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Abstract The transformation of surface gravity waves across a platform reef in the Red Sea is examined
using 18 months of observations and a wave transformation model developed for beaches. The platform
reef is 200 m across, 700 m long, and the water depth varies from 0.3 to 1.2 m. Assuming changes in wave
energy flux are due to wave breaking and bottom drag dissipation, the wave transformation model with
optimal parameters characterizing the wave breaking (cm 5 0.25) and bottom drag (hydrodynamic rough-
ness zo 5 0.08 m) accounts for 75%–90% of the observed wave-height variance at four sites. The observa-
tions and model indicate that wave breaking dominates the dissipation in a 20–30 m wide surf zone while
bottom drag dominates the dissipation over the rest of the reef. Friction factors (drag coefficients) esti-
mated from the observed wave energy balance range from fw 5 0.5 to fw 5 5 and increase as wave-orbital
displacements decrease. The observed dependence on wave-orbital displacement is roughly consistent
with extrapolation of an empirical relationship based on numerous laboratory studies of oscillatory flow. As
a consequence of the dependence on wave-orbital displacement, wave friction factors vary temporally due
to changes in water depth and incident wave heights, and spatially across the reef as the waves decay.

1. Introduction

Surface gravity waves impact shallow coral reefs in a number of ways. Surface waves are the dominant forcing
mechanism of flow across many shallow coral reefs [Munk and Sargent, 1948; Von Arx, 1954; Roberts et al.,
1975; Symonds et al., 1995; Kraines et al., 1998; Callaghan et al., 2006; Coronado et al., 2007; Jago et al., 2007;
Hench et al., 2008; Lowe et al., 2009; Vetter et al., 2010], including platform reefs in the Red Sea (S. Lentz,
J. Churchill, K. Davis, J. Farrar, J. Pineda, and V. Starczak, The characteristics and dynamics of wave-driven flow
across a platform coral reef in the Red Sea, submitted to Journal Geophysics Research, 2015, hereafter referred
to as Lentz et al. submitted manuscript, 2015). Breaking waves at the front edge of the reef drive a setup of
sea level, and the resulting pressure gradient drives flow across the reef [Munk and Sargent, 1948; Monismith,
2007; Hearn, 2010]. Surface waves also impact coral reef ecosystems directly by causing breakage of corals
during extreme events [Denny, 1994; Storlazzi et al., 2005] or by enhancing exchange and nutrient uptake with
the surrounding water [e.g., Falter et al., 2004]. A clear understanding of surface gravity wave dynamics over
coral reefs is essential for developing accurate wave models. While there are well-developed and tested surface
gravity wave models for continental shelves [e.g., Booij et al., 1999], the usefulness of such models to estimat-
ing wave-transformations across shallow coral reefs is uncertain because of the extreme geometries and large
drag that characterize reefs [Gerritsen, 1980; Young, 1989; Lugo-Fernandez et al., 1998a, 1998b, Brander et al.,
2004; Lowe et al., 2005; P�equignet et al., 2011; Harris and Vila-Concejo, 2013; Monismith et al., 2013].

The transformation of surface waves across a beach or reef is typically determined using an energy balance
that assumes spatial variations in the wave-energy flux are caused by dissipation due to wave breaking ewb

and bottom drag ebd , i.e.,
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where cg is the group velocity, E5qgH2
s =16 is the wave energy, q is density of sea water, g is gravitational

acceleration, and Hs is the significant wave height [e.g., Battjes and Janssen, 1978; Thornton and Guza, 1983;
hereafter TG83].
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Numerous parameterizations for wave-breaking dissipation ewb on beaches have been proposed [e.g., Apotsos
et al., 2008], and several have been applied to coral reefs [e.g., Gerritsen, 1980; Young, 1989; Lowe et al., 2005;
P�equignet et al., 2011; Filipot and Cheung, 2012] or modified for application to coral reefs [Massel and Gourlay,
2000]. An evaluation of nine different parameterizations of ewb by Apotsos et al. [2008], found they all had simi-
lar skill in reproducing field observations of the wave transformation across beach surf zones provided an
empirical parameter was tuned [see also Filipot and Cheung, 2012, for a similar comparison to laboratory mod-
els of coral reefs]. Based on these results, dissipation due to wave breaking is estimated here following TG83 as
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where B is a breaker coefficient, cm is a model parameter related to wave-saturation in the surf zone, D is the
water depth, and x is a characteristic wave frequency. It is worth emphasizing that cm is simply a model para-
meter characterizing the wave breaking and is not the ratio of the wave height to water depth in the surf zone,
even in the model. Another commonly used model [Battjes and Janssen, 1978] yielded similar, though slightly
less accurate, estimates of the surface wave transformation across the Red Sea platform reef studied here.

For Rayleigh distributed waves, dissipation due to bottom drag is estimated as
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where fw is a wave friction factor and uw is the near-bottom wave orbital velocity (TG83). Dissipation due to
bottom drag is negligible compared to wave breaking in the surf zone over sandy beaches (TG83) but may
be important over coral reefs characterized by large roughness [e.g., Nelson, 1996; Lowe et al., 2005].

Numerous laboratory and theoretical studies indicate that the friction factor fw depends on both the near-
bottom wave orbital displacement Ab5uw=x and the hydrodynamic roughness zo (or equivalent sand grain
roughness kn530zo) [e.g., Soulsby et al., 1993; Mirfenderesk and Young, 2003]. Laboratory studies indicate
that fw decreases from �0.1 for Ab=zo5102 to less than 0.01 for Ab=zo5105 (Figure 1). A number of theoreti-
cal and empirical expressions have been proposed relating fw to Ab=zo [Kajiura, 1964; Swart, 1974; Kamphuis,
1975; Jonsson and Carlsen, 1976; Grant and Madsen, 1982; Myrhaug, 1989; Nielsen, 1992; Madsen, 1994;
Soulsby, 1997; Mirfenderesk and Young, 2003]. In the range 102 < Ab=zo < 105, the laboratory data and the
theoretical and empirical relationships are all similar. However, both the laboratory data and the various

theoretical or empirical relationships
diverge for Ab=zo < 50 (Figure 1). For
example, Grant and Madsen [1982]
argued that for Ab=kn � 1 ðAb=zo � 30Þ,
fw50:23 is a constant because ‘‘the
eddy length scale will be the particle
excursion rather than the bottom rough-
ness’’ and some of the laboratory data
seem to support a constant fw for Ab=zo

< 50 [Bagnold, 1946; Simons et al.,
1988]. In contrast some of the laboratory
data [Kamphuis, 1975; Myrhaug et al.,
2001] and several of the empirical
relationships [e.g., Nielsen, 1992] suggest
fw continues to increase for Ab=zo < 50:

The few direct estimates of friction fac-
tors over coral reefs fall in the range fw

� 0:121:8 [Nelson, 1996; Gerritsen,
1979; Lowe et al., 2005; P�equignet et al.,
2011; Huang et al., 2012; Monismith
et al., 2013; Monismith et al., 2015].
Thus the coral reef friction factors are

Figure 1. The dependence of wave friction factor fw on wave orbital excursion Ab

divided by hydrodynamic roughness zo from laboratory studies (symbols; from
Soulsby et al. [1993]; Myrhaug et al. [2001]; Mirfenderesk and Young [2003]) and
examples of theoretical or empirical relationships (lines). Range of friction factor
estimates for coral reefs are indicated in the top left.
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in the range where the labora-
tory data and the theoretical
and empirical relationships
between fw and Ab=zo

diverge (Figure 1). The coral
reef studies have generally
not examined the depend-
ence of fw on wave-orbital
excursion (though see Gerrit-
sen [1979]; Rogers et al.
[2015]). Rather, an average fw

estimated from (1) is used in
the empirical relationship
between fw and Ab=zo pro-
posed by Nielsen [1992] (Fig-
ure 1), or a similar expression
by Swart [1974], to estimate a
characteristic zo (or kn) [Nel-
son, 1996; Lowe et al., 2005;
P�equignet et al., 2011; Filipot
and Cheung, 2012]. For
Ab=zo < 50, the resulting
estimates of zo are clearly sen-
sitive to which empirical rela-
tionship is chosen (Figure 1).
To accurately estimate wave
transformation across coral
reefs, it is important to know
how fw depends on Ab=zo.

Wave observations across a
platform reef in the Red
Sea and the wave transfor-
mation model given by (1–
3) are used to examine: (1)
the transformation of wave
heights across the reef; (2)
the relative importance of
wave breaking and bottom
drag to the wave transfor-

mation across the reef; (3) the accuracy of the wave transformation model; and (4) whether the fric-
tion factor fw over this reef is constant or increases as the wave-orbital displacement decreases
(Figure 1).

2. Field Site and Wave Measurements

Observations of surface gravity waves were collected over the continental shelf and several platform coral
reefs on the eastern side of the Red Sea approximately 50 km northwest of Jeddah, Saudi Arabia (Figure 2a).
This study focuses on the surface wave dynamics across a platform reef (QD2, our designation) in the Qita
Dukais reef system (Figure 2b). QD2 is about 700 m long and 200 m across (Figure 2c). The top of the platform
reef is about 1 m deep relative to mean sea level with an abrupt drop, over a horizontal distance of 1–10 m,
to depths of about 15 m in the surrounding water (Figure 3). The time-averaged water depth varies across the
reef platform from 0.6 m near the front (northwest side of the reef) to 1.2 m near the back (southeast side; Fig-
ure 3a). The back third of the reef contains sand channels that are 0.2–0.4 m deep (relative to the surrounding
bottom), 1–2 m wide, and several meters long (Figure 3a and light colored regions in Figure 2c).

Figure 2. (a) and (b) Satellite image (Google Earth) showing coral reefs along the eastern con-
tinental shelf of the Red Sea, near Jeddah, Saudi Arabia . Wave observations were made at sites
S1, S2, S3, and S4 on the shelf, and Abu Madafi at the shelf edge. The focus of this study is
QD2 (c) a small reef in the Qita Dukais reef system.(c) Image of QD2 includes current profiler
and pressure gauge locations. A right-handed coordinate system is adopted with x positive
across the reef in the predominant direction of wave propagation (toward the southeast). Sur-
face waves propagating toward QD2 break at the reef edge and then decay as they propagate
across the reef.
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Surface wave observations were
obtained using pressure measure-
ments from Seabird Seagauges (SG)
deployed across QD2 for three consec-
utive 6 month study periods: mid-
November 2009 through May 2010,
June through November 2010, and
December 2010 through May 2011.
Seagauges were deployed at SGN,
�60 m from the front edge of the reef,
and SGS, �10 m from the back edge
of the reef, during all three study peri-
ods. Additionally, Seagauges were
deployed at RS, behind QD2 (12 m
water depth), during the first two
study periods and at SGNR, at the front
edge of the reef, during the third study
period (Figures 2c and 3). All Sea-
gauges collected pressure data in
wave bursts at 2 Hz for 512 s every 4 h.
Wave and current measurements were
also obtained from an Aquadopp cur-
rent profiler in pulse-coherent mode
burst sampling at 1 Hz for 256 s once
an hour. The Aquadopp was deployed
at AQ1 during the first two 6 month
study periods and at AQ2 during the
third study period (Figure 2c). Spectra
were computed for each wave burst
and used to calculate significant wave
height and peak wave period.

Surface wave observations were also obtained using RDI ADCPs deployed at shelf sites: S1, S2, and S4 from
mid October 2008 to mid-November 2009; and S2, S3, and RN from mid November 2009 to early December
2010 (Figure 2b). The ADCPs collected 10 min burst samples at 2 Hz every 4 h. RDI Wavemons software was
used to estimate wave directional spectra from the burst samples. The spectra were then used to estimate
significant wave height, peak wave period, and wave direction. Wave observations were also collected at a
meteorological buoy in the Red Sea basin approximately 40 km northwest of Qita Dukais from October
2008 to December 2010 [Ralston et al., 2013] and from a Seagauge in front of Abu Madafi, a reef at the
edge of the continental shelf (Figure 2b), burst sampling at 4 Hz for 512 s every 2 h from April to November
2009.

Bathymetry over the reef (Figure 3a) was measured using a downward looking Nortek Aquadopp, sampling
2-cm bins at 1 Hz, mounted under a toroid float and a handheld Garmin GPS-60 attached to a channel on
top of the float. Estimates of bottom location have an accuracy of 1 cm and a horizontal resolution of about
0.2 m (the float drifted across the reef at about 0.2 m s21; see Lentz et al. submitted for details). Bathymetry
was not measured near the front edge of the reef (0 < x < 40 m Figure 3a) using the Aquadopp because of
breaking waves. Subsequently depth measurements were collected with a cross-reef resolution of about
10 m using a tape measure and handheld GPS during a period when waves were small. Bathymetry of the
surrounding shelf (Figure 3b) is from a depth recorder on a small boat.

3. Results

3.1. Overview of Surface Waves Characteristics Across the Continental Shelf
Significant wave heights (Hs) in the Red Sea basin often exceed 2 m and, on one occasion, reached 4 m
(Figure 4a). Peak periods are typically 4–8 s (85% of time). Significant wave heights are correlated (r 5 0.85)

Figure 3. Bathymetry relative to mean sea level along the QD2 across-reef instru-
ment transect (Figure 2c) (a) over the reef flat and (b) over a broader transect
encompassing the platform reef. Instrument locations and heights of current pro-
filer bins are also shown.
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with the wind stress magnitude and
waves tend to propagate southeast-
ward along the axis of the Red Sea, in
the direction of the prevailing winds
[Ralston et al., 2013].

Significant wave heights are highly
correlated (r > 0:9) across the shelf.
Standard deviations of Hs at the shelf-
break (Abu Madafi reef) and at the
outer shelf sites (S1 and S2) are similar
to those at the meteorological buoy
30–35 km to the northwest (Figure 4b).
However, wave heights at the Qita
Dukais reef system (S4 and RN), about
10 km onshore of the continental shelf
edge, are about half the wave heights
at the meteorological buoy or Abu
Madafi. The reduction in wave height
at S3, S4, and RN relative to S1 and S2
is probably due to a combination of
shadowing by Abu Madafi (Figure 2b)
and dissipation associated with bot-
tom drag. Very limited bathymetry
data indicate water depths ranging
from 50 to 10 m over the shelf in this
region. A more detailed understanding
of the processes controlling the wave
height transformation across the shelf
would require more accurate shelf
bathymetry than is presently available
and is beyond the scope of this study.

At the RS site, directly behind QD2 (Figure 2c), wave heights are close to zero (Figure 4b), though the small
wave heights are still significantly correlated (r 5 0.7) with the offshore wave heights at the meteorological
buoy. The following analysis is restricted to times when incident waves at RN are from the north or north-
west (265oN to 25oN), which is 87% of the times when HRN

s > 0:1 m.

3.2. Surface Wave Transformation Across QD2: Observations
Water depths over QD2 vary substantially on annual, synoptic (days to weeks), and tidal time scales (Lentz
et al. submitted manuscript, 2015). At SGN the water depth ranges from a minimum of 0.3 m to a maximum
of 1.2 m, with variations of as much as 0.5 m over a few days (e.g., early February Figure 5c). Hourly burst-
averaged current profiles are unidirectional and logarithmic at AQ1 and AQ2. Depth-average currents are
strongly polarized cross reef with peak velocities of 0.2–0.3 m s21 (Figure 5b) forced by surface gravity wave
setup at the front edge of the reef. Lentz et al. (submitted manuscript, 2015) provide a detailed examination
of the dynamics of the wave-driven currents across QD2.

When waves from the Red Sea basin reach the front edge of QD2 whether they break or not depends on
both the incident wave height (Figure 5a, RN) and the water depth over the reef flat (Figure 5c). For moder-
ate to large incident waves (HRN

s � 0:4DSGN), Hs decreases substantially from RN in front of the reef to SGN
(Figures 5a and 6a symbols), presumably due to wave breaking (see section 3.4). Wave heights decay more
gradually across the reef flat, from SGN to SGS (Figure 6a), presumably due to bottom drag (see section 3.4).
When incident wave heights are small HRN

s � 0:2DSGN
� �

, there is not an abrupt change in wave heights at
the front edge of the reef (Figure 6b symbols), presumably because the waves are not breaking. In this case,
wave heights decay gradually across the reef at a rate similar to the decay behind the surf zone when waves
are breaking.

Figure 4. (a) Time series of wave height at the meteorological buoy in the Red
Sea Basin (30 km offshore) and at RN in front of QD2. (b) Standard deviation of
significant wave height Hs as a function of distance from the shelf edge for vari-
ous sites on the continental shelf (Figure 2). RS is sheltered from the prevailing
waves by QD2 (Figure 2c).
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When incident wave heights are small
relative to the reef water depth
(HRN

s < 0:6D at SGNR or HRN
s < 0:3D at

SGN Figure 7), reef wave heights
increase approximately linearly with
increasing incident wave height, though
the wave heights over the reef tend to
be smaller than the incident wave
heights. When incident wave heights
are larger relative to the reef water
depth, wave heights over the reef are
depth limited and independent of the
incident wave height. A clear example
of the reef flat wave height being depth
limited is the period from 18 to 28 Janu-
ary when incident wave heights at RN
are fairly constant at about 0.5 m (Fig-
ure5a), yet the wave heights over the
reef flat, at SGN and SGS, decrease by a
factor of two (Figure 5a) as the water
depth decreases (Figure 5c). The depth
limited wave heights over QD2 are qual-
itatively consistent with previous studies
of wave breaking on both beaches and
reefs [e.g., Raubenheimer et al., 2001;
Lowe et al., 2009; Becker et al., 2014]. The
observations at SGNR indicate a satura-
tion ratio of Hs=D � 0:5. However, at
SGN the ratio Hs=D is smaller (0.1 to 0.3)
and increases as the water depth
increases because the bottom drag
reduces the wave height.

To show the impact of bottom drag on Hs=D, an analytic expression for the wave height decay onshore of
the surf zone is derived assuming no breaking, constant water depth, and wave friction factor, and, for con-
venience, shallow water waves (Appendix A). The resulting expression for the cross-reef decay of the wave
height is

HsðxÞ5
cDb

11 x2xbð Þ=Ldð Þ where Ld5
8
ffiffiffiffiffiffi
2p
p

Db

fwc
(4)

where c is the wave height to water depth ratio at the onshore edge of the surf zone D5Db; x5xbð Þ and Ld

is a frictional decay scale. At x2xb5Ld the wave height is half the surf zone value and at x2xb53Ld it is a
quarter. Note that if fw50 then Hs5cDb as expected. For fw51 and c50:5, Ld � 40Db: Equation (4) accu-
rately reproduces the observed dependence of wave height on water depth at SGN when waves are break-
ing ðHRN

s > cDbÞ for c50:55 and fw51:0 (Figure 8). The agreement supports the assumption that onshore of
the surf zone bottom friction modifies the relationship between wave height and water depth over the reef
as indicated by (4). In particular, when bottom drag dissipation is large the ratio Hs=D is not representative
of the value of c5Hsz

s =Dsz in the surf zone (compare red and black-dashed lines Figure 8).

3.3. Estimation of Wave Friction Factor
An estimate of the friction factor fw is required to estimate the bottom drag dissipation and model the varia-
tion in surface wave height across QD2 using (1). Wave breaking was typically not observed onshore of SGN
(e.g., Figure 2c), consistent with: the waves being depth limited in the surf zone; the water depth increasing
toward the back of the reef; and bottom drag dissipation reducing the wave heights. To make an initial esti-
mate of the friction factor, equations (1) and (3) are integrated across the reef from SGN to SGS assuming

Figure 5. Time series of (a) wave heights in front of QD2 at RN and on the reef
flat at SGN and SGS, (b) depth-average currents at AQ1, (c) water depth at SGN,
and (d) the friction factor fw at SGN and SGS from the wave model.
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shallow water waves, ewb50; and that both the water depth and the friction factor fw do not vary across the
reef [e.g., Nelson, 1996] (Appendix A). In this case,

fw �
8
ffiffiffiffiffiffi
2p
p

D2

Dx
HSGN2HSGS

HSGNHSGS
(5)

where Dx5115 m is the distance and D is the spatially averaged water depth between SGN and SGS. To get
accurate estimates of fw , (1) should be integrated from SGN to SGS allowing for cross-reef variations in both
D and fw (section 3.4). However, (5) provides an initial determination of whether fw depends on the wave
orbital displacement Ab, as in Figure 1, independent of a particular model of that dependence. Estimates
of fw from (5) show a clear dependence on Ab, bin average values decrease from fw � 4 for Ab50:03 m to
fw � 1 for Ab50:3 m (Figure 9).

To compare the QD2 estimates of fw to the laboratory data (Figure 10) Ab is divided by the optimal hydrody-
namic roughness, zo50:08 m, from the wave transformation model (estimated below). The QD2 estimates are
at smaller values of Ab=zo than the range of the laboratory data and are roughly consistent with extrapolation
of the empirical relationship given by Soulsby [1997] (Figure 10, solid line). The QD2 estimates do not support
the hypothesis that fw is constant for Ab=zo < 50 [Grant and Madsen, 1982] nor do they support the use of the
steeper dependence of Nielsen [1992] (or similarly Swart [1974]) to extend the relationship to Ab=zo < 50.

3.4. Wave Transformation Across QD2: Model Results
The wave transformation model described in the introduction (equations (1)–(3)) is used to determine the
relative importance of wave breaking and bottom drag dissipation over the reef and to provide a more

Figure 6. Significant wave heights across QD2 from observations (symbols) and the wave model (black lines) for DSGN51 m and incident
waves heights of (a) HRN

s 51 m and (b) HRN
s 50:2 m: Figures 6c and 6d show the corresponding wave breaking ewb (black lines) and bottom

drag ebd (red lines) dissipations from the model and the net dissipation estimates between sites from the observations using (1) (symbols).
Symbols are mean wave heights or dissipations for all times when 0:9 < DSGN < 1:1 m and Figure 6a 0:9 < HRN

s < 1:1 m or Figure 6b 0:1
< HRN

s < 0:3 m for the first two deployments (blue) and the third deployment (red). In Figures 6a and 6b model, wave heights are also
shown for no bottom drag (red), no breaking (green), and no bottom drag or breaking (blue). The front edge of reef is at 0 m and the back
edge is at 200 m.
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detailed view of the cross-reef transfor-
mation of the waves. The model is
one-dimensional, so it does not
account for two-dimensional variability
in the wave field due, for example, to
along-reef variations in bathymetry
and breaking or wave refraction. Visual
observations at the site and the satel-
lite image in Figure 2c suggest this is a
reasonable assumption.

The abrupt change in water depth
(Figure 3b), over a horizontal distance
that is less than the wavelength of the
incident waves (�50 m), suggests that
some of the wave energy may reflect as
it encounters the reef. Reflection coeffi-
cients assuming either a step or a plat-
form geometry and ignoring breaking
are �0.6 [Mei, 1983]. Incorporation of a
reflection coefficient in the wave trans-
formation model had little effect on the
waves over the reef because they are
typically depth-limited over the shallow
reef crest (Figures 7 and 8). Interest-
ingly, directional wave spectra from RN
showed no evidence of wave reflection;
it is unclear why. Consequently, wave
reflection is not considered in the fol-
lowing analysis.

To determine the optimal values of
the wave-transformation model

parameters, cm and zo, an iterative procedure is used to minimize the root-mean-square (rms) error in the
wave height estimates from (1) compared to the observed wave heights at SGN and SGS. Apotsos et al.
[2008] set B to 1.0 because B and cm are not independent in most wave-transformation models [Roelvink,
1993]. Fitting for both cm and B confirmed that optimal values covaried without changing the rms error
even though cm is independent of B in the bracket term in (2). Therefore, following Apotsos et al. [2008] B
is set to 1. Given the incident wave height and wave period at RN, the reef bathymetry and the time-
varying water depth, (1) is integrated across the reef from RN to RS at each wave-burst sample time, using
(2) and (3) to estimate wave breaking and bottom-drag dissipation. The friction factor fw is estimated
using the empirical relationship given by Soulsby [1997] (solid line Figure 10); noting that fw varies across
the reef because it depends on the decreasing wave height and hence wave-orbital displacement Ab. The
optimal wave model parameters for QD2 are zo50:08 m and cm50:25. Optimal values determined
separately for SGN and SGS and for each deployment were essentially the same

zo50:0860:005; cm50:2560:03ð Þ. Assuming no breaking dissipation between SGN and SGS and mini-
mizing the rms error also yielded the same optimal value of zo.

The wave-transformation model, with the optimal cm and zo values, generally reproduces the observed
wave heights at SGNR, SGN, and SGS for the observed range of incident wave characteristics and water
depth variations over the reef flat (e.g., Figures 6a and 6b compare black lines and symbols). The rms error
in Hs is 1.5–2.5 cm at SGN and SGS and 7 cm at SGNR. The wave model accounts for 75%–90% of the
observed wave height variance (correlations 0.86–0.95) and the regression slopes are between 1.1 and 1.4
6 0.3. The wave model estimates of dissipation also agree reasonably well with bulk estimates of the total
dissipation using the observations to estimate the left-hand-side of (1) (e.g., Figures 6c and 6d compare
symbols to sum of black and red lines).

Figure 7. Significant wave height divided by water depth as a function of incident
wave height divided by water depth at (a) SGNR and (b) SGN. Colors indicate
water depth and dashed lines correspond to reef wave heights equaling incident
wave heights.
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The larger rms error in the model at
SGNR is probably due to a number of
factors, including: uncertainty in the
bathymetry in the vicinity of SGNR
(Figure 3) because it was in the surf
zone and it was north of the instru-
ment and bathymetry transect; SGNR
being near the surf zone much of the
time where there are rapid spatial var-
iations in wave height (Figure 6a), and
the larger wave heights at SGNR rela-
tive to SGN and SGS. P�equignet et al.
[2011] also observed larger variability
at a steep reef face. A robust discrep-
ancy between the model and observa-
tions is the lack of an observed
increase in wave height at SGNR rela-
tive to RN when the waves are small.
In the absence of wave breaking, the
model wave heights initially increase
due to the decrease in water depth
and conservation of wave energy flux

(Figure 6b). The observations show no evidence of an increase in wave height at SGNR relative to RN
(Figures 6b and 7a). This may be due to enhanced drag near the front edge of the reef and/or the uncer-
tainty in the bathymetry at the front edge of the reef. Visual observations suggest enhanced physical rough-
ness near the front edge of the reef suggesting that the hydrodynamic roughness is larger at SGNR than at
SGN and SGS.

The wave model results indicate that in the absence of any dissipation wave heights increase over the reef
because of the decrease in water depth (blue lines Figures 6a and 6b). For moderate to large waves, there is
a precipitous decrease in wave height within 30–40 m of the front edge of the reef (Figure 6a) due to wave
breaking (Figure 6c). Despite the large hydrodynamic roughness, bottom drag does not make a substantial
contribution to the dissipation in the surf zone (Figure 6c, red line; note log scale for e). However, the model
results indicate that bottom drag dominates the dissipation from SGN (�60 m from reef edge) to the back

edge of the reef (Figure 6c), though
the change in wave height is small
compared to the change due to wave
breaking (Figure 6a, compare red and
black lines). Interestingly, the bottom
drag is large enough to completely
damp the waves across this small plat-
form reef (200 m) if there was no break-
ing (Figure 6a, green line). When the
waves are small relative to the water
depth, there is essentially no breaking
and the dissipation is due entirely to
bottom drag across the entire reef (Fig-
ures 6b and 6d). In this case, wave
heights decrease by a factor of four
across QD2 (Figure 6b). This transforma-
tion is consistent with previous studies
of waves over reefs with less abrupt
bathymetric variations [Gerritsen, 1980;
Young, 1989; Lowe et al., 2005;

Figure 8. Comparison of the observed (blue circles) and predicted from (4) (red line)
dependence of wave height on water depth at the onshore edge of the surf zone,
Db5DSGN20:16 m, for times when incident waves are breaking on the reef
ðHRN

s > cDbÞ. The inferred relationship between wave height and water depth in the
surf zone is also shown (dashed line). Estimates from (4) are for c50:55 and fw51:0:

Figure 9. Bulk estimates of fw between SGN and SGS from (5) as a function of Ab .
Red circles are bin-averaged estimates of fw . Open circles indicate Hs < 2 cm at
SGN or SGS and are not included in bin-averages.
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P�equignet et al., 2011; Filipot and
Cheung, 2012].

The friction factors from the model vary
both temporally and spatially due to
variations in wave height and wave
period. The friction factor at SGN varies
by a factor of three, from �0.7 when
wave heights are relatively large to �4
when wave heights are small (Figure
5d). Since wave heights depend on
water depth over the reef (Figure 8),
friction factors tend to be larger when
the water is shallower (compare Figures
5c and 5d). Friction factors also increase
across the reef by a factor of 2–3 (com-
pare SGN and SGS Figure 5d) because
the wave height, and hence the orbital
displacement, decreases across the reef
(e.g., Figures 6a and 6b).

4. Discussion

The estimate of the wave-breaking parameter cm50:25 from the wave transformation model is smaller than
the value 0.60 (crms50:42) used by TG83, but closer to the tuned values (�0.4) found by Apotsos et al.
[2008] for six studies of sandy beaches. As noted by Apotsos et al. [2008], the model parameter cm is not
necessarily related to the wave saturation ratio in the surf zone c5Hsz

s =Dsz because B is set to 1.0 in fitting
for cm. Direct estimates of c from the model surf zone are �0.5, similar to the value inferred from the SGNR
observations (Figure 7a) or from fitting (4) to the SGN observations (c50:55, section 3.2). Raubenheimer
et al. [1996] found empirically that over sand beaches c increased approximately linearly with beach
slope a, i.e., c � 0:216a. The observed c � 0:5 at SGNR (Figure 7) is larger than predicted by this relation-
ship, c50:32 for a � 0:02. The observed c for QD2 is also larger than previously observed on several coral
reefs c50:220:3 [Young, 1989; Brander et al., 2004; Lowe et al., 2009; Harris and Vila-Concejo, 2013; Becker
et al., 2014]. Whether this is due to different reef geometries or under prediction of c due to bottom drag
dissipation for sites onshore of the surf zone (Figures 7b and 8) is unclear.

The estimates of fw for QD2, ranging from 0.5 to 5 (Figures 5c and 9), are larger than estimates other most
coral reefs (fw ranging from 0.1 to 0.7) [Nelson, 1996; Gerritsen, 1979; Lowe et al., 2005; P�equignet et al., 2011;
Huang et al., 2012; Monismith et al., 2013], though a recent study estimated fw � 1:8 on the fore reef of
Palmyra Atoll [Monismith et al., 2015]. The relatively high values of fw for QD2 suggest that either the hydro-
dynamic roughness zo is larger and/or the wave-orbital displacements Ab are smaller than in most of the
previous coral reef studies. The optimal zo50:08 m for QD2 from the wave model is larger than previous
estimates, but all the field estimates of zo for waves, including QD2, depend on the choice of the empirical
relationship between fw and Ab=zo. Additionally, estimates of zo from an average Ab and fw , as in previous
studies, are inaccurate because the relationship between fw and Ab=zo is nonlinear. For QD2, zo estimated
using the Soulsby [1997] empirical relationship and the average Ab and fw is less than half the optimal esti-
mate. The wave estimate of zo50:08 m is close to an estimate for hourly currents over QD2, zo50:06 m,
determined by minimizing the root-mean-square difference between the bottom stress and the other terms
(primarily the pressure gradient) in the depth-average cross-reef momentum balance (Lentz et al. submitted
manuscript, 2015).

Physical roughness heights between SGN and SGS from the bathymetry survey (Figure 3a) range from 0.1
to 0.4 m, with a standard deviation of rr50:13 m, similar to other coral reef flats [Nunes and Pawlak, 2008;
P�equignet et al., 2011; Jaramillo and Pawlak, 2011; Huang et al., 2012]. The ratio of wave hydrodynamic
roughness to physical roughness is zo=rr � 0:6. This is four times larger than the ratio zo=rr � 0:15 esti-
mated by Lowe et al. [2005] for the barrier reef at Kaneohe Bay. Huang et al. [2012] found that zo=rr � 0:27

Figure 10. Bulk estimates of fw as a function of Ab=zo for QD2 (from Figure 8 with
zo50:08 m) and for laboratory data (Figure 1).
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provided accurate estimates of dissipation in a reef lagoon. Engineering and atmospheric boundary layer
studies suggest the hydrodynamic to physical roughness ratio can range from 0.01 to 0.4 depending on, for
example, the ratio of roughness frontal area to bed area [e.g., Raupach et al., 1991; Britter and Hanna, 2003;
Jimenez, 2004].

A limitation of this analysis is that the estimated zo is a characteristic hydrodynamic roughness for the
region between SGN and SGS. Spatial variations in the physical roughness between SGN and SGS (Figure
3a) suggest there are spatial variations zo that are not resolved by this bulk analysis.

The observations from QD2 extend the relationship between fw and Ab=zo to smaller values of Ab=zo (larger
fw ) than previously spanned by the laboratory studies of oscillatory flows. The QD2 results suggest that for
Ab=zo < 50, fw does not increase as rapidly as suggested by Nielsen [1992] and others, but also is not inde-
pendent of Ab=zo as suggested by Grant and Madsen [1982] and others. The QD2 coral reef observations also
suggest the laboratory results are relevant to geophysical scales. Evaluating the relevance of the laboratory
results to surface waves over shelves and beaches has proved challenging because bottom drag dissipation is
generally small relative to other processes and there is the added complexity associated with moveable beds
and evolving bed forms for sand or sediment, though see Herbers et al. [2000] and subsequent papers. In this
context, coral reefs are an ideal setting for extending and evaluating the relevance of the laboratory estimates
of friction factors to geophysical flows because bottom drag dissipation is substantial.

5. Summary

The characteristics and dynamics of surface gravity waves over a �1 m deep, 200 m wide platform reef in
the Red Sea are examined using eighteen months of observations combined with a wave transformation
model. The model includes a breaking parameterization developed for beaches [Thornton and Guza 1983]
and assumes that the friction factor in the bottom drag dissipation depends on both hydrodynamic rough-
ness and wave-orbital displacement following the empirical relationship of Soulsby [1997]. Optimal values
of the model parameters characterizing the breaking cm50:25 and the hydrodynamic roughness zo50:08
m were determined by minimizing the rms difference between the model and observed wave height time
series. The wave model accounts for 75%–90% of the observed wave height variance.

Spatially averaged wave friction factors (drag coefficients) fw are estimated from the observations by assum-
ing changes in wave energy flux are due to bottom drag dissipation over the region where the waves decay
gradually (i.e., where waves are not breaking). The estimated friction factors range from 0.5 to 5 and depend
strongly on the wave orbital Ab displacement such that shorter wave orbital displacements result in a larger
friction factor. The dependence of the friction factor on wave-orbital displacement is roughly consistent
with extrapolation of an empirical relationship proposed by Soulsby [1997] based on numerous laboratory
studies of oscillatory flow. The dependence of friction factors on orbital displacement implies that friction
factors vary both temporally due to changes in water depth and incident wave heights, and spatially across
the reef as the waves decay. Determining the appropriate relationship between fw and Ab=zo is critical to
developing accurate numerical wave models for shallow coral reefs.

The wave transformation across the platform reef depends on both the incident wave height and the water
depth over the reef. When incident wave heights are 40% or more of the reef water depth, waves break at
the front edge of the reef and then decay more gradually across the reef flat. When incident wave heights
are less than 20% of the reef-flat water depth, waves do not break but still decay gradually across the reef.
The observations and the model indicate that wave breaking dominates the dissipation relative to bottom
drag in a narrow (30–40 m wide) surf zone despite the large friction factors and bottom drag dominates the
dissipation over the rest of the platform reef.

Appendix A

Assume a platform reef where wave height is set by wave-breaking at the shoreward edge of the surf zone
x5xb, so Hsðx5xbÞ5Hsb5cDb where c is a wave saturation constant for the surf zone and Db5Dðx5xbÞ. Fur-
ther assume that onshore of the surf zone the waves only decay due to bottom dissipation (no further
breaking ewb50 or change in water depth D5Db), fw is constant, and for simplicity shallow water waves
over the reef flat,
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Integrating (A2) from the shoreward edge of the surf zone xb to some x yields
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The nondimensional form of (A3) can be written as
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is a frictional decay length scale for the reef. It is straightforward to not assume shallow water waves pro-
vided the water depth is constant. The average friction factor fw between two sites can be estimated by
integrating (A2) between the sites [Nelson, 1996]

fw �
8
ffiffiffiffiffiffi
2p
p

D2
b

Dx
Hs12Hs2

Hs1Hs2
: (A5)

Equation (A5) provides a more accurate estimate of fw than a finite difference estimate of (1) which under-
estimates fw because the bottom drag dissipation is not linear between sites.
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