
D
ow

nl
oa

de
d 

fr
om

 a
sc

el
ib

ra
ry

.o
rg

 b
y 

U
.S

.A
.C

.E
. E

ng
in

ee
r 

R
es

ea
rc

h 
&

 o
n 

03
/1

2/
14

. C
op

yr
ig

ht
 A

SC
E

. F
or

 p
er

so
na

l u
se

 o
nl

y;
 a

ll 
ri

gh
ts

 r
es

er
ve

d.
Infragravity Wave Motions and Runup over Shallow Fringing
Reefs

Okey Nwogu1 and Zeki Demirbilek, F.ASCE2

Abstract: This paper presents the results of a combined laboratory and numerical investigation into the role of infragravity motions in
the wave runup process over fringing coral reefs. Laboratory experiments were performed with a reef profile typical of fringing reef
systems along the southeast coast of Guam. Spectral analysis of the measured time histories of surface elevation over the reef face and
flats show significant changes to the wave energy spectrum shoreward of the break point. Most of the wave energy in the incident wave
frequency band is dissipated within a few wavelengths of the reef face with the wave motions over the reef flat and shoreline dominated
by oscillations at infragravity periods �O�100s� prototype�. The infragravity wave energy is minimum at the reef crest and increases as
waves propagate shoreward over the reef flat and also with increasing water level on the reef. The dominant infragravity mode is the first
reef oscillation mode with a wavelength approximately equal to four times the width of the reef flat. This component is resonantly
amplified at the shoreline relative to the incident infragravity energy at the reef crest. A numerical model based on the Boussinesq
equations is applied to the laboratory data and is able to describe complex changes to the wave spectrum over the reef flat due to nonlinear
wave-wave interactions and wave breaking as well as runup at the shoreline.
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Introduction

Fringing reefs are shore-attached reefs characterized by shallow
platforms that drop off sharply into deep water. In addition to
providing habitat for a wide variety of marine organisms, fringing
reefs also protect coastal areas from wave action. Due to the
shallow water depth on the reef flat, most of the incident wave
energy is dissipated by waves breaking on the frontal reef slope.
However, extensive damage has occasionally been reported in
low-lying coastal areas fronted by coral reefs during typhoon
events �e.g., Ogg and Koslow 1978; Nakaza and Hino 1991; Jaffe
and Richmond 1993�. An improved understanding of the physics
of wave inundation over reef systems is required to develop pre-
dictive models for hurricane/typhoon-emergency planning pur-
poses and the assessment of hurricane/typhoon-induced erosion
rates.

Waves propagating onto shallow fringing reefs undergo sig-
nificant transformations due to nonlinear steepening, reflection
from steep reef faces, wave breaking, bottom friction, and perco-
lation over porous reef substrates. Field experiments by Lee and
Black �1978� at Ala Moana Beach in Hawaii showed significant
changes to the wave shape as the waves propagated over the reef.
Waves breaking on the reef face reformed on the reef flat as steep
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asymmetric borelike waves with multiple crests. Nonlinear wave-
wave interaction effects led to the cross-spectral transfer of en-
ergy from the peak frequencies to lower and higher frequencies.
The probability distribution of the sea surface elevation and
heights over the reef flat was also significantly different from the
Gaussian and Rayleigh distributions for linear waves.

Groups of waves breaking on the reef face also induce a time-
varying setup of the mean water level over the reef flat. Early
field observations by Munk and Sargent �1948� at Bikini Atoll in
the Pacific Ocean showed the mean sea level over the platform
reef was raised by 0.45 m to 0.6 m relative to the surrounding
ocean. Laboratory investigations into the mean water level setup
over reefs have been conducted by Gerritsen �1980�, Seelig
�1983�, and Gourlay �1996a� among others. Seelig �1983� found
that the setup increased with a wave energy flux parameter. The
setup also increased as the water level over the reef flat decreased.
Gerritsen �1980� and Gourlay �1996a� both described the nondi-
mensional wave setup in terms of the relative water depth over
the reef flat and a wave steepness parameter.

There have been a limited number of laboratory or field stud-
ies of wave runup on beaches fronted by fringing coral reef sys-
tems. The laboratory study by Seelig �1983� was one of the few
that presented results of wave runup height, and noted differences
between the runup characteristics of regular and irregular waves.
Although regular waves induced a larger setup of the mean water
level in the lagoon �ponding area between reef crest and shore-
line�, the maximum runup values were much higher in irregular
sea states due to strong low-frequency oscillations in the lagoon
and near the shoreline.

Infragravity wave oscillations have also been postulated to be
responsible for the observed coastal damage along the reef coasts
of Japan during typhoons �Nakaza et al. 1991�. Infragravity waves

could be trapped and resonantly amplified over the reef flat if the
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infragravity wave period is close to one of the natural reef oscil-
lation periods. It is imperative that predictive models for coastal
flooding over reef-fronted coasts be able to describe low-
frequency �infragravity� oscillations over the reef in addition to
other hydrodynamic processes such as wave breaking, wave
setup, wave reflection, bottom friction, percolation, breaking-
induced currents, and wave-current interaction.

Numerical models based on the shallow water equations with a
forcing term due to spatial gradients of the radiation stress
�Longuet-Higgins and Stewart 1964� can be used to predict wave
setup over coral reefs. A separate wave transformation model is
required to determine breaking-induced changes to the wave
height and the corresponding radiation stress gradients. Tait
�1972� calculated the radiation stress gradient by assuming the
post-breaking wave height to be a constant fraction of the water
depth. The concept of a constant height to depth ratio becomes
questionable for complex reef profiles given the wide range of
observed values of wave height to water depth ratio. Gerritsen
�1980� improved on this approach by solving the wave energy
conservation equation with the breaking model of Battjes and
Janssen �1978�. Massel and Gourlay �2000� used an extended
mild-slope equation for steep slopes to predict wave transforma-
tion across reef profiles. Wave breaking was parameterized using
a modified form of the Battjes and Janssen �1978� breaking
model. Symonds et al. �1995� noted that cross-reef currents could
affect estimates of the water level setup and derived an analytical
solution for the wave setup and cross-reef current over an ideal-
ized reef without a landward boundary.

Madsen et al. �1997� used a Boussinesq wave model to inves-
tigate infragravity wave motions over a planar beach profile,
while Skotner and Apelt �1999� applied a Boussinesq model to a
submerged coral reef. In contrast to mild-slope and spectral en-
ergy balance models, Boussinesq models are able to simulta-
neously describe short wave propagation, nonlinear energy
transfer to infragravity modes, wave breaking, and breaking-
induced currents. One major concern with applying Boussinesq
models to fringing coral reefs is the relatively steep slope of the
reef face, which may violate the underlying bottom-slope assump-
tion of weakly dispersive models. Boussinesq equations are also
solved on Eulerian grids and cannot simulate plunging overturn-
ing waves. Another concern is whether the parameterization of
wave breaking in Boussinesq models can describe the release of
bound infragravity waves as free waves at the break point as
hypothesized by Longuet-Higgins and Stewart �1964�.

In this paper, we present results from a combined laboratory
and numerical model study of infragravity wave motions and
wave runup over fringing reef profiles. Laboratory experiments
were conducted with a reef profile typical of fringing reef systems
along the southeast coast of Guam �Demirbilek et al. 2007�. The
water depths over the reef flat were smaller than characteristic
height of the incident waves, leading to significant wave breaking
and energy dissipation on the reef face. The postbreaking wave
energy on the reef flat was dominated by long-period surges or
infragravity waves with periods much longer than the incident
wave periods. The minimum infragravity wave energy occurred at
the reef crest and increased as the waves propagated shoreward
over the reef flat. The water depth on the reef flat controlled the
magnitude of infragravity wave energy in this region. Numerical
simulations were conducted with a Boussinesq model to evaluate
its ability to describe the observed wave breaking and reformation
over the reef flat, nonlinear energy transfer to infragravity modes
and the trapping of infragravity waves over shelf-type topogra-

phy.
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Description of Boussinesq Model

The Boussinesq model solves the depth-integrated mass conser-
vation equation and exact dynamic free surface boundary equa-
tion expressed as a set of evolution equations for the free surface
elevation ��x , t� and tangential velocity at the free surface us�x , t�
�e.g., McDonald and Witting 1984; Nwogu 2009�

��

�t
= − � · ��h + ��ū� − ��x�� �1�

�us

�t
= − ��g� +

1

2
us · us −

1

2
w��1 + ����2�� − u� � �� � us�

−
1

h + �
� ��t�h + �� � · ū� −

1

2�h + ��
fwub�ub� − ��x�us

�2�

where ū=depth-averaged horizontal velocity; g=gravitational ac-
celeration; h=seabed elevation; �u� ,w��=horizontal and vertical
velocities at the free surface; �t=eddy-viscosity coefficient for
breaking-induced energy dissipation; and �=quadratically vary-
ing Rayleigh damping coefficient that is used to absorb waves
propagating out of the computational domain �Nwogu and Demir-
bilek 2001�. The effect of a turbulent boundary layer at the seabed
can be formally introduced by either modifying the bottom
boundary condition �Liu and Orfila 2004� or as a shear stress in
the depth-integrated momentum equation. Since we are using an
equivalent momentum equation based on the tangential velocity
at the free surface, an ad hoc dissipative term consistent with the
quadratic drag-law parameterization in depth-integrated models is
introduced to mimic the energy dissipation in the bottom bound-
ary layer with fw an equivalent bottom friction coefficient

The vertical profile of the flow field is required to close the
system of equations. For weakly dispersive waves in shallow
water, we approximate the velocity field with a second-order Tay-
lor series expansion about an arbitrary elevation z� in the water
column �Nwogu 1993�

u�x,z,t� = u� + �z� − z����u� · �h� + �� · u�� � h�

+ 1
2 ��z� + h�2 − �z + h�2� � �� · u�� �3�

w�x,z,t� = − �u� · �h + �z + h� � · u�� �4�

where u��x , t�=horizontal velocity at z=z�. Following Nwogu
�1993�, we choose z�=−0.535�h+�� to minimize differences be-
tween the linear dispersion characteristics of the Boussinesq
model and the exact dispersion relation for small amplitude
waves. Given values of � and us at any instant of time, u� is
obtained by inverting a matrix equation derived from

us = u� + w� � � = u� + �z� − �����u� · �h� + �� · u�� � h�

+ 1
2 ��z� + h�2 − �h + ��2� � �� · u��

− �u� · �h + �h + �� � · u�� � � �5�

The depth-averaged velocity and velocities at the free surface and
seabed are then obtained from u� using

ū = u� + ��z� + h� −
�h + ��

2
����u� · �h� + �� · u�� � h�

+ � �z� + h�2

−
�h + ��2� � �� · u�� �6�
2 6
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w� = − �u� · �h + �h + �� � · u�� �7�

u� = u� + �z� − �����u� · �h� + �� · u�� � h� + 1
2 ��z� + h�2

− �h + ��2� � �� · u�� �8�

ub = u� + �z� + h����u� · �h� + �� · u�� � h�

+ 1
2 �z� + h�2 � �� · u�� �9�

The effect of wave breaking has been parameterized in the mo-
mentum equation �Eq. �2�� with an artificial eddy-viscosity-based
dissipative term �e.g., Zelt 1991; Kennedy et al. 2000�. This term
is designed to reproduce the overall wave energy dissipation due
to breaking but not the details of the turbulent motion. A concep-
tual breaking model is still required to define the onset of break-
ing and the postbreaking spatial and temporal evolution of the
eddy viscosity. In this paper, we use an analogy to the idea ini-
tially introduced by von Neumann and Richtmyer �1950� to sta-
bilize shocks in the Euler equations and later used by
Smagorinsky �1963� to parametrize the effect of unresolved
�subgrid-scale� processes on large-scale motions in an ocean cir-
culation model and assume that the eddy viscosity is directly
proportional to the horizontal gradient of the velocity at the wave
front, i.e.,

�t�x,t� = B�x,t�lt
2�� �u�

�x
	2

+ � �v�

�y
	2�1/2

�10�

where lt=characteristic length scale of the whitecaps and B�x , t�
=breaking wave factor that varies from 0 to 1. The value of B is
set to 1 if a wave is classified as breaking. The waves are assumed
to start breaking when the horizontal component of the orbital
velocity at the free surface, u�, exceeds 80% of the phase velocity
of the waves, C, i.e.,

B = 1 if �u�� � 0.8C �11�

An advection-diffusion equation is solved for the spatial and tem-
poral evolution of the wave breaking factor

�B

�t
+ u�

�B

�x
+ v�

�B

�y
= −

�

T�

B + 	�� �2B

�x2 +
�2B

�y2	 �12�

where 	=empirical diffusion constant, T� denotes a characteristic
time scale over which the breaking factor decays to 4% of its
initial value. The values of lt, T�, and 	 are empirically chosen to
fit measurements. For the simulations in this paper, we chose T�

=5T and 	=0.2. The turbulent length scale, lt, governs the overall
rate of wave energy dissipation and is typically chosen to be of
the order of the offshore wave height based on the observed cor-
relation between the area of the whitecap region and square of the
wave height �Svendsen 1984�.

The evolution equations are integrated in time using a fourth-
order Runge-Kutta method. The computational domain is dis-
cretized as a rectangular grid with uniform grid sizes 
x and 
y,
in the x and y directions, respectively. The prognostic variables �
and us are defined at the grid points in a staggered manner with
the surface elevation defined at the grid nodes while the velocities
are defined half a grid point on either side of the elevation grid
points. The spatial derivatives are evaluated using a central dif-
ference scheme. The matrix equation formed from Eq. �5� is in-
verted as a coupled set of tridiagonal equations for u� and v�

along lines in the x and y directions, respectively. Waves propa-
gating out of the domain are absorbed in damping or sponge

layers placed at the boundaries of the computational grid.
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A simple but robust scheme is used to simulate the flooding
and drying of computational cells. Initially dry cells are included
in the computations when the total �potential and kinetic� energy
head of any of the adjacent wet cells exceeds the elevation of the
dry cell, i.e.,

�� +
1

2g
us · us −

1

2g
w��1 + ����2��

wet

� − hdry �13�

To avoid instability issues associated with evaluating the bottom
friction term in cells with extremely small water depths, a mini-
mum depth criterion is applied to flooded cells. If the calculated
water depth in any cell is less than a specified threshold, i.e., h
+��
min, the cell is considered to be dry and excluded from the
computations. The minimum depth criterion also works for reced-
ing waves.

One artifact of central difference finite-difference methods is
the spurious �2
x� oscillations introduced in regions with large
gradients in the flow such as at the front of moving boundaries.
These oscillations can be suppressed by spatial filtering �e.g.,
Madsen et al. 1997�, implicit numerical diffusion �e.g., Kobayashi
et al. 1987�, or explicit numerical diffusion �e.g., Heitner and
Housner 1970�. In this paper, we adopt an explicit numerical dif-
fusion method and choose the Smagorinsky-type formulation in
which the artificial viscosity coefficient is proportional to the ve-
locity gradient tensor and grid size

� = C�
2
x
y��u�,x�2 + �v�,y�2 + 1

2 �u�,y + v�,x�2�1/2 �14�

A more detailed description of the numerical scheme is provided
in Nwogu and Demirbilek �2001�.

Laboratory Experiments

An idealized fringing reef was built in the two-dimensional wind-
wave flume at the University of Michigan. The flume is 35 m
long, 0.7 m wide, and 1.6 m high. The reef cross section consisted
of a 1:12 beach followed by a 4.8-m-wide flat reef section and a
composite-slope reef face as shown in Fig. 1. The cross-sectional
profile of the reef face is similar to the one used in previous
hydraulic model tests by Seelig �1983�. However, a flat reef top
was used in these experiments instead of the lagoon in Seelig
�1983�. The flat reef top is more representative of the reef systems
along the southeast coast of Guam.

The reef surface was built using polyvinyl chloride plastic, a
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Fig. 1. Experimental setup
relatively smooth and impervious material. Although most natural
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coral reefs are composed of hard calcium carbonate skeletal ma-
terial and covered by a wide variety of benthic organisms, we felt
that it would be too difficult to reproduce the hydraulic roughness
and porosity of natural coral reefs in a laboratory setting. The
experiments were designed to provide further insight into the
physics of nonlinear wave transformation and runup over fringing
reef profiles and data for validation of numerical models as op-
posed to model scale reproduction of hydrodynamic processes
over natural coral reefs.

Irregular waves were generated in the tank with a plunger-type
wavemaker. The toe of the reef slope was located at a distance of
approximately 15.5 m from the wavemaker. Due to concern about
the influence of re-reflected waves from the wavemaker, three
capacitance wire wave gauges were installed in the constant depth
section of the flume to quantify the amount of wave reflection.
Six additional capacitance-wire wave gauges were used to mea-
sure the wave conditions across the reef profile as shown in Fig.
1. The wave gauges were located at distances of �1.11, �0.92,
�0.59, 2.75, 3.68, 4.22, 4.8, 6.97, and 9.14 m from the toe of the
reef. The wave gauges placed on the reef flat were designed to
provide accurate measurements of wave setup over the reef flat.
The bottom end of the gauges were inserted into holes drilled into
the reef surface, allowing the gauges to record water level
changes over the reef flat from an initially dry reef surface. A 1-m
long capacitance-wire gauge was installed on the beach to mea-
sure runup.

Tests were run for a wide variety of irregular sea states with
significant wave heights varying from 3 to 8.5 cm, spectral peak
periods from 1 to 2.5 s, and water levels hr from 0 to 5 cm on reef
flat. Time histories of the water surface elevation were synthe-
sized from JONSWAP spectral shapes with peak enhancement
factor �=3.3 using the random phase method. Linear theory was
used to convert the water surface elevation to control signals for
the wavemaker.

All gauges were zeroed before each test to minimize drift ef-
fects, data were collected for a duration of 900 s and sampled at
20 Hz. Data collection was initiated shortly after the wavemaker
was started from initially calm water conditions. Further details
on the experiments are provided in Demirbilek et al. �2007�.

Results and Discussions

Laboratory Results

Typical recorded time histories of the surface elevation on the reef
flat �Gauges 7–9� and the runup gauge are shown in Fig. 2 for
incident waves with Hm0=7.5 cm, Tp=1.5 s, and hr=3.1 cm.
Most the waves broke violently on the reef face in a plunging
manner, with a big splash-up as shown in Fig. 3. After breaking,
the waves reformed on the reef flat as borelike waves with steep
crest fronts and long flat trailing regions. Several types of bores
were observed during the tests, ranging from non-breaking undu-
lar bores with multiple crests behind the bore front to fully tur-
bulent bores with a turbulent roller region at its front. The bores
evolved significantly as they traveled over the flat reef section
with an increase in the long-period �infragravity� surge activity
and a decrease in height of the short-period oscillations. Since the
bore propagation speed is related to bore height, larger bores
propagated faster, overtaking smaller bores. Offshore propagating
bores were also observed. The onshore and offshore propagating
bores appeared to cross each other without any visible interaction

except for occasional breaking.
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Spectral densities of the water surface elevation were obtained
by Fourier transforming the last 800 s of the time records and
band-averaging 30 frequency components, resulting in 60 spectral
degrees of freedom �dof� at a frequency resolution of 0.02 Hz.
The spectral densities at offshore �Gauge 2� and reef face Gauges
5 and 6 are plotted in Fig. 4. The wave spectrum at the offshore
gauge contains a relatively small amount of long-period energy
which could be partially due to spurious long waves being gen-
erated at the wavemaker to compensate for the linear wavemaker
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Fig. 2. Time series at runup gauge and reef flat Gauges 7–9 for
incident waves with Hs=7.5 cm, Tp=1.5 s, and hr=3.1 cm

Fig. 3. Plunging breaking waves near reef crest
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transfer function �e.g., Bowers 1977�. As the waves propagated
over the reef face, energy is transferred from the spectral peak
frequency to both lower and higher frequencies with the infra-
gravity energy amplified relative to the offshore gauge. The spec-
tral densities of the reef flat Gauges 7–9 are shown in Fig. 5.
Gauge 7 is located directly at the reef crest in an active breaking
region and still has a considerable amount of energy around the
peak frequency of the incident wave �f p=0.67 Hz�. However, the
wave energy spectral densities at Gauges 8 and 9, which are lo-
cated at the middle and end of the reef flat, are dominated by low
frequency motions with most of the wave energy at the peak
frequency of the incident waves dissipated. The infragravity wave
energy is lowest at the reef crest and increases shoreward over the
reef flat.

To better understand the infragravity motions over the reef flat,
we examine the “raw” nonsmoothed �2-dof� infragravity wave

Frequency (Hz)

S(
f)

×
10

4 (m
2 /H

z)

0 1 2 3 4
0

2

4

6

8

10 Gauge #2

Gauge #5
Gauge #6

Fig. 4. Wave energy spectra at Gauges 2, 5, and 6 for incident waves
with Hs=7.5 cm, Tp=1.5 s, and hr=3.1 cm
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Fig. 5. Wave energy spectra at reef flat Gauges 7–9 for incident
waves with Hs=7.5 cm, Tp=1.5 s, and hr=3.1 cm
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spectrum in greater detail. The infragravity wave spectra at the
reef flat gauges are plotted in Fig. 6 while the runup height spec-
trum is plotted in Fig. 7. The infragravity wave energy at the reef
crest Gauge 7 is not broad banded but occurs in distinct clusters
with the largest component at f 
0.07 Hz which corresponds to
the peak frequency of the offshore wave envelope. This is consis-
tent with previous observations of a correlation between infra-
gravity motions in the surf zone and the group structure of the
incident short waves �List 1986; Masselink 1995�. The infragrav-
ity wave spectra at the middle and end of the reef flat �Gauges 8
and 9� and runup height spectrum are dominated by motions at
f 
0.029 Hz �T
35 s�. There is, however, very little energy at
the 35 s period at the reef crest Gauge 7. The 35-s period corre-
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Fig. 6. Nonsmoothed infragravity wave spectra at Gauges 7–9 for
incident waves with Hs=7.5 cm, Tp=1.5 s, and hr=3.1 cm
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Fig. 7. Nonsmoothed runup energy density spectrum for incident
waves with Hs=7.5 cm, Tp=1.5 s, and hr=3.1 cm
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sponds to the first reef oscillation mode �n=1� with a wavelength
approximately equal to four times the width of the reef flat if the
reef-beach system is considered to be an open basin with natural
periods given by

Tn =
4lr

�2n − 1��ghr

, n = 1,2,3. . . �15�

where lr=4.8 m is the width of the reef top and hr=water depth
over the reef flat. The first mode has a node at the reef crest and
anti-node at the shoreline. The magnitude of the first-mode infra-
gravity wave trapped over the reef flat would thus increase from
the reef crest to the shoreline.

Additional experiments were conducted with bichromatic
wave trains to elucidate differences between the runup character-
istics of the trapped and nontrapped infragravity waves. Two sets
of bichromatic waves were generated with the same offshore
wave heights H1=H2=0.042 m but different group periods. The
first group period was chosen to match the reef natural period
with component frequencies f1=0.652 Hz, f2=0.681 Hz, and
group period Tg=1 / �f2− f1�=34.5 sec, while the second wave
train consisted of components with f1=0.645 Hz, f2=0.69 Hz,
and Tg=22.2 s. The time histories of the measured free surface
elevation at the offshore Gauge 2, reef-flat Gauge 9, and runup
gauge are plotted in Fig. 8 for both sets of bichromatic waves.
The incident wave heights for both the resonant and nonresonant
bichromatic wave trains are initially similar at the offshore gauge.
The runup characteristics of the first group of waves that arrive at

Fig. 8. �Color� Time series at offshore Gauge 2, reef flat Gauge 9,
and runup gauge for bichromatic waves with group periods Tg

=22.2 and 34.5 s �hr=3.1 cm�
the shoreline are also similar. However, the infragravity waves for
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the Tg=34.5 s wave group become trapped over the reef flat and
gradually build up to resonant oscillations at the shoreline over
four group periods.

Several semiempirical formulations have been proposed to
predict the runup of irregular waves on planar beaches. In gen-
eral, the maximum runup height R depends on the incident wave
parameters �Hm0 ,Tp�, acceleration due to gravity, g, and beach
slope, tan �

Rmax = f�Hm0,Tp, tan �� �16�

Dimensional considerations suggest that the runup height can be
written as

Rmax

Hm0
= f��� �17�

where �=tan � /�2�Hm0 /gTp
2 =surf similarity parameter �or Irrib-

arren number�. Hunt �1959� suggested a linear dependence of the
runup height with surf similarity parameter for broken waves on
planar beaches

Rmax

Hm0
= � �18�

Variants of Hunt’s formula have been adopted in the Coastal En-
gineering Manual of the U.S. Army Corps of Engineers �Demir-
bilek and Vincent 2002�. For beaches fronted by shallow fringing
reefs, the water depth over the reef flat hr plays an important role
in determining the maximum runup height. Gourlay �1996a� in-
vestigated the functional dependence of water level setup over
coral reefs with relative water level hr /Hm0 and wave steepness
Hm0 /gTp

2. Since the inverse wave steepness gTp
2 /Hm0 is directly

related to the surf similarity parameter, i.e.,

gTp
2

Hm0
=

2�

tan �
�2 �19�

we plot the variation of the wave setup and runup height against
the inverse wave steepness parameter gTp

2 /Hm0 for different rela-
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hr /Hm0 ≈ 0.62
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hr /Hm0 = 0

Fig. 9. Variation of wave setup at Gauge 9 with inverse wave steep-
ness parameter for different water levels
tive water levels. Fig. 9 shows a plot of the nondimensional water
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level setup over the reef flat �Gauge 9� versus gTp
2 /Hm0 for dif-

ferent values of hr /Hm0. The wave setup is governed primarily by
the water depth over the reef flat with a weak dependence with
gTp

2 /Hm0. The increase in wave setup with decreasing water level
on the reef flat has been previously reported by other investigators
�Seelig 1983; Gourlay 1996a� and can be explained using radia-
tion stress theory �Tait 1972; Gourlay 1996b�.

The infragravity wave energy over the reef flat was obtained
from the wave energy spectrum S��f� by filtering out frequency
components with f � fc=0.25 Hz. A characteristic infragravity
wave height was then obtained as

HIG = 4��
0

fc

S��f�df �20�

The variation of the nondimensional infragravity wave height
with inverse wave steepness parameter is shown in Fig. 10. In
contrast to the water level setup, the infragravity wave energy
increases with increasing water level over the reef flat. The infra-
gravity energy also shows a stronger dependence on the inverse
wave steepness parameter.

The nondimensional maximum wave runup height for differ-
ent relative water levels is plotted in Fig. 11 as a function of
gTp

2 /Hm0. The wave runup includes a static contribution from the
mean water level setup and a dynamic contribution from oscilla-
tions at infragravity frequencies. Although the wave setup de-
creased with increasing water level, the wave runup increased
with increasing water level due to a more dominant contribution
from infragravity oscillations. With the exception of data points
for hr /Hm0
0.2, the runup heights increased linearly with
gTp

2 /Hm0. This would seem to suggest a quadratic dependence of
maximum runup height with surf similarity parameter for break-
ing waves on fringing reef profiles

Rmax

Hm0
= a�2 + b �21�

where a and b depend on the relative water level hr /Hm0. This
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Fig. 10. Variation of infragravity wave height at Gauge 9 with
inverse wave steepness parameter for different water levels
differs from the linear dependence of runup height with surf simi-
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larity parameter in Hunt’s formula. A quadratic variation of runup
height with surf similarity parameter was also obtained by
Raubenheimer and Guza �1996� by including the effect of break-
ing in Carrier and Greenspan’s �1958� analytical solution for long
wave runup.

Model-Data Comparisons

The nonlinear Boussinesq wave model described earlier makes
several simplifying assumptions that limit its ability to reproduce
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Fig. 11. Variation of maximum wave runup height with inverse wave
steepness parameter for different water levels
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water level variation for incident waves with Hm0=0.075 m, Tp

=1.5 s, and hr=3.1 cm
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the observed complex nonlinear evolution of waves over shallow
fringing reefs. The Taylor series expansion of the velocity field
�Eq. �3�� requires the second-order terms to be an order of mag-
nitude smaller than the first-order term. This imposes a dispersive
limit on the shortest wavelength � relative to the water depth h,
�h /��2�1, and bottom slope relative to frequency dispersion pa-
rameter, �h /�x�� /h. The neglected higher-order nonlinear dis-
persive terms also lead to an underprediction of bound long
waves in intermediate water depths �Nwogu 1993�. Viscous ef-
fects related to wave breaking and bottom friction are also param-
eterized in the Boussinesq model. Since viscous parametrizations
represent simplifications of complex turbulent flow processes, we
investigated the ability of the parametrized Boussinesq model to
describe physics of wave energy dissipation, infragravity wave
motions, and wave runup across fringing reef profiles through
comparisons of numerical model predictions with experimental
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Fig. 13. Comparison of measured and predicted wave spectra at
=3.1 cm
data.
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Numerical simulations were performed for the irregular wave
condition described earlier with Hm0=7.5 cm, Tp=1.5 s, and hr

=3.1 cm. The measured water surface elevation time series at
Gauge 1 was used to derive velocity boundary conditions for the
numerical model. The numerical model was configured to repro-
duce the experimental setup shown in Fig. 1 with an internal
wavemaker placed at the location of Gauge 1. A 10-m wide
damping layer was placed behind the internal wavemaker to ef-
fectively absorb seaward-propagating long waves. The simula-
tions were carried out using grid spacing 
x=0.05 m, time step
size 
t=0.01 s, and minimum flooding depth 
min=Hm0 /1,000.

The rate of wave energy dissipation in the numerical model is
controlled by the turbulent length scale, lt, and bottom friction
factor fw or Chezy coefficient Cf =�2g / fw. Since wave breaking
is localized near the reef crest, the turbulent length scale was
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reef crest with an optimal value approximately equal to the off-
shore significant wave height. The measured and model-predicted
significant wave height variation and mean water level setup
across the reef-slope topography are plotted in Fig. 12 for three
different values of the Chezy coefficient �Cf =20,30,50�. As ex-
pected, the predicted heights over the reef flat were sensitive to
the magnitude of the bottom friction coefficient with variations of
the order of �10% for Chezy coefficients ranging from 20 to 50.
The breaking parameterization is able to capture the rapid dissi-
pation of energy and the associated setup of the mean water level.
The decrease in the mean water level offshore of the reef in the
measured data was due to the use of a closed laboratory flume
with no recirculation of the water pumped onto the reef. The
Boussinesq model used a Rayleigh damping term in the mass
conservation equation �Eq. �1�� which acts to maintain a zero-
mean water level in the offshore region.

Spectral wind-wave models that solve the energy balance
equation with a dissipative term for breaking can be tuned to
predict wave height variation across the reef profiles �e.g., Gerrit-
sen 1980�. However, these models either exclude or parameterize

Fig. 14. �Color� Comparison of measured and predicted surface
=7.5 cm, Tp=1.5 s, and hr=3.1 cm

Fig. 15. �Color� Comparison of measured and predicted time serie
�hr=3.1 cm�
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the nonlinear triad interactions responsible for the cross-spectral
transfer of energy to infragravity modes. Boussinesq models
have the advantage of including the effect of nonlinear wave-
wave interactions, although limited by the truncation of higher-
order nonlinear dispersive terms. We next compare in Fig. 13
the measured and predicted spectral densities �60-dof� at an off-
shore Gauge 3, reef-face Gauge 6, and gauges located at the
middle and end of the reef flat �Gauges 8 and 9�. The measured
spectrum at Gauge 6 just offshore of the reef crest shows the
growth of bound subharmonics and superharmonics. The pre-
dicted spectrum matches the observed spectrum reasonably well
although it underestimated the low-frequency peak at f

0.1 Hz and some of the high-frequency energy that are beyond
the dispersive limit of the model. The wave spectra at the reef flat
Gauges 8 and 9 are dominated by infragravity oscillations with
most of the energy around the peak frequency of the incident
waves dissipated by breaking. Overall, the Boussinesq model is
able to reproduce the major features of the low frequency oscil-
lations over the reef flat. The breaking parameterization preferen-

tion time histories at selected gauges for incident waves with Hs

lected gauges for bichromatic waves with group period Tg=34.5 s
eleva
s at se
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tially dissipates the high-frequency energy with the lower
frequency component becoming dominant over the reef flat.

The predicted surface elevation time histories are compared to
the measured data in Fig. 14. The numerical model is able to
describe the nonlinear steepening and highly asymmetric profile
of postbreaking waves in relatively shallow depths and the ampli-
tude and phasing of the low-frequency motions over the reef flat.
The runup predictions are also reasonable, although there are
slight discrepancies in details of the fluctuations. Given that vis-
cous effects related to wave breaking is parameterized in the
Boussinesq model, we cannot expect the model to capture fine
details of post-breaking waves on a wave-by-wave basis. The
adopted breaking criterion, for example, is based on the ratio of
the water particle velocity at the crest to the phase velocity. The
phase velocity is computed using linear theory and the average
zero-crossing period of the incident wave train. This might lead to
an earlier or later initiation of breaking for individual waves, de-
pending on the individual wave frequencies and amplitudes.

We also simulated the trapped infragravity test case for bichro-
matic incident waves with H1=H2=0.042 m, f1=0.652 Hz, f2

=0.681 Hz, and group period equal to the first reef oscillation
period. The simulation parameters were identical to that used ear-
lier for the irregular test case. The model-predicted time histories
of the free surface elevation on the reef face �Gauge 6�, reef flat
�Gauges 8 and 9�, and runup gauges are presented in Fig. 15. The
Boussinesq model is able to accurately describe nonlinear wave
shoaling over the reef face, wave breaking near the reef crest, and
resonant infragravity oscillations over the reef flat and shoreline.
Since most of the short-period waves are dissipated by breaking
at the reef crest, the bound long wave energy would be negligible
over the reef flat. The question then arises as to the mechanism
responsible for the generation of free infragravity waves that
propagate shoreward over the reef flat before being reflected at
the shoreline. Longuet-Higgins and Stewart �1964� suggested that
bound long waves are released as free waves at the break point
but did not clarify the release mechanism. Symonds et al. �1982�
hypothesized that free seaward and shoreward propagating long
waves are directly generated at the break point due to group-
induced oscillations of the breaking location. The Boussinesq
model does not have any explicit mechanism for releasing or
generating free long waves at the break point but implicitly in-
cludes the radiation stress and an eddy-viscosity-based dissipation
term. The successful reproduction of the amplitude and phasing of
free long wave motions over the reef flat would seem to suggest
that the mechanism for the release of bound waves as free waves
at the break point is simply the preferential dissipation of the
short-period wave energy.

Concluding Remarks

Laboratory experiments have been conducted to investigate the
transformation of irregular waves over fringing coral reefs and
wave runup at the shoreline. Most of the wave energy in the
incident-wave frequency band is dissipated by breaking within a
few wavelengths of reef crest, resulting in long-period �infragrav-
ity� oscillations dominating the fluid motions over the reef flat
and shoreline. The dominant infragravity mode is the first reef
oscillation mode with a wavelength approximately equal to four
times the width of the reef flat. This component is trapped over
the reef flat and resonantly amplified at the shoreline leading to
larger runup heights. Numerical simulations were conducted with

a Boussinesq wave model to evaluate its ability to describe the

304 / JOURNAL OF WATERWAY, PORT, COASTAL, AND OCEAN ENGINE

J. Waterway, Port, Coastal, Ocean
complex wave transformation process over the reef. The model-
predicted post-breaking wave heights and setup over the reef flat
were sensitive to the semi-empirical coefficients of the parameter-
ized turbulent processes. Overall, the model performed reason-
ably well and was able to describe not only the variation of the
significant wave height and mean water level across the reef pro-
file but also complex changes to the wave spectrum due to wave
breaking, nonlinear energy transfer to the infragravity band, and
trapped infragravity oscillations over the reef flat. The model
would be highly useful for predicting coastal flooding over reef-
fronted coasts.
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