces Hbeachtoe in
20% for the fundamental mode and 30% for the first resonant mode. Thus, the range of periods resonating
around the fundamental mode is wider than the resonating bandwidth of periods neighboring the first mode.

Figure 4.1: Stationary beach toe wave height Hbeachtoe (top figure) and maximum run-up Rmax (bottom figure) for different wave
periods. The offshore wave height is Ho f f = 0.01 m and dr = 0.8 m. The yellow (orange) dots indicate the first two theoretical (modeled)

resonant modes (Table 4.1).

The model setup implied shallow water conditions for the simulated long waves since the beginning of
the domain. Hence, waves are expected to shoal at a similar rate independently of the wave period and not
to show different Hbeachtoe and Rmax values for the same Ho f f . As the amplification peaks occur on periods
neighboring the theoretical resonant periods (yellow dots in Figure 4.1), the amplifications was associated
with resonant waves over the reef. Inside the two resonant bandwidths, the maximum Hbeachtoe and Rmax

amplification occurs for the period located in the middle of each bandwidth. These two periods are defined
as the modeled resonant periods T0 and T1 (orange dots from Figure 4.1), and they represent the first two reef
natural frequencies. These periods were found to be T0 = 431 s and T1 = 145 s for dr = 0.8 m, and T0 = 325 s
and T1 = s for dr =1.6 m (Table 4.1).

The first two modeled resonant modes (orange dots from Figure 4.1) are both longer than the correspond-
ing theoretical ones (yellow dots from Figure 4.1). The same behavior was observed in dr = 1.6 m results (Ap-
pendix C, Figure C.1). Moreover, the theoretical and modeled resonant periods are shorter for larger water
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depths as expected from theory (Equation 2.3).

Table 4.1: Theoretical (Equation 2.3) and modeled fundamental and first resonant periods for different reef flat water depth (dr ). T∗
0

and T∗
1 corresponds to theory and T0 and T1 to SWASH results. Zero indicates fundamental resonant mode, and one the first resonant

mode.

dr (m) T ∗
0 (s) T ∗

1 (s) T0 (s) T1 (s) Ho f f (cm)
0.8 385.9 128.6 431 145 1
1.6 273.3 91.1 325 105 1

As presented in Figure 4.1, both the beach toe wave height and the maximum run-up are larger for the
fundamental mode than for the first resonant mode. Moreover, periods in the vicinity of T0, such as T = 450
s can reach larger Hbeachtoe and Rmax than T1. For the maximum run-up, no difference can be observed
between the closest periods to T0, which is probably due to the grid resolution (∆x = 10 cm). However, the
run-up grid resolution is sufficiently fine, ∆R = 1.67 cm (∆x = 10 cm over a 1/6 beach slope), to indicate that
the impact of resonance on run-up is similar for T0 and periods close to it.

4.1.2. Varying wave height of resonant regular long waves
In Subsection 4.1.1 the first two modeled resonant periods T0 and T1 were identified. These frequencies were
found for the different dr , assuming an incident wave height Ho f f = 1 cm (Table 4.1). In this subsection, Ho f f

is varied for these two resonant modes to analyze its impact on the resonant amplification. In order to com-
pare results with same period but different Ho f f , the ratios AH (Equation 4.1) and AR (Equation 4.2) are used.

Figure 4.2 shows that smaller waves undergo stronger resonant amplification for both beach toe wave
height and maximum run-up. This behavior was observed for the fundamental and first resonant periods,
for both reef flat water depth scenarios (results for dr = 1.6 m are presented in Appendix C, Figure C.2). Thus,
it could be said that higher resonant waves amplify less than smaller resonant waves. Furthermore, for the
same Ho f f , the fundamental mode generates a larger amplification ratio than the first mode. This difference
reduces with increasing offshore wave height.

Figure 4.2: Stationary beach toe wave height ratio AH (upper figure) and maximum run-up ratio AR (lower figure) for different incident
offshore wave heights Ho f f , and for the first two resonant mode TO and T1 (dr = 0.8 m).

The maximum run-up ratio, considering the same Ho f f , is similar for T0 and T1 for most offshore wave
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height input. This lack of variability between periods for Rmax could be due to the grid resolution (∆x = 10
cm), and may improve with a finer grid. However, as the ∆R was taken smaller than 2 cm, it seems that, for
a dr of 0.8 m, the impact of resonance on Rmax , is fairly constant for the first two resonant modes with the
same Ho f f . For the larger reef water depth dr = 1.6 m (Appendix C, Figure C.2), AR showed stronger differ-
ences between both resonant periods than for dr = 0.8 m. Thus, the results suggest that the influence of the
resonant period on the resulting maximum run-up is lower for smaller water depths.

The amplification ratios AH and AR , are compared for different reef flat water depths and offshore wave
heights with the same Ho f f /dr relation (Figure 4.3). From this comparison, it is shown that smaller waves
amplify more than larger ones, independently of the dr . Moreover, these amplification ratios are stronger for
smaller reef flat water depths. This behavior is more noticeable for a smaller Ho f f /dr relation (smaller waves)
than for a larger Ho f f /dr relation (higher waves). The difference between the resonant amplification ratios
for different dr , decreases for larger wave heights. It can be note that with increasing Ho f f /dr amplification
ratios tend to the dashed blue lines in Figure 4.3, which symbolize equal resonant amplifications for the dif-
ferent water depths.

Figure 4.3: Stationary beach toe wave height ratio (left figure) and maximum run-up ratio (right figure) of different incident offshore
wave heights and water depths. Each ratios is compared between dr = 0.8 m (x axis) and dr = 1.6 m (y axis) for the same Ho f f /dr

relation.

In general, for both dr , the amplification ratios are larger for T0 than for T1, which is more perceptible for
the wave height amplification ratio (AH ). Moreover, within the same reef flat water depth, this ratio shows
stronger variation for the fundamental mode than for T1. The first period AH presents a shorter range of
variation than the T0, showing smoother AH oscillations between different Ho f f and dr scenarios. The maxi-
mum run-up amplification ratio presents a similar range and intensity of variation for different periods, water
depths and wave heights scenarios.

Due to the dr difference, between dr = 0.8 m and dr = 1.6 m, the linear wave theory shoaling coefficient
(Ksh = (do f f shor e /dr )1/4) for shallow water, where do f f corresponds to the offshore water depth) is expected
to decrease in 15% for the deeper water depth, which could be the cause of stronger amplifications for the
shallower water depth studied. However, by removing the shoaling influence, a comparison between the inci-
dent wave height resonant amplification of both dr (Appendix C, Figure C.3) showed a similar tendency than
Figure4.3. Smaller waves amplify more than higher waves, especially in the shallower water depth scenario
(dr = 0.8 m). Moreover, variations between waves with the smaller Ho f f /dr relation and the larger Ho f f /dr

relation are stronger for T0 than for T1. Furthermore, the tendency to have similar resonant amplification
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between different dr is achieved with the fundamental period, for the largest values of Ho f f /dr relation, in
which dr = 1.6 m can resonate between 5-9% more than dr = 0.8 m. The first resonant period behavior re-
mains unaltered when removing the wave shoaling influence, with the dr = 0.8 m experiencing the stronger
resonant amplifications, and without showing stronger resonant amplification differences whit Ho f f varia-
tions. Thus, the general tendency of stronger resonant amplifications for dr = 0.8 m remains.

4.2. Influence of wave period on resonant amplification
Resonant waves behave like standing waves, with a node located close to the reef crest and an anti-node at
the shoreline for the fundamental mode (top Figure 4.4). The first resonant mode has two nodes and two
anti-nodes (bottom Figure 4.4). The nodes are located one close to the reef crest, and the other around two-
thirds of the reef flat (x = 180 m). The position of the node closer to shore can vary depending on the reef
flat water depth, while the second node remains close to the reef crest. Theoretical resonant periods, T ∗

0 =
385.9 s s and T ∗

1 = 128.6 s, and non-resonant periods, such as T = 300 s and T = 200 s, also present a standing
wave pattern, but with a node shorewards and further of the reef crest than resonant periods. Thus, the node
location condition needed for resonance to occur is not fulfilled for non-resonant periods.

Figure 4.4: Stationary significant wave height (Hs ) cross-shore evolution for different wave periods (x = 0 m indicates the reef crest and
x = 270 m, right end of the figure, the beach toe). Top figure shows periods in the range of the theoretical and modeled fundamental

resonant period. Bottom figure shows periods in the range of the theoretical and modeled first resonant period. In this analysis Ho f f =
1 cm and dr = 0.8 m.

The cross-shore significant wave height (Hs ) evolution, in shape and or magnitude, varies for waves with
the same Ho f f and different periods. Remarkably, periods close to the resonant modes, T0 and T1 can show
similar Hs values offshore the reef crest and differ considerably over the beach toe. A clear example can be
seen by comparing T0 = 431 s with T = 450 s, and T1 = 145 s with T = 150 s, where in both cases waves show
a standing wave pattern with a node close to the reef crest, and a similar significant wave height seawards of
the reef crest. However, Hs at the beach toe can be approximately 40% larger for the modeled resonant period
(T0 = 431 s and T1 = 145 s), which have the maxima resonant amplifications per mode, than for less amplify
resonant period ( T = 450 s and T = 150 s).

Also, there is a standing wave pattern transition from one to two nodes. This change is noticeable by
comparing the Hs cross-shore evolution of intermediate periods between the fundamental and first resonant
mode. For example, T = 300 s, T = 200 s and T = 150 s can be defined as intermediate periods. The first wave
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period, T = 300 s, presents a standing wave pattern with only one node shoreward of the reef crest (around x
= 70 m). Thus, when reducing the period starting from the fundamental one, the node position moves closer
to the beach. This node shifting process is even more distinguishable for T = 200 s, where the node position is
getting closer to two-thirds of the reef flat. For T = 150 s, the shifting node is almost at the position of the sec-
ond node of a first mode standing wave, and the second anti-node is already observable. Thus, a two nodes
behavior is almost fully developed, which is finally reached with T = 150 s.

The impact of resonance on wave height amplification can be better understood by normalizing the mod-
eled incident significant wave height Hs−i n , with the expected significant wave height due to wave shoaling
Hs−shoal . The incident wave component was calculated following Guza et al. (1985) (Equation 3.3). Hs−shoal

was computed for each wave period by taking the offshore incident wave height (Ho f f ) and multiplying it
with the corresponding cross-shore shoaling coefficient. This coefficient was calculated with linear wave
theory, and due to shallow water conditions it was the same for all the modeled periods. With this approach,
the ratio AShoal was built as:

AShoal = Hs−i n/Hs−shoal (4.3)

A value of AShoal larger than one shows a wave height amplification stronger than the expected due to
wave shoaling. This larger wave height amplification is likely due to wave resonance over the reef flat. For
T0 and T1, for dr = 0.8 m, the incident significant wave height over the reef flat is respectively 3 and 2 times
larger than the expected wave height due to wave shoaling (Figure 4.5). Periods neighboring both resonant
modes showed AShoal values larger than one, showing that they also experienced some wave resonance, and
confirming the existence of bandwidth of resonant periods as shown in Figure 4.1.

Figure 4.5: Stationary normalized incident significant wave height (AShoal = Hs−i n /Hs−shoal ) cross-shore evolution for different wave
periods (x = 0 m indicates the reef crest and x = 270 m, right end of the figure, the beach toe). Hs−i n represents the modeled incident

wave height and Hs−shoal the significant wave height related with the linear wave theory shoaling coefficient. In this analysis Ho f f = 1
cm and dr = 0.8 m.

The reef profile has a constant value over the reef flat, which leads, without wave-setup, to a constant
value of dr over this area. The last implies that the incident significant wave height value is conserved over
the reef flat. Thus, Hs−i n variations occur between offshore locations and the reef crest. Furthermore, as the
reef profile uniquely deepens offshore of the reef crest (Figure 3.6), only a wave height increase was expected
for offshore waves propagating towards the reef. Nevertheless, some periods, such as T = 120 s and T = 300
s, showed a wave height decrease when approaching the reef crest. These wave height reductions could be
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due to the effect of fore reef reflection or energy dissipation processes, such as bottom friction. For T =300
s, an extra run without friction was carried out to check this de-shoaling behavior, which showed no change
in cross-shore Hs characteristics between models with and without friction. Thus, it could be said that dis-
sipation due to bottom friction is likely not causing the wave height de-shoaling observed for some periods
offshore the reef crest. Moreover, to understand if there was an influence of Ho f f in this de-shoaling behavior
runs with period T =300 s and different wave heights between 0.1-2 cm were carried out. However, the wave
height de-shoaling offshore of the reef crest remained on every wave climate scenario.

4.3. Influence of wave height on resonant amplification
The influence of the incident wave height on the resonant amplification can be better understood by ana-
lyzing the cross-shore evolution of the previously defined ratio AShoal = Hs−i n/ Hs−shoal , for each resonant
mode and Ho f f . If this ratio is higher than one, it means that the wave height is increasing towards the coast
with a proportion larger than the corresponding shoaling coefficient.

Figure 4.6 shows how smaller wave heights have a stronger amplification ratio, AShoal , than higher waves.
This behavior is more distinguishable in the fundamental mode (top Figure 4.6) than on the first mode (bot-
tom Figure 4.6). For T1, the differences between AShoal for different Ho f f are considerably smaller than for T0.
The highest wave (Ho f f = 1.5 cm) with period T1 (bottom Figure 4.6), shows peaks on the AShoal cross-shore
evolution offshore of the reef crest. These instabilities were also present in the corresponding Hs cross-shore
evolution, and cannot be explained at this stage.

Figure 4.6: Stationary normalized significant wave height (AShoal = Hs−i n / Hs−shoal ) cross-shore evolution for different offshore wave
heights for the first two resonant modes T0 and T1 (x = 0 m indicates the reef crest and x = 270 m, right end of the figure, the beach toe).

In this analysis dr = 0.8 m.

Non-linear wave shapes over the reef could explain the reduction of the amplification ratios with increas-
ing wave height. Moreover, these non-linearities could be responsible for the amplification ratios variations
between waves with the same Ho f f and different resonant modes ( T0 or T1). Differences between the wave
shapes of the incoming wave (ηi n) and the outgoing wave (ηout ) re-reflected at the reef crest are expected
to determine the resonance effectiveness. This non-linear analysis is carried out based on wave skewness
(Equation 3.5) and wave asymmetry (Equation 3.6) parameters.
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Figure 4.7: Wave skewness (Sk) of incident and reflected surface elevation for T0 = 431 s (x = 0m indicates the reef crest and x = 270m
the beach toe). The reef flat water depth is dr = 0.8 m.

Figure 4.8: Wave skewness (Sk) of incident and reflected surface elevation for T1 = 145 s (x = 0m indicates the reef crest and x = 270m
the beach toe). The reef flat water depth is dr = 0.8 m.

Skewness (Sk) is related to the wave asymmetry with respect to the horizontal axis. A positive value indi-
cates that wave crests (the highest point of a wave) are bigger than troughs (the lowest point of a wave), and
negative skewness defines the opposite. Figures 4.7 and 4.8 show skewness of ηi n and ηout for T0= 431 s and
for T1= 145 s respectively (resonant periods for dr = 0.8 m). For the fundamental period, skewness persisted
being negative for the incident and outgoing waves except for ηout seawards of the reef crest where it changes
to a positive value. For T1, skewness has a positive value for incoming and outgoing waves during the whole
domain. The skewness magnitudes of waves with period T0 are limited to the surroundings of zero, reaching
a maximum negative value around -0.2 for the higher wave (Ho f f = 1.5 cm). Waves with period T1 presented
the largest values of skewness mainly offshore of the reef crest, reaching a maximum close to unity for Ho f f
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= 1.5 cm. Summarizing, wave skewness increases with increasing wave height, and presents similar values of
Ski n and Skout within the same period and Ho f f . Thus, due to this similarity, the increase in wave skewness
when increasing Ho f f is not expected to reduce the resonant amplification.

Figure 4.9: Wave asymmetry (As) of incident and reflected surface elevation for T0 = 431 s (x = 0m indicates the reef crest and x = 270m
the beach toe). The reef flat water depth is dr = 0.8 m.

Figure 4.10: Wave asymmetry (As) of incident and reflected surface elevation for T1 = 145 s (x = 0m indicates the reef crest and
x = 270m the beach toe). The reef flat water depth is dr = 0.8 m.

Asymmetry (As) is a wave shape comparison for the vertical axis and relates with the pitched-forward
wave shape. A negative asymmetry indicates a rear face with a gentle slope and a steeper front face, also
known as a sawtooth-like wave shape. Figures 4.9 and 4.10 show the computed asymmetry of ηi n and ηout

for T0= 431 s and for T1= 145 s respectively (resonant periods for dr = 0.8 m). For the fundamental period,
the incident wave has a small positive asymmetry that changes to negative values around x = 200 m (after the
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middle reef flat x = 135 m). For this same period, the outgoing wave has negative asymmetry values, which in-
crease seaward. T1 asymmetry behaves similarly concerning the sign for both incoming and outgoing waves.
The main difference between the two periods is that the first resonant period reaches larger asymmetry val-
ues. Also, for ηi n , the change of sign occurs closer to reef crest (x = 100 m). Additionally, the asymmetry of
ηout increases towards the sea until the reef crest, where it starts reducing.

Waves under the first resonant mode develop larger asymmetries than with the fundamental mode for
the same Ho f f , which could explain the stronger amplifications experienced by the fundamental mode. For
both resonant modes, the magnitude of asymmetry is larger for both incident and outgoing waves with larger
wave heights. Also, for both resonant periods, ηout presents a stronger asymmetry than ηi n , which shows that
incident waves steepen across the reef flat, and keep steepening after being reflected at the beach.

Resonating waves start developing non-linear wave shapes with increasing Ho f f and showing stronger
asymmetry differences (in magnitude and sign) between ηi n and ηout , which could lead to smaller resonant
amplification ratios. The difference in wave asymmetry between ηi n and ηout could have an impact on the
resonance effectiveness, which could explain the reduction of resonant amplification with increasing Ho f f ,
and consequently increasing wave non-linearities. A relation between incoming/outgoing wave shapes and
resonant amplification is expected to happen because, outgoing waves will be (fully or partially) reflected at
the reef crest, and likely resonate with incoming waves.

The difference in asymmetry (∆As) between ηout and ηi n was studied at the reef crest (∆As =Asout−Asi n),
because is the location experiencing stronger absolute differences between Asout and Asi n . This analysis was
done for both modeled reef flat water depth, and the first two resonant modes (Figure 4.11). ∆As showed that
independently of the period and reef flat water depth, the asymmetry of the outgoing wave is negative and
larger, in absolute value, than the asymmetry of the incoming wave. It also showed that, as already stated
before, for the same dr and Ho f f , waves with period T1 steepen more over the reef flat than waves with
the fundamental period. Additionally, when comparing the same resonant mode for different water depths,
∆As is always larger in magnitude for smaller water depths. At the same time, the resonant amplification is
stronger for smaller water depth (Figure 4.3). Thus, it could be said that for a given depth, the most amplified
waves are those who have the most linear shape. However, it could not be proved that the magnitude of the
resonant amplification is directly linked with the value of ∆As. Because even when it has been shown that
resonant amplification reduces with increasing ∆As, waves under shallower reef flat water depths are, at the
same time, more non-linear and more amplified than under larger water depths conditions.

Figure 4.11: Variation of wave asymmetry between outgoing and incident surface elevation (∆As= Asout − Asi n ). ∆As was computed at
the reef crest (x = 0 m), for two different reef flat water depth (dr ) and their specific first two modeled resonant modes (T0 and T1).
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The reduction of the resonant amplification with increasing Ho f f could also be influenced by a detuning
from the most resonant wave period, which is defined as the wave period that leads to the largest wave height
and run-up amplification computed respectively with ratios AH and AR . To understand if there is a shift of
the modeled resonant period when varying wave height, AH and AR ratios were computed for waves with
different Ho f f , and with periods neighboring the fundamental mode T0 = 431 s (for dr = 0.8 m). This analysis
(Figure 4.12) showed that for small Ho f f the most resonant period slightly shifted inside the resonant band-
width found in Figure 4.1. In this numerical experiment, slightly shorter resonant periods were observed for
smaller waves, and slightly longer resonant periods for larger wave heights. This period shift can be observed
when comparing the values of AH for the same Ho f f and different periods, where for example Ho f f = 0.5
cm experiences the largest wave height amplification (AH ) with a wave period of T = 425 s, whereas Ho f f =
1.5 cm amplifies more with T = 437 s. The differences in resonant amplifications are not noticeable when
comparing AR values, because run-up variations due to resonant period detuning are smaller than the run-
up resolution (∆R = 1.6 cm). Thus, it could be said that the impact of period detuning on flooding due to
resonant amplification, is considerable low under the scenario of small amplitude long waves.

Figure 4.12: Variation of the fundamental resonant period due to offshore wave amplitude influence on AH (upper figure) and AR
(bottom figure). For every case dr = 0.8 m.

4.4. Resonant build-up behavior
According to literature, long waves over a reef flat can experience resonant amplification when their fre-
quency matches one of the reef natural frequency, studied in the previous sections, and when there is suf-
ficiently resonating wave energy trapped over the reef flat. The wave energy trapping process for a constant
wave forcing starts with minimum energy, and gradually builds up until reaching a maximum resonant ampli-
fication or an equilibrium state (Nwogu and Demirbilek (2010), Guza and Bowen (1976)). The wave resonance
build-up can be observed for resonant periods on the water level η (Figure 4.13) and run-up R (Figure 4.14)
time series, where both resonant time-series become stationary after reaching a maximum resonant ampli-
fication. The run-up time series presents a staircase shape due to its resolution of ∆R = 1.67 cm. To have a
more continuous run-up signal a finer grid resolution is needed, which implies a higher computational cost
due to the lack of a locally refine grid option in a 1D SWASH model.

A resonant build-up behavior was present in this experiment for the first two resonant modes (T0 = 431 s
and T1 = 145 s for dr = 0.8 m). This behavior was observed to be faster in both η and R for the first resonant
mode than for the fundamental period. However, the number of waves needed for both periods to become
stationary is the same. Both modes need 14 waves for an Ho f f = 1 cm (Table 4.2). Waves with non-resonant
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period (T = 120 s, T = 200 s,T = 300 s and T = 500 s), do not experience a build-up behavior neither in the η
signal nor in the run-up signal. Moreover, the time needed to reach stable conditions was found to be longer
for non-resonant periods than for resonant periods. For example, T0 = 431 s reaches stationary conditions
after 4920 s, T = 300 s after 6600 s, and T = 500 s after 7900 s.

Figure 4.13: Resonant build-up behavior of the beach toe water level (η) time series for dr = 0.8 m. Top figure includes the reef
fundamental resonant period T0 = 431 s and neighboring periods. Bottom figure includes the reef first resonant period T1 = 145 s and

neighboring periods.

Figure 4.14: Resonant build up behavior of the run-up (R) time series for dr = 0.8 m. Top figure includes the reef fundamental resonant
period T0 = 431 s and neighboring periods. Bottom figure includes the reef first resonant period T1 = 145 s and neighboring periods

The resonant build-up behavior for different wave heights was analyzed by studying the wave height time
evolution at the beach toe. To quantify how many waves are needed to build-up resonance until the max-
imum amplitude, a ratio (AN◦ ) was computed between the wave height of each wave reaching the beach
toe, calculated through zero down crossing technique, and the maximum wave height by resonant period
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reached under stationary conditions (AN◦ = Hbeachtoe / Hbeachtoe−max ). When this ratio AN◦ reaches the
unity, it shows that the wave reached its maximum resonant wave height amplification and consequently an
equilibrium state (dots Figure 4.15).

Figure 4.15 reflects how, for dr = 0.8 m, smaller wave heights need more waves reaching the reef to build up
resonance until an equilibrium state, whereas larger wave heights can reach a steady state with fewer waves.
Similar results were found for dr = 1.6 m, which can be seen in Appendix C (Figure C.1). The dependence
between the number of waves needed to fully resonate and Ho f f , is stronger for the fundamental period (top
Figure 4.15) than for the first mode (bottom Figure 4.15). This stronger dependence can be clearly noticed
when comparing the number waves needed for the highest wave (purple dots Figure 4.15) and for the smaller
wave (blue dots Figure 4.15) between both resonant periods, this comparison shows a larger difference be-
tween the minimum and maximum number of waves for T0 than for T1.

Figure 4.15: Number of waves needed to build-up a maximum wave height resonant amplification at the beach toe for different Ho f f
and resonant modes. Top figure shows AN◦ per individual wave height for the fundamental mode T0. Bottom figure shows AN◦ per

individual wave height for the first mode T1. This analysis was done for dr = 0.8 m

The exact number of waves needed to reach a stationary resonant state for the different resonant modes,
water depths, and incident offshore wave heights studied, can be seen in Table 4.2. The different Ho f f be-
tween dr = 0.8 m and dr = 1.6 m were chosen to maintain the Ho f f /dr relation. For dr = 0.8 m waves with
the same height but different resonant modes reach a steady resonant state with a similar amount of waves.
Hence, as the fundamental mode has a longer period, it needs more time to fully build up resonance (du-
ration in Table 4.2) than T1. Additionally, the number of waves needed to build up resonance, for the same
Ho f f and different resonant modes, is similar but not equal. Higher waves reach maximum resonance with
fewer waves for the fundamental mode, while smaller waves reach maximum resonance with fewer for the
first mode. This difference, minimum with 1 cm of wave height, can be seen by comparing the different be-
havior of Ho f f = 0.1 cm and Ho f f = 1.5 cm for the first two resonant periods. The smallest wave rise to a ratio
of AN◦ equals to one with fewer waves for T1 and more waves for T0, whereas the highest wave reaches AN◦

equals to one with fewer waves for T0.
For the case of dr = 1.6 m, waves with the same Ho f f reach a resonant equilibrium state with fewer waves

with the first resonant period than with the fundamental one. Moreover, T0 behaves similar to the resonant
periods with dr = 0.8 m, with a decreasing number of waves needed as the wave height increases. However,
waves under the first mode build up resonance with the same number of waves independently of Ho f f . Thus,
the results suggest that T1 build-up time is less dependent on the offshore wave height than T0, decreasing
this dependence with increasing dr .
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Table 4.2: Number of waves needed to reach the maximum resonant wave height (dots Figure 4.15. Different wave heights are
considered for the two modes T0 and T1 for dr = 0.8 m

dr (m) Ho f f (cm) Duration (T0) Duration (T1) N ◦ of waves (T0) N ◦ of waves (T1)
0.

8
0.1 2 h 23 min 46 min 20 19
0.5 2 h 39 min 17 16
1.0 1 h 41 min 34 min 14 14
1.5 1 h 12 min 31 min 10 13

1.
6

0.2 1 h 32 min 9 min 17 5
1.0 1 h 26 min 9 min 16 5
2.0 1 h 16 min 9 min 14 5
3.0 1 h 9 min 11 5

The relation between the resonant build-up time, the reef flat water depth, and the Ho f f vary more for
the fundamental mode than for the first resonant mode. Figure 4.16) present the number of waves needed
to build-up resonance under the fundamental mode, for different dr and the same Ho f f /dr relation. As
already stated before, smaller waves need more waves to resonate with a maximum resonant amplification
than higher waves. Figure 4.16 also shows that smaller waves (small Ho f f /dr ) resonate with fewer waves
for larger dr , whereas higher waves reach full resonance with fewer waves for smaller reef flat water depths.
However, the number of wave differences between both dr for the fundamental mode, are not big enough
to make a difference in the time needed to reach a maximum resonant amplification, being this time always
shorter for increasing water depths (duration in Table 4.2).

Figure 4.16: Number of waves needed to reach the maximum wave height at the beach toe. The waves are resonating with the
respective fundamental mode, for two different reef flat water depth (dr ).

4.5. Influence of reef energy balance
The wave height and run-up resonant amplification are likely related to the amount of low-frequency energy
trapped and dissipated over the reef. As the energy balance must be fulfilled, the wave energy trapped and or
dissipated over the reef must be equal to the difference between the incoming and outgoing energy fluxes at
the reef crest. The process of trapping wave energy over the reef is likely to have a build-up behavior, similar
to the build-up behavior experienced by the surface elevation (Figure 4.13) and run-up (Figure 4.14) signals.



4.5. Influence of reef energy balance 31

Thus, it is expected that the maximum amount of trapped wave energy over the reef occurs when reaching
stationary conditions. In order to keep this maximum stationary energy value in time, with a constant forc-
ing, is likely that the wave energy dissipated over the reef, due to for example bottom friction, is balanced by
a continuous wave energy trapping process.

To understand if the reef energy balance influences the resonant amplification, energy fluxes were ana-
lyzed for cases with and without bottom friction for different wave periods and wave heights. Models includ-
ing bottom friction were analyzed to understand the impact of bottom friction on the reef energy balance,
and frictionless models were studied to understand the process of trapped wave energy.

4.5.1. Influence of friction on resonant amplification
The magnitude of the stationary dissipated wave energy, can be visualized through the cross-shore evolu-
tion of the ratio between the seaward (Fout ) and shoreward (Fi n) stationary energy flux (Figure 4.17), where
a flux is taken as stationary after the surface elevation envelope slope is lower than 10−6. An energy flux ratio
(Fout /Fi n) smaller than one indicates a larger amount of energy coming in than going out.These energy fluxes
were calculated based on Sheremet et al. (2002) (Equation 3.8).

Non-resonant periods in the range of the fundamental resonant one (top Figure 4.17) present a flux ratio
close to one over the whole domain. The fundamental resonant period and close frequencies have values
close to the unity only over the reef flat, reaching one at the beach toe. Offshore of the reef crest Fout /Fi n

decreases, reaching values between 0.6 and 0.8. The smallest energy flux ratio offshore of the reef corresponds
to T0. The periods in the range of the first resonant mode (bottom Figure 4.17) do not show a large cross-
shore variation of energy flux ratios. These ratio values were limited between 0.9 and 1 for resonant and
non-resonant periods, with the non-resonant periods close to one over the whole domain. The difference
in the energy flux ratio values between the fundamental and first resonant mode could explain the largest
amplification ratios experienced by waves with a period T0, with larger resonant amplification leading to
stronger frictional dissipation over the reef flat; thus, smaller Fout /Fi n values.

Figure 4.17: Stationary energy flux ratio Fout /Fi n cross-shore evolution for different wave periods x = 0 m indicates the reef crest and x
= 270 m, right end of the figure, the beach toe for the model with bottom friction.

The effect of friction on the wave height and maximum run-up resonant amplification was investigated
by comparing the results of a frictionless and low friction bottom (Figure 4.18). The low friction bottom has
a Manning friction coefficient of n = 0.01 s/m1/3, which is similar to smooth plastic material. This analysis
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showed that even low values of bottom friction could decrease the wave height and maximum run-up res-
onant amplification. The impact of this reduction was observed to be stronger for the fundamental mode
than for the first resonant mode. The fundamental mode with frictional bottom can present a 26% smaller
resonant wave height, and 23% smaller resonant maximum run-up than frictionless bottoms. The first mode
experiences less than 5% reduction on the wave height, and no reduction was observed on the maximum
run-up. For both resonant periods, the resonant amplification decreased without shifting the modeled reso-
nant period. Thus, data suggest that bottom friction reduces resonance without changing the most resonant
period. The frictional dissipation of non-resonant periods, like T = 200 s and T = 385.9 s, is insignificant (less
than 0.05%), which can be seen in the almost unchanged values of Hbeachtoe and Rmax .

Figure 4.18: Beach toe wave height Hbeachtoe (top figure) and maximum run-up Rmax (bottom figure) for different wave periods. The
solid line indicates a model with friction, and the circles a model without friction. For every period Ho f f = 1 cm and dr = 0.8 m.

The impact of friction on the resonant amplification can be better understood by comparing for the same
Ho f f the incoming and outgoing energy flux between a resonant period (modeled fundamental period T0),
and a non-resonant period (fundamental theoretical period T ∗

0 ). Figure 4.19 from (a) to (d) presents the in-
cident and outgoing energy flux, respectively Fi n and Fout , time evolution at the reef crest for frictionless
bottoms,(a) and (c), and models considering low bottom friction, (b) and (d). These time evolution energy
fluxes were calculated based on Madsen et al. (1997) (Equation 3.9), and the resulting signal was average with
a moving window of size equal to the corresponding wave period. Figure 4.19 (e) shows the cross-shore evo-
lution of Fout / Fi n ratio for periods T ∗

0 and T0 with and without friction, under stationary conditions (Figure
4.19 - e). These stationary energy fluxes were computed based on Sheremet et al. (2002) (Equation 3.8).

For frictional and frictionless bottoms, the outgoing energy flux time evolution (a-d) presents a time delay
compared to the incoming flux, starting Fout to have values larger than zero around 200 seconds after Fi n .
This delay, which is similar for all the periods, is related to the time needed for the wave to travel onshore,
get reflected at the beach, and travel back until the reef crest. At the beginning of the numerical modeling,
incoming and outgoing energy fluxes experience an energy flux growth, which, when comparing per single
wave is faster for the resonant period than for the non-resonant period (not shown). Moreover, T0 energy
fluxes keep increasing until reaching a maximum stationary value, whereas non-resonant period T ∗

0 energy
fluxes start decreasing after approximately 2000 s. The stationary energy flux magnitudes are larger for reso-
nant than non-resonant periods, which is especially noticeable when comparing the frictionless cases where
T0 energy fluxes are around ten times larger than T ∗

0 energy fluxes.

Models without friction present larger energy fluxes than models with friction for the same period. The
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reduction of energy fluxes due to friction can be seen by comparing Figures 4.19 (c) and (d), where T0 en-
ergy fluxes decrease around 50% when including friction in the model. Friction dissipation is lower for the
non-resonant period T ∗

0 , with a 1.7% reduction of the stationary energy flux compared to the frictionless case
(a). Furthermore, in every case (a-d) Fi n is larger than Fout for at least a certain time. For T ∗

0 , the difference
between the incoming and outgoing energy flux is more noticeable under non-stationary conditions (t = 0 -
6000 s). In contrast, for the modeled resonant period T0, Fi n is larger than Fout during the entire time. Sta-
tionary Fi n and Fout for frictionless cases, are equal for the non-resonant period T ∗

0 and the resonant period
T0.When including friction, the difference between the incoming and outgoing fluxes increases. This differ-
ence, is roughly 4% for T ∗

0 (Figure 4.19 - b), and 9% for T0 (Figure 4.19 - d) at the reef crest.

Thus, as already seen in Figure 4.18, resonant cases are more affected by friction, having a larger stationary
flux magnitude reduction, and a larger difference between incoming and outgoing fluxes. The latter can be
seen clearly in Figure 4.19 (e), which shows how the flux ratio is equal to one (or close to it) for frictionless
cases, and smaller than one for models with friction. The non-resonant period reaches a minimum Fout /Fi n

of 0.8 offshore of the reef crest, approaching one seawards of this minimum point. On the contrary, for the
resonant case Fout /Fi n reduces seawards of the reef crest, reaching a minimum value of 0.16 at the end of the
domain (x = -2000).

Figure 4.19: Energy flux time evolution at the reef crest, for incident and outgoing waves (a-d). This considers models without friction
(a,b), and with friction (c,d). The cross-shore evolution of the reflection squared ratio (Fout /Fi n ), for stationary conditions, is shown in
(e) for friction and no friction models. These figures compare the theoretical fundamental period T∗

0 = 385.9 s (non-resonant) and the
modeled fundamental period T0 = 431 s (resonant). For every case Ho f f = 1 cm and dr = 0.8 m.

4.5.2. Influence of trapped wave energy on resonant amplification for frictionless cases
The amount of trapped wave energy (∆F ) was computed as the integration in time of the difference between
the incoming and outgoing energy flux of bottom frictionless cases (∆F = ∫

(Fi n(t )−Fout (t ))d t ). The energy
fluxes were calculated based on Madsen et al. (1997) methodology (Equation 3.9), and an example can be ob-
served in Figure 4.19 (a) and (b) (frictionless bottom). The variation of ∆F at the reef crest with wave periods
can be seen in Figure 4.20, where the previously defined AShoal ratio (Equation 4.3) represents the resonant
amplification. This analysis showed that larger ∆F values lead to larger AShoal ratios. The correlation be-
tween the amount of trapped wave energy and the resonant amplification was found to be high and positive
with a correlation coefficient of R2 = 0.9897 (Appendix C, Figure C.8).
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Figure 4.20, as Figure 4.1, presents a two peaks behavior where for each peak the maximum ∆F occurs
with the modeled resonant periods for dr = 0.8 m (T0 = 431 s, and T1 = 145 s). Waves with these resonant
periods also experience the maximum resonant amplification inside each resonant peak, which suggests that
the modeled resonant periods are more efficient than neighboring periods in trapping wave energy over the
reef for the same Ho f f . This larger energy wave trapping capacity is likely the cause that T0 and T1 experience
stronger resonant amplifications than periods immediately close to them. Furthermore, it can be observed
that the fundamental mode peak (right peak Figure 4.1) shows larger values of trapped wave energy than the
first resonant mode peak (left peak Figure 4.1). This difference of energy trapped over the reef could explain
the stronger resonant amplifications observed for T0 and neighboring periods, than for the periods within
the bandwidth of the first resonant mode.

Figure 4.20: Relation between the amount of trapped wave energy (∆F = ∫
(Fi n (t )−Fout (t ))d t ) at the reef crest and the amplification

ratio AShoal for different wave periods. The analysis was done with frictionless models, Ho f f = 1 cm, and dr = 0.8 m.

The correlation between the amount of trapped wave energy and the corresponding resonant amplifi-
cation was also studied for the fundamental resonant period under different dr and Ho f f conditions. To
remove the influence of the offshore wave height on the amount of trapped wave energy (∆F ), ∆F was nor-
malized by the time-integrated incoming energy flux (Fi n =

∫
Fi n(t )d t ). Figure 4.21 shows a similar tendency

as Figure 4.20, where stronger resonant amplifications (AShoal ) are related with a larger amount of trapped
wave energy. However, the stronger resonant amplification is not necessarily the one with the larger relative
amount of trapped wave energy, as it was seen in Figure 4.20. Thus, other processes must be playing a role,
such as the influence of non-linear wave shape or a shift of the period from the natural frequency due to Ho f f

influence (Figure 4.12). Also interesting is to note that ∆F/Fi n can be understood as the percentage of the
incoming energy that is trapped over the reef flat, which for every modeled case is smaller than 2%. Thus, the
percentage of the incoming energy trapped over the reef is small, being the majority radiated to the far-field.



4.5. Influence of reef energy balance 35

Figure 4.21: Relation between the normalized trapped wave energy (∆F/F〉\ =
∫

(Fi n (t )−Fout (t ))/
∫

(Fi n (t ))d t ) at the reef crest and the
amplification ratio AShoal , for the fundamental resonant mode. The analysis was done with frictionless models, for different Ho f f and

reef flat water depths ( dr = 0.8 m, and dr = 1.6 m).





5
Discussion

In this chapter, the limitations of this thesis resonant experiments, the key findings, and possible future re-
search topics are discussed. This resonance study was carried out over a fringing reef with SWASH numerical
model. A cross-shore profile (1D model) of a schematized fringing coral reef was built, and wave resonance
was forced over this bathymetry for the first two resonant modes.

In order to understand the most basic case of wave resonance on a reef, the offshore forcing was designed
as a simplified wave climate with small amplitude regular low-frequency waves. The key findings of these
numerical experiments are:

• The modeled natural resonant periods, T0 and T1, are longer than the theoretical periods T ∗
0 and T ∗

1 .
The difference between the modeled and theoretical resonant period (∆T ) varied per resonant mode
and dr , with maximum differences found for both modes with dr = 1.6 m. ∆T for T0 was found to be
11.6% for dr = 0.8 m, and 18.9% for dr = 1.6 m. ∆T for T1 showed smaller variations, being 12.8% for dr

= 0.8 m, and 15% for dr = 1.6 m.

• For the cases studied, the shallower reef flat water depth had longer resonant periods, and larger reso-
nant amplifications AH and AR than the deeper dr . AH was found to be up to 1.8 times larger and AR

up to 2 times larger for dr = 0.8 m than for for dr = 1.6 m.

• Resonance occurs inside a bandwidth of periods, with T0 and T1 the periods with the stronger am-
plification inside each resonant mode bandwidth. If considering the resonant bandwidth until a 25%
reduction of the maximum amplification, the bandwidth around T0 was found to be wider than the
bandwidth around T1 for dr = 0.8 m. Because, a decrease of 25% of the resonant amplification was due
to a period deviation of 4.4% for T0 and 3.4% for T1.

• The fundamental mode has larger Hbeachtoe and Rmax amplifications than the first resonant mode,
which respectively can reach 2.5 and 2 times larger values for the fundamental mode than the first
mode.

• Smaller waves have a stronger relative amplification of Hbeachtoe and Rmax than higher waves, with
stronger differences for the fundamental mode. The smallest Ho f f can relative be amplified up to 1.6
times more on Hbeachtoe , and up to 4.5 times more on Rmax than the largest modeled Ho f f .

• Larger wave heights start developing non-linear wave shapes over the reef flat, increasing the differ-
ences between incoming and outgoing wave asymmetry (∆As ). The maximum∆As difference between
the minimum and maximum modeled Ho f f was found to be 24%, which corresponds to the scenario
with T1, Ho f f = 1.5 cm, and dr = 0.8 m.

• Higher waves need fewer waves to reach a final steady resonant state than smaller waves. The max-
imum number of waves difference between the minimum and maximum Ho f f was found to be ten
waves, which corresponds to the scenario with T0 = 431 s, and dr = 0.8 m.

37
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• Stronger amplifications are related to more wave energy trapped over the reef flat, which relation was
found to be 98.97% correlated within a comparison between different periods and the same Ho f f .

• Low bottom friction values can reduce Hbeachtoe and Rmax resonant amplifications up to 26% and 23%
respectively, when increasing friction from a smooth reef (frictionless) to a material similar to a smooth
plastic ( n = 0.01 s/m1/3).

5.1. Study limitations
A SWASH validation was carried out for a fringing coral reef based on laboratory experiments performed by
Demirbilek et al. (2007). This validation showed the capability of SWASH to model coral reef hydrodynamics
with an acceptable error using a 1D model. Moreover, SWASH was also effective in modeling resonance over
coral reefs for different wave climate and water level scenarios.

The numerical experiments of this thesis are based on a simplified 1D bathymetry of a fringing coral reef.
This cross-shore profile does not take into account processes such as 2D effects and directional wave spread-
ing, which can give conservative predictions of run-up (Veldt 2019). Thus, according to literature (Van Don-
geren et al. 2013), it is expected that the results of this thesis are overestimating the impact of resonance, and
being more in the conservative side of a coastal safety assessment.

To fulfill the SWASH requirement of linear wave theory at the wavemaker, the reef profile (Figure 3.6) had
to be deepened and extended. Offshore of the fore reef slope end (x = -360), the modeled profile was extended
until x = -2000 m to reach a depth of 440 m below the reef platform, and to ensure 500 m of a flat bottom be-
fore the wavemaker. With these changes, the domain ended up having 2360 m of extension, which added
to the chosen grid resolution of ∆x = 10 cm lead to a high computational cost, and consequently a limited
amount of simulations that could be carried out to answer the research questions.

The fine grid resolution was needed to understand variations of beach run-up between different periods
and wave heights; because coarser grids did not show run-up signals differences for different wave climates.
The large dimensional difference between ∆x and the offshore water depth (minimum of 440.8 m for dr =
0.8 m) made SWASH runs unstable for more than one vertical layer, which implied that all the results had
to be computed with a depth-averaged model. Thus, differences of velocities directions and magnitudes
for different locations in the water column, such as an undertow current, are not taken into account. How-
ever, differences between the results of depth-averaged models and higher vertical resolution models are not
likely to be relevant under a small amplitude regular long wave scenario. A higher vertical resolution could
be achieved if instead of a 1D model (in x and z direction), a 2D model (in x, y , and z direction) was built by
repeating the cross-shore profile in the y direction at least two times. This 2D model will allow working with
a non-uniform grid using onshore higher resolution and offshore lower resolution, which likely will make the
deepest part of the model stable for more than one vertical layer.

The wave climate of this thesis is limited to regular low-frequency waves with small wave heights (0.1 cm
to 3 cm). Thus, the interaction between short and long waves observed in nature is not considered. More-
over, typical reef hydrodynamic processes such as long wave generation and wave breaking are likely not
present in this thesis. Long wave generation is not expected due to the absence of short waves, needed for the
bound long waves generation mechanism, and the lack of incident wave height variation needed for generat-
ing waves through wave breakpoint oscillations. Low-frequency wave breaking over the reef is not expected
to occur because a 1:6 beach slope sets a fully reflective regime for low-frequency waves (Cheriton et al. 2016).
Moreover, for the frictional bottom case, wave breaking was not observed under the chosen resonant wave
climates, which can be noted by analyzing the cross-shore evolution of the incident significant wave height.
Figure 4.6 shows that the incident resonant wave height increases offshore of the reef crest and remains al-
most constant over the reef flat. Thus, even though the wave steepens while propagating over the reef flat, this
steepening (Figures 4.9 and 4.10) did not reach the almost vertical wall needed for wave breaking in SWASH.
For the case without bottom friction, larger wave asymmetries were observed than with the corresponding
model, including bottom friction. These wave asymmetries were especially large for the outgoing wave, where
the formation of undular bores could be observed close to the reef crest for the highest waves. However, even
for the larger wave heights, the cross-shore evolution of the outgoing wave did not show a decrease. Thus,
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wave breaking is likely not present over the reef under both frictionless and frictional cases.

The wave climate characterized by regular long waves with small wave amplitude was chosen to under-
stand pure resonant amplification with a controlled forcing environment and to reduce as much as possible
the development of non-linear wave shapes. Even though this simplified wave climate cannot be found by
itself in nature, and the results cannot be directly applied to the real world, it gives an insight into the reef reso-
nance behavior and the processes influencing it. For example, by modeling with this simplified wave climate,
a resonant bandwidth of periods for different reef flat water depths could be identified, and the amplification
for different wave heights could be estimated. This knowledge can help to predict possible resonant scenar-
ios for a certain measured offshore wave group signal, which is correlated with the low-frequency energy over
the reef (Gawehn et al. 2016), and to develop flooding early warning systems further. However, to reach this
more research applied state further resonance studies with more realistic hydrodynamic conditions must be
carried out, by forcing wave resonance on a reef for different dr , and scaling in complexity from bi-chromatic
waves to wave spectrum climates.

The range of Ho f f in this study was limited by the requirement of linear wave theory at the wavemaker
in SWASH, which under long wave scenarios only allowed wave heights of a few centimeters. Even when
fulfilling this linear condition, higher waves starting showing instabilities on the wave height cross-shore
evolution. These instabilities appeared immediately offshore of the reef crest, but also around x = -1450. This
unstable behavior was analyzed with a different number of parallel runs and changing the calculations meth-
ods; however, the results of these new runs did not allow to explain this behavior. To cope with this problem,
the SWASH offshore boundary should be deeper, to be as far as possible from non-linear wave theory. Addi-
tionally, other programs without the requirement of linear wave theory at the wavemaker could be tested for
modeling higher regular long waves, for example, programs that can generate cnoidal waves could be a more
suitable option for this regular low-frequency wave numerical experiment.

Finally, the numerical experiments were modeled considering low friction similar to smooth plastic. Thus,
the influence of a rougher bed, more similar to a real coral reef, was not taken into account. According to
Pomeroy et al. (2012), high frictional values, like a healthy coral reef, could suppress higher resonant modes,
which was also concluded by Gawehn et al. (2016). Thus, under a more realistic coral reef roughness sce-
nario, experiencing first mode resonance should be less probable than experiencing fundamental resonance
(Gawehn et al. 2016). Also, it is expected that a stronger forcing is needed for T1 to resonate than for T0 in
order to counteract the resonant amplification reduction due to friction. This behavior was not observed in
the results of this thesis, where both T0 and T1 showed resonant amplifications even for an offshore wave
height of 1 mm probably because of the low friction coefficient.

5.2. Results discussion
Resonance over coral reefs can be forced with small amplitude regular long waves. Moreover, modeled wave
resonance can generate amplifications on the wave height at the beach toe, and in wave run-up. The wave
height at the beach toe can be amplified between 10 to 40 times the incident offshore wave height, and wave
run-up can be amplified between 5 to 50 times the incident offshore wave height. This amplified behav-
ior also has been observed in several experiments and fieldwork data analysis, with Nwogu and Demirbilek
(2010) and Gawehn et al. (2016) as corresponding examples. In this thesis, resonance was found to be pos-
sible to occur for the first two resonant modes and two different reef flat water depths. The main topics to
be discussed can be divided into two main topics (1) differences between resonant and non-resonant peri-
ods and (2) causes of different resonant amplifications. The discussion in (1) focuses in trying to understand
which processes could be responsible for the difference between theoretical and modeled resonant periods,
and discussion (2) focuses in trying to understand why smaller waves amplify relatively more than higher
waves, and why shallower waters are more efficient in resonating.

5.2.1. Differences between resonant and non-resonant periods
A bandwidth of resonant periods was found for each resonant mode, with the respective modeled natural
frequency as the maximum amplification located at the center of each resonant bandwidth mode. These
resonant bandwidths with a maximum at their middle have also been observed on edge waves resonance
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over sloping beaches Guza and Bowen (1976), which suggest similarities between edge waves resonance over
beaches and low-frequency resonance over reef flats. As resonance can occur for a range of frequencies (res-
onant bandwidth), waves with periods neighboring the natural frequencies can also experience wave height
and run-up amplifications. The resonant amplification of periods close to the natural frequencies diminishes
with increasing distance from T0 and T1. This reduction is more efficient for the first mode, which on average
decreases two times faster than the fundamental mode for the same period difference. The resonant amplifi-
cation experienced by waves with periods neighboring the natural frequencies, even when being smaller than
the amplification of the natural resonant period, can have a significant impact on coastal flooding, being an
example of this the tsunami-like wave studied by Roeber and Bricker (2015). In this study, it was found that
the wave setup over the reef oscillated with the incident wave group leading to several damages, which would
have been larger if the incident wave group period would have been closer to the reef natural period.

Resonating waves form standing wave patterns with a node located close to the reef crest, as expected due
to previous research (Buckley et al. 2018). However, the exact position of this node is difficult to identify likely
due to the influence of the steep fore reef slope (1:6), which generates an abrupt water depth change between
the area offshore and onshore of the reef crest. Non-resonating waves were also observed to form standing
wave patterns, with a distinguishable node located onshore of the reef crest, and over the reef flat (Figure 4.4).
For example, the node closest to the reef crest of both theoretical periods, T ∗

0 and T ∗
1 , can be seen mismatch-

ing the reef crest location. This presence of resonating and non-resonating standing wave patterns can be
related to Gawehn et al. (2016) findings, which analysis of field data also showed the presence of these two
low-frequency waves behavior over the reef flat. Thus, as the schematized reef profile of this thesis is based
on the real reef profile studied by Gawehn et al. (2016), modeled simplified low-frequency waves behavior
can relate at a certain extent to the expected real behavior over the reef flat.

The modeled natural periods were found to be in every case longer than the theoretical ones, which was
also observed in Pearson et al. (2017). This difference could be related to the influence of the fore reef slope,
which is not considered in Equation 2.3. The beach slope is also not considered in this equation, but should
not play an important role in this case because theoretical periods were calculated considering the reef flat
width from the reef crest until the shoreline. Moreover, Pearson (2016) found beach slope to have a small
relatively influence in the run-up, and thus in wave resonance. The only impact that beach slope could have
is in run-up resonance over the beach, which was observed in reef environments by Shimozono et al. (2015).
However, run-up beach resonance is out of the scope of this thesis.

The fore reef slope can be partially responsible for the difference between theoretical and modeled res-
onant periods due to its effect on reflecting incoming and outgoing waves with different periods, and wave
heights are not taken into account. According to Dekkers (2018), the reflection coefficient increases for in-
creasing offshore wave period and wave height. The reflection at the reef crest of incoming waves relates to
the amount of wave energy entering the reef, and the reflection of outgoing waves relates to the amount of
energy being trapped over the reef, which are important parameters for wave resonance. The energy flux ra-
tio Fout /Fi n (Figure 4.17), which can be seen as a reflection coefficient, agreed with Dekkers (2018) findings
related to the periods, except for resonant periods or periods neighboring natural frequencies, which showed
lower reflection coefficient than longer neighboring periods. Thus, the results suggest that resonance should
be able to counteract reflection at some level.

Additionally, resonant wave periods were found to be amplitude-dependent, slightly shifting the mod-
eled natural frequency to longer periods with an increase of 50% the incident wave height, and to shorter
periods with a 50% reduction of the incident wave height (Figure 4.12). The shift of the modeled resonant
period due to changes in the incident wave height was found to be 1.4% of the base case fundamental reso-
nant period found for Ho f f = 1 cm and dr = 0.8 m, remaining inside the resonant bandwidth. This shift of
the period cannot be explained by a deviation from the linear dispersion relation, because according to Guza
and Bowen (1976), higher waves lead to longer wavelengths that propagate faster than shorter wavelengths,
which would imply a decrease on the resonant period. Furthermore, this shift of the natural resonant period
is not related to an increase or decrease of the reef flat water depth because its variation is minimum over the
reef compared to the total water depth and wave height (less than 1%). Moreover, larger water depth, as seen
for increasing incident wave height, will lead to shorter resonant periods, according to Equation 2.1, which is
the opposite of what it was observed.
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Even though the amplitude-dependence analysis was carried out for different Ho f f , it can also apply for
one particular Ho f f , because it has been seen that the individual wave height varies in time until reaching an
equilibrium (Figure 4.15). As the wave period does not change in time, the individual wave height time varia-
tion can lead to a change in the wavelength (L) in time due to a possible deviation from the linear dispersion
relation. A deviation from the linear dispersion relation will lead to variations of the location of the node,
due to the L changes in time caused by wave height alterations. In order to understand if time variations in
L can be related to the wave height variations in time, the variation in time of the location of the node clos-
est to the shoreline for the first resonating mode was studied. The node closest to the shoreline was studied
instead of the node closer to the reef crest because its location can be more easily identified for resonating
and non-resonating waves. The changes in time of this node location can be seen as wavelength variations
because the distance between the shoreline and the node (xshor el i ne - xnode ) can be related to a quarter of
a wavelength (L/4). The node location variations, and consequently L variations, were studied during the
resonance build-up time and were compared with the respective wave height evolution at the beach toe for
the theoretical (T ∗

1 ) and modeled (T1) first resonant mode (Figure 5.1). The node location variations were
investigated by dividing the surface elevation time series in sub-series with a duration of two wave periods
(not taking into account the first two waves of the time series), and by studying the cross-shore variation of
the surface elevation variance (var (η)) to find the node or minimum value of var (η). To visualize deviations
from the linear dispersion relation the expected upper and lower boundary of L are shown, which were com-
puted as the corresponding period T by the wave celerity c (L = T c). The lower value corresponds to the L
computed with the shallow water linear wave celerity as c =p

(g dr ), and the upper value was calculated with
the shallow water non-linear wave celerity of a solitary wave as c = p

(g (dr + H)) (Catálan and Haller 2008,
Tissier et al. 2011), with g the gravitational acceleration, dr the reef flat water depth and H the (maximum)
individual wave height at the beach toe.

Figure 5.1: First resonant mode wavelength variation due to beach toe wave height changes in time. Top figure shows the individual
wave height evolution at the beach toe as a ratio of the maximum wave height (AN◦ = Hbeachtoe / Hbeachtoe−max ). Bottom figure
presents the quarter of wavelength evolution (L/4) corresponding to the individual wave showed in the top figure. The dashed lines

represent the theoretical linear wavelength, and the dashed-point lines represent the solitary non-linear wavelength.The analysis was
done for dr = 0.8 m, for the theoretical and modeled first resonant mode, respectively T∗

1 = 128.6 s and T1 = 145 s.

This analysis showed that the theoretical (T ∗
1 ) and modeled (T1) resonant periods experience variations

of the wavelength that can be related to wave height variations, especially for (T ∗
1 ). The wavelength varia-

tions are larger for T ∗
1 than T1, oscillating L∗

1 (corresponding T ∗
1 wavelength) between the non-linear upper

boundary and the linear lower boundary, while L1 (corresponding T1 wavelength) tends to the linear disper-
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sion relation since the first waves, and reaches a constant linear L even before reaching a stationary wave
height. Therefore, results suggest that the theoretical first mode L∗

1 is more prone to be affected by non-linear
effects due to wave height variations than L1, which could be due to the more abrupt wave height variations,
and the larger amount of waves needed to reach stationary conditions for T ∗

1 than T1.

According to Equation 2.1, the first mode resonance over an open-ended basin can occur when L/4
matches one third of the reef width (W ), counted from the reef crest until the shoreline, which in this case is in
the range of W /3 = 91.6 - 91.8 m due to variations on the shoreline location. The oscillations of L∗

1 in time are
always closer to W /3 than L1 values, but the other node, further from the shoreline, is located onshore of the
reef crest, which likely does not allow resonance to occur. The wavelength of the modeled resonant period T1

corresponds to 3/2 W , which is between the value of L for the first mode resonance (n = 1 in Figure 2.4) of an
open-end basin (L = 4/3 W ) and a closed basin (L = 2 W ). Thus, it seems that the reef natural resonant modes
are in between the open-ended basin and close basin theoretical resonant modes, likely due to the influence
of the fore reef slope.

5.2.2. Causes of different resonant amplifications
The fundamental mode was found to generate larger wave height and run-up amplifications than the first
mode, which has also been observed in other resonance studies such as Guza and Bowen (1977), Pomeroy
et al. (2012) and Nwogu and Demirbilek (2010). The resonating efficiency difference between the first two
modes can also be seen when comparing the amount of trapped wave energy over the reef, which for the
same Ho f f was found to be 2.5 times larger for the fundamental mode than for the first mode (Figure 4.20).
Moreover, the amount of trapped wave energy was found to be highly correlated with the wave height reso-
nant amplification (R2= 0.9897). Thus, for the same offshore wave height, T0 traps a larger amount of low-
frequency energy, which reflects in more energy available to resonate over the reef, and consequently in a
stronger resonant amplifications than for T1.

The highest efficiency of the fundamental mode to resonate could also be related to the wave shapes
interacting over the reef for each mode. The comparison between the asymmetries of the incoming and out-
going wave at the reef crest could help to understand the interactions between the incoming wave and the
reflected outgoing wave (first at the beach and after at the reef crest). The efficiency of the coupling of these
two waves will likely have an impact on the resonant amplification. Similar wave shapes are expected to in-
teract more efficiently than waves with large wave asymmetries differences. This coupling could explain the
stronger resonant amplification experienced by waves with period T0 since the first resonant mode presents
for every Ho f f a more significant difference between ηout and ηi n asymmetry at the reef crest. However, to
the knowledge of the author, this topic has not been studied before and could not be proved in this thesis.

In every resonant mode and water depth scenario, smaller offshore wave heights were found to amplify
relatively more than higher waves. This stronger amplification is expected to be related to smaller waves
being relatively more efficient in trapping low-frequency wave energy over the reef flat and in being less dissi-
pated due to, for example, bottom friction. Gathering the information from Figure 4.21, and Figure 4.6 it can
be noted that stronger resonant amplifications AShoal are related with a relatively larger amount of trapped
wave energy∆F /Fi n , and resonant amplifications AShoal are stronger for smaller wave heights. Thus, smaller
wave heights can trap a relatively larger amount of wave energy over the reef than higher waves and conse-
quently, are more efficient in resonating (larger AShoal ). Moreover, Figure 5.2 shows the influence of friction
on the fundamental resonant amplification for different Ho f f by comparing the respective AShoal ratio for
models with and without friction. This analysis shows that smaller waves are less affected by friction than
higher waves, which can be seen by comparing the difference between the friction and no friction values of
AShoal for Ho f f = 0.1 cm and Ho f f = 1.5 cm. The smallest wave is almost not affected by friction (reduction
of 0.6%), whereas the highest wave resonant amplification reduces roughly from 3.6 times the expected wave
shoaling to 2.8 times the expected shoaling (reduction of 22 %).

Additionally, it can be observed that the model with friction shows similar behavior in decreasing reso-
nant amplification when increasing Ho f f for the whole range of wave heights studied, while the model with-
out friction presents two patterns. The first pattern goes from Ho f f = 0.1 cm to Ho f f = 0.75 cm, and shows
an increase of the resonant amplification when increasing Ho f f . On the contrary, the second pattern (Ho f f >
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0.75 cm ) shows that wave heights larger than Ho f f = 0.75 cm experience a decrease of AShoal when increas-
ing Ho f f , similar to the behavior of the frictional model. When analyzing the ratio Fout /Fi n for wave heights
from the second pattern, it was found to be less than 3% larger than for smaller wave heights; thus, it cannot
explain the different behavior found between the two AShoal patterns of the frictionless case. However, when
comparing the difference in asymmetry between the outgoing and incoming wave (∆As = Asout − Asi n) be-
tween the frictionless and frictional models, it was found that by removing friction ∆As increases 4.4 % for
the smaller wave height (Ho f f = 0.1 cm), and 74.7% for the higher wave (Ho f f = 1.5 cm). Thus, the results
suggest that ∆As increases with frictionless bottoms, and that this rising is stronger for larger wave heights.
This larger ∆As, found for larger wave heights, will likely lead to a less efficient coupling between incoming
and outgoing waves. This less efficient coupling could explain why after certain Ho f f threshold (0.75 m in
this case) waves start being less efficient in keeping wave energy over the reef, and consequently start ampli-
fying relatively less than smaller waves.

Figure 5.2: Fundamental resonant amplification factor (AShoal ) at the reef crest for different Ho f f under models without and with
friction. The analysis was done for dr = 0.8 m and T0 = 431 s, with a Manning friction coefficient of n = 0.01 s/m1/3 for the model

considering friction.

Another phenomenon that could explain the relatively larger amplification of smaller waves is the res-
onant period amplitude dependence found in Figure 4.12. This analysis showed that the period leading to
the maximum wave height resonance slightly changes depending on Ho f f , with a wave height increase (de-
crease) of 50% leading to a 1.4% longer (shorter) periods. However, the variations of AH due to a shift of the
most resonant period are not large enough to completely explain the difference between smaller and higher
resonant amplification. The shift of the most resonant period, or also called period detuning, is likely caused
by a deviation from the linear dispersion relation due to a Ho f f increase. This deviation leads to changes
of the wavelength, with a lower boundary set by the linear dispersion relation (c = p

(g dr )), and an upper
boundary set by the solitary wave non-linear dispersion relation (c =p

(g (dr +H))). Figure 5.3 presents these
two boundaries for the fundamental mode T = 431s ( for dr = 0.8 m) wavelength (L). Under linear dispersion
relation, L remains almost constant for different Ho f f , showing small variations only due to small changes
of dr over the reef. On the contrary, when assuming solitary wave non-linear dispersion, the wavelength
difference between the minimum and maximum Ho f f can reach values around 150 m, which corresponds
to 44% of the reef width. The increasing values of L due to increasing Ho f f could lead to a detuning from
the most resonant period. However, this detuning cannot explain the found amplitude dependence where
higher waves lead to longer periods, because according to theory, non-linear waves travel faster than linear
waves (cl i near < cnon−l i near ). Consequently, by estimating the fundamental resonant period as T0 = 4W /c



44 5. Discussion

(Equation 2.1) it can be concluded that T0−non−l i near < T0−l i near , which would lead to higher waves shifting
the natural frequency to shorter periods. Moreover, in Figure 5.1, it was shown that the resonant wavelength
is almost not varying with wave height variations. Thus, a deviation from the linear dispersion cannot explain
the resonant period amplitude dependence.

Figure 5.3: Fundamental resonant wavelength (L) variation for different Ho f f when deviating from linear theory dispersion
relation.cl i near corresponds to

p
(g dr ) and cn onl i near to

p
(g (dr +H)) (solitary wave equation). The analysis was done for dr = 0.8

m and T0 = 431 s.

Larger water depths developed shorter resonant periods than smaller water depths, which was expected
according to theory (Equation 2.1). Additionally, the wave height and run-up amplification for the same rela-
tion Ho f f /dr is stronger for shallower water depths. The effect of more non-linear wave shape was not able
to explain this difference in resonant amplification for different dr because the ∆As between incoming and
outgoing waves at the reef crest was found to be smaller for deeper dr . The reduction of non-linearities with
increasing water depth over the reef flat was also observed by Cheriton et al. (2016).

The reduction of resonant amplification with increasing dr could be due to a reduction of the reef effi-
ciency to trap wave energy as the reef flat water depth increases. Figure 5.4 presents the relation between
the relative amount of trapped wave energy (∆F /Fi n), the relative offshore wave height (Ho f f /dr ) and the
resonant amplification (AShoal ). This analysis was carried out with the fundamental resonant period for two
different water depth (dr = 0.8 m and dr = 1.6 m). This analysis showed that the shallower reef flat water
depth is more efficient in trapping wave energy than the deeper dr , which, as already observed before, leads
to stronger resonant amplifications. Thus, it seems that small amplitude long waves experience stronger res-
onant amplification for equivalent Ho f f /dr relations under the shallower water depth scenario, because the
smaller dr is more efficient in trapping wave energy, and consequently in having more energy available to
resonate.

According to Nwogu and Demirbilek (2010) experiments, under irregular wave conditions, low-frequency
wave energy over the reef was seen to increase with increasing water depths. Moreover, resonance has been
found to be more likely to occur with deeper dr and more energetic wave conditions in field measurements
analysis (Cheriton et al. 2016), and numerical experiments (Pearson et al. 2017). These findings are expected
because larger water depths reduce the wave dissipation due to bottom friction and lead to shorter periods,
which are located in a more energetic area of the spectrum. Thus, even though the shallower water depth
showed to be more efficient in resonating than the deeper dr , under a more realistic wave climate, this higher
efficiency is not able to counteract the more energetic resonant wave conditions available under deeper dr
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conditions. Thus, under a sea-level rise scenario reef resonance occurrence is expected to increase even if
deeper dr are less efficient in trapping low-frequency wave energy over the reef (Péquignet et al. (2009), Pear-
son et al. (2017)).

Figure 5.4: Relative amount of trapped wave energy (∆F /Fi n ) for the fundamental resonant mode under different water depth (dr ) and
offshore wave height conditions (Ho f f ). The circle marker represents the fundamental mode for dr = 0.8 m, and the diamond marker

represents the fundamental mode for dr = 1.6 m.

Resonance was found to be characterized by a build-up behavior, needing a certain number of waves to
grow and reach a maximum and finite stationary resonant amplification, which remained constant under
this experiment, likely due to the permanent forcing. Guza and Bowen (1976) also found an initial growth
followed by a maximum and finite resonant amplification in resonating edge waves over a beach; thus, again,
reef resonance and beach resonance were found to behave similarly. The number of waves needed for reso-
nant waves to reach a maximum amplification and a steady state varies depending on the resonant mode, dr ,
and Ho f f . Tor the scenarios evaluated, the minimum number of waves needed to build-up resonance was
five waves (T1 for dr = 1.6 m), and the maximum was twenty waves (T0 for dr = 0.8 m). Moreover, the deeper
modeled water depth needed fewer waves to develop a fully resonant state than the shallower water depth,
and consequently, the duration of the forcing also decreases, because resonant periods are shorter for larger
water depths. The reduction of the number of waves and forcing duration is especially noticeable for the first
resonant mode, where independently of Ho f f five waves are sufficient to reach a maximum amplification for
dr = 1.6 m. Moreover, for both studied dr , the first resonant period was found less dependent on Ho f f than
the fundamental mode. T1 experienced fewer variations in the number of waves, and also in the resonant
amplification with increasing or decreasing offshore wave height. However, for both resonant modes, wave
resonance developed independently of the wave height when matching the incident wave period with one of
the reef natural frequency. Thus, the results suggest that the period is more important than the wave height
for resonance to occur, which was also found by Gawehn et al. (2016). This study identified a 3.6% of reso-
nance over five months of measurement, and the presence of brief resonant conditions over the reef. These
brief duration of resonance can be related to a matching resonant forcing shorter than the duration needed
to reach a stationary resonant state. Thus, under a regular forcing like the characteristic swell wave climate
that dominates in low lying islands, resonance can develop without needing the full duration computed in
Table 4.2. Nevertheless, under brief resonance scenarios, the resonant amplification likely will be lower than
the corresponding finite maximum resonant amplification. Furthermore, as a general tendency, larger wave
heights were found to need fewer waves to reach a maximum resonant steady state than smaller waves. These
findings on real coastal safety imply that larger waves are more likely to resonate with a maximum amplifica-
tion than smaller waves. However, the wave amplitudes studied in this thesis are very small, and at this state
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cannot be directly linked with real swell or storm wave conditions resonant behaviors.

The impact of friction in resonance was found to be related to a reduction of the resonant wave height
amplification without changing the natural resonant periods. The influence of friction over the resonant am-
plification was found to be stronger for the fundamental mode than for the first resonant mode, which was
also observed by Pomeroy et al. (2012) with low bottom friction. The implication of this finding is also related
to coastal safety because it proved that small variations on the coral roughness could have a significant im-
pact on the resonant amplification. A minimal frictional increase, from a frictionless case to smooth plastic
friction, reduced the wave height at the beach toe, and the run-up until respectively 26% and 23%. Moreover,
according to Gawehn et al. (2016), coral reefs roughness dissipates too much energy, and reefs are not able to
develop higher resonant modes, which was possible in this study likely due to low frictional values. Thus, the
fundamental mode is the most expected to resonate, and as it is also the mode more affected by bottom fric-
tion dissipation, coral preservation, coral restoration, or other methods to increase reef frictional dissipation
are essential to counteract reef resonant amplification.

5.3. Future research
This thesis contributes to the understanding of long wave resonance over fringing reefs, by forcing resonance
with a simple wave climate of small amplitude regular long waves. However, it also opened more questions
regarding the influence over resonance of different processes, and the resonant behavior under more complex
wave climates. These new questions could be answered by deepening and extending this research. Some
future studies could be related to topics such as:

• Differences between theoretical and modeled resonant periods: the differences between the theoret-
ical and modeled resonant period were found in this thesis to be likely related to the influence of the
fore reef slope. Thus, it would be interesting to understand if this parameter is causing this difference
or if other factors could be playing a role. The influence of the fore reef can be studied by varying this
parameter and trying to find the scenario resonating with a period as close as possible to the theoretical
period. Also interesting would be to force resonance with at least the first three or four modes, and try
to understand if the assumption of a closed-end basin is the most appropriate for a reef, or if another
type of basin could lead to a better fit between theoretical and modeled resonant periods.

• Wave de-shoaling: waves with non-resonant periods, between the first two resonant modes, showed
an incident wave height decrease immediately offshore of the reef crest(discussed in Section 4.2, Figure
4.5). This reduction was not expected due to the constant decrease of the water depth when approach-
ing the reef. Moreover, frictional dissipation has an insignificant effect on non-resonant periods. Thus,
other phenomena must be forcing this wave height reduction. One phenomenon influencing the wave
de-shoaling could be the fore reef reflection, which may be more effective for non-resonant periods,
and counteracted by resonant periods. This theory could be tested by comparing/analyzing the results
of models with and without a beach slope. The design of a reef with a flat beach can be achieved by
using a Sommerfeld boundary condition, which is recommended for long waves modeled in SWASH.

• Model larger amplitude long waves: modeling larger wave heights could help to understand better the
influence of incident offshore wave height on resonant amplification. This research could also help to
relate the results with more realistic wave height values closer to swell and wind waves wave heights.
Moreover, it would be interesting to investigate further the resonant period - wave amplitude depen-
dence, and check if it is possible to find a wave amplitude that shifts the resonant period enough to
reach periods outside the resonant bandwidth. Thus, passing from resonant to non-resonant condi-
tions.

• Bi-chromatic waves: the same experiments carried out in this thesis could be done with bi-chromatic
waves. This type of wave should be built with the bound long wave period matching one natural reef
frequency. This wave climate will probably generate more realistic results than regular long waves, by
taking into account the influence of short waves on resonance. Including high-frequency waves into
the numerical model, will likely lead to wave breaking and non-linear transfer of energy. Moreover,
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wave set-up will start playing a role by changing the natural frequencies due to its impact in increasing
the water depth.
Under bi-chromatic wave conditions, some further experimental data analysis could be done. For ex-
ample, the effect of wave groupiness on resonant amplification can be studied by comparing runs with
the same long bound wave (same wave height an period), but with a different ∆T between the periods
of both short monochromatic waves. Another analysis could be carried out to understand the impact
of the two different low-frequency wave generation processes on the resonant amplification ratio. The
dominant generation process is dependent on the fore reef slope. Thus runs with varying fore reef slope
should be carried out, and results could lead to understanding which type of generation could lead to
a more efficient resonance. Finally, to add more variability to the wave conditions, a wave signal with
a transition from non-resonant to resonant conditions could be modeled. This transitional wave cli-
mate could help to understand more realistic the phenomenon of resonance build-up, and the time
needed to reach a finite maximum resonant amplification. Additionally, the build - down of resonance
could be studied by changing the transition of the wave signal, from resonant to non-resonant. Both
the resonance build-up and build-down are essential to assess coastal flooding better.

• Impact of run-up on coastal flooding: in this topic, two main analyses/experiments could be carried
out. The first analysis relates to understanding the impact of the wave shape on coastal flooding. This
thesis results showed how, for a specific dr , larger wave heights become more non-linear, and also expe-
rience a smaller amplification. According to literature, the impact of non-linear wave shapes could be
larger due to the impact on structures as a shock force (Shimozono et al. 2015). Thus, it could be worth
studying the damages that run-up can generate over a certain structure. Because it may be possible
that a smaller non-linear run-up could generate more significant damage than a larger regular run-
up. Moreover,Gawehn et al. (2016) found that resonant bores can grow much larger than progressive-
growing bores, and can be more dangerous for coastal flooding. Thus, resonant coastal flooding should
be assessed, taking into account the resonant amplification, and if there is an extra impact caused by
non-linear waves. Another interesting experiment related to run-up would be to force beach run-up
resonance by reducing the beach slope. Run-up resonance is expected to occur on milder slopes, and it
can amplify run-up over the beach. Thus, it could be relevant to assess the impact on coastal flooding
of a scenario with both wave resonance and beach run-up resonance.

• Rougher reef influence on resonance: friction dissipation was shown to be an essential parameter to
reduce resonant amplification. Thus, new analyses should be done for larger friction coefficients, closer
to real values, to understand how probable is reef resonance to occur, and if it can be seen only with the
fundamental mode or also with higher modes. According to Pomeroy et al. (2012), low frictional values
have a larger impact on the fundamental mode amplification, whereas higher frictional values lead to
a reduction of all resonant modes amplifications. Moreover, other experiments can be carried out; for
example, a frictional grid could be built varying the friction coefficient for the different reef areas. This
approach could help to understand where to focus the efforts of coral restoration, depending on their
effectiveness to counteract resonant amplification. Roelvink (2019) studied the effects and efficiency
of coral restoration to protect coasts against flooding; however, their impact on resonance was not
assessed.





6
Conclusions and Recommendations

6.1. Conclusions
In this thesis, resonance was forced over a schematized fringing coral reef for the first two resonant modes and
two different reef flat water depths. This numerical experiment was successfully achieved using the SWASH
computational tool with small amplitude regular low-frequency waves. Based on these results the questions
posed at the beginning of this study will be answered.

Research sub-questions
For a certain water level, what are the characteristics (period and wave height) of a regular long wave leading
to a maximum wave height/run-up amplification?

For the first two resonant modes, resonance can develop within a range of periods neighboring the nat-
ural resonant period. Inside these bandwidths, the modeled natural periods T0 and T1 were found to be the
most resonant, and the ones located in the center of the resonant bandwidth of each mode. Modeled res-
onant periods were found to be longer than the theoretical ones, which is likely due to the influence of the
fore reef slope in reflecting incoming and outgoing waves. Wavelength variations due to a deviation from the
linear wave dispersion were not found to be the cause of the difference between the theoretical and modeled
periods.

Coral reef resonance can generate waves between 10 and 40 times the incident offshore wave height, and
run-ups between 5 and 50 times the incident offshore wave height. Resonant amplification is larger for the
fundamental mode (T0) than the first mode (T1) and decreases for both modes with increasing water depth
over the reef (dr ). The resonant amplification was found to be correlated to the amount of wave energy
trapped over the reef, with a larger amount of trapped wave energy leading to stronger resonant amplifica-
tions. For the case with dr =0.8 m and Ho f f = 1 cm, a correlation coefficient of R2 = 0.9897 was found between
the amount of energy trapped over the reef and the wave resonant amplification.

Smaller waves experience a larger relative resonant amplification than higher waves. This behavior can
be seen in both wave height and run-up resonant amplification, independently of the wave period and the
reef flat water depth. Smaller waves were found to be more efficient in trapping wave energy over the reef
than higher waves, which could explain their stronger resonant amplification.

How do long waves transform over the reef flat under resonant conditions? Which non-linear wave shapes
are present under resonance? Does this have a significant impact on wave height/run-up amplification?

Resonant waves behave like standing waves with a node close to the reef crest. The incoming and outgo-
ing waves forming this standing pattern start developing non-linear wave shapes over the reef flat. This wave
non-linearity becomes larger with increasing offshore incident wave height. The non-linear wave shapes can
be analyzed through wave skewness and wave asymmetry. Over the reef, skewness is similar for the incoming
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and outgoing waves, whereas asymmetry is larger and opposite in sign for the outgoing wave. This difference
in asymmetry, ∆As, between the incoming and outgoing wave is larger at the reef crest, which shows that
waves steepen while approaching the beach and keep steepening after being reflected towards the reef crest.
∆As is more significant for higher waves, for smaller water depths, and the first resonant period.

Independently of the reef flat water depth, smaller waves are more linear and experience stronger ampli-
fications than higher waves over the reef. Thus, for a specific dr , non-linear waves resonate less effectively
than regular waves. However, when comparing between different dr , the effect of amplification reduction
due to non-linear wave shape was not found. Because resonant amplification was found to be stronger for
smaller water depths than larger water depths, even though smaller water depths present more non-linear
wave shapes than larger water depths.

How long does it take for resonant behavior to be built up in order to generate a maximum wave height/run-
up amplification over the reef?

Resonance was found to need a certain number of waves to reach a maximum wave height/run-up am-
plification. This number of waves varies for different resonant modes, reef flat water depths, and incident
offshore wave heights. For the ranges of wave conditions and depth considered, the number of waves needed
to reach a maximum resonant amplification varies between 5 and 20 waves. Higher waves were found to need
fewer waves than smaller wave heights for every studied scenario, with the exception of the first mode under
dr = 1.6. Within this scenario, wave resonance reached a maximum resonant amplification with the same
number of waves independently of the incident offshore wave height, which also corresponded to the min-
imum number of waves of all the scenarios. The maximum resonance was in every scenario reached under
a steady state, which implied that resonant amplification has a finite wave amplitude that remains constant
for an invariant offshore wave forcing.

What is the effect of friction on wave height/run-up resonant amplification over the reef?

Even low friction values can reduce the resonant amplification of both wave height and run-up resonant
amplification. This reduction of the resonant amplification is stronger for the fundamental mode (around
26% of the wave height and 23% of the run-up) than for the first resonant mode (less than 5% of the wave
height and no observable run-up reduction).

The effect of friction on reducing resonant amplification is stronger for larger water depths than for
smaller water depths. Low values of frictions can reduce 22% the wave height resonant amplification for
the highest offshore wave height, whereas the smallest wave is barely affected with a 0.6% of reduction.

Research question
What are the main processes limiting the resonant amplification of long waves and the associated run-up
over a schematized fringing coral reef?

Hypotheses: Resonant amplification is expected to be more effective when energetic long waves reach the
reef flat. However, non-linear wave shapes and energy dissipation are more likely to develop for the largest
long waves, which could limit the amplification factor. Thus, perhaps the highest wave will not result in the
maximum wave height and run-up amplification.

Wave resonance of small amplitude regular long waves was found to be more efficient for smaller water
depths, smaller wave heights, and for the fundamental mode. Stronger amplifications for different resonant
modes and reef flat water depths were found to be correlated with a larger amount of trapped wave energy
over the reef. Stronger amplifications for different offshore wave heights were found for larger amounts of
wave energy trapped over the reef, and lower wave resonant amplification reduction due to frictional dissi-
pation.

Higher waves started developing non-linear wave shapes over the reef, which could be influential in re-
ducing their resonant amplification. However, this behavior was only found when comparing results for a
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specific reef flat water depth. A comparison between the amplification of the same Ho f f /dr relation for two
water depths, gave the opposite relation between non-linearity and resonant amplification, with stronger res-
onant amplification for more non-linear waves. Thus, wave steepening could not be generalized as a process
counteracting resonance.

Frictional dissipation was found to be essential for counteracting wave resonance, especially on the fun-
damental resonant mode and for increasing incident offshore wave height. Thus, increasing coral reef bottom
friction, through coral reef preservation, coral reef restoration, or other methods is essential for enhancing
low-lying island coastal safety.

In conclusion, the underlying hypotheses were partially supported because for all the resonant scenarios
analyzed larger wave heights amplified relatively less than smaller wave heights. The reason for the relatively
smaller amplification was due to a relatively smaller amount of wave energy trapped on the reef, and a larger
resonant amplification reduction due to bottom friction for higher than smaller waves. However, a possible
reduction of resonant amplification due to stronger non-linearity for large wave heights could not be proven
in this study.

6.2. Recommendations
This research marks a step forward in understanding low-frequency waves resonance over coral reefs. Based
on the results of this study, some recommendations are made for broadening and deepening the knowledge
on this topic:

• Understanding the mechanism/processes responsible for the difference between the theoretical and
modeled resonant period could help to have better predictions of the offshore conditions leading to
resonance.

• Carry out numerical modeling of regular low-frequency waves with larger wave amplitudes could lead
to a better understanding of the impact of incoming offshore wave height on resonant amplification,
and the resonant wave period - wave amplitude dependence.

• Analyzing the mechanism inducing waves to shoal or de-shoal before the reef crest could be relevant
for reducing or suppressing resonance impact.

• Forcing resonance over coral reefs with bi-chromatic waves will put this research in a more realistic
perspective by including the interaction between high and low-frequency waves. The results of this
study are expected to be more applicable to real conditions.

• The impact of run-up on coastal flooding should be analyzed by including run-up amplification due to
wave resonance over the reef flat, run-up resonance over the beach, and the level of damage depending
on the wave shape.

• The friction dissipation process and efficiency should be studied thoroughly in terms of the space varia-
tion of friction coefficients. This approach would help to understand the most effective areas to develop
coral reef restoration.





A
Reef profile

This appendix shows the full bathymetry over which resonance was forced (Figure A.1). The reef cross-shore
profile had to be extended in 1740 m with a slope of 1/3 to fulfill SWASH requirement of linear wave theory at
the wavemaker. This requirement is fulfilled with an Ursell number U = a/d/(kd)3 < 0.2, where U represents
the Ursell number, a the wave height, d the water depth, and k the wavenumber. Thus, as low-frequency
waves are very long waves of with more than a few km wavelengths, the profile had to be deepened (until 440
m below the reef flat level) and extended (total length of 2360 m .) considerable, and small wave amplitude
variations were allowed to remain stable.

The full modeled cross-shore profile consists in an offshore area (x = -2000 to x = -360, including a flat
area and a 1/3 slope), fore reef slope (x = -360 to x = -0, with a 1/6 slope), the reef flat (x = 0 to x = 270), and
the beach slope (x = 270 to x = 360, with a 1/6 slope).

Figure A.1: Complete modeled bathymetry, including an offshore area and the reef profile (Figure 3.6).
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B
SWASH code

This appendix shows the base SWASH code used for every numerical experiment. Variations were done to
the water depth, wave height, wave period, and friction coefficient depending on the modeled scenario.

$*************HEADING****************************************
$
PROJ ’Reef’ ’FR’
$
$ Finding resonance
$***********MODEL INPUT**********************************
$
SET LEVEL=0.8
$
MODE NONSTATIONARY ONED
$
CGRID REG -2000 0. 0. 2360 0. 23600 0
$
INPGRID BOTTOM REGULAR -2000 0. 0. 2360 0 1 0.
READ BOTTOM 1. ′Pr o f i le1md 440.bot ′ 1 0 FREE
$
INIT ZERO
$
BOUN SIDE W BTYPE WEAK CON REG 0.01 385.9
FRIC MANNING 0.01
BREAK
NONHYDROSTATIC
$
DISCRET UPW MOM
DISCRET UPW UMOM H NONE
DISCRET UPW WMOM H NONE
$
TIMEI METH EXPL 0.1 0.5
$
$************ OUTPUT REQUESTS *************************
POINTS ’points’ FILE ’reef-01.loc’
$
TABLE ’points’ NOHEAD ’reef-385.9-0.01.tab’ TSEC XP DEPTH BOTL WATL VEL OUTPUT 000000.000 1 SEC
$
COMPUTE 000000.000 0.005 SEC 040000.000
STOP
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C
Complementary results

This appendix presents results complementary to the results and analysis showed in the main text. These
results include most of the analysis carried out for the water depth dr = 1.6 m.

C.1. Finding resonance with dr = 1.6 m

In order to find resonance, SWASH runs (example in Appendix B) were carried out starting from the theoreti-
cal resonant modes T ∗

0 and T ∗
1 (Table 4.1), computed based on Equation 2.3, and continuing with neighbor-

ing periods. Through this methodology, the frequencies leading to the largest resonant amplifications were
found. This maximum amplification was identified by comparing for every modeled period, the wave height
at the beach toe (Hbeachtoe ), and the maximum run-up (Rmax ). These parameters, for dr = 1.6 m, are shown
in Figure C.1. Hbeachtoe was calculated with the zero down crossing technique, and Rmax as the maximum
value of the run-up series with the still water level as reference. For every period, both variables were com-
puted with stationary water level time series. In this thesis, stationarity was considered when the slope of the
signal envelope reaches values smaller 10−6.

Both parameters, Hbeachtoe and Rmax , show two amplification peaks in Figure C.1, which could be de-
fined as a a bandwidth of resonant periods. Inside each of these resonant bandwidths, the wave height at the
beach toe (Hbeachtoe ) and the maximum run-up (Rmax ) reach considerably higher values than the neighbor-
ing frequencies.

The model setup implied shallow water conditions for the simulated long waves since the beginning of
the domain. Hence, waves are expected to shoal at a similar rate independently of the wave period and not
to show different Hbeachtoe and Rmax values for the same Ho f f . As the amplification peaks occur on periods
neighboring the theoretical resonant periods (yellow dots in Figure 4.1), the amplification could be associated
with resonant waves over the reef. Inside the two resonant bandwidths, the maximum Hbeachtoe and Rmax

amplification occurs for the period located in the middle of each peak. These two periods are defined as the
modeled resonant periods T0 and T1 (orange dots from Figure C.1), and they represent the first two reef nat-
ural frequencies. These periods were found to be T0 = 325 s and T1 = s for dr =1.6 m (Table 4.1).The first two
modeled resonant modes (orange dots from Figure C.1) are both longer than the corresponding theoretical
ones (yellow dots from Figure C.1).

As presented in Figure C.1, both the beach toe wave height and the maximum run-up are larger for the
fundamental mode than for the first resonant mode. Moreover, periods in the vicinity of T0, such as T = 450
s can reach larger Hbeachtoe and Rmax than T1. For the maximum run-up, no difference can be observed
between the closest periods to T0, which is probably due to the grid resolution (∆x = 10 cm). However, the
run-up grid resolution is sufficiently fine, ∆R = 1.67 cm (∆x = 10 cm over a 1/6 beach slope), to indicate that
the impact of resonance on run-up is similar for T0 and periods close to it.
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Figure C.1: Stationary beach toe wave height Hbeachtoe (top figure) and maximum run-up Rmax (bottom figure) for different wave
periods. The offshore wave height is Ho f f = 0.01 m and dr = 1.6 m. The yellow (orange) dots indicate the first two theoretical (modeled)

resonant modes (Table 4.1).

C.2. Varying wave height for resonant waves with dr = 1.6 m
In Subsection C.1 the first two modeled resonant periods T0 and T1 were identified. These frequencies were
found assuming an incident wave height Ho f f = 1 cm (Table 4.1). In this subsection, Ho f f is varied for these
two resonant modes to analyze its impact on the resonant amplification. In order to compare results with
same period but different Ho f f , the ratios AH (Equation 4.1) and AR (Equation 4.2) are used. Moreover Ho f f

varies between 0.2 cm and 3 cm to keep the same ratio Ho f f /dr than with dr = 0.8 m.

Figure C.2 shows that smaller waves undergo stronger resonant amplification for both beach toe wave
height and maximum run-up. This behavior was observed for the fundamental and first resonant periods.
Thus, it could be said that higher resonant waves amplify less than smaller resonant waves. Furthermore,
for the same Ho f f , the fundamental mode generates a larger amplification ratio than the first mode. This
difference reduces with increasing offshore wave height.

The impact of resonance on wave height amplification can be analyzed by building the ratio AShoal =
Hs−i n/Hs−shoal , which normalizes the modeled incident significant wave height Hs−i n with the expected sig-
nificant wave height due to wave shoaling Hs−shoal . The incident wave component was calculated following
Guza et al. (1985) (Equation 3.3). Hs−shoal was computed for each wave period by taking the offshore in-
cident wave height (Ho f f ) and multiplying it with the corresponding cross-shore shoaling coefficient. This
coefficient was calculated with linear wave theory, and due to shallow water conditions, it was the same for
all the modeled periods. A AShoal value larger than one shows a wave height amplification stronger than the
expected due to wave shoaling, which is likely due to resonant amplification.

The shoaling coefficient (Ksh = (do f f shor e /dr )(1/4) for shallow water, where do f f corresponds to the off-
shore water depth) is expected to decrease in 15% for the deeper water depth. However, by removing the
shoaling influence, a comparison between the incident wave height resonant amplification of both dr (Fig-
ure C.3) showed that smaller waves amplify more than higher waves, especially in the shallower water depth
scenario (dr = 0.8 m). Moreover, variations between waves with the smaller Ho f f /dr relation and the larger
Ho f f /dr relation are stronger for T0 than for T1. Furthermore,a stronger resonant amplification for the deeper
dr is achieved with the fundamental period for the largest values of Ho f f /dr relation, where dr = 1.6 m can
resonate between 5-9% more than dr = 0.8 m. The first resonant period experienced stronger resonant am-
plifications for dr = 0.8 m, in every modeled Ho f f /dr scenario . Thus, within the modeled conditions results
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Figure C.2: Stationary beach toe wave height ratio AH (upper figure) and maximum run-up ratio AR (lower figure) for different incident
offshore wave heights Ho f f , and for the first two resonant mode TO and T1 (dr = 1.6 m).

suggest that the resonant waves amplify more for dr = 0.8 m than for dr = 1.6 m.

Figure C.3: Stationary AShoal ratio for different resonant modes, incident offshore wave heights and water depths. AShoal is compared
between dr = 0.8 m (x axis) and dr = 1.6 m (y axis) for the same Ho f f /dr relation.
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C.3. Influence of wave period on resonant amplification for dr = 1.6 m

Resonant waves behave like standing waves, with a node located close to the reef crest and an anti-node at the
shoreline for the fundamental mode (top Figure C.4). The first resonant mode has two nodes and two anti-
nodes (bottom Figure C.4). Theoretical resonant periods, T ∗

0 = 273.3 s s and T ∗
1 = 91.1 s, and non-resonant

periods, such as T = 200 s and T = 80 s, also present a standing wave pattern, but with a node shorewards
and further of the reef crest than resonant periods. Thus, the node location condition needed for resonance
to occur is not fulfilled for non-resonant periods.

The cross-shore significant wave height (Hs ) evolution, in shape and or magnitude, varies for waves with
the same Ho f f and different periods. Nevertheless, the maximum Hs , with respect to neighboring periods,
is achieved by the fundamental period T0 (top Figure C.4) and by the first resonant period T1 (bottom Figure
C.4). This stronger resonant amplification for the first two resonant modes, in comparison with neighboring
periods, can also be seen in Figure C.5), where the incident significant wave height over the reef flat is respec-
tively 3.4 and 1.5 times larger than the expected wave height due to wave shoaling for T0 and T1.

Figure C.4: Stationary significant wave height (Hs ) cross-shore evolution for different wave periods (x = 0 m indicates the reef crest and
x = 270 m, right end of the figure, the beach toe). Top figure shows periods in the range of the theoretical and modeled fundamental

resonant period. Bottom figure shows periods in the range of the theoretical and modeled first resonant period. In this analysis Ho f f =
1 cm and dr = 1.6 m.
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Figure C.5: Stationary normalized incident significant wave height (AShoal = Hs−i n /Hs−shoal ) cross-shore evolution for different wave
periods (x = 0 m indicates the reef crest and x = 270 m, right end of the figure, the beach toe). Hs−i n represents the modeled incident

wave height and Hs−shoal the significant wave height related with the linear wave theory shoaling coefficient. In this analysis Ho f f = 1
cm and dr = 1.6 m.
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C.4. Influence of wave height on resonant amplification for dr = 1.6 m
Resonant larger wave heights amplify relatively more than smaller wave heights (Figure C.6), which is es-
pecially noticeable for the fundamental mode T0 = 325 s. The first mode resonant amplification showed to
be still stronger for smaller wave heights, but with fewer variations between different wave heights. Thus,
it could be said that the first mode resonant amplification for dr = 1.6 m is less dependent on the incident
offshore wave height.

Figure C.6: Stationary normalized significant wave height (AShoal = Hs−i n / Hs−shoal ) cross-shore evolution for different offshore
wave heights for the first two resonant modes T0 and T1 (x = 0 m indicates the reef crest and x = 270 m, right end of the figure, the beach

toe). In this analysis dr = 1.6 m.
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C.5. Resonant build-up behavior for dr = 1.6 m
The resonant build-up behavior for different wave heights was analyzed by studying the wave height time
evolution at the beach toe. To quantify how many waves are needed to build-up resonance until the max-
imum amplitude, a ratio (AN◦ ) was computed between the wave height of each wave reaching the beach
toe, calculated through zero down crossing technique, and the maximum wave height by resonant period
reached under stationary conditions (AN◦ = Hbeachtoe / Hbeachtoe−max ). When this ratio AN◦ reaches the
unity, it shows that the wave reached its maximum resonant wave height amplification and consequently an
equilibrium state (dots Figure C.7).

Figure C.7 reflects how, for the fundamental mode, smaller wave heights need more waves to reach a
maximum resonant amplification than higher waves. The first resonant mode needs five waves to reach a
maximum resonant amplification independently of the Ho f f . Thus, the results suggest that the behavior of
the first resonant period is less dependent on Ho f f than the fundamental mode.

Figure C.7: Number of waves needed to build-up a maximum wave height resonant amplification at the beach toe for different Ho f f
and resonant modes. Top figure shows AN◦ per individual wave height for the fundamental mode T0. Bottom figure shows AN◦ per

individual wave height for the first mode T1. This analysis was done for dr = 1.6 m



64 C. Complementary results

C.6. Influence of reef energy balance
The relation between the resonant amplification AShoal and the amount of energy trapped (∆F ) was studied
at the reef crest for different wave periods and Ho f f = 1 cm (Figure C.8). A strong and positive correlation was
found between AShoal and ∆F , with a correlation coefficient of R2 = 0.9897, showing that larger ∆F values
lead to larger AShoal ratios.

Figure C.8: Correlation between the amount of trapped wave energy (∆F = ∫
(Fi n −Fout )d t ) at the reef crest and the amplification

ratio AShoal for different wave periods. The analysis was done with frictionless models, Ho f f = 1 cm, and dr = 0.8 m.
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