Wave setup over a fringing reef with large bottom roughness
Buckley, M., Lowe, R., Hansen, J., & Van Dongeren, A. R. (2016). Wave setup over a fringing reef with large
bottom roughness. Journal of Physical Oceanography, 46(8), 2317-2333. DOI: 10.1175/JPO-D-15-0148.1

Published in:
Journal of Physical Oceanography
DOI:
10.1175/JPO-D-15-0148.1
Document Version
Publisher's PDF, also known as Version of record
Link to publication in the UWA Research Repository

General rights
Copyright owners retain the copyright for their material stored in the UWA Research Repository. The University grants no end-user
rights beyond those which are provided by the Australian Copyright Act 1968. Users may make use of the material in the Repository
providing due attribution is given and the use is in accordance with the Copyright Act 1968.

Take down policy
If you believe this document infringes copyright, raise a complaint by contacting repository-lib@uwa.edu.au. The document will be
immediately withdrawn from public access while the complaint is being investigated.

Download date: 02. May. 2017

AUGUST 2016

BUCKLEY ET AL.

2317

Wave Setup over a Fringing Reef with Large Bottom Roughness
MARK L. BUCKLEY AND RYAN J. LOWE
School of Earth and Environment, and The Oceans Institute, and ARC Centre of Excellence for Coral Reef Studies,
University of Western Australia, Crawley, Western Australia, Australia

JEFF E. HANSEN
School of Earth and Environment, and The Oceans Institute, University of Western Australia,
Crawley, Western Australia, Australia

AP R. VAN DONGEREN
Unit ZKS, Department AMO, Deltares, Delft, Netherlands
(Manuscript received 3 August 2015, in final form 18 March 2016)
ABSTRACT
The effect of bottom roughness on setup dynamics was investigated using high-resolution observations
across a laboratory fringing reef profile with roughness elements scaled to mimic the frictional wave dissipation of a coral reef. Results with roughness were compared with smooth bottom runs across 16 offshore
wave and still water level conditions. The time-averaged and depth-integrated force balance was evaluated
from observations collected at 17 locations along the flume and consisted of cross-shore pressure and radiation stress gradients whose sum was balanced by quadratic mean bottom stresses. The introduction of
roughness had two primary effects. First, for runs with roughness, frictional wave dissipation occurred on the
reef slope offshore of the breakpoint, reducing wave heights prior to wave breaking. Second, offshoredirected mean bottom stresses were generated by the interaction of the combined wave–current velocity field
with the roughness elements. These two mechanisms acted counter to one another. Frictional wave dissipation resulted in radiation stress gradients that were predicted to generate 18% (on average) less setup on
the reef flat for rough runs than for smooth runs when neglecting mean bottom stresses. However, mean
bottom stresses increased the predicted setup by 16% on average for runs with roughness. As a result, setup on
the reef flat was comparable (7% mean difference) between corresponding rough and smooth runs. These
findings are used to assess prior results from numerical modeling studies of reefs and also to discuss the
broader implications for how large roughness influences setup dynamics in the nearshore zone.

1. Introduction
Bottom roughness contributes to frictional wave dissipation and time-averaged (mean) bottom stresses, which
modify surfzone force balances and resulting wave setup
and wave-driven circulation (Longuet-Higgins 1970, 2005;
Dean and Bender 2006; Lowe et al. 2009a). As a result, the
large roughness features [O(0.1–1) m] typical of coral reefs
can substantially influence a wide range of physical
dynamics and dependent processes both physical (e.g.,

Corresponding author address: Mark L. Buckley, School of Earth
and Environment, University of Western Australia, Crawley WA
6009, Australia.
E-mail: mark.buckley@uwa.edu.au
DOI: 10.1175/JPO-D-15-0148.1
Ó 2016 American Meteorological Society

coastal inundation and sediment transport) and biological (e.g., larval and nutrient transport and dispersal; Roberts et al. 1975; Monismith 2007; Lowe et al.
2010; Lowe and Falter 2015). Coral reefs are subject to a
range of stressors (e.g., climate-induced coral bleaching;
eutrophication), which can ultimately reduce physical
roughness through loss of coral cover (Alvarez-Filip
et al. 2009) and in turn modify bottom stresses and alter
reef hydrodynamics (Sheppard et al. 2005; Baldock et al.
2014; Quataert et al. 2015). In this paper, we specifically investigate how the presence of bottom roughness
modifies wave setup dynamics.
Wave setup (the mean increase in water level due to
wave breaking) along with tides and storm surge are
the primary mechanisms controlling the water level at
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shorelines. Roughness affects setup through its contribution to the wave-averaged cross-shore momentum
balance. For an alongshore uniform reef with normally
incident waves, the wave-averaged and depth-integrated
momentum equation in the cross-shore direction (x coordinate positive shoreward) can be expressed as (see
Buckley et al. 2015)
›(Sxx 1 Rxx )
›h
1 rgh
1
›x
›x
|ﬄﬄﬄ{zﬄﬄﬄ}
|ﬄﬄﬄﬄﬄﬄﬄﬄﬄ{zﬄﬄﬄﬄﬄﬄﬄﬄﬄ}
radiation stress
gradient

pressure
gradient

tb
5 0,
|{z}
time-averaged

(1)

bottom stress

where the overbars denote time averaging over many
wave periods, Sxx is the cross-shore component of the
wave radiation stress tensor (Longuet-Higgins and Stewart
1964), Rxx is the wave roller contribution to radiation stress
(Svendsen 1984), r is the density, g is the gravitational acceleration, h0 is the still water depth, h is the time-averaged
deviation of the free surface h from h0, h 5 h0 1 h is the
total water depth, and t b is the mean bottom stress (see
summary of notation in Table 1).
Equation (1) describes the balance between the crossshore components of the radiation stress and pressure
gradients and the mean bottom stress. The radiation
stress gradient term results from cross-shore gradients in
potential and kinetic energy (e.g., due to wave shoaling
and breaking; Buckley et al. 2015). In linear and other
nonbreaking wave theories (e.g., cnoidal; Svendsen 2006,
p. 420), both potential and kinetic energy are equal, allowing radiation stresses to be calculated with wave energy taken as twice the potential energy (e.g., Dean and
Dalrymple 1991; Dean and Bender 2006). However, for
breaking waves there is an additional source of kinetic
energy (and radiation stress) from the wave roller traveling with the breaking wave (Duncan 1981; Svendsen
1984). The pressure gradient term results from crossshore gradients in setdown and setup. The mean bottom
stress t b is generated by the interaction of the combined
wave–current velocity field with bottom roughness and is
commonly modeled using a quadratic drag law as (e.g.,
Grant and Madsen 1979; Feddersen et al. 2000; Mei
et al. 2005)
t b 5 rCd jub jub ,

(2)

where Cd is an empirical bulk bottom drag coefficient,
and ub is the instantaneous cross-shore free-stream velocity above the bottom roughness. Buckley et al. (2015)
include a second-order term in their tb formulation
to account for the bottom slope; however, it is
omitted
here as it negligibly modifies t b [proportional
qﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃ
to 1 1 (›h0 /›x)2 ], is small relative to all other terms in
Eq. (1), and does not alter our results or conclusions.
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Over smooth bottoms, Eq. (1) reduces to a balance between the radiation stress and pressure gradient terms
(e.g., Bowen et al. 1968; Stive and Wind 1982; Buckley
et al. 2015). However, in the presence of roughness the
momentum balance is altered in two primary ways: 1) by
increasing frictional wave dissipation, which in turn modifies radiation stress gradients and 2) by increasing the
magnitude of tb (Longuet-Higgins 2005; Dean and Bender
2006). Rates of frictional wave dissipation on coral reefs
are commonly found to be at least one order of magnitude
larger than is typical over smooth bottoms (Lowe et al.
2009b; Huang et al. 2012; Monismith et al. 2013, 2015).
Lowe et al. (2009a) and Quataert et al. (2015) suggest that
frictional wave dissipation offshore of the breakpoint may
reduce setup on reefs. However, in part because of the
difficulties in obtaining detailed surfzone measurements on coral reefs, the effects of these high frictional wave dissipation rates on setup dynamics have
not yet been rigorously investigated experimentally.
The presence of a mean bottom stress tb can contribute to either reducing or enhancing setup, depending
on the sign of the velocity term in Eq. (2) (Dean and
Bender 2006). Like frictional wave dissipation, t b is
commonly reported to be an order of magnitude larger
on reefs than smooth bottoms under the same flow
conditions (Lowe et al. 2009a; Rosman and Hench
2011). Numerical studies have predicted a significant
portion of the total setup over fringing coral reefs (i.e.,
those fronting a coastline) is due to t b generated by
offshore-directed, near-bottom velocities (i.e., undertow)
interacting with roughness (e.g., Franklin et al. 2013;
Quataert et al. 2015). In contrast, Dean and Bender
(2006) predicted that setup can theoretically be reduced
when nonlinear wave orbital velocities interact with large
roughness in the absence of any mean current.
In this study, we quantify the effect of large bottom
roughness on setup dynamics using a high-resolution
laboratory dataset. Experiments were conducted in a
55-m-long flume (1:36 scale) with a 1:5 reef slope leading
to a wide shallow reef flat and sloping beach. The effect
of roughness on setup was assessed by evaluating the
cross-shore momentum balance from observations collected at 17 locations along the flume. Buckley et al.
(2015) detail the cross-shore dynamics from the same
flume, reef geometry, and wave conditions using a smooth
bottom. In the present study, the 16 offshore wave heights
and still water level conditions of Buckley et al. (2015)
were repeated with the addition of a staggered array of
cubes affixed to the reef slope and reef flat, which mimicked the typical bulk frictional wave dissipation characteristics of a coral reef. In this analysis, we specifically
focus on how the introduction of the bottom roughness
alters the wave dynamics and resulting setup profile.
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TABLE 1. Notation.
Symbol
Au, Su
bD
Cd
Chh
C
cg
Dbr
Dfric
h
h
hpred
hr
Dh
E
Er
F, F1
f
fp
fw
g
k
Hrms
Hrms,0
h
h0
h0,r
lf
lp
lh, ly
Mw
Mr
N
C
r
Rxx
Sxx
D(Sxx 1 Rxx)
su
Tp
tb
tt
Ub
u
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TABLE 1. (Continued)

Definition
Velocity asymmetry Au and velocity
skewness Su
Wave roller dissipation coefficient
Bulk bottom drag coefficient
Wave power spectral density
Wave celerity
Wave group velocity
Wave energy dissipation due
to breaking
Wave energy dissipation due
to roughness
Free-surface deviation from h0
Time-averaged h (e.g., wave setup
or setdown)
Predicted h following Eq. (15)
Time-averaged h on the reef flat
Difference between maximum
setdown and hr
Wave energy
Kinetic energy of the roller
Wave energy flux for the total and
shoreward component, respectively
Frequency
Peak wave frequency
Wave bottom drag coefficient
Acceleration due to gravity
Wave number
Rms wave height
Deep-water rms wave height
Total water depth
Local still water depth
Still water depth on the reef flat
Frontal area of roughness elements
per unit plan area
Plane area of roughness elements
per unit plan area
Horizontal lh and vertical ly
dimensions of roughness elements
Wave mass flux
Wave roller mass flux
Number of roughness elements
per unit plan area
Periodic forcing function
Density of water
Cross-shore component of the
wave roller radiation stress
Cross-shore component of the
wave radiation stress tensor
Cross-shore-integrated radiation
stress gradient
Standard deviation of u0b
Peak wave period
Time-averaged (mean) bottom
stress
Time-averaged shear stress at the
boundary of the wave and the roller
Cross-shore time-averaged
near-bottom velocity
Cross-shore instantaneous velocity

Symbol

Unit
—
—
—
m2 Hz21
m s21
m s21
J m22 s21
22 21

Jm

s

m
m
m
m
m

ub
u0b
v

Definition
Cross-shore instantaneous
near-bottom velocity
Cross-shore instantaneous
near-bottom wave velocity
Wave angular frequency

Unit
21

ms

m s21
radians s21

While this study is specifically motivated by how roughness modifies setup across reefs, our results are also
broadly relevant to understanding how setup can be
modified in other coastal systems having large roughness
(e.g., as formed by aquatic vegetation, coarse sediment,
bedforms, and karst topography).

2. Methods

J m22
J m22
J m21 s21
s21
s21
—
m s22
radians m21
m
m
m
m
m
—
—
m
kg m21 s21
kg m21 s21
m22
—
kg m23
N m21
N m21
N m21
m s21
s
N m22
N m22
m s21
m s21

a. Experimental setup
Experiments were performed in a 55-m-long wave
flume (Eastern Scheldt flume) at Deltares, the Netherlands (Fig. 1). A 1:36 geometric-scale fringing reef profile was constructed from marine plywood with a 1:5 reef
slope, a 14-m horizontal reef flat [500 m in field (prototype) scale], and a 1:12 beach (Fig. 1). The bathymetric
characteristics of this reef fall within a typical range for
fringing coral reefs (see Buckley et al. 2015). There were
2 sets of 16 runs conducted with varying still water
depths on the reef flat h0,r and offshore wave conditions
(Table 2). The first set of runs, detailed by Buckley et al.
(2015), used a smooth bottom to minimize the role of
bottom roughness on wave transformation and setup
dynamics. In the second set of runs, bottom roughness
was introduced using a staggered array of 1.8-cm (65 cm
in field scale) concrete cubes affixed to the plywood
bottom on the reef slope and reef flat (Fig. 2). This
idealized array of roughness elements was designed to
replicate the typical bulk frictional wave dissipation
characteristics of reefs (Lowe et al. 2005b), while still
being simple enough to have predictable hydrodynamic
properties and be described with relatively few geometric
variables. Analogous staggered arrays of roughness
elements have been used to study flow through a variety
of ‘‘canopies’’ (or ‘‘roughness sublayers’’), including
buildings (Macdonald 2000; Belcher et al. 2003), aquatic
vegetation (Nepf and Vivoni 2000), and coral reefs
(Chamberlain and Graus 1975; Lowe et al. 2005a, 2008;
Zeller et al. 2015). The geometric properties of the cube
array are defined by the horizontal and vertical dimensions of roughness elements lh and ly, respectively,
and the density of roughness elements N (i.e., the number
of roughness elements per unit plan area). From these
variables, two nondimensional parameters are defined:
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FIG. 1. (a) Schematic of the fringing reef showing the reef slope (1:5), reef flat length (14 m;
;500-m field scale), beach slope (1:12), and instrument locations. Sections of the bathymetry
(reef slope and reef flat) highlighted in dashed yellow were affixed with roughness elements as
shown in Fig. 2. (b) An example of the wave setup profile (h) in the vicinity of the reef crest for
run 4, defining the still water depth h0 and the total water depth h.

lf [ lh ly N, and
lp [ lh lh N ,

(3)

where lf is the frontal area of roughness elements per
unit plan area, and lp is the plan area of roughness elements per unit plan area. For the array of cubes used in
this study, N 5 400 m22, lh 5 ly 5 1.8 cm, and lf 5 lp 5
0.13 (Fig. 2), which is smaller than lf 5 0.42 2 6.31 and

comparable to lp 5 0.02 2 0.38 reported for branched
reef corals by Lowe et al. (2005a). We note that the
presence of the solid roughness elements can modify the
total water depth. Defining the total water depth h as
the fluid volume in the water column divided by the plan
area yields
h 5 h0 1 h 2 lp ly ,

(4)

TABLE 2. Simulated wave and water level conditions, including the deep-water rms wave height Hrms,0, peak period Tp, still water depth
on the reef flat h0,r, deep-water wave steepness Hrms,0/L0p
, and
ﬃﬃﬃﬃﬃ deep-water surf similarity parameter j0. Parameter values are given for both
the laboratory scale (i.e., 1:36 geometric scaling and 1: 36 scaling of time) and the equivalent field scale.
Laboratory scale

Field scale

Run

Hrms,0 (m)

Tp (s)

h0,r (m)

Hrms,0 (m)

Tp (s)

h0,r (m)

Hrms,0/L0 (—)

j0 (—)

1
2
3
4
5
6
7
8
9
10
11
12
13
14
15
16

0.03
0.06
0.09
0.12
0.14
0.17
0.06
0.06
0.06
0.06
0.06
0.06
0.12
0.12
0.12
0.12

2.26
2.26
2.26
2.26
2.26
2.26
1.31
3.20
2.26
2.26
2.26
2.26
2.26
2.26
2.26
2.26

0.04
0.04
0.04
0.04
0.04
0.04
0.04
0.04
0.00
0.02
0.06
0.09
0.00
0.02
0.06
0.09

1.1
2.2
3.2
4.3
5.0
6.1
2.2
2.2
2.2
2.2
2.2
2.2
4.3
4.3
4.3
4.3

13.6
13.6
13.6
13.6
13.6
13.6
7.9
19.2
13.6
13.6
13.6
13.6
13.6
13.6
13.6
13.6

1.4
1.4
1.4
1.4
1.4
1.4
1.4
1.4
0.0
0.7
2.2
3.2
0.0
0.7
2.2
3.2

0.004
0.007
0.011
0.015
0.018
0.021
0.021
0.004
0.009
0.009
0.008
0.008
0.015
0.015
0.015
0.015

3.3
2.4
1.9
1.7
1.5
1.4
1.4
3.4
2.2
2.2
2.3
2.3
1.7
1.7
1.7
1.6
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FIG. 2. (a) View of the dry flume with roughness elements looking shoreward from offshore
of the reef slope. (b) Roughness elements used were (d) 1.8-cm concrete cubes affixed in the
repeating staggered pattern shown in (c). This pattern gave N 5 400 m22 cubes per unit plan
area, with 7000 cubes in total covering the reef slope and flat.

where h0 1 h is the total water depth over a smooth
bottom, and lply 5 0.002 m is a correction due to the
solid volume occupied by the roughness elements.
However, this depth correction is less than 6% of the
observed h0 1 h, even on the shallow reef flat for cases
where h0 was lowest.
Irregular waves with a TMA spectrum (Bouws et al.
1985) were generated with a piston-type wave maker
with second-order wave generation and active reflection
compensation (van Dongeren et al. 2002). Water levels
(17 locations with resistance-type gauges) and horizontal
velocities (six locations with electromagnetic current
meters) were measured synchronously at 40 Hz, with the
highest density of measurements in the surfzone region
near the reef crest at x 5 0 m (Fig. 1). On the reef flat and
reef slope, instruments were recessed into the bed to
sample in the shallow depths (Eslami Arab et al. 2012).
At these locations, velocities were sampled over a volume
extending from 2 to 2.5 cm above the bottom (the center
of the volume was located at z 5 2h0 1 0.0225 m, where z
is the vertical coordinate positive upward from h0). At
other offshore locations, velocities were sampled at approximately the middle of the water column.

b. Calculation of radiation stresses
The methods used to evaluate both the wave (Sxx) and
wave roller (Rxx) contributions to radiation stress are
described in detail in Buckley et al. (2015) and briefly
recounted here. Wave spectra Chh were computed using
Welch’s modified periodogram with a Hanning window
and a segment length of 214 samples (;410 s; 41 min
in field scale). From C hh, the wave energy flux F was
evaluated as
ð
(5)
F 5 rg cg Chh df .
The wave energy flux was separated into a component
FSS from sea swell (SS) waves and a component FIG from
infragravity (IG) waves. The SS band was defined as f $
fp/2 and the IG band was defined as 0.025 # f , fp/2,
where fp is the peak forcing frequency of each wave case
(Table 2). Following Buckley et al. (2015), the collocated synchronous water level and velocity measurements were used to estimate the shoreward-propagating
1
1
and FIG
) from
components of wave energy flux (FSS
which Sxx was evaluated at instrument locations as
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3
2
1
cg ( fSS,mean ) 1
FSS
42
2 5
Sxx 5
cg ( fSS,mean )
c( fSS,mean ) 2
3
2
1
cg ( fIG,mean ) 1
FIG
42
2 5,
1
cg ( fIG,mean )
c( fIG,mean ) 2

(6)

where fSS,mean and fIG,mean are defined as the mean frequencies for the SS and IG waves, respectively.
As discussed in Buckley et al. (2015), wave rollers
contribute an additional source of radiation stress Rxx in
the surfzone as (Svendsen 1984)
Rxx 5 2Er ,

(7)

where Er is the kinetic energy of the wave roller, modeled using an approximate energy balance following
Stive and De Vriend (1994):
›
(2Er c) 5 Dbr 2 tt c.
›x

(8)

Here, Dbr is the wave breaking dissipation rate, and tt is
the mean shear stress at the boundary between the turbulent roller and the underlying organized wave motion.
Following Buckley et al. (2015), tt is modeled according
to Dally and Brown (1995) with the wave roller dissipation coefficient bD 5 0.019 found to be optimum by
Buckley et al. (2015) for the smooth runs. Wave breaking
dissipation was isolated from the total dissipation as
Dbr 5 2

1
1
›(FSS
1 FIG
)
2 Dfric ,
›x
|ﬄﬄﬄﬄﬄﬄﬄﬄﬄ{zﬄﬄﬄﬄﬄﬄﬄﬄﬄ}
|ﬄ{zﬄ}
total
dissipation

(9)

roughness
dissipation

where Dfric is the frictional wave dissipation over the
immovable bed, modeled as (Jonsson 1966)
1
Dfric 5 rfw ju03
b j,
2

(10)

where fw is the wave friction factor (detailed in section
3a), and u0b is the wave component of ub (see section 3c).
The methods by which radiation stresses were estimated account for nonlinear wave shape through a
spectral representation of the wave field (see Buckley
et al. 2015). Conservative nonlinear interactions between sea swell and infragravity waves are inherently
accounted for, as Eq. (1) is averaged over both sea swell
and infragravity wave frequencies. All waves are assumed to be free and progressive despite that a portion
of the shoreward-propagating infragravity energy offshore of the breakpoint is likely bound to the sea swell
wave groups (Longuet-Higgins and Stewart 1962, 1964).
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However, because of the low proportion (less than 4%)
of infragravity wave energy offshore of the breakpoint
(Buckley et al. 2015), the assumption of free versus
bound infragravity waves has negligible effect on the
calculation of Sxx and hence wave setup. Likewise, nonlinear interactions between sea swell and infragravity
waves that can modify the infragravity wave energy balance (Henderson et al. 2006; Pequignet et al. 2014) are
calculated to be less than 5% of the combined sea swell
and infragravity wave energy flux and therefore are
negligible in this evaluation of wave setup dynamics.

c. Evaluation of velocities
Although velocities were measured at six locations (Fig. 1),
higher spatial resolution was required to determine
the mean bottom stress term in Eq. (1) across the
reef profile. The methods used to predict velocities
are detailed below and comparisons of the predicted
and observed velocities are included in section 3d.
The instantaneous velocity u b was composed of a
steady (current) component Ub and an unsteady (wave)
component u0b :
ub 5 Ub 1 u0b ,

(11)

where the subscript b denotes the free-stream velocity at
the top of the roughness elements (z 5 2h0 1 ly). The
steady component Ub was approximated as the timeand depth-averaged Eulerian velocity (Apotsos et al.
2007; Lentz et al. 2008). For all cases considered here,
the system was in steady state when averaged over many
wave cycles (i.e., ›/›t 5 0) and the shoreline was impermeable, such that the time-averaged and depthintegrated Lagrangian mass flux was zero (e.g., Mei
et al. 2005). This allowed Ub to be approximated from
local continuity as the offshore-directed velocity necessary to balance the onshore-directed mass flux above the
mean water level due to finite-amplitude nonbreaking
waves and wave rollers (Faria et al. 2000; Apotsos et al.
2007; Lentz et al. 2008):
Ub 5 2

Mw
rh
|{z}
wave
mass flux

2

Mr
rh
|{z}

,

(12)

wave roller
mass flux

where Mw 5 E/c (based on the wave energy density E 5
F/cg) and Mr 5 2ER/c are the depth-integrated and timeaveraged Eulerian mass fluxes due to the nonbreaking
waves and wave rollers, respectively.
The wave velocity u0b for the combined sea swell and
infragravity wave field was approximated using a time
series of nonlinear waves based on Ruessink et al.
(2012):
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Hrms vmean cosh(kmean ly )
C(t, fmean , Au , Su ) ,
2 sinh(kmean h)
|ﬄﬄﬄﬄﬄﬄﬄﬄﬄﬄﬄﬄﬄﬄﬄﬄﬄﬄﬄﬄ{zﬄﬄﬄﬄﬄﬄﬄﬄﬄﬄﬄﬄﬄﬄﬄﬄﬄﬄﬄﬄ}
|ﬄﬄﬄﬄﬄﬄﬄﬄﬄﬄﬄﬄﬄ{zﬄﬄﬄﬄﬄﬄﬄﬄﬄﬄﬄﬄﬄ}
velocity amplitude

(13)

periodic forcing function

where Hrms is the combined sea swell and infragravity
root-mean-square (rms) wave height, fmean is the mean
frequency, vmean 5 2pfmean is the mean angular frequency, and kmean is the mean wavenumber approximated from linear wave theory. The first term represents
the linear wave theory–derived wave velocity amplitude
for free progressive waves, and the second term is a
normalized periodic forcing function C that generates a
time-dependent t signal of frequency fmean with velocity
asymmetry Au and velocity skewness Su [see Ruessink
et al. (2012) for the mathematical form and evaluation
of C]. Velocity skewness Su and asymmetry Au are
measures of the asymmetry of the velocity signal about
the horizontal and vertical axes, respectively, and thus
influence the mean bottom stress via the velocity term in
Eq. (2). Velocity skewness is defined as
Su [

u03
b
,
s3u

(14)

where su is the standard deviation of u0b . Velocity
asymmetry Au is defined similarly to Eq. (14) but with u0b
replaced by its Hilbert transform (Ruessink et al. 2012).
The velocity nonlinearity parameters Su and Au were
evaluated from velocity time series where available and
by using the linear wave theory transfer function (e.g.,
Guza and Thornton 1980) to first convert water level
time series to predicted velocity time series for sites with
only water level measurements (Fig. 1).

d. Evaluation of the mean momentum equation
Terms in the mean momentum equation were evaluated from observations of Su, Au, h, fmean, fSS,mean, fIG,mean,
1
1
, and FIG
, which were interpolated using a shapeFSS
preserving piecewise cubic algorithm onto a uniform
0.01-m grid extending from offshore (x 5 24.0 m) to
near the shoreline (x 5 14 m; Buckley et al. 2015). Over
this domain, the cross-shore spacing between wave
gauges varied from 0.19 m (;1/ 40 of the incident wavelength) in the surfzone to 1.7 m (;1/ 4 of the incident
wavelength) on the reef flat (Fig. 1). At each grid location, the mean bottom stress was evaluated from the
interpolated observations via Eq. (2), where Ub and u0b
were evaluated via Eqs. (12) and (13), respectively.
The radiation stresses Sxx and Rxx were evaluated
from the interpolated observations via Eqs. (6) and (7),
respectively. Cross-shore pressure and radiation stress
gradient terms were computed using central differencing. The contributions of radiation stress gradients
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and mean bottom stresses to the setup response were
evaluated by ‘‘predicting’’ setup across the reef, via Eq.
(1) as (e.g., Raubenheimer et al. 2001; Buckley et al. 2015)


ðx
1 ›(Sxx 1 Rxx )
1 t b dx 1 h(x0 ) ,
hpred 5 2
(15)
›x
x0 rgh
where the integration was initialized at a seaward deepwater boundary x0 (x0 5 24 m in Fig. 1), where we assume h (x0) 5 0 and was evaluated iteratively using
trapezoidal integration.

e. Uncertainty estimates
Using the same resistance-type water level gauges,
Buckley et al. (2015) estimated uncertainties of 60.5%
outside of the surfzone and 61.5% within the surfzone
of the measured range for time-averaged water levels.
Likewise, uncertainties were estimated to be 62% outside
of the surfzone and 67% inside the surfzone for parameters proportional to wave height squared (e.g., wave energy and radiation stresses). The larger uncertainty values
within the surfzone are due to aeration of the water column during wave breaking (Stive and Wind 1982). The
effect of these uncertainties on the cross-shore integration
of Eqs. (1) and (15) was assessed by performing 100 Monte
Carlo simulations, where uncertainties were modeled as
having zero-mean Gaussian random distributions with a
standard deviation equivalent to the uncertainty.

3. Results
a. Wave transformation and setup dynamics
Buckley et al. (2015) describe the dynamics of wave
transformation and resulting setdown and setup for the
smooth runs; here, we specifically focus on the dynamical differences due to the inclusion of bottom roughness. Following Buckley et al. (2015), we first outline the
results from a moderate case (run 4), which had a relatively large (0.12 m; 4.3 m in field scale) deep-water wave
height and an intermediate (0.04 m; 1.4 m in field scale)
still water depth (Table 2). Compared to run 4 over the
smooth bottom, including roughness led to a slightly
reduced wave height at the breakpoint and across the
reef flat (Fig. 3a). This pattern was consistent across all
runs (Fig. 4a). The wave height to water depth ratios on
the reef flat were also lower for runs with roughness
(Fig. 4b) because of increased frictional wave dissipation
on the reef flat. From the dimensions and spacing of the
roughness elements and the wave forcing, the wave friction
factor predicted using the canopy flow equations of Lowe
et al. (2007) is fw 5 0.16. Using Eqs. (9) and (10) along with
1
1
1 FIG
)/›x] meathe wave energy dissipation rate [›(FSS
sured on the reef flat shoreward of the surfzone where
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FIG. 3. (a) Wave height Hrms and (b) wave setup h across (c) the fringing reef profile for
run 4 both including (rough) and without (smooth) roughness. Vertical error bars show the
uncertainties due to instrument accuracy and are negligible here (see section 2e).

wave breaking was absent (x . 8m), we find a comparable
fw 5 0.2 for all runs with roughness. The value fw 5 0.2
is also within the typical range for many coral reefs, for
example, fw 5 0.15 (Nelson 1996), fw 5 0.22 (Falter
et al. 2004), and fw 5 0.24 (Lowe et al. 2005a).
Setup profiles for run 4 were similar between the
rough and smooth runs (Fig. 3b); however, we note that
there were differences near the reef crest (x 5 0 m) and
that setdown for the smooth run 4 was twice that of the
rough run 4 (Fig. 3b). On average across all runs, setdown was 80% larger for the smooth runs than the rough
runs (Fig. 5a). Of particular interest is setup on the reef
flat, which was relatively constant for x . 4 m (Fig. 3b).
As such, following Buckley et al. (2015), we define the
representative setup on the reef flat hr as the spatially
averaged h between x 5 4 and 10 m (Fig. 3b). Despite
differences in the wave height profiles and h near the
reef crest, run 4 hr was identical (hr 5 0.043 m) for both
the rough and smooth runs (Fig. 3b). On average across all
runs, there was only a 7% difference in hr between rough
and smooth runs (Fig. 5b). The total setup generated Dh,

defined as the difference between maximum setdown and
hr , was larger in the smooth runs, with the exception of run
1, which had the smallest Dh (Fig. 5c).

b. Evaluation of the mean bottom stress
To relate the observations of h to the mean momentum balance, we first integrate Eq. (1) in the cross-shore
direction:
ðx

›(Sxx 1 Rxx )
dx 1
›x
x0

ðx
rgh
x0

›h
dx 1
›x

ðx
x0

Cd rjub jub dx 5 0,
(16)

where the bounds of integration were taken from seaward of the breakpoint (x0 5 24 m) to a point on the
reef flat (x 5 4 m) shoreward of the surfzone where h
becomes relatively constant [i.e., h(x) ’ hr ]. We note that
the cross-shore-integrated radiation stress gradient is only
dependent on the endpoint values, allowing us to restate
the term as D(Sxx 1 Rxx). Buckley et al. (2015) found that
for the smooth runs where t b ’ 0, Eq. (16) reduced to a
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sum of a mean current component and a nonlinear wave
component [following Eq. (12) and (13), respectively].
The rms wave velocity was determined via linear wave
theory based on the observed wave field. At locations
where velocity was measured the estimated wave velocities agreed with the observations (r2 5 0.96; slope 5
1.01; Fig. 7a). As the waves and corresponding velocities
demonstrated nonlinear characteristics (Fig. 8), velocity
skewness Su and asymmetry Au were included via the
periodic forcing function in Eq. (13). The mean current
velocities predicted based on the wave and wave roller
mass flux also compared well with observations (r2 5
0.89; slope 5 0.94; Fig. 7b). From Eq. (16), a representative Cd was estimated as the least squares slope
between the sum of the cross-shore-integrated pressure
and radiation stress gradients and the cross-shore-integrated
velocity term from all runs including roughness (e.g.,
Feddersen and Guza 2003; Fig. 9). This yielded Cd 5
0.028 (r2 5 0.7), which is an order of magnitude larger
than that typically found over smooth bottoms O(0.001)
(e.g., Faria et al. 1998) but within the range from 0.02 to
0.1 reported for coral reefs (Lowe et al. 2009a; Rosman
and Hench 2011).

c. Predicted wave setup

FIG. 4. (a) Comparison of the rms wave heights Hrms and
(b) wave height to water depth ratios Hrms/h on the reef flat for runs
including (rough) and without (smooth) roughness.

balance between the cross-shore-integrated pressure
and radiation stress gradients (red circles approximately
along the 1:1 line in Fig. 6). Conversely for runs with
roughness, the cross-shore-integrated pressure gradient was typically larger than the cross-shore-integrated
radiation stress gradient (black squares in Fig. 6). Assuming the momentum balance [Eq. (16)], these differences should be accounted for by the contribution of
the cross-shore-integrated mean bottom stress term.
To evaluate the mean bottom stress term via Eq. (2)
requires estimates of the bulk bottom drag coefficient Cd
and the instantaneous free-stream near-bottom velocity
ub. The near-bottom velocity ub was estimated as the

The estimated radiation stresses and mean bottom
stresses (computed using Cd 5 0.028 and ub) were used
to predict the cross-shore setup profiles via Eq. (15) and
compared with the observed setup (Figs. 10, 11). For run
4 with roughness (Fig. 10), neglecting t b (Cd 5 0) resulted in a 16% underprediction of hr , which was reduced to only 2% when t b (Cd 5 0.028) was included
(Fig. 10). Across all runs with roughness, hr was underpredicted by 18% on average when t b was neglected
(Fig. 11) compared to 7% when t b was included with
Cd 5 0.028 (Fig. 11). Neglecting infragravity waves decreased the predicted hr by only 3% on average.

d. Bottom stress decomposition
Thus far, t b has been evaluated via Eq. (2) using velocity estimates that include contributions from nearbottom currents [Eq. (12)], wave velocities [Eq. (13)],
and the interactions between the two. However, many
analytical and numerical models estimate ub in differing
ways and generally only resolve certain contributions to
the true velocity field, as summarized in Table 3.
Figure 12 shows a comparison of jub jub calculated using
the observed velocity from locations with current meters
on the reef flat (Fig. 1) with jub jub predicted via Eqs. (12)
and (13) and with various individual contributions to ub
neglected (see Table 3). The full velocity estimate using
Eqs. (12) and (13) (i.e., ub 5 Ub 1 u0b with Au and Su
calculated from observations) provides the best match
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FIG. 5. (a) Comparison of maximum setdown, (b) setup on the reef flat hr , and (c) setup generation Dh for runs including (rough) and
without (smooth) roughness. Solid red lines give the linear least squares trend lines (fit) and dashed red curves give the upper and lower
bounds of the 95% confidence interval (CI) for the trend line. Vertical and horizontal error bars show the uncertainties due to instrument
accuracy (see section 2e). Note the scale change between (a) and (b) and (c), which renders error bars in (b) and (c) less visible.

to the observed velocities (r2 5 0.8 and slope 5 0.98;
Fig. 12). For the other methods in Table 3, the agreement between observed and predicted jub jub deteriorates as various velocity contributions are neglected
(Fig. 12). As jub jub directly relates to the mean bottom
stress, this demonstrates the sensitivity of t b to which
components of a combined wave–current velocity field
are resolved (e.g., as are assumed within different classes
on numerical models; Table 3).
Here, we repeat the analysis performed in Fig. 8 with
the various implementations of ub described in Table 3
(Fig. 13). This allows us to quantitatively assess how
neglecting various contributions to ub affect empirical
estimates of the bulk bottom drag coefficient Cd that is
the basis for predicting t b (Fig. 13). The range of different classes of numerical models in Table 3 can thus be
expected to reproduce jub jub with varying accuracies
and bias (Fig. 12). For example, neglecting the role of
unsteady wave velocities (u0b ) results in a significant
underprediction of jub jub . Conversely, neglecting velocity nonlinearity (i.e., assuming Au 5 Su 5 0) slightly
overpredicts jub jub (Fig. 12). Local inaccuracies in the
predicted jub jub can therefore result in both higher and
lower predictions of the cross-shore-integrated jub jub
term (Fig. 13), which thus requires adjusting Cd in order
to balance the sum of the cross-shore-integrated pressure and radiation stress gradients per Eq. (16) (Fig. 13;
Table 3). As a result, Cd estimates using these various
approaches’ range by nearly an order of magnitude
(0.027 and 0.23) when applied to the identical dataset
(Table 3). Neglecting both wave velocities and the wave
roller (i.e., ub 5 Ub with Mr 5 0) yielded the smallest
estimate of jub jub (Fig. 12) and hence the largest Cd 5
0.23 (a factor of 8 larger than Cd 5 0.028; Fig. 13; Table
3). Neglecting Au and Su (i.e., ub 5 Ub 1 u0b with Su 5
Au 5 0) yielded the smallest Cd 5 0.027 (albeit only 4%

less than Cd 5 0.028; Fig. 13; Table 3). These results
highlight a possible nonphysical source of variability and
uncertainty in Cd based on estimates from various field
studies and numerical model applications to coral reefs
with large bottom roughness [see Lowe et al. (2009a)
and Rosman and Hench (2011) for a review of Cd values
reported on coral reefs].

4. Discussion
The presence of bottom roughness influences wave
setup through two primary mechanisms:

FIG. 6. Comparison of the cross-shore-integrated radiation stress
[2D(Sxx 1 Rxx)] and pressure gradient terms for runs including
(rough) and without (smooth) roughness. Vertical and horizontal
(generally not visible) error bars show the uncertainties due to
instrument accuracy (see section 2e).
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FIG. 7. Comparisons of the observed (obs) and predicted (pred)
time-averaged (a) rms wave velocities u0b and (b) mean velocities
Ub. Data are shown for both smooth runs (open circles) and with
roughness (open squares). Dashed lines give the linear least squares
trend lines, while the solid line indicates 1:1.

1) the cross-shore distribution of wave energy is modified; and
2) mean bottom stresses are generated.
In mechanism 1, frictional wave dissipation results from
the work done by bottom roughness resistance forces on
wave velocities and is parameterized per Eq. (10) as being
proportional to ju03
b j and fw. In mechanism 2, mean bottom stress is generated by the time-averaged resistance
forces exerted by the bottom roughness on the combined wave–current velocities and is parameterized
per Eq. (2) as being proportional to jub jub and Cd. Both
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Cd and fw are a function of the flow characteristics and
the physical scale of bottom roughness (Nielsen 1992).
However, over rough bottoms fw is typically found to
be an order of magnitude or larger than Cd [see Nielsen
(1992) for a review]. For example, in this study we
found Cd 5 0.028 and fw 5 0.2 on average for runs that
included roughness.
Through the first mechanism, we found that the inclusion of bottom roughness resulted in the frictional
dissipation of wave energy seaward of the breakpoint
(Figs. 3, 4, 10a). This redistribution of wave energy
(Fig. 10a) resulted in an average 13% decrease in the
Hrms at the breakpoint and an average 26% decrease
in maximum radiation stresses (Sxx 1 Rxx) when comparing the rough runs to the smooth runs (shown for run
4 in Fig. 10b). As a result, despite the magnitude of the
cross-shore-integrated radiation stress gradients being
9% larger on average when roughness was included
(Fig. 6), hr predicted from the radiation stress gradients
(neglecting mean bottom stresses; Cd 5 0) was on average 18% less for the rough runs compared to the
smooth runs (Fig. 11). However, through the second
mechanism, mean bottom stresses for the rough runs
increased the predicted hr by 16% on average compared
to predictions neglecting mean bottom stresses (Fig. 11).
Mechanisms 1 and 2 thus counteracted each another,
and despite modifying the setdown and changing the
partitioning of radiation stress gradients and mean
bottom stresses, the roughness did not considerably
alter the final values of setup on the reef flat, which
differed less than 10% on average for corresponding
rough and smooth runs (Figs. 3, 5).
Mechanisms 1 and 2 apply generally to nearshore
systems governed by Eq. (1), including many relatively
alongshore uniform reefs and beaches. However, in
contrast to our experimental findings, numerical model
predictions (Apotsos et al. 2007; Franklin et al. 2013)
have suggested there can be appreciable increases in
setup due to bottom roughness principally through mean
bottom stresses.
By neglecting frictional wave dissipation in their phaseaveraged wave transformation model (i.e., neglecting
mechanism 1) and using a Cd 5 0.028 in the surfzone to
predict mean bottom stresses (hence the same Cd we
found in our study), Apotsos et al. (2007) estimated
that 30% of the setup response on a sandy beach was
due to bottom roughness. Although frictional wave
dissipation is commonly assumed to be small compared
to wave breaking dissipation on sandy beaches (e.g.,
Guza and Thornton 1981), wave friction factors fw
typically are an order of magnitude larger than the drag
coefficient Cd used to estimate bottom stresses. Thus,
given the Cd 5 0.028 used by Apotsos et al. (2007) to
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Su
Au

FIG. 8. (a) Ursell number (a measure of wave nonlinearity; Doering and Bowen 1995) and
(b) velocity skewness Su and asymmetry Au are shown over (c) the bathymetric profile for runs
including roughness. In (b), small filled squares and connecting lines are Su and Au approximated from
water level time series, and large open squares are values calculated from the velocity time series.

predict mean bottom stresses, one would also expect a
correspondingly large fw to have resulted in modifications to the wave field in their study. In our experiments, if we neglected the frictional wave dissipation
(mechanism 1) by using the smooth simulations but
include mean bottom stresses with Cd 5 0.028 (mechanism 2), an average 25% increase in setup is predicted
via Eq. (15) across all runs, thus comparable to the 30%
increase predicted by Apotsos et al. (2007). In another
numerical study, Franklin et al. (2013) reported a ;20%
increase in setup due to roughness across a fringing
reef. They based their study on numerical simulations
with a phase-resolving Reynolds-averaged Navier–
Stokes (RANS) model of the smooth laboratory reef
experiments of Demirbilek et al. (2007) and assessed
how setup responded to increasing Nikuradse roughness coefficients between 0 and 0.05 m (corresponding
to Cd 5 0 to ;0.01). Inconsistent with our findings, they
predicted that an increase in the roughness coefficient
increased the mean bottom stress without resulting
in any significant reduction in wave heights at the
breakpoint (Franklin et al. 2013). This creates a dynamic similar to Apotsos et al. (2007), where wave
forces are held relatively constant and mean bottom
stresses are increased.
Ultimately, the accuracy of theoretical and numerical
model predictions of setup over rough bottoms will be
determined by both the representation of wave transformation (see Buckley et al. 2015) and the prediction of
mechanisms 1 and 2. Although the RANS model used by
Franklin et al. (2013) incorporates a more physically
complete description of wave transformation and other

dynamics compared to phase-averaged models, a single
bulk bottom drag coefficient is applied within these
models irrespective of type of flow (i.e., wave versus
current). Such an approach does not account for the

FIG. 9. Comparison of the cross-shore-integrated time-averaged
velocity term with the sum of the cross-shore-integrated pressure
and radiation stress gradient terms for runs including roughness.
Per Eq. (16), the linear least squares trend line (fit; solid red lines)
gives the estimated bulk bottom drag coefficient (Cd 5 0.028)
cross-shore averaged and averaged across all runs with roughness.
The dashed red curves show the upper and lower bounds of the
95% CI for the trend line. Vertical error bars show the uncertainties due to instrument accuracy (see section 2e).
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1
1
FIG. 10. (a) Shoreward wave energy flux from sea swell FSS
and infragravity FIG
waves,
(b) radiation stresses Sxx 1 Rxx, and (c) mean bottom stresses tb across (e) the fringing reef
profile for run 4 including (rough) and without (smooth) roughness. (d) Radiation stress
gradients and mean bottom stresses were used for predicted (pred) setup h via Eq. (15) and
compared with observations (obs). For the smooth run, h was well predicted without tb (i.e.,
Cd 5 0). However, for the rough run h was underpredicted without t b (i.e., Cd 5 0) but was
well predicted with the estimated tb (Cd 5 0.028).

known differences between fw and Cd in the presence of
roughness (Nielsen 1992). Alternatively, in coupled
phase-averaged wave and flow models, fw and Cd are
often independently varied. This was done in a recent
numerical study aimed at predicting the hydrodynamic
impacts of climate change on coral reefs by Quataert
et al. (2015) using the XBeach model (Van Dongeren
et al. 2013). In agreement with the mechanisms 1 and 2
discussed above, Quataert et al. (2015) theoretically predicted decreasing setup with increasing fw (mechanism 1)
and increasing setup with increasing Cd (mechanism 2).
However, Quataert et al. (2015) lacked data to validate
their numerical predictions and a physical basis for how fw
and Cd should be related. These numerical studies highlight the need for a more precise method of modeling
mechanisms 1 and 2 in both phase-resolving and phaseaveraged numerical models.

Although not considered in traditional nearshore
models (e.g., Franklin et al. 2013; Quataert et al. 2015),
nor explicitly in either Eq. (2) or Eq. (10), it is the velocity terms ju03 j and juju within the roughness sublayer
(or canopy; not above) that interact with roughness to
generate wave dissipation and mean bottom stresses,
respectively. For large roughness, previous studies have
shown these velocities within the canopy are both reduced compared to those above and that the attenuation
is frequency dependent, being most attenuated in a
unidirectional flow (Lowe et al. 2005b; Luhar et al. 2010;
Zeller et al. 2015). Traditionally, Eq. (2) and Eq. (10) are
cast in terms of the velocities at the top of the roughness
(e.g., Apotsos et al. 2007; Franklin et al. 2013; Quataert
et al. 2015). As such, in addition to relating the local flow
velocities to the resistance forces and the work done by
resistance forces, respectively, Cd and fw must also
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TABLE 3. The instantaneous near-bottom velocity ub was composed of a near-bottom current Ub and a wave component u0b that
had both asymmetry Au and skewness Su (Fig. 7B). The full velocity
approximation following Eq. (12) and (13) is presented in row four
as well as velocity estimates neglecting 1) u0b and the contribution of
the wave roller mass flux Mr, 2) u0b , and 3) Au and Su. These velocity
approximations are implemented in various classes of models as
indicated in the application column. Large discrepancies in the
predicted velocities (Fig. 11) result in variation in the bulk bottom
drag coefficients Cd (Fig. 12).
Velocity
approximation
ub 5 Ub with
Mr 5 0
ub 5 Ub
ub 5 Ub 1 u0b with
Au 5 Su 5 0
ub 5 Ub 1 u0b with
Au and Su
FIG. 11. Comparison of observed (obs) and predicted (pred)
wave setup on the reef flat hr for runs with roughness. Wave setup is
predicted from observation of radiation stress gradients via Eq.
(15) neglecting (red circles; Cd 5 0) and including (black squares;
Cd 5 0.028) the predicted mean bottom stress.

account for the attenuation of velocities within the
canopy that modify the velocities directly interacting
with the roughness elements. The attenuation of velocities within canopies has previously been modeled by
treating the canopy as a sublayer using a spatially and
depth-averaged momentum equation (Nepf and Vivoni
2000; Lowe et al. 2005b; Zeller et al. 2015). Canopy flow
models have been successfully used to predict the
frequency-dependent dissipation of wave energy without the need to specify differing empirical coefficients for
waves and currents (Lowe et al. 2007; Jadhav et al. 2013).
Thus, implementing canopy flow dynamics into existing
numerical models, such as those used by Franklin et al.
(2013) and Quataert et al. (2015), should improve the
representation of mechanisms 1 and 2 and allow for more
accurate numerical predictions of setup under different
bathymetric configurations, hydrodynamic conditions,
and roughness characteristics.
While the present study specifically focuses on how
bottom roughness influences setup over a representative
fringing coral reef profile, the results are also expected
to be broadly applicable to other nearshore systems with
large roughness (e.g., due to vegetation, coarse sediment, and bedforms). The setup response to roughness
will be determined by both the response of the radiation
stress gradients (mechanism 1) and the mean bottom
stress (mechanism 2). In many environments, as was the
case here, the two mechanisms may cancel, resulting in

Application

Cd

Most analytical models

0.23

Most models including a
wave roller
Most phase-averaged models
including a wave roller
Phase-resolving models and
some phase-averaged models
including a wave roller

0.067
0.027
0.028

no appreciable change in setup at the shoreline. However, in other environments the specific physical setting
may result in one of the mechanisms becoming more
important, resulting in a net setup response to roughness.
For example, if our experiments were repeated with a

Ub + ub with Su = Au =0
Ub + ub with Su and Au

FIG. 12. Comparisons of the observed (obs) and predicted (pred)
velocity term jub jub relevant to the calculation of mean bottom
stress per Eq. (2) for instrument sites with velocity data on the reef
flat. Data are shown for both smooth runs (open circles) and with
roughness (open squares). Dashed linear least squares trend lines
are shown for each method of predicting velocity (Table 3). The
estimated velocity used in this study (shown in black) includes
a near-bottom current Ub and a wave component u0b with velocity
asymmetry Au and skewness Su.
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5. Conclusions

Ub + ub with Su = Au =0, Cd = 0.027
Ub + ub with Su and Au, Cd = 0.028

FIG. 13. The velocity approximations given in Table 3 and Fig. 11
were used to compute the cross-shore-integrated time-averaged
velocity term in Eq. (16) (x axis) and compared with the sum of the
cross-shore-integrated pressure and radiation stress gradients (y
axis) for runs with roughness. Per Eq. (16), the linear least squares
trend lines (dashed lines) give the estimated bulk bottom drag
coefficients Cd for each velocity approximation (values given in
legend). The estimated velocity used in this study (shown in black)
includes a near-bottom current Ub and a wave component u0b with
velocity asymmetry Au and skewness Su.

smooth reef slope and rough reef flat, it is expected that
setup would be marginally increased as frictional wave
dissipation on the reef slope prior to wave breaking would
be reduced (i.e., reducing mechanism 1). Conversely, in
the more likely scenario where spatially variable coral
die-off on a shallow reef flat results in a smoother reef flat
but roughness is maintained on the reef slope (e.g.,
Quataert et al. 2015), it is expected that setup would decrease. In addition, on slopes steeper than the 1:5 slope
used here, the setup response to roughness would be expected to increase, as less frictional wave dissipation would
be expected to occur prior to wave breaking. Conversely,
on milder reef slopes the opposite could occur. On reefs
with open lagoons (i.e., barrier reef systems and atolls) as
well as other systems where local continuity does not drive
undertows and corresponding offshore-directed mean
bottom stresses, it is expected that roughness will reduce
setup. As hypothesized by Dean and Bender (2006) in the
most extreme example and consistent with the mechanisms we observed, setdown rather than setup would be
expected for positively skewed waves interacting with
roughness to generate onshore-directed mean bottom
stresses in the absence of wave breaking or an undertow.

High-resolution laboratory observations were used to
investigate the dynamics of wave setup across a fringing
reef profile using scaled roughness elements to mimic
the large bottom roughness of coral reefs. The 16 offshore wave and still water level conditions were considered, first with a smooth bottom (results detailed in
Buckley et al. 2015) and then with a staggered array of
cubes mimicking the bulk wave frictional dissipation of
reefs. In contrast to previous numerical studies (Apotsos
et al. 2007; Franklin et al. 2013), setup on the reef flat
for corresponding rough and smooth simulations was
found to agree with an average difference of only 7%.
The similarity in setup was explained through the detailed assessment of the cross-shore mean momentum
balances using the observations, which revealed that
roughness both modified radiation stress gradients due
to frictional wave dissipation and generated offshoredirected mean bottom stresses. These two mechanisms
acted counter to one another, resulting in the observed
similarities in setup on the reef flat between rough and
smooth runs. When neglecting mean bottom stresses,
frictional wave dissipation resulted in radiation stress
gradients that were predicted to generate 18% (on average) less setup on the reef flat for rough runs than smooth
runs. However, mean bottom stresses for runs with
roughness increased the predicted setup by 16% on average compared to neglecting mean bottom stresses. With
both frictional wave dissipation and mean bottom stresses
accounted for, setup on the reef flat was accurately predicted across all runs with roughness. Comparison of our
findings with previous numerical model predictions highlights the need for an improved framework to predict the
setup response to both frictional wave dissipation and
mean bottom stresses associated with bottom roughness.
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