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Abstract

The present paper reports on a field experiment performed over a shallow, roughness-
varying barrier reef at Maupiti island, French Polynesia. The spectral wave energy bal-
ance is examined, outside the breaking zone and accounting for non-linear transfers and
mean current, to estimate the wave friction factor. This latter varies from 0.05 to 4, with
dependence on the ratio between near-bed orbital amplitude and roughness height well
predicted by an adjusted parameterization from Madsen (1995). The present results are
discussed with respect to other field data recovered on coral and rocky grounds.

1 Introduction

By promoting mixing, aeration, nutrient transport and water renewal, surface waves
are critical for the health of coral reef-lagoon systems. In return, thriving coral reefs play
an essential sheltering role to low-lying shorelines, protecting them from wave-driven haz-
ards such as flooding and deleterious erosion. Coral reefs, being fringing or barrier, gen-
erally exhibit a striking geometrical complexity and very shallow water depths, which
leads to significantly enhanced breaking- and friction-induced wave and momentum dis-
sipation compared to the sandy beach situation (Lowe et al., 2005; Reidenbach et al.,
2006; Rosman and Hench, 2011; Monismith et al., 2015; Rogers et al., 2018; Sous et al.,
2020a; Davis et al., 2020). A significant research effort has been engaged over the last
two decades to better understand and predict the physics of waves and wave-driven pro-
cesses over coral reefs. An essential issue is to decipher the role of coral-induced drag on
the evolution of incident waves, which is fully-coupled with the momentum balance, i.e.
it both affects and depends on the water level and the current field (Symonds et al., 1995;
Hearn, 1999; Gourlay and Colleter, 2005; Monismith et al., 2013; Sous et al., 2020a).

The wave energy dissipation rate by bottom roughness is related to the orbital velocity:
shorter and higher waves will experience more dissipation. Depending on the coral canopy
height, the depth, the spatial and temporal scales to be resolved and the computational
resources, the frictional energy dissipation experienced by incident waves propagating
over coral reefs may be represented either in the bottom roughness or in the canopy drag
frameworks. While few works have addressed the coral-induced wave dissipation in the
canopy framework (Rosman and Hench, 2011; Sous et al., 2020a; Qu et al., 2022; Buck-
ley et al., 2022), the bottom roughness approach remains overwhelmingly used due to
its simplicity. It relies on the wave friction coefficient f,, (or the wave energy dissipation
factor f.), knowledge of which is essential in many wave and wave-driven circulation mod-
els. Field observations of f,, over coral reefs display a strong variability, with typical val-
ues ranging between 0.05 and 0.4 (Lowe et al., 2005; Péquignet et al., 2011) but with much
higher values found at specific sites (1 for Acevedo-Ramirez et al., 2021, and even 1.8
for Monismith et al., 2015). This variability in f,, principally originates from the variations
in hydrodynamic conditions (waves, depth, mean current) and in the geometrical structure
of the coral colony. It is generally assumed that the hydrodynamic conditions can be simply
represented by a representative near-bed orbital amplitude A, and, on the other hand,
that the roughness structure can be accounted for by a single length-scale. This latter
is either directly the standard deviation of the fine-scale bed elevation oy, inferred from
high-resolution survey, or the so-called hydraulic roughness height k, used to build the
wave boundary layer theory, which remains to be connected to the roughness statistics.
Empirical (Lentz et al., 2016; Gon et al., 2020) or theoretical (Madsen, 1995; Lowe et al.,
2005) models relating f,, to Ay/k, or Ap/op, have been confronted with field measure-
ments over coral reefs and rocky shores. While the agreement is generally satisfactory
for large orbital amplitude to roughness height ratio, discrepancies have been observed
for very large roughness (Lentz et al., 2016; Gon et al., 2020). Another sparsely docu-
mented issue is the role played by currents, which are expected to provide additional shear
and to increase wave dissipation. A proper assessment of the validity of classical wave-
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current bottom drag dissipation (Madsen, 1995) in the coral reef context remains to be
done, in particular in open reef systems where wave breaking-driven barotropic currents
are ubiquitous.

The parameterization of bottom drag in wave models raises therefore the complex
question of the connection between reef topography and hydrodynamics (Davis et al.,
2020). Significant efforts have been recently devoted to understand the connection be-
tween hydrodynamics and roughness structure, in order to allow an easier and more ro-
bust definition of frictional parameters in wave and circulation models without the need
to perform costly and site-specific hydrodynamic measurements (Lowe et al., 2005; Lentz

et al., 2016; Poate et al., 2016; Yu et al., 2018; Gon et al., 2020; Lavaud et al., 2022). Placed

in this global effort, the present paper reports on a field study of frictional wave dissi-
pation over the SW barrier reef at Maupiti Island, French Polynesia. As most barrier
reefs found worldwide, cross-barrier currents are mainly forced by waves breaking over
the ocean side of the forereef. In addition, this site has the particularity to display a well-
marked spatial partition of roughness structure (Sous et al., 2020b,0). With a dedicated
instrumentation across the backreef, where wave breaking processes cease, the observa-
tions allow to track the response of wave transformation and dissipation to the evolu-
tion of reef structure. The presence of large roughness height to depth ratio over the bar-
rier combined with a fully spectral analysis further allows to estimate f,, at small A/k,
ratio. Section 2 is dedicated to the description of field experiments and related data pro-
cessing. Results are presented and discussed in Sections 4 and 5, respectively.

2 Field site and Methods
2.1 Field Site and Experiments

Maupiti (“the Stuck Twins”) is a diamond-shaped island located in the western part
of the Society archipelago in French Polynesia. The present study focuses on the data
recovered over a single cross-barrier transect located in the south-west barrier (Fig. 1A)
during the MAUPITI HOE field campaign, from 5 to 18 July 2018. The studied area is
representative of the reef structure observed along the 4 km-long southwestern barrier
reef, showing an alongshore-uniform structure exposed to swell approaching with weak
incident angles and a healthy reef colony. In the cross-barrier direction, the reef displays
a clear partitioning of bottom roughness that ranges from low-crested compact struc-
tures at the reef crest to higher and sparser coral bommies on the backreef (Sous et al.,
2020b). The experimental setup was specifically designed to analyse and to differenti-
ate the dynamics over three roughness-contrasting sections found over the barrier reef.

An array of sensors was deployed along a single cross-barrier transect shown in Fig.
1B and C. Positions along this transect are here defined in an onshore-directed referen-
tial, with origin at the 20 m isobath. Except S4, each sensor has been repeatedly posi-
tioned by DGPS-RTK. Incident wave conditions were measured by an electro-magnetic
current meter S4 deployed on the forereef in 10.5 m depth and recording 20-min bursts
of data every 3h. Five pressure sensors (OSSI-010-003®), namely OSS2 to OSS6, were
bottom-mounted across the barrier reef to monitor waves and mean water levels. OSS2
was located at the top of the reef crest while OSS3 to OSS6 sensors were specifically lo-
cated at the boundaries between the three distinct barrier zones described by Sous et al.
(2020b). The bottom pressure was continuously recorded at 10 Hz. An acoustic Doppler
profiler AQP1 (Nortek Aquadopp®) was deployed near the seabed 500 m beyond the bar-
rier in order to capture cross-barrier transports. The vertical profiles of current veloc-
ities were recorded every 3s with a vertical resolution of 0.1 m. The recovered data is
averaged over five successive profiles, i.e. 15s, and projected into the reef barrier axes
to obtain the cross and along-reef components. The measured transport at this location
can be used to estimate the depth-averaged current velocities at any location across the
barrier by simply dividing the transport by the local depth.
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Figure 1. Field site and experimental setup. A: Satellite view of the Maupiti island with

the instrumented cross-barrier transect indicated by the red line. B: cross-barrier profile with
high-resolution (HR - grey line) and low resolution (LR - red stars) bathymetry data, S4 electro-
current meter (green dot), AQP1 Acoustic Doppler velocity profiler (yellow dot) and OSS pres-
sure sensors (red dots). The reconstructed bathymetry is displayed as solid grey line. C: zoomed

view of B.

A series of high-resolution topo-bathymetric surveys have been carried out to characterize
the detailed geometrical structure of the barrier reef, see Sous et al. (2020b). Profiles P1
and P2 from Sous et al. (2020b), which closely overlap the instrumented transect, are
combined to provide high-resolution reef topography denoted in grey dots in Figure 1B
and C. The definition of the actual seabed is not straightforward in such complex environment.
The approach retained here is based on the analysis of the reef geometrical structure proposed
by Sous et al. (2020b). The high-resolution reef topography is processed with a 7 m-wide
moving window, corresponding to the fractal saturation threshold observed on the reef
elevation spectra (Sous et al., 2020b). In each window, the actual seabed is defined as
the 10-th percentile of the reef elevation. This approach ensures to preserve topograph-
ical wavelengths larger than 7m, which are therefore assigned as bathymetry-related ter-
rain features (mainly dead substratum), while smaller length-scales associated with liv-
ing reef colonies are considered as roughness-related terrain features.

The bathymetry recovered from the high-resolution reef topography data is com-
pleted at both seaward and landward sides by boat soundings carried out during calm
days (Fig. 1B and C, red stars). The breaking zone extending from the mid-forereef to
the reef crest remaining out of access, the unknown portion of the bathymetry between
the on-foot high-resolution reef crest elevation data from Sous et al. (2020b) and the for-
ereef boat sounding performed for the present experiment, has been reconstructed us-
ing piecewise cubic interpolation (Fig. 1B and C, thick grey line).

The reef barrier is divided in three successive sections (Sous et al., 2020b), each be-
ing monitored by sensor pairs OSS3-OSS4, OSS4-0OSS5 and OSS5-OSS6. For each sec-
tion, the standard deviation oy, (0.082, 0.095 and 0.15m for the four sections, respectively)
and skewness Sy (-0.63, -0.38 and 0.71) are computed from the high-resolution topog-
raphy data. These statistical moments reflect the overall evolution from small and com-
pact coral colony over the reef crest, typically 20 cm-high, to much larger and spaced reef
pinnacles standing on a smooth substratum partly covered by a thin layer of sand.

—4—
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2.2 Data Processing

Pressure measurements were first corrected the atmospheric pressure measured ashore
at the central island. The pressure timeseries were organised in 60-min bursts and con-
verted into free surface elevation ¢ using the nonlinear weakly dispersive reconstruction
method described in Bonneton et al. (2018). Surface elevation energy spectra S at OSS
sensors were computed using discrete Fourier transform on 409.2s blocks overlapping by
75%. Statistical stability is increased by merging estimates over 5 frequencies (Elgar and
Guza, 1985). This resulted in spectral estimates having approximately 96 equivalent de-
grees of freedom, with a spectral resolution of 0.0024 Hz. The energy balance analysis
presented later on is performed over the 0.002-0.3 Hz frequency band, i.e. including both
infragravity and short waves. Directional spectra at S4 are reconstructed from the mea-

sured near-bed collocated pressure/velocity data using the Bayesian Direct Method (Hashimoto,

1997). The analysis is performed over the full directional space with a 5° directional res-
olution and focused in the short-wave (i.e. excluding infragravity motion) frequency range
between 0.04 and 0.25 Hz (frequency resolution 0.001 Hz). Mean water levels (MWL) were
computed for each 60-min burst. The unknown vertical position at S4 was adjusted as-
suming that, in the absence of waves, the sea level is flat, so that the difference between
mean water levels measured at OSS6 and S4 shows a zero-intercept when plotted against
the incident significant wave height.

2.3 Field Conditions

Figure 2A-C shows timeseries of wave characteristics at the forereef. The wave cli-
mate is typical of the south-west coast of Maupiti with long South Pacific swell waves,
with a mean significant wave height of 1.9m and a mean peak period about 13.5s. The
mean wave direction is 27° in nautical convention, i.e. hitting the forereef with weak (<
5°) incidence during large wave events. Further refraction is expected to occur across
the forereef (Sous et al., 2019), such that the assumption of a reef normal wave forcing
at the reef crest is reasonable.

The MWL timeseries (Fig. 2D) shows the typical microtidal regime at Maupiti,
with tide amplitude between 0.05 and 0.1 m. Mean water levels at the reef crest (blue
line in Fig. 2D) show a systematic overheight related to the wave setup generated by in-
tense wave breaking over the forereef. The wave setup also explains the systematic over-
height of the lagoon MWL with respect to the open ocean (red line in Fig. 2D), clas-
sifying the Maupiti lagoon as a partly-closed system (Lindhart et al., 2021). The down-
ward slope between reef crest and lagoon levels evolves following the spatial adjustment
of the momentum balance (Sous et al., 2020a). The top of the reef crest colony has an
elevation of 0.058 m, indicating that during the low water periods, the reef can submerged
by less than 0.15m of water. Cross-barrier current and transport (Fig. 2E) are system-
atically onshore-directed, ranging from 0 to 0.35m/s and 0.42 m? /s, respectively. They
are principally controlled by the incident wave energy (Sous et al., 2017,0): the larger
the waves, the stronger the cross-barrier barotropic pressure gradient, the stronger the
current is.

3 Theoretical Framework

When averaged over many wave cycles, the cross-barrier evolution of the wave energy
flux results from the combined effects of wave breaking, frictional dissipation and non-
linear energy transfers. Since we here focus on the frictional energy dissipation, the analysis
is performed over the reef flat area where wave breaking is absent, starting at the location
corresponding to the OSS3 sensor (Fig. 1).

Because of the presence of currents, the wave action balance is considered instead
of the wave energy balance. For each frequency component j of absolute frequency f;,
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Figure 2. Overview of hydrodynamic conditions observed during the field experiment. A, B,
C: SW significant wave height (computed as 4,/mo, with mo being the zeroth moment of { com-
puted over the SW frequency band) at S4 (forereef), OSS3 and OSS5, and peak period and peak
direction at S4. D: Mean Water Level at S4 (forereef), OSS2 (reef crest) and OSS6 (lagoon). E:

cross-barrier transport and depth-averaged current estimated at the reef crest.
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the wave action is defined as N; = E;/o;, where E; is the wave energy and o; the in-
trinsic radial frequency (i.e. defined in the frame of reference moving with the current).
E; is approximated with linear theory as F; = O.5pga? where the wave amplitude is
computed from the free surface elevation density spectrum S as a; = /25;Af, with
Af the frequency resolution. The intrinsic radial frequency o; (and wave number k;)
are obtained from the linear dispersion relationship including the Doppler shift, i.e.

o7 = (2nf; — k;U)? = gk; tanh(k; D), (1)

where U is the current magnitude in the direction of wave propagation (positive land-
wards) and D the local mean water depth (still water depth plus setup/down).

To estimate the frequency-dependant dissipation, we follow a similar approach as
Chawla and Kirby (2002) and evaluate the action balance for each frequency bin (cen-
tered around frequency f;). Mainly forced by large remotely-generated low pressure sys-
tems in the austral ocean, the wave field is assumed to be stationary over the considered
60-min time periods. Further assuming no breaking and a 1D problem (both waves and
currents are in the cross-barrier direction), the wave action balance writes

0 1

5y CoilVi = — (=€rj + Sui) (2)
J

where €y ; is the energy dissipated through friction and S, ; corresponds to nonlinear

energy transfers between triads of frequencies. In this expression, Cj ; is the absolute

group velocity (defined in a fixed frame reference), given by linear wave theory as:

- 1 ijD O'j
Coi =3 <1 - sinh(2k:jD)) k; U ®)

To estimate the spatially averaged frictional dissipation (e ;) between each pair
of adjacent sensors (called s1-so in the following), Equation 2 is discretized as:

€1\ _ [ Sng\ _ AF; (4)
O'j (Tj AIL’7

where Az = x°2 — x°1 is the distance separating the sensors, AF; = Fjs2 — Fjs1 is the
difference in action flux between sensors (F; = Cy ;N;). The angle brackets indicate

spatial averaging, i.e. (-) = 2 f"”% .dx.

x51

3.1 Nonlinear Transfers

The spatially averaged triad source term (S, ;) is approximated as the average of
its values at the adjacent sensors s; and ss, i.e.
32>

Snl,j ~ 1 Snl,j
gj 2 0j

At each sensor, the nonlinear transfers of energy between triads of frequencies are mod-
elled with the Boussinesq theory of Herbers et al. (2000):

Snl j
4 )
gj

S1

3 m=oQ
Sus =00 S S B} (5)

m=—0o0

where B is the bispectrum of the free surface elevation computed after Kim and Pow-

ers (1979), S{-} refers to the imaginary part and * denotes the complex conjugate. The
Boussinesq approximation of S,; was derived assuming that the wave field is weakly nonlinear,
weakly dispersive, and that these effects are of similar order (Herbers and Burton, 1997).
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As explained in Martins et al. (2021), Eq. 5 differs from the expression of Herbers et al.
(2000) (their Eq. 2) in several points: the conjugate of B is taken in order to be consistent
with their definition of the bispectrum (conjugate of the present definition), and we here
retain the full integral formulation as originally given by Herbers and Burton (1997). Bis-
pectra of  are computed using the same parameters than surface elevation energy spec-
tra described in Section 2.2.

3.2 Bottom Friction

The spatially averaged frictional dissipation (ef, ;), obtained from Equation 4, is com-
pared to the parameterization proposed by Madsen et al. (1989) and Madsen (1995) (see
also Lowe et al., 2005, in the coral reef context) where €5 ; can be expressed as:

1
€fj = Zﬂfe,jub,ruf,j (6)

with f. ; the wave energy dissipation factor, u, ; the near-bed velocity given by uy, ; =
2nf;/sinh (k; D). uyp,, is a representative maximum near-bed velocity defined as:

N
— 2
wnr = 4| Dt
=1

)

fe,; is then inferred combining Eqs. 4 (dissipation estimated from the measured
flux) and 6 (dissipation predicted by the parameterization of Madsen (1995)):

Snl,j . AFJ'
aj Az

i<g%ub,ru127,j>

(®)

Note that the discretization approach used here relies on the calculation of energy
flux at the sensors while the spatially-averaged terms in Equation 8 are evaluated at mid-
point, i.e. the denominator is estimated as %p((%i‘i?)z.{_l + (%;71;“)1), where 7 and
i+ 1 denote two successive sensors. The wave energy dissipation factor f. ; is related
to the wave friction factor f,, ; by accounting for the phase lag between bottom shear
stress and near-bed horizontal velocity (Madsen, 1995; Lowe et al., 2005). Note that the
phase lag effect on the friction factor is weak (less than 5%) for the considered condi-

tions. The representative wave friction factor f,, , is defined as:

_ e
fwr

cos @,

9)

where cos @, is the representative phase angle and f. , is the representative energy dis-

sipation factor given by:
N 2
V2=t fest
e (10)
Zj:l “%,j

The j-th wave friction factor is finally given by:

fe,r =

2
o fe,j
fui = <\/ECOS <I>j> (11)

Classical parameterizations from rough turbulent wave boundary layers (Madsen,
1995) define the wave friction factor as a function of the ratio of the near-bed horizon-

tal wave orbital excursion A; = ui,‘r to a hydraulic roughness height &, (Swart, 1974;
J
Madsen, 1995):
f C C;Aub,r “ + (12)
wi=Cuexp|a | —— a
J p €Xp | a1 eriw; 3
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The C, factor is used to account for the additional role played by the current in
wave energy dissipation Madsen (1995). In the present case where waves and current di-
rections are aligned, C), can be written:

Co=(1+2u+p)"" (13)

where p is the ratio of current and wave bottom shear stress. C), is equal to 1 in the ab-
sence of current. The current shear stress is here deduced from the log depth-dependent
formulation of friction coefficient provided by Sous et al. (2022), able to cover the full
range of depth conditions observed at each section of the barrier reef flat.

Different values have been proposed for the constants a;, as and a3 (Nielsen, 1992;
Madsen, 1995), leading to variability in f,, predictions at small ranges of Ay/k, (typ-
ically < 10). The values 5, 0.15 and -5.9 are used here, based on the optimized agree-
ment for both the present data and other studies displayed in Figure 4B. For each sec-
tion, the model is then locally fitted on the data using k, as RMSE-optimizing param-
eter.

Finally, in order to ease comparison with Madsen’s formulation, and in particular
to compare the dependency of wave friction coefficients on Ay /k, and C,,, the experi-
mental f,, ; dataset is averaged on both A;/k, and C), bins.

4 Results

Figures 3A,B,C depicts the relationship between the numerator and the denom-
inator of Eq. 8. The non-linearity and the spread of the relationship reflects the vari-
ability of the spectral wave friction factor f. ; depending on local wave features, depth
and current intensity. Finer insight on f. ; is provided by Figures 3D-I which depict the
relationship between the spectral wave friction coefficient f,, ; and the A;/k, ratio, with
color levels indicating the C), values. The observed wave friction coefficients are in the
typical range of observations on coral reefs in the field (Péquignet et al., 2011; Lowe et al.,
2005; Monismith et al., 2013,0; Acevedo-Ramirez et al., 2021). As expected, the friction
factor increases with decreasing Ap/k,. The current-induced shear increase is mainly vis-
ible for Ay/k, > 3, while at smaller Ay /k, friction factors appears nearly independent
of C,,. The current effect is less straightforward for the far back-reef (OSS5-OSS6) where
the currents are weaker due to larger depth. The increased discrepancy between field mea-
surements and theoretical predictions observed at OSS3-OSS4 for strong current and large
Ap/k, may be related to changes in the boundary layer dynamics but this remains dif-
ficult to interpret with the present dataset.

A comparison is performed between the measured friction factor (Eq. 8) and the
value inferred from the spectral wave-current model (Eq. 12). The best-fit k,. values ob-
tained are 0.35, 0.39 and 0.73m for the three reef sections. A satisfactory agreement is
obtained with existing parameterization (Madsen, 1995), based on the assumption that
the bed roughness can be represented by a single length scale, the hydraulic roughness
k., presumably related to the statistics of seabed topography. In particular, the param-
eterization is observed to perform quite well even for small range of Ay/k, reached over
0SS3-0S54 and OSS4-0OSS5 sections. A first statistical relationship can be estimated
between k, and the standard deviation of the bed elevation around k, = 40, (see Fig-
ure 4A). While more data points would have been necessary to provide a definitive con-
clusion, the increased k, /oy ratio for OSS5-OSS6 may indicate that frictional dissipa-
tion may not only involve the bed roughness standard deviation as bed geometry con-
trol factor. Considering the large spread of k,/o}, relationship reported from in situ data
(Gon et al., 2020), recent studies of wave dissipation over rough bottom attempted to
establish a direct empirical relationship between the SW-frequency-integrated energy dis-
sipation factor f. and the A,/o}, ratio. Such an approach discards the theoretical frame-
work from Madsen (1995) to focus on an empirical parameterization, following Soulsby
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Figure 3. Top: Dissipation estimated from the observed action flux gradient (ef /o) =
(Sm,j/oj) — AFj/Az as a function of (ef,;/0;)/fe; = 1/4(p/ojuprui ;) according to Madsen
(1995)’s parameterization over OSS3-0SS4, OSS4-0SS5 and OSS5-OSS6 barrier sections. Bot-
tom: Wave friction factor f.,,; vs the ratio between near-bed wave excursion A, and bed rough-
ness kr for the binned field data (colored circles) and the predictions from Madsen’s formulation
(Madsen, 1995) (dashed lines). The color levels refer to the value of C), factor.

(1997), which assumes that o}, could be a single, unique metric of bed roughness. 4B com-
piles a series of recent dataset on rocky (Poate et al., 2016; Gon et al., 2020) and coral
(Lowe et al., 2005; Lentz et al., 2016) environments. The coral reef data of Rogers et al.
(2016) is also displayed, assuming that k, = 40},. The present observations are included,
integrating over the 0.04-0.3 Hz frequency band, restricting to weak current conditions

C, < 1.2 to remain comparable to other datasets and assuming that f. = f,, (Davis

et al., 2020). The Maupiti data is well integrated in the global trend, showing a clear in-
crease of the friction coefficient for decreasing A, /0. In particular, the data recovered

on the compact coral portions of the Maupiti barrier (0OSS3-0OSS4 and OSS4-OSS5) are
in good agreement with the observations performed over a coral reef platform in the Red
Sea Lentz et al. (2016). The far back-reef (0OSS5-OSS6) shows higher friction values, closer
to the estimations performed by Gon et al. (2020) over a rocky shore in Monterey Bay.
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5 Discussion

The present study provided a comprehensive analysis of the spectral wave friction
factor over a roughness-varying section of the Maupiti reef barrier. The present obser-
vations combined with recent studies on rocky sites (see Gon et al., 2020, in Figure 4B)
could suggest that, for a given standard deviation, seabeds with positively skewed dis-
tribution of elevation are prone to induce more wave dissipation than the normally- or
negatively-skewed distribution seabeds, i.e. high protruding relief features induce more
dissipation than deep crevasses. While further dedicated observations are required to draw
more robust conclusion, this observation may question the validity of the underlying as-
sumption that a single length scale (o}, in Figure 4) can represent the morphological com-
plexity of real seabeds, in line with numerous observations performed on uniform flow
Chung et al. (2021). Further field and laboratory data, combining hydrodynamical and
morphological measurements, need to be gathered to gain insight on the effect of the multi-
scale roughness observed on most rocky and coral reefs, involving statistical distributions
and spectra (Gon et al., 2020; Duvall et al., 2019; Sous et al., 2020b). In addition, the
full 3D structure of the bed geometry, with potential in-canopy flow controlled by vari-
able porosity, specific surface and tortuosity, will certainly act in differentiating coral reef
and rocky seabeds, in particular in the case of large roughness. For A;/0}, of the order
of 1 or less, one can expect that the bedform-induced perturbations largely exceed the
typical height of the wave-current bottom boundary layer, leading to consider volume
canopy-induced drag (Rosman and Hench, 2011; Sous et al., 2020a; Buckley et al., 2022)
and inertial added-mass effects or, at the very least, not to consider the near-bed orbital
velocity as the sole velocity scaling. In addition from the A, /0y effect, the depth itself
may affect the boundary layer dynamics when the relative submergence ratio is low. Part
of the observed discrepancies between field data presented in Figure 4B may also be at-
tributed to the definition of water depth, which is not straightforward in the presence
of large roughness despite its major role in the energy balance and orbital amplitude cal-
culation. This issue is directly related to the interpretation of terrain reliefs, necessar-
ily split into bathymetry vs roughness. The approach proposed here followed the work
of Sous et al. (2020b) based on the saturation regime observed in the spectrum of bed
roughness may be retained for further studies. The present study is the first one to ac-
count for contributions of both non-linear transfers and current in the friction estima-
tion. Depending on the studied site, this may affect the computation of friction factor
and also explain part of the observed differences between sites. For Maupiti barrier reef,
the averaged .S, contribution on the f,, ; estimation over the whole dataset is about 15
% while the contribution of current in the energy flux balance is approximately 9%.

Several parameterizations of the friction factor have been proposed in the litera-
ture (Grant and Madsen, 1982; Madsen, 1995; Nielsen, 1992; Soulsby, 1997). Figure 4B
displays two main types of formulation: (i) the Madsen et al’s approach (Madsen et al.,
1989) with Maupiti-optimized set of coefficients and assuming that k, = 4oy, and (ii)
the Gon et al.’s approach (Gon et al., 2020) adapted from Soulsby (1997). Both approaches
provide close predictions in the 0.3 < Ap/op < 100 range. At lower Ap/op, the Mad-
sen et al’s parameterization (Madsen et al., 1989) tends to provide a better reproduc-
tion of field measurements, but these latters are still too sparse to draw robust conclu-
sions. For Ap/op > 100, the Gon et al.’s parameterization (Gon et al., 2020) is expected
to underestimate the low roughness friction data previously reported (Nielsen, 1992; Lentz
et al., 2016), which may lead to favor the Madsen et al’s parameterization (Madsen et al.,
1989). Note that the latter approach involves a set of four parameters (a; and K,.) which
add sensitivity to the data fitting. However, the selected set of values allows a good rep-
resentation of both the present data and field observations at other sites, providing con-
fidence in the proposed parameters.
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Figure 4. A: Hydraulic roughness K, vs standard deviation of the bed elevation o, for the
three zones of the Maupiti reef barrier. B: Frequency-integrated energy dissipation factor f. vs
near bed orbital amplitude to bed standard deviation ratio As/op. Note that, for Rogers et al.

(2016), representative points have been extracted from the complete forereef dataset.

6 Conclusion

Building on recent research efforts engaged to understand the interaction between
wave and complex seabeds (Sambe et al., 2011; Lentz et al., 2016; Poate et al., 2016; Yu
et al., 2018; Gon et al., 2020; Lavaud et al., 2022), the present study provides an unprece-
dented in situ validation of the frictional wave dissipation prediction by the wave-current
boundary layer theory based on a full spectral analysis which allows to cover nearly three
decades of Ap/o,. We isolate the contribution of frictional dissipation from breaking and
non-linear energy transfers, account for the role of current and explore the relationship
between hydrodynamics and seabed structure from fine topographical measurements. A
modified version of the Madsen et al. (1989)’s parameterization is proposed. Using a sim-
ple relationship between the roughness height and the standard deviation of the bed el-
evation k, = 404, the friction parameterization provide a correct overall prediction of
friction factor for the present dataset and recent observations on coral and rocky reefs
(Lowe et al., 2005; Lentz et al., 2016; Rogers et al., 2016; Gon et al., 2020; Poate et al.,
2016). Further investigations are required to explore the role played by high-order sta-
tistical moments and other fine features of bed morphology on bed friction.

Data availability statement

The bottom pressure and bathymetric data used for the present study are avail-
able at https://doi.org/10.17882/91337
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