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A B S T R A C T

Bottom friction dissipation is a key factor for wave attenuation in nearshore environments presenting complex
geomorphological structures, such as rocky or coral shores. The present paper reports on a series of laboratory
experiments performed in a wave flume with controlled wave conditions and seabed structures. Using the
frequency-integrated short-wave analysis and classical models for bottom friction and breaking dissipation, the
wave friction factor and the hydraulic roughness parameter were estimated from the experimental data. The
former varies from 0.17 to 98 while the latter varies from 0 to 0.291 m. The observations reveal the combined
influence of several topographical metrics, including the standard deviation, the skewness, the directionality
and the effective slope of the seabed elevation. A metric-based multi-varied model for the hydraulic roughness
parameter is proposed and confronted with other field data recovered on coral and rocky shores.
1. Introduction

Nearshore areas worldwide combine a growing interest from human
societies, leading to continually expanding anthropization, and strong
vulnerability to extreme events and climate change effects. Understand-
ing nearshore hydrodynamics remains a major challenge for developing
accurate modelling systems able to prevent coastal hazards, such as
coastal flooding during extreme events and coastline erosion (Fringer
et al., 2019). A strong focal point in nearshore studies is the wave-
driven hydrodynamics, playing a key role in circulation, sediment
transport and shoreline exposure.

Nearshore area is characterized by shallowing bathymetry that
strongly affects wave propagation inducing a series of hydrodynamic
processes including shoaling, reflection, refraction, depth-induced break-
ing (Dean and Dalrymple, 1991), non-linear transfers between fre-
quency bands (Hasselmann et al., 1973) and bottom-induced friction
dissipation (Madsen, 1995). The contributions of those processes to
nearshore wave transformation were mostly investigated for sandy
beaches with gently sloping and relatively smooth bottom. However,
sandy beaches represent less than 30% of the world’s coastlines (Bird,
2000). The remaining nearshore areas are characterized by more com-
plex morphological structures including rough seabeds on rocky or
coral shores, steep slopes and/or uneven bathymetry or seagrass
canopies. Modelling wave transformation in such environments re-
mains a challenge, due to a more complex physics and often to a lack
of detailed in-situ documentation due to access difficulty.
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In the presence of large roughness elements, such as rocks and
coral pinnacles, bottom friction can be expected to play an important
role in wave transformation, potentially dominant over depth-induced
breaking in wave attenuation for very rough terrain. In the past few
years, field experiments over coral reefs (Lowe et al., 2005a, 2007;
Quiroga and Cheung, 2013; Monismith et al., 2015; Van Dongeren
et al., 2013; Rogers et al., 2016; Sous et al., 2023) and rocky platforms
(Farrell et al., 2009; Ogawa et al., 2015; Poate et al., 2018; Gon
et al., 2020; Lavaud et al., 2020) have provided detailed analysis of
frictional wave dissipation over rough seabeds, leading in particular to
a series of field estimates of the wave friction factor 𝑓𝑤, identified as
a key quantity for bottom friction dissipation. The overall trend is that
an increase in roughness results in an increase in 𝑓𝑤. Consequently,
classical bottom friction models (Swart, 1974; Soulsby et al., 1993;
Madsen, 1995) connect 𝑓𝑤 with the ratio of the near-bed wave orbital
amplitude 𝐴𝑜 to a single length-scale characterizing the roughness,
the so-called hydraulic roughness parameter 𝑘𝑟. However, while the
existing parameterizations have shown robust performance for high
values 𝐴𝑜∕𝑘𝑟, the application of classical bottom friction models in
very rough environments remains uncertain. In particular, data are very
sparse for 𝐴𝑜∕𝑘𝑟 < 1 (Nielsen, 1992; Gon et al., 2020)(Simons et al.,
2000; Dixen et al., 2008; Sumer and Fuhrman, 2020). In addition, one
might expect that in the presence of very large roughness, the relative
submergence (ratio between 𝑘𝑟 and the local depth 𝐷) can become
a critical parameter in shallow areas such as surf-zones (Davis et al.,
2021).
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Fig. 1. Picture of the TR3 layout and diagram of the wave flume setup and instrumentation.
,

A second unresolved issue is the definition of a clear quantitative
connection between frictional processes and geometrical roughness
structure. A few studies have simultaneously documented hydrody-
namic processes and topographical structure. The recurring trend is
that 𝑘𝑟 should primarily scale with the standard deviation of fine-scale
seabed elevation, both for unidirectional (Aberle et al., 2010; Flack
and Schultz, 2014) or wave-driven oscillatory (Lowe et al., 2005a;
Sous et al., 2023) flows. However, discrepancies between studies for
identical ratios of 𝐴𝑜∕𝑘𝑟 (Gon et al., 2020) tend to indicate that other
roughness features may be involved in the definition of 𝑘𝑟. Most of
the existing insights into the relation between fine bed features and
shear stress have been provided by analysis of the rough turbulent
canonical boundary layer (see the recent review of Chung et al. (2021)).
A series of roughness metrics have been highlighted to assess the effect
of roughness structure height (based on average roughness height or
standard deviation of roughness elevation), frontal solidity related to
pressure drag exposure, plane solidity (ratio of plan area of roughness
elements to total plan area) or spatial arrangements of roughness
structures such as clustering, directionality or spatial heterogeneity.
Laboratory experiments have provided a few empirical formulas ac-
counting for statistical metrics of bed topography (Chung et al., 2021).
However, relevant experimental observations in comparable ranges of
metrics remain sparse, mainly due to the cost of performing such
parametric studies. Furthermore, note that bed metrics developed for
idealized geometries, such as networks of vertical cylinders or cubic
elements (Lowe et al., 2005b; Chung et al., 2021), may be barely appli-
cable on real seabeds where the roughness structure presents a fractal
dimension with no clear roughness structure spacing and arrangement
(Duvall et al., 2019; Stewart et al., 2019; Sous et al., 2020).

The present laboratory study aims to improve our understanding of
frictional wave dissipation in the surf zone for rough seabeds by (i)
assessing the performance of standard friction parameterizations over
a wide range of roughness conditions and (ii) proposing quantitative
relationships between 𝑘𝑟, the classical frictional length-scale, and a
selection of relevant metrics describing the geometrical structure of
seabed roughness. In this context, a series of laboratory experiments
were carried out considering several roughness layouts to obtain a wave
friction database exploring a wide range of 𝐴 ∕𝑘 and 𝐷∕𝑘 ratios.
2

𝑜 𝑟 𝑟
The first section describes the experimental setup, the data processing,
the theoretical models used to extract wave friction parameters and
the seabed topographical metrics. The second section presents the
results, including the mono- and multi varied statistical models of the
hydraulic roughness while the Discussion section summarizes the obser-
vations and their limitations and provides prospects for future research
works.

2. Methods

2.1. Experimental facility

The experiments were carried out in the CASH (Canal Aéro-
Sédimento-Hydrodynamique) wave flume at Seatech engineering school
University of Toulon. The flume is made of glass, 6 m long and 0.5 m
wide, and equipped with a linearly sloping bed of 1/20. A piston wave-
maker, with an absorbing system at the back, was used to generate
waves on the 1m-long horizontal bottom section before the sloping bed
(Fig. 1).

2.1.1. Instrumentation
A series of resistive wave gauges were used to measure the free

surface elevation over the sloping bed. The wave gauges were deployed
along three alignments: a central alignment in the axis of the channel
where 20 wave gauges are distributed every 17 cm, and two secondary
alignments as control points, parallel to the central one and placed at
12.5 cm on either side of it, with one wave gauge out of 4 (Fig. 1). The
acquisition frequency was 100 Hz.

2.1.2. Wave runs
Each experiment consisted of a 5-min run of irregular waves gener-

ated from a JONSWAP spectrum (peak enhancement factor at 7). Wave
parameters are summarized in Table 1. The still water depth was kept
constant at 0.22 m.

The Iribarren number is given by the following relationship 𝜉 =
𝛽∕

√

2𝜋𝐻𝑠,𝑜𝑇 2
𝑝,𝑜, where 𝛽 is the slope of the seabed, 𝐻𝑠,𝑜 and 𝑇𝑝,𝑜 are the

measured offshore significant wave height and peak period, corrected
for the effect of the shoaling. The Iribarren values range between 0.064
and 0.079 and indicate a spilling breaker (Galvin, 1968), validated by
visual observations in the flume.
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Table 1
Wave run parameters.

Wave run Peak period
[s]

Mean period
[s]

Significant
wave height [m]

Iribarren
number

W1 1.0 0.8 0.065 0.089
W2 1.0 0.8 0.075 0.083
W3 1.2 1.0 0.047 0.086
W4 1.2 1.0 0.061 0.075
W5 1.2 1.0 0.071 0.070

2.1.3. Wave gauge processing
The spectral density of variance at each gauge was first com-

puted from the free surface elevation time series using a fast Fourier
transform. Incident and reflected spectral wave components are then
separated using the three-gauge method (Drevard et al., 2009). The
incident spectra are then integrated over the short wave (SW) frequency
band 𝑓𝑝

2 < 𝑓 < 3𝑓𝑝, where 𝑓𝑝 is the peak frequency, to provide 𝐻𝑟𝑚𝑠
the spectral root mean square height of the incident short waves given
by the following formula: 𝐻𝑟𝑚𝑠 =

√

8 ∫ 𝐸(𝑓 )𝑑𝑓 , with 𝐸(𝑓 ) the spectral
energy density.

2.1.4. Seabed layouts
A series of 27 seabed layouts was tested on the beach slope while

the horizontal section of the flume remained untouched. The reference
smooth seabed layout, referred to as RF, was made using stainless
steel plates. The first rough layout, referred to as BS, was made of
LEGO® plastic base plates showing an isotropic distribution of short
cylinders of 1 mm diameter, 8 mm spacing and 1 mm height. Twenty-
five additional types of beds were created using selected layouts of
plastic blocks fixed on the BS seabed. Three main patterns studied
3

Fig. 2. Main seabed patterns: quincunx on the left and brick on the right. Parameters
definition are based on waves coming from the left side.

were the isotropic quincunx (referenced as QC), the anisotropic brick
(referenced as BK) and the trimodal height block (referenced as M3).
For each pattern, several configurations (referred to as the layouts) of
height, width, and spacing were tested. The quincunx layouts were
defined by the cubic block height (H) and spacing (SP) while the
brick layouts were defined by the cobbled block height (H), length
(L - transverse dimension) and spacing (SP), as shown in Fig. 2 and
described in Table 2. Variations in alignments of the quincunx pattern
created new layouts with cross-shore (TR) and along-shore (LG) bars,
by changing either the transversal shift (LX) or longitudinal shift (LY),
their height (H), length (L) and streamwise dimension (P). As for the
trimodal pattern, two layouts were arranged, one with a quincunx
pattern with varying heights and one with random groups of different
height blocks. Fig. 3 displays an illustrative series of layouts. Statistical
topographical features for each layout are described in Section 2.5 and
listed in Appendix A.
Table 2
Seabed layout parameters.
Layout H L P SP LX LY

Layout name Height [m] Length [m] Streamwise
dimension [m]

Spacing between
block lines [m]

Transversal shift
between block
lines [m]

Longitudinal shift
between block
lines [m]

RF 0 0 0 – – –
BS 0.001 0.001 0.001 – 0.008 0.008
QC1 0.016 0.016 0.016 0.032 0.016 0.016
QC2 0.016 0.016 0.016 0.064 0.032 0.032
QC3 0.032 0.032 0.032 0.064 0.032 0.032
QC4 0.032 0.032 0.032 0.128 0.064 0.064
QC5 0.048 0.048 0.048 0.096 0.048 0.048
QC6 0.048 0.048 0.048 0.192 0.096 0.096
QC7 0.048 0.048 0.048 0.288 0.144 0.144
QC8 0.064 0.064 0.064 0.256 0.128 0.128
QC9 0.064 0.064 0.064 0.512 0.256 0.256
LG1 0.032 0.032 0.032 0.128 0.064 0.000
LG2 0.032 0.032 0.032 0.128 0.064 0.032
LG3 0.048 0.048 0.144 0.288 0.192 0.144
LG4 0.048 0.048 0.048 0.192 0.096 0.000
LG5 0.048 0.048 0.048 0.192 0.096 0.048
TR1 0.032 0.480 0.032 0.256 – –
TR2 0.032 0.032 0.032 0.128 0.000 0.064
TR3 0.032 0.032 0.032 0.128 0.032 0.064
TR4 0.048 0.480 0.048 0.384 – –
TR5 0.048 0.144 0.048 0.384 0.192 0.192
TR6 0.048 0.048 0.048 0.192 0.000 0.096
TR7 0.048 0.048 0.048 0.192 0.048 0.096
BK1 0.064 0.032 0.032 0.096 – –
BK2 0.032 0.096 0.096 0.128 – –
M3A 0.016 -

0.032 -
0.048

0.032 0.032 0.128 0.064 0.064

M3B 0.016 -
0.032 -
0.048

0.032 ∼0.096 – – –
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Fig. 3. Plane view examples of seabed layouts. x- and y-axes correspond to cross- and along-shore directions. Waves come from the left side. Grey colour levels for M3 A end
M3B indicated the different bloc heights.
2.2. Performance estimators

Two classical estimators are used hereafter to quantify the accuracy
of the agreement between observations and model predictions: the nor-
malized root mean square error (NRMSE) based on the normalization of
the root mean square error (RMSE) and the Willmott index (WI) which
shows a standardized error measure between 0 and 1:

𝑅𝑀𝑆𝐸 =

√

√

√

√
1
𝑛

𝑛
∑

𝑖

(

�̂�𝑖 − 𝛩𝑖
)2 (1)

𝑁𝑅𝑀𝑆𝐸 = 𝑅𝑀𝑆𝐸
√

1
𝑛
∑𝑛

𝑖 𝛩
2
𝑖

× 100 (2)

𝑊 𝐼 = 1 −
∑𝑛

𝑖
(

�̂�𝑖 − 𝛩𝑖
)2

∑𝑛
𝑖

(

|

|

|

�̂�𝑖 − 𝛩|

|

|

+ |

|

|

𝛩𝑖 − 𝛩|

|

|

)2
(3)

where 𝑛 is the number of values, �̂� is the prediction value, 𝛩 the
observed value and 𝛩 the mean of observed values.

2.3. Determination of wave dissipation contributions

The present section describes the implementation of a simple wave
energy model used to process the experimental observations. The aim
is to compare the combined contributions of wave breaking and bottom
friction with the total measured dissipation, allowing to extract wave
frictional parameters from the measurements, namely the wave friction
factor and the hydraulic roughness.
4

2.3.1. Energy flux balance
We consider unidirectional wave propagation along a reference

cross-shore 𝑥-axis, addressed in a frequency-integrated approach over
the SW band. When averaged over many wave cycles, the wave energy
flux balance in the absence of mean current can be written as:
𝜕𝐸𝐶𝑔

𝜕𝑥
= 𝜀𝑡 (4)

where 𝐸 is the wave energy, 𝐶𝑔 the wave group velocity and 𝜀𝑡 is the
total wave-averaged dissipation. 𝐸 and 𝐶𝑔 are estimated by the linear
theory formulations for irregular waves:

𝐸 =
𝜌𝑔
8
𝐻2

𝑟𝑚𝑠 (5)

with 𝜌 as the density of the water and 𝑔 the acceleration of gravity and

𝐶𝑔 = 1
2

(

1 + 2𝑘𝐷
sinh(2𝑘𝐷)

)

𝜔
𝑘

(6)

where 𝑘 and 𝜔 are the wave number and the angular frequency associ-
ated with the peak period and 𝐷 the water depth, using the dispersion
relationship 𝜔2 = 𝑔𝑘 tanh (𝑘𝐷).

𝜀𝑡 combines the effect of breaking dissipation 𝜀𝑏 and frictional
dissipation 𝜀𝑓 :

𝜀𝑡 = 𝜀𝑏 + 𝜀𝑓 (7)

𝜀𝑡 is calculated at each wave gauge using a centred scheme with the
two neighbouring gauges, for each wave case and each seabed layout.

Following previous experiments in the same CASH wave flume
(Sous et al., 2021), frictional dissipation over smooth surfaces is neg-
ligible, i.e. we neglect sidewall friction for rough cases and sidewall
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Fig. 4. Cross-shore profiles of 𝐻𝑟𝑚𝑠 (left pannel) and 𝜀𝑡 (right pannel). Laboratory measurements are depicted by cross symbols while standard and distribution adjusted TG83
model are presented in solid and dashed lines, respectively. Green and blue colours correspond to W2 and W4 cases.
and bottom friction for smooth RF case. A bi-spectral analysis has been
performed on a smooth representative case, using RF layout and W2
wave conditions, to estimate the non-linear energy between SW and IG
bands. The process has been detailed in Appendix C. It has showed a
weak effect of non-linear energy transfer on the estimation of friction
factor and we expect them to play an even weaker role in shallow rough
environments.

2.3.2. Breaking-induced dissipation
The standard wave model of Thornton and Guza (1983) (Eq. (24),

hereinafter named TG83) is used to estimate breaking-induced dissipa-
tion 𝜀𝑏:

𝜀𝑏 =
𝐵3

4
𝜌𝑔

𝑓𝑝
𝐷 ∫

∞

0
𝐻3𝑝(𝐻)

(

𝐻𝑟𝑚𝑠
𝛾𝐷

)𝑛
[

1 − exp

(

−
(

𝐻
𝛾𝐷

)2
)]

𝑑𝐻 (8)

where 𝐵 is a breaking coefficient, 𝑝(𝐻) the probability density function
of the crest-to-trough wave height 𝐻 , 𝛾 a breaking parameter and 𝑛 a
constant coefficient taking at 2, following TG83. The model parameters
𝛾 and 𝐵 and the wave height distribution 𝑝(𝐻) are optimized against
the smooth RF reference seabed layout for each wave run. 𝛾 is first
estimated from the linear fit of the 𝐻𝑟𝑚𝑠∕𝐷 ratio relationship obtained
from the inner surf zone measurements. The second adjustable param-
eter 𝐵 is optimized by minimizing the NRMSE and maximizing the
WI by comparing the measured and modelled dissipation. The 𝛾 and
𝐵 parameter pair is estimated for each wave case on the smooth RF
seabed and assumed to be constant for all other seabed layouts. The
final 𝛾 values are 0.36, 0.45, 0.30, 0.40 and 0.45 for W1 to W5 cases,
respectively, while the 𝐵 values are 0.57, 0.66, 0.63, 0.70 and 0.73 for
W1 to W5 cases, respectively.

To model 𝑝(𝐻), we use a modified Rayleigh distribution to take into
account the statistics observed in our flume, with a stronger weight of
high waves in the surf zone:

𝑝(𝐻) = 2𝐻
𝐻2

𝑟𝑚𝑠
exp

[

−
(

𝐻 −𝐻0∕4
𝐻𝑟𝑚𝑠

)2
]

(9)

where 𝐻0 is the spectral root mean square of incident waves measured
at the offshore wave gauge. Fig. 4 displays comparisons of cross-
shore profiles of wave height and energy flux dissipation between
measurements, standard TG83 model, with same values of 𝛾 and the
following optimized values of B for each wave run: 0.80, 0.83, 0.86,
0.97 and 1.03, and distribution-adjusted TG83 model. The improve-
ments provided by the adjusted distribution in the TG83 model are
straightforward for both wave height and energy flux dissipation.
5

2.3.3. Frictional dissipation
The SW-integrated bottom friction dissipation model is again based

on the seminal work of TG83:

𝜀𝑓 =
𝜌𝑓𝑤
4
√

𝜋

(

𝜋𝐻𝑟𝑚𝑠
𝑇𝑚01 sinh 𝑘𝐷

)3
(10)

where 𝑇𝑚01 is the average wave period and 𝑘 the wave number associ-
ated with 𝑇𝑚01.

Following Swart (1974), Madsen et al. (1988), Nielsen (1992), the
wave friction factor 𝑓𝑤 is related to the ratio of the wave orbital
excursion at the bottom to a typical vertical roughness scale, the
so-called hydraulic roughness parameter 𝑘𝑟 (or equivalent Nikuradse
roughness height), through the following expression:

𝑓𝑤 = exp
(

𝑎1

(

𝐴𝑜
𝑘𝑟

)𝑎2
+ 𝑎3

)

(11)

where 𝑎1, 𝑎2 and 𝑎3 are dimensionless empirical constants taken as 5.0,
−0.15 and −5.9 (Sous et al., 2023) and 𝐴𝑜 = 𝑢𝑜∕𝜔 the bottom orbital
excursion with 𝑢𝑜 the bottom orbital velocity given by the linear theory:

𝑢𝑜 =
𝜋𝐻𝑟𝑚𝑠

𝑇𝑚01 sinh 𝑘𝐷
(12)

2.4. Extraction of wave frictional parameters

For each wave run and rough seabed layout, the measured total
dissipation can be compared to the combined contributions of breaking
and frictional dissipation to infer two governing frictional parameters
from the measurements: the wave friction factor and the hydraulic
roughness.

2.4.1. Wave friction factor
The wave friction factor 𝑓𝑤 is directly estimated from experimental

data combining Eqs. (7) and (10):

𝑓𝑤 = 4
√

𝜋
(

𝜀𝑡 − 𝜀𝑏
𝜌

)(

𝑇𝑚01 sinh 𝑘𝐷
𝜋𝐻𝑟𝑚𝑠

)3
(13)

where 𝜀𝑡 is deduced from the experimental estimations of energy flux
gradient using Eq. (4) and 𝜀𝑏 from the calibrated breaking model.

2.4.2. Dissipation-optimized hydraulic roughness
The wave energy flux model from Eq. (4), combining the breaking

dissipation from Eq. (8) and the frictional dissipation from Eq. (10), is
used to predict the cross-shore evolution of 𝐻𝑟𝑚𝑠. The sole free param-
eter is 𝑘𝑟, the hydraulic roughness, which is used as a fitting parameter
to obtain the best agreement with the measured 𝐻 profile. The
𝑟𝑚𝑠
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Fig. 5. Method summary: wave parameters are shown in blue, seabed geometry statistics in green, measured values in red, optimized values in orange and modelled values in
purple.
optimization is performed by minimizing the NRMSE and maximizing
the WI, limiting the analysis to 𝐻𝑟𝑚𝑠 > 0.01m data. Therefore, for each
wave run and rough seabed layout, a single optimized value of the
hydraulic roughness parameter 𝑘𝑟,𝑜 is obtained.

2.5. Topographical metrics

The rough seabed topography is described for all layouts by a Digital
Elevation Model (DEM) depicting the 2D seabed elevation ℵ(𝑥, 𝑦),
where 𝑦 is the coordinate along the longshore direction, with a 0.008 m
definition (see e.g. Fig. 3). For all rough seabed layouts, statistical
properties were calculated, focusing on statistical metrics remaining
workable on non-idealized topography: 𝜎ℵ the standard deviation of
seabed elevation, 𝑆𝑘ℵ the skewness, 𝛥ℵ the directionality and 𝐸𝑆ℵ,𝑥
the cross-shore effective slope. The former two statistical moments are
computed on the full 2D DEM matrix, classically defined as:

𝜎ℵ =

√

√

√

√
1
𝑛

𝑛
∑

𝑖

(

ℵ𝑖 − ℵ
)2

(14)

𝑆𝑘ℵ =
1
𝑛
∑𝑛

𝑖

(

ℵ𝑖 − ℵ
)3

[

1
𝑛
∑𝑛

𝑖

(

ℵ𝑖 − ℵ
)2

]3∕2
(15)

where ℵ is the seabed elevation mean defined as ℵ = 1
𝑛
∑𝑛

𝑖 ℵ𝑖. The
directionality estimator 𝛥ℵ is based on the computation of directional
standard deviations 𝜎ℵ,𝑥 and 𝜎ℵ,𝑦, in cross-shore and along-shore direc-
tions, respectively:

𝛥ℵ =
𝜎ℵ,𝑥 − 𝜎ℵ,𝑦
𝜎ℵ,𝑥 + 𝜎ℵ,𝑦

(16)

𝛥ℵ is equal to zero for a fully isotropic roughness structure and tends
to −1/1 for increasingly anisotropic layouts with along-shore/cross-
shore uniform roughness structure, respectively.

The alongshore-averaged cross-shore effective slope (Napoli et al.,
2008; Chung et al., 2021), which is a measure of the frontal solidity, is
estimated as:

𝐸𝑆ℵ,𝑥 = 1 ∑
|

|

|

𝜕ℵ(𝑥) |
|

|

(17)
6

𝐿𝑥 |
𝜕𝑥

|

with 𝐿𝑥 is the cross-shore length and ℵ(𝑥) is the seabed elevation in the
cross-shore direction.

2.6. Procedure summary

The overall data analysis procedure is summarized in Fig. 5. In
addition to the steps described above, a multi-variate regression (MVR)
is used to build a predictive model for hydraulic roughness, see Sec-
tion 3.5.

3. Results

3.1. Illustrative cases

Fig. 6 depicts, for wave case W3 (see Table 1), the cross-shore 𝐻𝑟𝑚𝑠
profiles for four different seabed layouts: RF, QC4, TR1 and QC6. The
smooth RF profile (black line) shows a first nearly constant section in
the wave propagation and then a decrease due to the overwhelming
effect of wave breaking starting around 𝑋 = 2m. For rough seabeds,
the first main trend is an enhancement of wave dissipation with 𝜎ℵ.
Comparing for instance RF, QC4 and QC6 with 𝜎ℵ = 0, 0.011 and
0.016 m, respectively, we observe both stronger dissipation rate and
earlier inception of dissipation across the profile, even far offshore
from the breaking point for the rougher case. However, 𝜎ℵ is not the
only controlling factor of frictional dissipation. This is demonstrated
by TR1, which has a smaller 𝜎ℵ (0.012) than QC6 but a stronger wave
attenuation, with different 𝛥ℵ values (respectively 1 and 0).

3.2. Wave friction factor vs monoscale hydraulic roughness

Fig. 7 depicts the relationship between the experimental wave fric-
tion factor 𝑓𝑤 (Eq. (13)) and 𝐴𝑜∕𝑘𝑟 ratio. It is first assumed here that
𝑘𝑟 = 𝑘𝜎ℵ𝑟 , a monoscale function only depending on 𝜎ℵ: 𝑘𝜎ℵ𝑟 = 6𝜎ℵ. The
experimental 𝑓𝑤 are bin-averaged over logarithmically-spaced 𝐴𝑜∕𝑘𝑟
bins, while the colour levels depict the different seabed layouts. An
additional comparison is made with the prediction of the theoretical
formulation from Eq. (11).

The experimental bin-averaged friction factor ranges from 0.17 to
98. The overall trend of the 𝑓𝑤 data shows the expected behaviour,
i.e. a decrease of friction for increasing 𝐴 ∕𝑘 ratio. For the purpose
𝑜 𝑟
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Fig. 6. Cross-shore profile for 𝐻𝑟𝑚𝑠 for three seabed layouts : RF (black), QC4 (red), TR1 (green) and QC6 (blue). QC4 and TR1 have the same 𝜎ℵ = 0.011 and QC4 and QC6 have
the same 𝛥ℵ = 0. Profiles are shown for the W3 wave run.
Fig. 7. Bin-averaged values of measured 𝑓𝑤 plotted as a function of 𝐴𝑜∕𝑘
𝜎ℵ
𝑟 coloured by seabed layouts, where 𝑘𝜎ℵ𝑟 is the hydraulic roughness modelled using a monoscale relation

s 𝑘𝜎ℵ𝑟 = 6𝜎ℵ. The solid black line represents Madsen’s prediction (Madsen, 1995) (Eq. (11)) using Sous et al.’s parameterization (Sous et al., 2023).
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f comparison with other datasets, the range of 𝐴𝑜∕𝑘𝑟 covered by the
resent experiments corresponds to 0.15 < 𝐴𝑜∕𝜎ℵ < 30.90, i.e. in the
ypical range of rough bed friction studies documented in the field
Lowe et al., 2005a; Gon et al., 2020; Poate et al., 2018; Sous et al.,
023). The experimental 𝑓𝑤 shows a reasonable overall agreement with
he friction model prediction (NRMSE=0.779, WI=0.721). However, a
isible spread is observed between the different seabed layouts with
factor more than 5 for 𝑓𝑤 obtained at similar 𝐴𝑜∕𝑘𝑟. Following the

revious observations on 𝐻𝑟𝑚𝑠 profiles in Fig. 6, it is expected that
t least part of the observed discrepancies are due to the variation in
oughness structure, suggesting that the standard deviation may not be
he sole scaling of hydraulic roughness. The first qualitative analysis
an be inferred from a closer look at Fig. 7. The plane solidity effect
an be assessed by comparing cases QC6 and BK2, the latter showing
much lower skewness than the former (2.26 vs −0.4). Low-skewness
K2 shows overall higher 𝑓𝑤 than QC6, which tends to indicate that
igher plane solidity is associated with higher friction, at least in the
ocumented range. Roughness directionality shows a significant effect
n wave friction factor. Comparing for instance QC6 with LG4, LG5,
7

R4 and TR5, one notes that longitudinal/transverse alignments pro-
uce a decrease/increase of friction for the same statistical moments.
he only effect of effective slope, related to frontal solidity, is poorly

dentified with direct observations in Fig. 7.

.3. Dissipation-optimized 𝑘𝑟,𝑜lg

The calculation of dissipation-optimized roughness height described
in Section 2.4.2 provides 𝑘𝑟,𝑜 values ranging from 0 m to 0.291 m.
As expected the lowest values are observed for the smoothest layouts
(BS and QC2) while the largest values 𝑘𝑟,𝑜 > 0.2m are obtained for
the highest 𝜎ℵ layout (QC5), including the extreme 0.291 m value
associated with the most energetic wave run W2.

In order to gain further insight into the potential multi-varied nature
of hydraulic roughness, Fig. 8 depicts scatterplots of the dissipation-
optimized 𝑘𝑟,𝑜 versus 𝜎ℵ, indicating the different wave cases as colour
levels. The previous conclusion is confirmed: a strong dependence
between 𝑘𝑟,𝑜 and 𝜎ℵ, indicating that 𝜎ℵ is a key parameter in the
formulation of the background friction parameterization. However, for
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Fig. 8. Scatterplots of 𝑘𝑟,𝑜 versus 𝜎ℵ coloured wave cases.

dentical values of 𝜎ℵ, a noticeable variability of 𝑘𝑟,𝑜 is shown, meaning
ther metrics should be involved in the bottom friction parameteriza-
ion.

.4. Performance of the standard friction parameterization in high rough-
ess environment

Further tests are carried out on the dissipation-optimized hydraulic
oughness to assess the limitations of the standard friction parameteri-
ation given by Eq. (11). Once the optimized hydraulic roughness 𝑘𝑟,𝑜
as been obtained for each seabed and each wave run, a series of tests
s performed comparing the agreement between the measured 𝐻𝑟𝑚𝑠
rofile and the modelled 𝐻𝑟𝑚𝑠 computed from the energy flux balance
Eq. (4)) including breaking dissipation given by Eq. (8) and frictional
issipation from Eq. (10) based on 𝑘𝑟,𝑜. We first test the agreement
8

between experiments and model against the 𝐴𝑜∕𝜎ℵ ratio, in order to
explore the potential degradation of the predictive capacities for large
relative roughness height. The best results are obtained for 𝐴𝑜∕𝜎ℵ > 2.5,
with NRMSE lower than 4% and WI higher than 0.995. A degradation
of the performance is observed for smaller values of 𝐴𝑜∕𝜎ℵ but the
accuracy remains correct, with median NRMSE and WI of about 5%
and 0.99, respectively. The model prediction capacity does not further
degrade for the lowest values of 𝐴𝑜∕𝜎ℵ (see Fig. 9).

A second series of tests is performed on the relative roughness
submergence ratio. This being variable across the profile, the breaking
point value 𝜎ℵ∕𝐷𝑏 is used, where 𝐷𝑏 is the breaking depth obtained
at 𝐻𝑟𝑚𝑠∕𝐷𝑏 ≈ 0.7 (Symonds et al., 1995). The first observation is that,
similarly to the previous results, best wave model prediction perfor-
mances are observed at low submergence ratio (𝜎ℵ∕𝐷𝑏 < 0.1) with
NRMSE and WI remaining mostly lower than 4% and higher than 0.990,
respectively. A degradation of the accuracy is observed for 𝜎ℵ∕𝐷𝑏 >
0.1 but the performance remains rather stable and does not strongly
drop for high submergence ratio. Most of the poor-accuracy outliers
are again related to the W3 wave run, without any straightforward
explanation.

3.5. Multi-varied hydraulic roughness model

Based on the previous observations, a multi-varied analysis is car-
ried out to connect the optimized hydraulic roughness 𝑘𝑟,𝑜 to the
topography metrics and then provide a predictive model for hydraulic
roughness. The most important controlling factor for frictional dissi-
pation is the seabed elevation standard deviation, as expected from
several decades of observations (e.g. Swart (1974), Nielsen (1992),
Madsen (1995), Lowe et al. (2005a), Sous et al. (2023)), among others.
A linear dependency is first assumed here, following (Lowe et al.,
2005a; Sous et al., 2023). The effect of skewness, identified for instance
by comparing cases QC6 and BK2 in Fig. 7, is observed to be non-
linear, maybe related to regime changes of the boundary layer (Flack
et al., 2020). Over the studied range of skewness, the best fit has been

obtained using a tanh-based relationship. Power-law formulations, such
Fig. 9. Plot and binned boxplots of NRMSE and WI versus 𝐴𝑜∕𝜎ℵ for the following intervals : [0.30,0.80,1.30,2.00] (in cyan) and 𝜎ℵ∕𝐷𝑏 for the following intervals : [0.00,0.30,0.70]
in blue). The central red line is the median, the edges of the box are the 25 and 75-th percentiles, the whiskers extends to 1.5 of the interquartile range while the outliers are
lotted individually as circles. Single points are individual datapoints.
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Fig. 10. Plots of multi-variate modelled 𝑘𝑟,𝑚. Values for 𝑘𝑟,𝑚 and 𝑘𝑟,𝑜 are given in Appendix B.
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s those used in steady boundary layer studies (Flack and Schultz, 2010;
lack et al., 2020), do not provide clear improvement. The effects of
irectionality and effective slope are both taken into account using a
imple linear relationship. Finally, we propose the following hydraulic
oughness model:

𝑟,𝑚 = 4𝜎ℵ
(

1 + 𝛽𝑠 + 𝛽𝑑 + 𝛽𝑒
)

(18)

here respectively 𝛽𝑠, 𝛽𝑑 and 𝛽𝑒 are the adjusted parameterizations for
espectively 𝑆𝑘ℵ, 𝛥ℵ and 𝐸𝑆ℵ,𝑥 given by:

𝛽𝑠 = −0.3
(

tanh (𝑆𝑘ℵ − 0.8) − 1
)

(19)

𝑑 = 𝛥ℵ (20)

𝛽𝑒 = 1.1𝐸𝑆ℵ,𝑥 (21)

The experimental wave friction factor 𝑓𝑤 is plotted against the
𝑜∕𝑘𝑟,𝑚 to assess the improvement brought by the consideration of
dditional topography statistical metrics in the definition of the hy-
raulic roughness. The results displayed in Fig. 11 show an overall
etter collapse of the data than for the mono-varied model from Fig. 7.
he agreement with the friction model is also clearly improved, with
ignificantly decreased NRMSE and increased WI values (see Fig. 10).

. Discussion

The present study aimed to compare novel laboratory data on
ave attenuation by frictional dissipation over rough seabeds with

tandard wave friction models. The first observation is that the linear
9

ave model, including classical breaking and friction parameterization,
hows satisfactory predictive capability even for the larger roughness
ayout studied here, related to small orbital amplitude to roughness
atio and large relative submergence ratio. A slight degradation is ob-
erved when increasing roughness height, but the performance remains
verall stable. These observations tend to support the use of traditional
ave boundary layer theory for parameterizing friction, even when

he actual roughness height exceeds the initial framework assumptions
Madsen, 1995). This indicates furthermore that the prediction errors
ssociated with standard wave models would not be able to fully
xplain the difference in wave friction factors observed between sites
Gon et al., 2020; Sous et al., 2023).

The observed variability of 𝑓𝑤 is certainly largely controlled by
the dynamics of the interactions between coherent structures and to-
pography. One may for instance expect that the larger space between
roughness elements will allow the development of larger coherent
structures, which can explain the observed relationship between topog-
raphy skewness and friction factor. However, the 3D structure of most
layouts combined with the oscillating forcing and the breaking-induced
turbulence should strongly complicate the coherent vortex patterns.
Current instrumentation does not allow us to detail these interactions,
and developing new measurement methods coupled with 3D Navier–
Stokes modelling will be a required step to enhance the understanding
of the internal flow dynamics.

Based on an optimization of the modelled cross-shore wave height
evolution against experimental data, the hydraulic roughness is esti-
mated for each type of roughness and connected to a series of to-
pographical metrics to provide a multi-varied model for hydraulic
roughness. For the sake of interpretability, the statistical model pro-

posed here assumes simple relationships between topography metrics
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Fig. 11. Bin-averaged values of measured 𝑓𝑤 plotted as a function of 𝐴𝑜∕𝑘𝑟,𝑚 coloured by seabed layouts. The solid black line represents Madsen’s prediction (Madsen, 1995)
(Eq. (11)) using Sous et al.’s parameterization (Sous et al., 2023).
and hydraulic roughness. While this approach provides useful new
insights into the hydraulic roughness for wave studies, more complex
dependencies may likely be involved. A variety of correlation formula-
tions have been proposed in the case of canonical boundary layer cases
(Flack and Schultz, 2010; Barros et al., 2018; Forooghi et al., 2017;
Flack et al., 2020) but their direct application to the present wave
friction study have not provided improved performance. The further
improvement of the 𝑘𝑟 model will require a much denser experimental
plan, combining laboratory data on more realistic terrain together with
real-scale field data at the required resolution, with regard to both hy-
drodynamic and topographical aspects. Here, experimental constraints
fixed the seabed slope value at 1/20, which is considered as very
steep in regard to most studied sites where it does not go below 1/30
(Poate et al., 2018), except for the Banneg island rocky cliff sites
documented by Dodet et al. (2018). It is difficult to estimate a priori
the effect of such a slope on friction processes without having access to
fine documentation of turbulent processes close to the seabed. Further
experiments will have to be carried out on flat seabed and gentle slopes
to identify and discard any potential slope effect. Furthermore, the peak
enhancement factor was kept constant at 7 for wave-maker control
constraints. The role of spectrum shape on dissipative processes will
merit further exploration, although there is generally good consistency
between full spectral approaches (Madsen, 1995; Sous et al., 2023;
Lowe et al., 2005a) and frequency-integrated approaches (Gon et al.,
2020) in terms of friction factor.

The roughness metrics assessed in the present paper have been
selected for their simplicity, making them generalizable for other labo-
ratory and in-situ configurations. However, it is worthwhile mentioning
that a number of other metrics have been proposed (Chung et al.,
2021), with potential complex interdependencies. The role of roughness
directionality has been accounted for using a simple metric and a linear
parameterization in the 𝑘𝑟 model, providing a clear improvement when
compared to the model which ignores directionality. However, two
cases with partial streamwise alignments (LG4 and LG5) are still poorly
described by the model, with a lower friction factor than predicted.
Further improvements are needed, both in metric definition and param-
eterization in the 𝑘𝑟 model to improve the description of directionality
in such configurations. The effects of higher-order statistical moments,
such as kurtosis, could not have been explored independently by the
present experiments due to a strong correlation with the skewness. The
spatial heterogeneity of roughness appeared to play a role by reducing
the friction factor for increasing heterogeneity. This can be observed
by comparing cases QC4 and M3 A in Fig. 7, the former/latter showing
10

regular/irregular roughness height distribution, respectively, for the
same 𝜎ℵ. The regular distribution (QC4) shows generally higher friction
factors than the irregular one (M3 A). However, no unequivocal metric
of spatial heterogeneity has been found when applied to the present
seabed layout, but its effect is likely accounted for, at least partly, by
the metrics selected for the multi-varied hydraulic roughness model. It
has also been hypothesized that different spatial clustering scales may
have led to stronger impacts on frictional dissipation (Sarakinos and
Busse, 2019; Chung et al., 2021). The effect of roughness clustering
appeared to be weak for the tested configurations. This is highlighted
by the comparison of M3 A and M3B layouts in Fig. 7, which show very
close values of 𝑓𝑤 despite a widely different spatial arrangement, M3B
being much more clustered than M3 A for similar other properties.

The comparison of the proposed 𝑘𝑟 model with field estimates is
not straightforward, mainly due to the lack of documentation of the
fine topographical statistics of the studied field sites. A first view is
given in Fig. 12 which depicts the wave friction factor against 𝐴𝑜∕𝑘𝑟
for the present data (averaged over wave cases) and a selected set
of field observations from (Lowe et al., 2005a; Lentz et al., 2016;
Poate et al., 2018; Gon et al., 2020). For the latter field data points,
the seabed standard elevations have been provided by the authors
while we attribute arbitrary, but a priori realistic, values for skewness,
directionality and effective slope taken at 0.5, 0 and 0.15, respectively.
These taken values are based on a comparative study of 9 rocky and
coral sites (Sous et al., 2024). The overall agreement is satisfactory
both in terms of the trend in 𝐴𝑜∕𝑘𝑟 dependency and order of mag-
nitude, indicating that both the laboratory data and the statistical 𝑘𝑟
model proposed here can be used as guidelines for predictions of wave
frictional dissipation. Discrepancies between the observations and the
model remain, which calls for further adjustments of the model and
emphasizes the need for further laboratory experiments to explore
more realistic seabed structures, together with site-comparative in-
situ surveys allowing to identify the differentiating metrics between
field sites. The values obtained here remain sensitive to the choice of
topographical parameters. The comprehensive testing of the present
parameterization requires, for each test site, a combined survey of
hydrodynamics and fine topography, which remains very rare in the
existing published data but should be planned in further studies, where
possible. Studies carried out by Simons et al. (2000), Dixen et al.
(2008), Sumer and Fuhrman (2020) propose that the friction factor can
be modelled proportionally to

(

𝐴𝑜
𝑘𝑟

)−1
for small values of 𝐴𝑜

𝑘𝑟
. Attempt

to fit this model to our data points is pictured Fig. 12 with an optimized
value of 0.3.

Note finally that the definition of the bathymetry remains an im-
portant and challenging issue when attempting to build unified pa-

rameterization from observations at various sites. The bathymetry is
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Fig. 12. Seabed layout averaged values of measured 𝑓𝑤 plotted as a function of 𝐴𝑜∕𝑘𝑟,𝑚 coloured by seabed layouts. Empty-filled black symbols represent field data from previous
studies (Lowe et al., 2005a; Lentz et al., 2016; Poate et al., 2018; Gon et al., 2020) plotted against 𝐴𝑜∕𝑘𝑟,𝑚 using typical values for 𝑆𝑘ℵ = 0.5, 𝛥 = 0 and 𝐸𝑆ℵ,𝑥 = 0.15. The solid
lack line represents Madsen’s prediction (Madsen, 1995) (Eq. (11)) using Sous et al.’s parameterization (Sous et al., 2023). The dotted black line represents the 0.3(𝐴𝑜∕𝑘𝑟,𝑚)−1

rediction of Dixen et al. (2008).
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enerally reconstructed from topographical surveys using low-pass fil-
ers or rolling averaging techniques. Using different approaches will
ead to different definitions of depth, which remains a key parameter
f the wave action balance. The present study, based on the refer-
nce smooth layout, should provide comparable depth referential to
he moving-window 10-th percentile approach used by Sous et al.
2023) but may lead to differences for 𝑓𝑤 estimates inferred with other
rameworks.

. Conclusion

Bottom friction caused by the boundary layer is known to be a dom-
nant factor in coastal areas with complex bathymetry. Conventional
ntegrated approach models for small roughness have been developed
o estimate the friction coefficient and remain in use within their range
f validity. The aim of this study was to produce a database of wave
riction in a controlled environment to study the impact of roughness
tructure on frictional dissipation. The presence of roughness elements
mpeding the flow induces a general offshore shift of the inflexion
oint in the cross-shore profile of root mean square wave height.
ptimization of the friction model using hydraulic roughness shows

hat despite the wide range of wave-induced conditions in the surf zone,
he model predictions remain robust, although degraded for weakly
ubmerged flows. Wave attenuation was shown to be not only strongly
ontrolled by the standard deviation of the bottom elevation but also
y other bottom characteristics, which were identified as the frontal
orosity via the effective slope and skewness, and as the arrangement
f roughness structures via the directionality. As the effective slope in-
reases, the coefficient of friction increases. The more the arrangements
orm bars in the direction of wave propagation (longitudinal), the more
he coefficient decreases and conversely for the case of perpendicular
ars (transverse). With a multi-variate regression, a simple relationship
onnecting these metrics to hydraulic roughness was established and
ignificantly improves the results of the friction model. The comparison
f the hydraulic roughness model with the results of previous studies
uggests that further analysis is needed to explore the effects of the
oughness structure metrics on frictional dissipation and to improve
his model before confrontation with relevant field measurements and
11

mplementation in spectral models. a
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