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This study examines the implementation and validity of phase-averaged spectral models in describing wave
transformation over fringing reefs. The wave breaking mechanism over the abrupt reef crest, dissipation due
to bottom friction, andnonlinear energy transfer over the reefflat set the problemapart fromgeneral applications in
non-tropical settings. The SimulatingWave Nearshore (SWAN)model, which is widely used in coastal engineering
applications, has embedded parameterizations of these surf-zone processes for examination. In addition, we extend
the model to include a recently implemented bottom-friction source term for tropical reefs. Comparisons of model
predictions with laboratory and field observations over fringing reefs identify promising wave-breaking and
bottom-friction parameterizations for calibration. The calibrated parameterizations enable SWAN to reproduce
the observedwave height and setup and extend the applicability of spectral models to fringing reef environments.
SWAN, however, lacks the parameterization to describe the nonlinear energy transfer toward the infra-gravity
band that was observed in the laboratory and field studies.

© 2012 Elsevier B.V. All rights reserved.
1. Introduction

Spectralwavemodels arewidely used around theworld for numerous
applications from operational wave predictions at global and regional
scales to site-specific coastal engineering applications. Thesemodels pro-
vide a phase-averaged description of the generation and propagation of
ocean waves subject to wind forcing. Let f denote the frequency and θ
the wave direction. The evolution of the wave energy density spectrum
E(f,θ) in time and space is defined by the energy balance equation

dE f ; θð Þ
dt

¼ S ð1Þ

where d/dt denotes material derivative and S the source term (Gelci
et al., 1957). In third generation spectral wave models, the spectrum
can describemulti-modal sea states and the source term contains pa-
rameterizations of the physical processes that include energy input
by winds, nonlinear energy transfer among frequency components, and
dissipation through wave breaking and bottom friction (e.g., Tolman,
2008; Komen et al., 1994; Booij et al., 1999; Zijlema, 2010). Thesemodels
owe their success to their low computational costs and proven accuracy
for typical ocean conditions due in part to the extensive and continuing
efforts on parameterization of the physics involved (e.g., Ardhuin et al.,
2010). The early parameterizations have been mostly designed for the
open ocean, but efforts have been made to extend their capabilities
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and implementations to shallow water (Eldeberky, 1996; Ris et al.,
1999; Filipot and Ardhuin, in press). Although the accuracy of these pa-
rameterizations has been extensively examined for continental beach
environments, very little is known on their ability tomodel wave trans-
formation over fringing reefs.

Commonly found in the tropics and subtropics, fringing reefs are
characterized by a steep slope with an abrupt transition at the reef
crest to a shallow platform attached to the shoreline. Intense wave
breaking typically occurs around the reef crest enhancing the oxygen
content and circulation that support the coral ecosystem (Abelson et
al., 1993).Wave breaking at fringing reefs protects the coastline from
severe wave conditions, but increases the water level due to wave
setup (e.g. Vetter et al., 2010). Over the flat, the bottom friction associ-
atedwith the reef formation and coralsmay dissipate asmuch energy as
wave breaking (Lugo-Fernández et al., 1998; Lowe et al., 2005). Al-
though the nonlinear triad interactions of the frequency components
are energy conservative, they cause dramatic alteration of the spectral
shape across the reef. Energy is transferred from the spectral peak
to the super-harmonics during the shoaling phase (Eldeberky, 1996),
making the wave crest sharper and the trough flatter, and then toward
the infra-gravity band in the surf zone (Sheremet et al., 2011). Seiching
occurs if the natural period of the reef flat matches the infra-gravity
band (Nwogu and Demirbilek, 2010; Roeber et al., 2010a, 2010b;
Péquignet et al., 2011). These processes, which have important implica-
tions for coastal protection as well as for the fragile coral ecosystem,
have drawn a growing interest in the community.

Because of the low computational cost, the capability to account for
wind effects, and ready coupling with a circulation model for storm
surge computations, researchers and engineers have applied spectral
wave models to tropical and subtropical coastal regions without
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knowing the full impact of their limitations. The motivation of this
study is to assess the validity of spectral wave models for application
in fringing reef environments. We examine the parameterizations for
wave breaking and bottom-friction in the commonly-used Simulating
Wave Nearshore (SWAN) model (Booij et al., 1999; Ris et al., 1999). In
addition, we implement the bottom friction parameterization of Lowe
et al. (2005) for a barrier reef in SWAN. A comparison with the labora-
tory data from Demirbilek et al. (2007) for wave transformation and
setup over a smooth reef configuration provides an initial assessment
of the wave breaking parameterizations and identification of a promis-
ing scheme for calibration. A general assessment of the bottom-friction
parameterizations in SWAN is made with 10 days of observational
data over a fringing reef on North Shore, Oahu, Hawaii. The dataset
allows calibration of the parameterization of Lowe et al. (2005) for
the fringing reef at the site. In both case studies, the ability of SWAN
in reproducing both the total energy and the spectral shape is examined
and the advantages and limitations of spectral wave modeling are
discussed.

2. Modeling of coastal processes

The governing Eq. (1) for phase-averaged spectral models already
accounts forwave shoaling and refraction in the evolution of the energy
density spectrum over time and space. Other coastal processes such as
depth-induced wave breaking, dissipation due to bottom friction, and
triad nonlinear energy transfer among frequency components are
included in the source term through parameterization of the physical
processes. This section provides a brief review of these parameteriza-
tions in SWAN, the formulation of Lowe et al. (2005) for bottom friction
in reef environments, and the computation of wave setup.

2.1. Depth-induced wave breaking

The physical processes of wave breaking are complex and its spec-
tral signature is still an active field of research (e.g., Vink, 2001; Filipot
et al., 2010). The parameterization of the processes includes the wave
breaking probability and the subsequent dissipation rate. In shallow
water, the breaker index limits the wave height H to a fraction of the
water depth d as

γ ¼ H
d

ð2Þ

Longuet-Higgins (1974) derived γ=0.78 from solitary wave theory.
For irregular waves on a sloping bottom, the breaker index varies
over a wide range. For instance, Raubenheimer et al. (1996) ob-
served values ranging from 0.3 to 1.2 based on the significant wave
height Hs. Several hypotheses were advanced to explain the variability
of the breaker index in terms of the offshore wave steepness (Battjes
and Stive, 1985), the bottom slope (Raubenheimer et al., 1996; Nelson,
1987), the water depth parameter kd, where k is the wave number
(Ruessink et al., 2003), and the phase angle of the complex bi-spectrum
(van derWesthuysen, 2010). The dissipation rate is typically formulated
by approximation of the broken waves as bores with heights in-
ferred from probability density functions based on the Rayleigh dis-
tribution (Goda, 1975; Battjes and Janssen, 1978; Thornton and Guza,
1983).

SWAN includes five parameterizations to describe depth-induced
wave breaking processes. The formulation byBattjes and Janssen (1978),
hereafter BJ78, provides the framework for three of the parameteriza-
tions, in which the total dissipation rate is given by

Dtot ¼
1
4
BQB

�f H2
m ð3Þ

where B is a constant controlling the level of energy dissipation, �f is
the mean frequency, Hm is the maximumwave height in terms of the
breaker index (2), and QB is the breaking probability of the random sea
state. The breaking probability QB can be estimated by means of

1−QB

− lnQB
¼ Hrms

Hm

� �2
ð4Þ

where Hrms is the root-mean-square wave height. The breaker index is
the key parameter in the energy dissipation formulation. Battjes and
Janssen (1978) provided γ=0.73 from a wide range of wave breaking
observations on beaches. From laboratory and field data, Nelson (1987,
1994, 1994), hereafter NE87, introduced a dependence of the breaker
index on the bottom slope α as

γ ¼ 0:55þ 0:88exp −0:012cot αð Þ½ � ð5Þ

in which γ varies from 0.55 for horizontal bottoms to 1.3 for very steep
slopes. From analysis of two datasets gathered in barred beach environ-
ments, Ruessink et al. (2003), hereafter RU03, reported a dependence of
the breaker index on the water depth parameter as

γ ¼ 0:76kdþ 0:29 ð6Þ

In BJ78, NE87 and RU03, the breaker index defines a single maximum
wave height after the onset of breaking and thus also controls the dis-
sipation rate in the surf zone.

Thornton and Guza (1983), hereafter TG83, parameterized the
dissipation rate with a distribution of breaking wave heights in contrast
to the approaches based on BJ78. The total dissipation rate in the random
wave field is given by

Dtot ¼ −B3

4

�f
d
∫
∞

0

H3P Hð ÞW Hð ÞdH ð7Þ

in which P is the Rayleigh distribution andW is a weight function given
by

W Hð Þ ¼ Hrms

γd

� �2
ð8Þ

where a breaker index of γ =0.42 is predefined in the parameterization.
Van derWesthuysen (2010), hereafter WE10, assumes a constant dis-
tribution of the weight function and parameterizes the biphase, which
accounts for wave asymmetry and hence the nonlinearity and breaking
susceptibility. The resulting dissipation rate is

Dtot ¼ −3
ffiffiffi
π

p
16

B3�f
d

β
βref

 !2

H3
rms ð9Þ

in which the biphase is expressed in terms of the Ursell number Ur as

β ¼ −π
2

þ−π
2

tanh
0:2
Ur

� �
ð10Þ

and βref=−4π/9. Note that, in relating the breaking probability to
wave nonlinearity, this approach shares some similarities with the
work of Filipot et al. (2010).

The breaking probability and dissipation rate produce reasonable
results for continental shelf beaches with gentle slopes. In SWAN, a
default value of B=1 is typically used. The total dissipation is distributed
over the frequency range and direction bins in proportion to the spectral
density. The source term for depth-induced breaking dissipation is given
by

Sbk f ; θð Þ ¼ Dtot
E f ; θð Þ
Etot

ð11Þ
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where Dtot is the dissipation rate from Eqs. (3), (7) or (9) depending on
theparameterization and Etot is the total spectral energy from integration
of E(f,θ). This approach, which does not alter the spectral shape during
the wave breaking process, is consistent with the findings of Eldeberky
and Battjes (1996) from flume experiments involving single-peaked
spectra.

2.2. Bottom friction

When the water depth becomes less than one half of the wave-
length, the wave orbital motions extend to the bottom resulting in en-
ergy dissipation via various linear or nonlinear processes. Shemdin et
al. (1978) identified and examined four dissipation processes: wave or-
bital velocity friction on the bed, percolation of the water particles
through the bottom substrate, wave-induced motion of a soft muddy
bottom, and scattering of surface waves by bottom irregularities. Fric-
tion dominates in sandy and hard substrate conditions commonly
found along the world's coastlines. The shear stress and the dissipation
rate are typically parameterized in terms of a drag law or an eddy vis-
cositymodel (Mirfenderesk and Young, 2003). In spectral wavemodels,
the dissipation source term for bottom friction can be expressed as

Sbf f ; θð Þ ¼ −Cb
2πfð Þ2

g2sinh2kd
E f ; θð Þ ð12Þ

where g is acceleration due to gravity and Cb is a bottom friction co-
efficient derived from parameterization of the physical processes
(Bertotti and Cavaleri, 1994).

SWAN includes three bottom-friction parameterizations based on
the empirical JONSWAPmodel of Hasselmann et al. (1973), the drag law
model of Collins (1972), and the eddy viscositymodel ofMadsen (1988).
The empirical JONSWAP model assumes a constant Cb of 0.038 m2 s−3

from observations of swell energy decay in the North Sea even though
the observed value varies over two orders of magnitude during the
field study. The drag law model, which is primarily a simplification of
Hasselmann and Collins (1968) for regular waves, can be written as

Cb ¼ Cf gUrms ð13Þ

where Cf=0.015 andUrms is the root-mean-squarewave orbital velocity
at the bottom. Madsen (1988) proposed a formulation based on the
eddy viscosity model yielding:

Cb ¼ f w
gffiffiffi
2

p Urms ð14Þ

in which the friction coefficient fw is given by Jonsson (1967) as

1
4

ffiffiffiffiffiffi
f w

p þ log10
1

4
ffiffiffiffiffiffi
f w

p
 !

¼ −0:08þ log10
ab;r
Kw

� �
ð15Þ

where ab, r is a representative bottom orbital amplitude and Kw denotes
the hydraulic roughness scale. SWAN does not include the effect of a
mean current on the bottom friction (Booij et al., 1999). According to
Tolman (1992), the impact of the current is negligible compared to the
error in the estimation of a correct hydraulic roughness scale.

In addition, we implemented the bottom-friction parameterization
of Lowe et al. (2005), hereafter LW05, into SWAN. Their work is based
onMadsen (1994), inwhich the bottom-friction coefficient is expressed
in terms of a frequency-dependent dissipation factor fe(σ) as

Cb ¼ gUrms

4
f e σð Þ ð16Þ

The energy dissipation factor is in turn given by

f e σð Þ ¼
ffiffiffiffiffiffiffiffiffiffiffiffiffiffiffi
f w σ rð Þ

q ffiffiffiffiffiffiffiffiffiffiffiffiffi
f w σð Þ

q
cosφ σð Þ ð17Þ
in which the wave friction factor, the phase relation between shear
stress and velocity, and the representative radian-frequency are given
by

f w σð Þ ¼ exp a1
Urms

σKw

� �a2
þ a3

� �
ð18Þ

φ σð Þ ¼ 33−6:0log10
Urms

Kwσ

� �
ð19Þ

σ r ¼ ∫
∞

0

σu2
b σð Þdσ

.
∫
∞

0

u2
b σð Þdσ ð20Þ

This formulation involves a number of free parameters for calibration.
LW05 used the empirical coefficients a1=5.5, a2=−0.2, and a3=
−6.3 from Nielsen (1992) to facilitate calculation of the hydraulic
roughness scale from measurements. They determined an optimal
value of Kw=0.16 m through comparison of an energy flux model
with observed dissipation rates, in the absence of breaking waves,
along a cross-shore transect on a barrier reef at Kaneohe, Hawaii. It is
remarkable that physical measurements with a profiler at 14 locations
on the reef flat revealed very similar values of Kw=0.14±0.03 m,
suggesting nearly homogenous surface roughness over the study
area and the consistence of the method itself.

2.3. Triad interactions

The triad interactions dominate the nonlinear energy transfer among
frequency components in coastal waters with kdb1. During shoaling,
wave energy cascades down from the spectral peak to the super-
harmonics resulting in wave profiles with steeper crests and flatter
troughs. The crest loses its vertical symmetry and continues to steepen
prior to wave breaking. Eldeberky (1996) provided a description of
these effects resulting from the triad interactions through an energy
density formulation of the Boussinesq model of Madsen and Sørensen
(1993). Although the formulation only includes self interactions of col-
linear waves, it provides a reasonable description of the energy transfer
to the super-harmonics for general application.

The parameterization adopted in SWAN, known as the lumped
triad approximation (LTA) in Eldeberky (1996), relies on an empirical
expression for the biphase, derived from the laboratory experiments
of Battjes and Beji (1992) and Arcilla et al. (1994). The source term
for the triad interactions is written as

Snl3 f ; θð Þ ¼ S−nl3 f ; θð Þ þ Sþnl3 f ; θð Þ ð21Þ

in which

Sþnl3 f ; θð Þ ¼ max 0; αEB2πccgJ
2

n ���sin βð Þ
��� E2 f =2; θð Þ−2E f =2; θð ÞE f ; θð Þ
h io

ð22Þ

S−nl3 f ; θð Þ ¼ −2Sþnl3 2f ; θð Þ ð23Þ

where the biphase β is given by the parameterization (10), c and cg are
the celerity and group velocity, respectively,αEB is a predefined constant,
and J is a coupling coefficient of the triad interactions derived from the
energy density formulation of Madsen and Sørensen (1993).

2.4. Wave setup

The depth-induced breaking and bottom-friction parameterizations
play an important role in defining the coastal wave height, which in
turn modifies the water level through the radiation stresses. The water-
level increase along the shore, known as wave setup, is important to
flood hazard assessment and beach safety. SWANmay provide the radi-
ation stresses to a circulation model for computation of wave-induced
currents and water-level variations in the surf zone. This is commonly



Fig. 1. Schematic and instrument locations for the reef experiment of Demirbilek et al.
(2007). The reference elevation at zero corresponds to a water depth of 5.1 cm on the
reef flat for illustration. Circles: wave gages.

Table 1
Water depth over the reef flat and input wave conditions for the laboratory tests of
Demirbilek et al. (2007).

Test hr (cm) Hs (cm) Tp (s)

15 5.1 6.2 1.00
20 5.1 6.1 1.25
16 5.1 5.2 1.50
17 5.1 7.8 1.50
21 5.1 8.2 1.75
18 5.1 8.5 2.00
19 5.1 8.3 2.50
26 1.6 5.8 1.00
27 1.6 5.5 1.25
28 1.6 4.7 1.50
29 1.6 7.1 1.50
30 1.6 7.6 1.75
31 1.6 8.5 2.00
32 1.6 7.9 2.50
44 3.1 3.2 1.00
45 3.1 6.1 1.00
46 3.1 5.9 1.25
47 3.1 5.0 1.50
48 3.1 7.5 1.50
57 3.1 7.7 1.75
58 3.1 8.5 2.00
59 3.1 8.2 2.50
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done inmodeling of storm surge due to hurricane landfalls (e.g., Cheung
et al., 2007; Dietrich et al., 2010). Alternatively, SWAN may directly
provide an estimate of the wave setup by assuming stationary
wave conditions.

Let (x, y) define the Cartesian coordinate system in the horizontal
plane. In one dimension, SWAN solves themomentumbalance equation,
in which the hydrostatic pressure gradient balances the phase-averaged
force induced by thewaves. The variation of themean surface elevation �η
is expressed in terms of the radiation stress Sxx as

d�η
dx

¼ − 1
ρg dþ �ηð Þ

dSxx
dx

ð24Þ

For two-dimensional cases, SWAN estimates the variation of the
mean surface elevation from the Poisson equation

∂Fx
∂x þ ∂Fy

∂y þ ∂
∂x

ρg dþ �ηð Þ∂�η
∂x

� �
þ ∂
∂y

ρg dþ �ηð Þ∂�η
∂y

� �
¼ 0 ð25Þ

in which

Fx ¼ −∂Sxx
∂x −

∂Sxy
∂y ð26Þ

Fy ¼ −
∂Syy
∂y −

∂Syx
∂x ð27Þ

are the rotation-free part of the wave-induced forces determined
from the radiation stresses in the x-y plane (Dingemans, 1987). The read-
ermay refer toHolthuijsen (2007) for the full expressions of the radiation
stresses and for more details on the wave setup calculations in SWAN.

3. Comparison with wave flume data

Demirbilek et al. (2007) reported a flume experiment on wave
transformation over a fringing reef that allows comparison and cali-
bration of the parameterizations for wave breaking dissipation. The
flume, which is 35 m long, 0.7 m wide, and 1.6 m high, features a
1:64 scaled model of a reef typical of the southeast shore of Guam.
Fig. 1 shows the locations of 9 wave gages and the profile of the
model that includes a composite slope for the reef face, a reef flat,
and a beach. The measurements at G4 are not used here as they
were found to be inaccurate. The toe of the reef is located at 15.5 m
from a plunger-type wavemaker, which generates irregular sea states
based on the JONSWAP spectrum with random phases. As the reef
model was built of polyvinyl chloride (PVC), bottom friction is negli-
gible for the smooth and impervious material. We may assume, at
least in the vicinity of the reef crest, that depth-induced breaking is
the only dissipation mechanism. Table 1 lists the 19 test cases,
which cover the input significant wave height Hs=3.2–8.5 cm, peak
period Tp=1–2.5 s, and water depth hr=1.6–5.1 cm over the reef
flat. These correspond to offshore waves with heights and periods
up to 5.4 m and 20 s respectively and at least 1 m of water over the
reef flat in the prototype.

The five parameterizations for depth-induced wave breaking in
SWAN are examined through the 19 test cases. The computational do-
main extends from G1 to the end of the flume at 1 cm resolution. The
incident wave spectrum recorded at G1 provides the boundary condi-
tion for the calculation with 42 frequency bins from 0.05 to 3 Hz.
SWAN is run in the stationary and one-dimensional Cartesian
modes with the triad source term and the setup calculation activated.
We first focus on the ability of the five parameterizations in their de-
fault settings to predict the significant wave height across the reef.
Fig. 2 shows the results from 6 cases representative of the incident
wave heights, periods, and water levels considered. The incident
waves typically break between G5 and G7 and evolve into turbulent
bores on the reef flat. The model with the various parameterizations
performs reasonably well in describing the wave height at the onset
of the breaking process and in the surf zone for the low-energy test
20. The discrepancy between the measurements and the computed
data increases with the incident wave height. For the energetic
wave conditions in tests 19, 48, and 32, all the parameterizations
with default settings result in excessive energy dissipation prior to
wave breaking leading to underestimation of the wave height at the
onset near the reef crest. The model over-predicts the extent of the
surf zone resulting in excessive dissipation and underestimation of
the energy on the reef flat. The increase of the measured wave height
from G8 to G9 in tests 48 and 32 might be attributed to reflection
from the beach and formation of partial standing waves.

The overall performance of the five parameterizations in the 19
tests is assessed with four metrics. The Root Mean Square Error
(RMSE), the Normalized Root Mean Square Error (NRMSE), the bias



Fig. 2. Comparison of observed and computed significant wave heights for 6 representative test cases. Black squares: measurements; black line: BJ78 with γ=0.73 and B=1 (de-
fault); green line: TG83; magenta line: NE87; blue line: RU03; orange line: WE10.

Table 2
Error metrics for depth-induced wave breaking parameterizations.

Parameterization Gage RMSE (cm) NRMSE (%) BIAS (cm) NBIAS (%)

BJ78
(γ=0.73, B=1)

G2 0.10 1.43 0.07 1.00
G3 0.16 2.37 0.09 1.43
G5 0.43 5.95 −0.30 −4.39
G6 0.63 8.97 −0.57 −8.28
G7 0.65 13.41 −0.56 −12.00
G8 0.92 32.67 −0.79 −30.07
G9 1.24 42.95 −1.03 −38.56

TG83 G2 0.10 1.43 0.07 1.00
G3 0.16 2.36 0.09 1.41
G5 0.97 13.41 −0.77 −11.15
G6 1.46 20.68 −1.36 −19.81
G7 1.80 37.02 −1.69 −36.40
G8 1.25 44.56 −1.16 −44.07
G9 1.62 56.04 −1.44 −54.06

NE87 G2 0.10 1.43 0.07 1.00
G3 0.16 2.37 0.09 1.43
G5 0.38 5.30 −0.26 −3.77
G6 0.64 9.00 −0.57 −8.35
G7 1.10 22.68 −0.98 −20.98
G8 1.06 37.80 −0.94 −35.75
G9 1.34 46.37 −1.13 −42.42

RU03 G2 0.10 1.43 0.07 1.00
G3 0.16 2.37 0.09 1.42
G5 0.80 11.02 −0.51 −7.35
G6 1.20 16.95 −1.05 −15.24
G7 1.70 35.01 −1.58 −33.92
G8 1.53 54.49 −1.39 −52.71
G9 1.80 62.49 −1.58 −59.06

WE10 G2 0.10 1.43 0.07 1.00
G3 0.16 2.37 0.09 1.43
G5 0.80 11.14 −0.48 −6.88
G6 0.88 12.48 −0.78 −11.36
G7 0.67 13.80 -0.60 −12.98
G8 1.44 51.32 −1.31 −49.47
G9 1.92 66.51 −1.67 −62.56
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(B), and the normalized bias (NB) between the modeled and observed
significant wave heights (Hm, Ho) at each gage are defined as

RMSE mð Þ ¼

ffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffi
∑n

i¼1 Hm;i−Ho;i

� 	2
n

vuut
ð28Þ

NRMSE %ð Þ ¼ 100% �

ffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffi
∑n

i¼1 Hm;i−Ho;i

� 	2
∑n

i¼1 Ho;i

� 	2
vuuuut ð29Þ

B mð Þ ¼
∑n

i¼1 Hm;i−Ho;i

� 	
n

ð30Þ

NB %ð Þ ¼ 100% �
∑n

i¼1 Hm;i−Ho;i

� 	
∑n

i¼1 Ho;i

� 	 ð31Þ

where n=19 denotes the number of tests. Table 2 summarizes the re-
sults from the error analysis for the five parameterizations. BJ78 yields
the lowest errors overall. This outcome is unexpected as, for instance,
NE87 seems to be more suitable because it is a refined version of BJ78
featuring the effect of the bottom slope. The reason is that the breaking
index (5) in NE87 is capped at 0.81 in SWAN corresponding to a bottom
slope of 0.01 (Booij et al., 1999), which is much smaller compared to
that on the reef face in the experiment. However, uncapping thebreaker
indexwould lead to a non-physical value ofγ=1.35 for the reef slope of
0.106 in the experiment. WE10 appears to be a good candidate because
the parameterization of the biphase is expected to relate the wave non-
linearity and the onset of wave breaking more precisely. However,
WE10 as well as TG83 and RU03 initiate the breaking process earlier
than BJ78 resulting in a strong bias of the predictions across the reef.

The results from BJ78, which already have the lowest errors, might
be further improved by increasing the breaker index γ. This delays
the breaking onset and reduces the width of the surf zone. However,
waves tend to break as a plunger over the reef crest and propagate as
turbulent bores over the flat (Roeber et al., 2010a, 2010b). The breaking
process is more dissipative and the breaking intensity B needs adjust-
ment as well. We conducted a sensitivity analysis by varying γ and B
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Table 3
Error metrics for the depth-induced wave breaking parameterization BJ78 with γ=0.94
and B=1.09.

Gage RMSE (cm) NRMSE (%) BIAS (cm) NBIAS (%)

G2 0.10 1.44 0.07 1.01
G3 0.16 2.38 0.10 1.45
G5 0.24 3.30 −0.12 −1.85
G6 0.37 5.25 −0.08 −1.12
G7 0.37 7.62 0.06 1.39
G8 0.57 20.17 −0.30 −11.19
G9 0.85 29.62 −0.55 −20.72

Fig. 4. Scatter plot for wave setup at G8. Red crosses: optimal BJ78 with γ=0.94 and
B=1.09; Black squares: BJ78 with γ=0.73 and B=1 (default); green asterisks: TG83;
magenta circles: NE87; blue diamonds: RU03; orange triangles: WE10.
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from 0.7 to 1.3 at 0.01 increments for each test case. The optimal values
of γ=0.94 and B=1.09minimize the averageNRMSE at G5, G6, G7 and
G8 around the reef crest, where intensive wave breaking occurs. This
confirms, a posteriori, the logic of the optimization. Table 3 shows an ap-
preciable improvement of the errormetrics in comparison to the default
BJ78 parameterization in SWAN. Fig. 3 shows that the optimal BJ78 pa-
rameterization gives better overall agreement with the observed wave
height in comparison to the default setting. Most importantly, the
present parameterization captures the onset of the breaking process
at the reef crest as observed in the experiment. The breaking process
and the subsequent wave height attenuation defines the wave setup
in the surf zone. Fig. 4 shows the computed and observed wave setup
at G8 over the reef flat and Table 4 summarizes the error metrics. The
optimal BJ78 parameterization represents an improvement over the
default setting to give the best agreement with the observed data.
The other parameterizations underestimate the setup comparing to the
BJ78 default setting because of the wider predicted surf zones. The opti-
mal values of γ and B provide a convenient setting in BJ78 for practical
applicationswith generalwave conditions in fringing reef environments,
even though their values as well as other parameterizations can be opti-
mized on a case by case basis (Massel and Gourlay, 2000; Apotsos et al.,
2008; Sheremet et al., 2011).

The spectral transformation provides further insights into the
wave processes. Fig. 5 compares the observed spectra across the
reef with the computed results from the optimal BJ78 parameterization
Fig. 3. Comparison of observed and computed significant wave heights for 6 representative
fault), red line: optimal BJ78 with γ=0.94 and B=1.09.
for representative conditions in the experiment. Test 44 with input
Hs=3.4 cm and Tp=1 s represents low energy wave conditions with
the breaking onset at the reef crest between G6 and G7, while the more
energetic test 32 with Hs =8.4 cm and Tp=2.5 s produces breaking
waves between G5 and G6, before reaching the reef crest. The wave
breaking parameterization captures the energy reduction across the reef
in both cases. Nonlinear energy transfer is evident as the waves shoal
over the reef slope with development of super and sub-harmonics. The
triad source term reproduces the growth of the super-harmonics at
twice the peak frequency, but does not describe the sub-harmonics due
to the lack of proper parameterization in SWAN. The computed spectrum
at G8 shows the same peaks as it does before breaking, while the
test cases. Black squares: measurements, black line: BJ78 with γ=0.73 and B=1 (de-
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Table 4
Error metrics of computed wave setup at G8 on the reef flat.

RMSE (cm) NRMSE (%) BIAS (cm) NBIAS (%)

TG83 0.44 10.57 −0.38 −42.82
NE87 0.26 6.18 −0.23 −25.48
RU03 0.39 9.43 −0.33 −36.34
WE10 0.24 5.70 −0.21 −22.86
BJ78 (γ=0.73, B=1) 0.23 5.56 −0.21 −23.48
BJ78 (γ=0.94, B=1.09) 0.14 3.42 −0.13 −13.99
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observed spectrum broadens with a significant part of the energy
shifted toward the infra-gravity band. For the same set of laboratory
data, Sheremet et al. (2011) managed to reproduce both the sub and
super-harmonics with fully nonlinear, triad interaction models.
Fig. 5. Comparison of observed and computed wave energy spectra across the reef for Test 4
BJ78 with γ=0.94 and B=1.09.
4. Comparison with field data

With the depth-induced breaking processes calibrated, we focus our
attention on dissipation due to bottom friction in natural reef environ-
ments. The US Army Corps of Engineers PILOT project provided wave
measurements across a fringing reef off Mokuleia beach, Oahu, Hawaii.
Fig. 6 shows the site location, bathymetry, and instrument transect pro-
file. The site is open to north swells during the winter months. The open
ocean wave conditions are recorded by Buoy 51201 at 200 m water
depth. The bathymetry of theHawaiian Islands iswell defined by numer-
ous LiDAR and multi-beam surveys. The slope of the insular shelf on
Oahu's north shore is quite gentle from the 200-m depth contour to
the shore. The reef,which starts at approximately 20 mwater depth, rap-
idly rises to 10 m and the slope becomes gentler until the reef crest. Six
sensors were deployed along a transect across the reef to 20 m depth.
4 (low energy) and Test 32 (high energy). Black line: measurements; red line: optimal
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Fig. 6. Site information for the field study. (a) Study site onNorth Shore, Oahu. (b) Study site
at Mokuleia. (c) Instrument transect. Square: buoy 51201; circles: coastal wave sensors.

Fig. 7. Recorded offshore wave conditions at buoy 51201 during the field study.
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Two of the sensors were located in a shallow lagoon of approximately
1.5 m deep between the reef crest and the shore. Although the profile
differs from the laboratory model of Demirbilek et al. (2007), the reef
slopes in front of the crest are comparable to produce similar depth-
induced breaking processes.

The six sensors provided continuous measurements of the coastal
wave conditions from December 28, 2007 to January 8, 2008, during
which Buoy 51201 recorded a series of wave events. The recorded sig-
nificant wave height, peak period, and direction from the National
Data Buoy Center are shown in Fig. 7. A north swell event with
Hs=2–2.5 m and Tp=12–16 s occurred during the first three days.
This is followed by waves with Hs=2.5–3.5 m and Tp=10–12 s due
to a system passing through from the north. Strong trade winds
were developed on January 3 and 4 augmenting the significant
wave height with wind seas. The significant wave height then slowly
decreased to about 1 m toward the end of the measurements, while
the wave period remained relatively constant at Tp=11–13 s. The
site is open to these wave events, which had peak directions varying
Fig. 8. Comparison of recorded and computed significant wave heights at Mokuleia.
Blue dots: observations; black line: JONSWAP; green line: Madsen (1988); magenta line:
Collins (1972); and red line: LW05 with Kw=0.16 m.
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slightly about the north. The instruments at the site recorded a set of
270 semi-hourly spectra and wave parameters for examination of the
model parameterizations. The computation utilizes two levels of
nested grids covering the regions shown in Fig. 6a and b. The level-
1 grid extends from buoy 51201 to the shore at 1 second resolution,
while the level-2 grid covers the instrument transect from 30 m
water depth to the shore at 3 m resolution. The spectral data at the
Buoy 51201 provides the input conditions to the level-1 grid, which
in turn defines the boundary conditions for the level-2 grid. The glob-
al tidal model TPXO.6 of Egbert and Erofeeva (2002) defines the water
level for the computation. SWAN was run in the non-stationary and
Cartesian modes with 36 direction bins and 72 frequency bins from
0.005 to 1 Hz. The optimal BJ78 parameterization for depth-induced
wave breaking, the LTA parameterization for the triad interactions,
and the wave setup calculation are activated in the level-2 grid.

We first examine the three parameterizations for bottom friction in
SWAN as well as Lowe et al. (2005) in their default settings. The signif-
icantwave height is estimated from integration of the computed energy
density up to 0.2 Hz consistent with the cut-off frequency of the ob-
served spectra. Fig. 8 compares the observed and computed significant
wave heights at buoy 51201 and the six sensors at the site. The good
agreement between the computed and recorded data at buoy 51201 in-
dicates that the offshorewave conditions are properly input into SWAN.
The wave height decreases slightly from the buoy to A7 corresponding
to the initial stage of the shoaling process. An average peak period of
12 s during the case study gives a depth parameter of kd≈0.8 at A7.
The wave height should increase shoreward of A7 given the shore-
normal, peak wave direction, but the observations and computed re-
sults from A7 to A4 show little variation, suggesting a balance between
shoaling and dissipation by bottom friction. The model trends to give
slightly larger wave heights on the reef slope during the trade wind
event on January 3 and 4. Although the north swell is dominant as indi-
cated by the peak wave direction, the sea state is bimodal with a com-
ponent from the east to northeast associated with the trade winds.
Fig. 9. Aerial image of the reef and sensor lo
While buoy 51201 recorded the full event from an offshore location
for model input, the northeast headland of Oahu might have partially
shielded the site from the wind waves. This is evident in the reduced
signature of the wind waves at the sensors in relation to that at buoy
51201. In contrast, other features recorded at the buoy extend across
the reef slope with little attenuation.

The waves break and their height decreases dramatically across
the reef crest between A4 and A2. The depth-limited wave heights
computed at A2 and A1, which are independent of the offshore condi-
tions, reflect the tide signals quite clearly. The four parameterizations
give rise to very similar wave heights across the reef and provide
good agreement with the observed data up to A4, but overestimate
the significant wave height at A2 and A1 in the shallow lagoon. This
is expected for the three default bottom friction parameterizations in
SWAN as they were calibrated for sand beds, which are much smoother
than the reef atMokuleia. The LW05 parameterization also over-predicts
the significant wave heights at A2 and A1, indicating that the bottom
roughness at Mokuleia is likely larger than that at Kaneohe. A closer
look at the results suggests that a hydraulic roughness scale of 0.16 m
yields acceptable dissipation rates over the reef slope from A7 to A4,
but appears to be too small shoreward of A4. Pawlak and MacCready
(2002) and Bandet (2009) identified different turbulent flow regimes
and dissipation rates over large bedform roughness depending on the
wave orbital amplitude and the roughness scale. As stressed by Tolman
(1992), most of the errors in the bottom friction parameterization
are related to estimation of the appropriate bottom roughness. A sin-
gle roughness scale thus cannot fully describe the dissipation due to
bottom friction at this site.

An aerial photo of the site in Fig. 9 shows an abrupt change of the
surface texture and color between A4 and A2 at approximately 5 m
depth. The substrate transitions from bare reefs covered by thin layers
of light color sand to rough reefs with branching and fossil corals
(Jaramillo and Pawlak, 2011). This corresponds to an increase of the
bottom roughness from the reef slope to the crest and the inner region.
cations at Mokuleia from Google Earth.
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Despite being qualitative, the observed bottom roughness suggests that
the model results might be improved by using a higher roughness scale
for the nearshore region. Since our knowledge on the spatial variability
is limited, we assume an abrupt transition at the 5-m contour from
Kw=0.16 m to a higher value. Through a sensitivity analysis, we obtained
Kw=0.5 m in the nearshore region tomatch the recorded data at A2 and
A1. Fig. 10 compares the recorded and computed significantwaveheights
with and without the abrupt increase of the nearshore roughness scale.
The energy dissipation from A4 to A2 is from a combination of wave
breaking and bottom friction, but as the offshore significant wave height
decreases to less than 1 m toward the end the case study, bottom friction
becomes the dominant process. The use of Kw=0.5 m appears to work
well over the range of significant wave heights during the event, render-
ing support for both the wave-breaking and bottom-friction parameteri-
zations. The use of the large Kw here is not to offset underestimations of
wave breaking dissipation as verified toward the end of the case study
when wave breaking becomes unimportant and bottom friction domi-
nates the dissipation from A4 to A2. In addition, the selected roughness
scale correctly accounts for the dissipation from A2 to A1 with no wave
Fig. 10. Comparison of recorded and computed significant wave heights at Mokuleia.
Blue dots: observations; red line: LW05 with Kw=0.16 m; green line: LW05 with
Kw=0.16 and 0.5 m.
breaking involved. This bottom roughness scale is higher than that
at Kaneohe, but corroborates visual observations made at the site
and measurements on the south shore of Oahu by Nunes and Pawlak
(2008).

The comparison with the flume experiment in Section 3 has already
shown that an accurate description of wave height attenuation across
the reef is important for estimation of the wave setup. We thus utilize
the composite roughness scale of Kw=0.16 and 0.5 m in the LW05 pa-
rameterization to examine the wave setup in natural reef environments.
Fig. 11 compares the computed and recordedwave setup at A1 for the en-
tire case study and along the instrument transect during the rise, peak,
and decay of the swell event from December 31, 2009 to January 5,
2008. The observed wave setup is estimated from the surface elevation
time series using the global tidal model TPXO.6 of Egbert and Erofeeva
(2002). This might introduce errors into the deduced data as the global
tidal model does not resolve island-scale processes. Nevertheless, the
model reproduces the observed wave setup reasonably well especially
for the energetic events in which the signal to noise level is high. The
swell reaches 1.95 msignificantwave height at buoy 51201 onDecember
31. The waves break at the reef crest causing an increase of the mean
water level in the lagoon. The peak arrives in the morning of January 2
with an offshore wave height of 3 m and produces breaking waves on
the upper reef slope resulting in a wider surf zone. The setup retreats
Fig. 11. Comparison of recorded and computed wave setup at Mokuleia. (a) Wave
setup at A1 during the entire case study. (b) Wave setup on 31/12/2007 10:34 am.
(c) Wave setup on 1/2/2008 6:34 am. (d) Wave setup on 1/5/2008 1:34 am. (e) Reef
profile along the instrument transect. Blue dots and circles: recorded data; green
line: LW05 with Kw=0.16 and 0.5 m.
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back to the lagoon during the decay of the swell when the offshore
significant wave height reduces to 1.95 m in the early morning of Janu-
ary 5. The model captures the slight increase of wave setup from A2 to
A1 in the lagoon because of the correct depiction of energy dissipation
due to bottom roughness. The rapid water-level build-up over the reef
slope and a gradual increase in the lagoon are unique to tropical coastal
environments.

The transformation of the observed spectrum across the reef provides
insights into the triad interactions and the ability of the LTA parameteri-
zation in describing these processes in natural reef environments.We se-
lected two distinct records for this purpose and present the results in
Fig. 12. The first record at 2:34 pm on January 1 corresponds to the
peak of the swell event and the second one represents less energetic con-
ditions toward the end of the case study on January 8, 6:34 am. Both
events reveal similar trends albeit the large difference in energy level.
The model reasonably reproduces the observed spectra from buoy
51201 to A4, while discrepancies between the observed and computed
spectra are evident at A2 and A1 in the back-reef region. The broade-
ning of the spectra to low frequencies is not reproduced by the
Fig. 12. Comparison of recorded and computed wave spectra for high and low-energy wav
LW05 with Kw=0.16 and 0.5 m.
model. The LTA parameterization transfers energy to the super-
harmonics during shoaling and breaking and accounts for some of
the high-frequency energy in the lagoon. Even though the energy
levels are much lower at A1 and A2, the recorded data clearly
shows a dominant sub-harmonic component that is not captured
by SWAN due to the lack of appropriate parameterization. Infra-
gravity waves are of primary importance in nearshore processes, as
they drive currents and transport sediment, and need special attention
in spectral wave modeling.

5. Conclusions and recommendations

Spectral wave models rely on parameterizations of nonlinear coastal
processes such as wave breaking, bottom friction, and wave interaction
on gentle-sloping beaches. Recorded data from a laboratory experiment
and a field study allows examination of these parameterizations for
fringing reef environments. The comparison of model data from SWAN
with the laboratory data demonstrates that the default wave-breaking
parameterizations are not able to capture the sharp build-up and decay
es at Mokuleia. Black line: observed spectra; red dotted line: computed spectra using
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of the wave height associated with the energetic breaking process at the
reef crest. An ad hoc calibration of the parameterization of Battjes
and Janssen (1978) improves the overall model performance. The
NRMSE decreases by 39% with the use of the optimal parameters
B=1.09 and γ=0.94. The improved description of wave attenuation
provides a better estimate of the wave setup on the reef flat.

The field data covers two north swell events with breaking and
non-breaking wave conditions for examination of bottom-friction
parameterizations. The results highlight the importance of bottom
roughness in wave transformation over fringing reefs. Published pa-
rameterizations for bottom friction can adequately describe the dissipa-
tion over most of the reef slope, but underestimate the effects over the
nearshore reef, where the surface is observed to be highly irregular. Cal-
ibration of the parameterization of Lowe et al. (2005) gives a roughness
scale of 0.5 m in the nearshore region in comparison to the adopted
value of 0.16 m over the reef slope. This works well with the optimal
wave-breaking parameterization of Battjes and Janssen (1978) to re-
produce the wave height and setup across the fringing reef for a full
range of wave conditions and to provide a framework for calibration
of spectral wave models using data from other PILOT project sites.

Both the laboratory and field data shows transfer of energy from the
spectral peak to the sub and super-harmonics as the waves propagate
across the reef. The LTA triad parameterization of Eldeberky (1996) de-
scribes the transfer of energy to the super-harmonics associated with
increasing wave nonlinearity during the shoaling phase. However, the
transfer of energy to the infragravity band is, by construction of
SWAN, not taken into account. This leads to omission of an important
wave component in the inner reef region that might for instance pro-
duces seiches and other coastal hazards. With recent advances in fully
nonlinear, triad interaction models, future research should be directed
toward a complete parameterization of the triad wave–wave interac-
tions for spectral wave modeling.
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