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Abstract This study presents sand activation depth (SAD)
measurements recently obtained on two contrasting beaches
located along the Atlantic coast of France: the gently
sloping, high-energy St Trojan beach where wave incidence
is usually weak, and the steep, low-energy Arçay Sandspit
beach where waves break at highly oblique angles.
Comparisons between field measurements and predictions
from existing formulae show good agreement for St Trojan
beach but underestimate the SAD on the Arçay Sandspit
beach by 40–60%. Such differences suggest a strong

influence of wave obliquity on SAD. To verify this hypoth-
esis, the relative influence of wave parameters was inves-
tigated by means of numerical modelling. A quasi-linear
increase of SAD with wave height was confirmed for shore-
normal and slightly oblique wave conditions, and a quasi-
linear increase in SAD with wave obliquity was also
revealed. Combining the numerical results with previously
published relations, both a new semi-empirical and an
empirical formula for the prediction of SAD were devel-
oped which showed good SAD predictions under condi-
tions of oblique wave breaking. The new empirical formula
for the prediction of SAD (Z0) takes into account the
significant wave height (Hs), the beach face slope (β) and
the wave angle at breaking (α), and is of the form
Z0 ¼ 1:6 tan bð ÞH0:5

s

ffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffi
1þ sin 2að Þp

. The use of a dataset
from the literature demonstrates the predictive skill of these
new formulae for a wide range of wave heights, wave
incidence and beach gradients.

Introduction

The sediment activation depth (SAD) corresponds to the
thickness of the mobile sediment layer at the bed where
sediment reworking takes place over an immobile bed
(Sherman et al. 1993). Sediment activation depth, often
referred to as the disturbance or mixing depth, can be
calculated for different time spans ranging from minutes to
hours (Kraus 1985; Sunamura and Kraus 1985), to
individual tidal cycles (King 1951; Williams 1971; Ciavola
et al. 1997; Anfuso et al. 2000) or several days (Greenwood
and Hale 1980; Nicholls and Orlando 1993). Irrespective of
the time intervals, sediment motion is always caused by
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waves, currents, or a combination of both waves and
currents (Sunamura and Kraus 1985; Sherman et al. 1993;
Ciavola et al. 1997). The ability to accurately predict SAD
is of critical importance for the determination of sediment
transport in general (Kraus et al. 1982; Kraus 1985; Ciavola
et al. 1997; Anfuso 2005) but also for the prediction of
potential bed scouring around coastal structures (Fucella and
Dolan 1996), the burial or dispersal of contaminants such as
oil spills, or for incorporation in models determining the
erosion of soft rock shores (Walkden and Hall 2005).

To improve the prediction of SAD, several investigations
have been conducted worldwide during the three last
decades, mostly based on measuring SAD in different
hydrodynamic and beach settings using different method-
ologies. The oldest method consists of inserting stained
natural beach sand into foreshore sediments during low tide
(King 1951; Williams 1971; Anfuso et al. 2000). During
the following low tide, the mixing depth can be determined
by combining measurements of topography and the
thickness of the new sand deposited over the plug of
stained sand (see Ferreira et al. 2000). Thin steel rods are
commonly used to localize the plugs of stained sand and to
survey micro-topographic beach changes. Other authors
(Greenwood and Hale 1980; Sherman et al. 1993; Anfuso
2005) have inserted rods with loosely fitting washers along
foreshore or nearshore profiles. In the course of sediment
reworking, the washers move down to the depth of
maximum erosion, and the new sediment layer subsequent-
ly deposited over the washers constitutes the mixing depth.
Finally, another fairly common method consists of the
injection of fluorescent tracers into foreshore or nearshore
sediments (King 1951; Komar and Inman 1970; Williams
1971; Kraus 1985; Ciavola et al. 1997; Anfuso et al. 2000;
Ferreira et al. 2000). After set time intervals, the spatial
dispersion of the tracer and the mixing depth are measured
by extracting short cores in a closely spaced grid around the
injection point, and determining tracer concentrations in a
specified number of depth intervals.

Several empirical relations for SAD prediction have been
suggested by combining SAD measurements with hydro-
dynamic data. In this way, it was shown that SAD was a
growing function of significant wave height (Williams
1971; Kraus et al. 1982; Kraus 1985; Ciavola et al. 1997;
Ferreira et al. 2000; Anfuso 2005). However, the wide
scatter of SAD predictions obtained from the different
equations suggested that parameters other than significant
wave height were involved in controlling SAD. Thus,
Sunamura and Kraus (1985) investigated the problem with
a more physically based approach, and found a relation
between the bed shear stress and SAD. They confirmed that
SAD increased approximately linearly with wave height but
that it was also slightly dependant on grain size and the
wave period of waves higher than 1.5–2 m. Observing

striking SAD differences between steep and gently sloping
beaches, Ferreira et al. (2000) proposed a refinement of
such relations by including the beach gradient into their
prediction formula, thereby considerably improving the
accuracy of the predictions. Anfuso et al. (2000) also
observed an increase of SAD with the beach gradient when
investigating beaches located in SW Spain. They obtained
SAD values corresponding to 4 and 16% of breaking wave
height for dissipative (slope of 0.02) and intermediate
beaches (slope of 0.06) respectively.

However, none of these physical and empirical studies
have investigated the influence of wave incidence angle at
the breaking point on SAD in any detail. One reason may
have been the difficulty in measuring wave directions with
sufficient accuracy, because wave incidence angles are
often very small, such that the wave angle at breaking is
smaller than the error margin. However, since part of the
bed shear stress is due to wave-induced longshore currents
directly controlled by wave incidence, the influence of
wave angle on SAD should be worth investigating.

The main purpose of this study was to investigate the
influence of wave obliquity on SAD. To achieve this, SAD
measurements were carried out on two contrasting beaches
located along the Atlantic coast of France. Among the other
measured parameters were significant wave height, wave
incidence, and wave period. The influence of these param-
eters on SAD was then investigated by means of numerical
modelling. The different findings were then combined to
develop new relations for SAD predictions.

Study areas

This study combines published data with recently acquired
field data obtained on two contrasting beaches located
along the middle of the French Atlantic coast, these being
the exposed St Trojan beach situated on the open coast in
the south of Oléron Island, and a more protected beach
along the Arçay Sandspit which is situated in the outer
Bertuis-Breton Estuary in the shelter of Ré Island (Fig. 1).

The tides in this region range from less than 2 to more
than 6 m, and locally induce tidal currents exceeding 2 m s−1

(Bertin et al. 2005). At the two study sites, the tidal
influence is restricted to water-level variations, and the
beaches can thus be classified as wave-dominated. The
offshore wave climate is dominated by waves with
significant wave heights (Hs) ranging from 1 to 2 m, peak
periods of 8–12 s, and W–NW directions. In winter, North
Atlantic low-pressure systems can generate westerly swells
with Hs exceeding 4 m, which occur more than 5% of the
time (Bertin 2005; Bertin et al. 2007).

The St Trojan beach (Fig. 1b) is composed of fine sand
(D50=0.18–0.22 mm) which, together with the energetic
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wave climate, causes its morphology to be dissipative for
most of the time, according to the classification of
Masselink and Short (1993). The shoreface has a concave
shape, and the beach gradient is nearly constant within the
intertidal zone (tanβ=0.015). Given the gently sloping and
shallow shoreface, wave incidence at breaking is greatly
reduced and lies mostly in the range of 0–5° (Bertin 2005).

The beach along the Arçay Sandspit (Fig. 1c), by
contrast, is more sheltered, and wave-energy attenuation
decreases wave heights by more than 70% relative to
offshore conditions (Bertin et al. 2007). The beach displays
a low-tide terrace with a gently sloping, lower section
consisting of fine sands (tanβ=0.015 and D50=0.2 mm),
and a steep upper section consisting of coarse sands (tanβ=
0.06 and D50=0.6 mm). Given a shoreline orientation of
215°N and swells originating from the W–NW, the waves
can break with incidence angles of up to 30° at high tide
(Bertin et al. 2007).

Materials and methods

Topographic and bathymetric surveys

The beach morphologies were surveyed by using a
combination of hydrographic depth surveys at high tide
and overlapping topographic surveys at low tide, the latter
also being used to check the reliability of the bathymetric
measurements. The St Trojan beach was surveyed on 4
April 2006 using a Septentrio® Polar X2 Real Time
Kinematic GPS, the mobile antenna of which was mounted
on a bicycle. The accuracy of this GPS is about 1 cm in the
horizontal and 2 cm in the vertical direction. The shoreface
of the beach was surveyed on 1 April 2006 at high tide by
the local hydrographic office (Direction Départementale de
l’Equipement 17).

The Arçay Sandspit beach was surveyed on 27 April
2006 from a four-wheel-drive vehicle equipped with the

Fig. 1 General location (a), and detailed bathymetric maps of the Arçay Sandspit beach (b) and the St Trojan beach (c)
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same GPS as that used for the St Trojan surveys. This was
complemented on 30 May 2006 by a bathymetric survey
using a Navysound 215 bi-frequency (38–200 Hz) echo-
sounder and the same GPS as that for the topography.

The original position data, acquired in WGS 84 format,
were converted into Lambert II planar and metric coor-
dinates, this being the working coordinate system used
throughout the study.

Sand activation depth (SAD)

In each of the two study areas, SAD was determined by two
different methods, enabling a critical comparison of results
and a reliability check of these methods. Following the
methodology widely adopted in previous studies (Ingle
1966; Komar and Inman 1970; Ciavola et al. 1997; Ferreira
et al. 2000), plug holes 20–40 mm in diameter were filled
with fluorescent tracers (method 1). The tracers were
emplaced at low tide, and each hole was positioned by
using the GPS described above. SAD was measured during
the following low tide, by assessing the change in tracer
thickness within each hole, thereby avoiding the need for
micro-topographic measurements. In any case, a compari-
son of SADs obtained in this manner and the thickness of
tracer replaced by natural sand did not show statistically
significant differences.

At the same time, fluorescent tracer experiments were
conducted in each study area, and additional SAD measure-
ments were made using short cores extracted at the centres
of the fluorescent tracer clouds (method 2). These cores
were cut lengthwise, and analysed under a UV lamp in the
laboratory. Following Komar and Inman (1970), SAD was
in this case defined as the maximum depth of tracer burial.
This definition was given preference to the 80% cut-off rate
proposed by Kraus et al. (1982) because, at least on the St
Trojan beach, tracer concentration was always very low.

In both study areas, SAD values obtained by the two
methods differed by less than 10–20% for a given position
along each beach profile. The average value for each position
along the beach profile was then used for further analyses,
although the entire range of values is presented here.

For the St Trojan beach, SAD measurements took place
on 1 and 4 April 2005, and on 6 and 28–29 April 2006
during concomitant tracer experiments aimed at determin-
ing the longshore transport on this beach (Bertin et al.,
unpublished data). During each experiment, three to four
SAD measurements were done according to method 1, in
the vicinity of the main tracer injection point located 0.5–
1 m below mean sea level (Fig. 2). During the measure-
ments, the water level changed by more than 4 m in the
course of the tidal cycle. The tracer zone thus experienced
about 7 h of wave action, which alternatively consisted of
wave swash, wave breaking and wave shoaling. Nine to ten

additional cores were collected for method 2 during each of
the four surveys.

For the Arçay Sandspit beach, the first experiment (11
April 2006) consisted of six tracer plug holes placed along
a cross-shore profile (method 1). Since this experiment
revealed a 300% increase in SAD from the lower beach to
the upper beach, it was decided to divide the beach into
three zones for the two following experiments (13 and 26
April 2006): (1) the lower beach, corresponding to the low-
tide terrace around 2–3 m above the lowest astronomical
tide (LAT; Fig. 2); (2) the middle beach, corresponding to
the transition between the low-tide terrace and the steep
upper beach (around mean sea level; Fig. 2); and (3) the
upper beach, corresponding to the steep part around 4–5 m
above LAT (Fig. 2). A different tracer colour was used at
each injection point, and SAD measurements based on
method 1 were done in the middle of each of the three
beach zones. The consistency of SAD for a given position
along the beach profile was also checked from the analysis
of the sliced cores sampled for method 2 during each of the
two tracer experiments on 13 and 26 April 2006 (73 and 78
cores respectively).

Hydrodynamics

Wave and wave-induced currents were recorded using a S4-
ADW (Interocean®) current meter, deployed on the lower
beach at St Trojan beach and in the middle of the intertidal
zone at the Arçay beach.

Sea surface elevations were estimated assuming that the
pressure field was hydrostatic, as demonstrated by Lin and
Liu (1998). Data processing was then performed by
subdividing the entire record into consecutive time sections
of 240 s.

Power spectral estimates S(f) were computed by 75%
overlapping Fourier transforms, Hanning windowed. The
significant wave height Hs (m) was defined as four times
the square root of the zero moment m0 of the wave power
spectrum S(f), and the peak period was determined as the
inverse of the frequency at which the maximum energy was
found.

The peak wave direction Dirp (°) was computed from the
free surface elevation (ξ) and the horizontal velocity

Fig. 2 Cross-shore profiles of the study beaches at the location of
SAD measurements
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components (u and v), using cross spectra Cxy( f ) according
to Eq. 1:

Dirp¼ artan
a

b

� �
ð1Þ

where

a ¼ max Cxu fð Þ½ � ð2Þ
and

ab ¼ max Cxv fð Þ½ � ð3Þ
.

Numerical modelling of bed shear stress

Model description

The time- and depth-averaged coastal area model MOR-
PHODYN (Saint-Cast 2002), driven by the spectral wave
model SWAN (Booij et al. 1999), was used in the present
study. This model has previously been successfully applied
to simulate wave-induced currents over an alongshore-
uniform multiple-barred beach (Castelle et al. 2006a), and
to generate both crescentic bar patterns and transverse bar
and rip morphologies (Castelle et al. 2006b) as well as to
estimate both longshore current magnitude and longshore
transport rates along the St Trojan beach (Bertin 2005).

Due to the almost alongshore-uniform configuration of
St Trojan beach, it was decided to use the 1DH mode of this
numerical model. Wave outputs were extracted from a 10-m
resolution grid along the cross-shore profile crossing the S4
current-meter location, and extending from the dune to
approximately 20 m below LAT on the St Trojan beach.

Bed shear stress was parameterised as being proportional
to mean flow by means of a bottom friction coefficient Cf

and the wave orbital velocity near the bottom Uw, following
the weak flow approximation of Liu and Dalrymple (1978):

t ¼ rCfUwUc ð4Þ
where ρ is the mass density of seawater, Uc the wave-
induced current magnitude, and Cf a spatially constant
bottom friction coefficient. Bottom friction calibration of
both Castelle et al. (2006a) and Bertin et al. (unpublished
data) showed that best agreements with field data were
obtained for Cf=0.0048.

Modelling strategy

The model was run in stationary mode, using a constant sea
level corresponding to mean sea level. As the SAD
measurements described above took place in a macrotidal
environment, any area located on the lower beach experi-
enced several wave processes (swash, breaking, shoaling)

and, thus, several bed stress events during a tidal cycle.
Nevertheless, the SAD recorded during the subsequent low
tide was considered to result from the maximum stress at
the bed during the tidal cycle. Consequently, during each
numerical simulation, the maximum computed bed shear
stress (t) along the beach profile was extracted to document
the relative influence of wave parameters on both bed shear
stress and SAD.

The first step of the numerical computations consisted of
running the model with boundary conditions corresponding
to wave conditions prevailing during the four SAD mea-
surement campaigns conducted at St Trojan beach. This
was done in order to investigate the relation between bottom
shear stress (t) and SAD.

The second step consisted of tuning the offshore
boundary conditions in order to fix two of the wave param-
eters at the breaking point (e.g. wave period and wave
incidence angle), whereas the third one (e.g. Hs) varied from
one simulation to another. Relatively restricted ranges for
wave parameters were tested (0<Hs<1.5 m; 0<Dir<9°; 7<
Tp<13 s), in order to comply with the approximation of Liu
and Dalrymple (1978) stating that steady currents must be
weak relative to wave orbital currents.

Results

Sand activation depth

For the St Trojan experiments, Hs at breaking ranged from
0.4 to 2.0 m. Sand activation depth displayed very small
spatial variability in all experiments. Average SAD values
were very low (Table 1), and ranged from 0.015±0.003 m
for low-energy conditions (Hs=0.4 m) to 0.05±0.01 m for
high-energy wave conditions (Hs=2.0 m).

Tracer experiments at the Arçay Sandspit enabled
measuring SAD for Hs ranging from 0.2 to 0.6 m. Despite
only three experiments being conducted, a wide range of
wave incidence angles was covered because, in the period
from low to high tide, wave incidence increased by over
15° (Bertin et al. 2007). SAD values showed a marked
cross-shore variability, ranging from 0.015±0.005 m on the
lower beach for very low wave-energy conditions (Hs=
0.20 m) to 0.11±0.01 m on the upper beach for low- to
moderate-energy conditions (Hs=0.6 m).

Relation between SAD and bottom shear stress

The first step of the numerical study was to verify the
assumption that SAD is a function of total bed stress. This
was done only for the St Trojan beach because an intensive
calibration of the model was already available for this
beach at that time (Bertin et al., unpublished data). Wave
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boundary conditions were tuned offshore in order to
reproduce, as closely as possible, the wave parameters
recorded by the S4-ADW during each mixing depth
experiment. The model results clearly show that SAD is a
growing function of total bottom shear stress (Fig. 3), as
previously demonstrated by Sunamura and Kraus (1985),
and that SAD is well reproduced with the function

Z0 ¼ C1

ffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffi
max 0; t � tcrð Þ

p
ð5Þ

where C1 has been empirically adjusted to a value of 0.041,
and t is the bed shear stress and tcr a critical bed shear
stress below which no movement takes place at the bottom.

Influence of wave parameters on bottom shear stress

The second step of the numerical study consisted of testing
the relative influence of wave parameters on total bed shear
stress. A major advantage of numerical modelling is that it
offers the unique opportunity of testing the influence of a
given wave parameter, while the others can be kept
rigorously constant.

Wave height

To test the influence of Hs, wave parameters were tuned
offshore in order to provide constant values for the peak
period (10 s) and for the wave angle (2°) at the breaking
point. The test clearly shows that bed shear stress t is a
growing function of wave height at breaking (Fig. 4).
Model run results are in good agreement with the relation

t ¼ C2H
2
s þ C3Hs ð6Þ

where C2 and C3 are empirical constants adjusted to 0.85
and 0.15 respectively.

Fig. 3 Measured sand mixing depth as a function of modelled total
bed shear stress and adjustment with a relation of the form Z0 ¼
C1

ffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffi
max 0; t� tcrð Þp

, where C1 has been empirically adjusted to a
value of 0.041

Table 1 Wave parameters, beach slope, and measured and predicted sand mixing depth (SAD) on the St Trojan beach and the Arçay Sandspit
beach (n.a. not available)

Place and date Significant
wave height

Wave
period

Wave
angle

Beach
slope,
tanβ

SAD
measured

SAD predicted from
Anfuso et al. (2000)

SAD predicted from
Ferreira et al. (2000)

(m) (s) (°) (–) (m) (m) (m)

St Trojan (01/04/2005) 0.4 7 3 0.015 0.015±
0.003

0.016 0.011

St Trojan (04/04/2005) 0.9 10.5 4.5 0.015 0.027±
0.004

0.036 0.025

St Trojan (06/04/2005) 1.1 11.5 5.5 0.015 0.032±
0.006

0.044 0.031

St Trojan (28–29/03/
2006)

2.0 10 3 0.015 0.05±
0.01

0.080 0.056

Arçay Sandspit (11/04/
2006), upper beach

0.6 12 25 0.06 0.11±
0.01

0.096 0.067

Arçay Sandspit (13/04/
2006), upper beach

0.4 11 30 0.06 0.08±
0.01

0.064 0.045

Arçay Sandspit (13/04/
2006), middle beach

0.35 11 20 0.015 0.035±
0.005

0.014 0.01

Arçay Sandspit (13/04/
2006), lower beach

0.25 n.a. n.a. 0.015 0.015±
0.005

0.01 0.007

Arçay Sandspit (23/4/
2006), upper beach

0.35 12 25 0.06 0.072±
0.015

0.056 0.039

Arçay Sandspit (26/04/
2006), middle beach

0.3 12 15 0.015 0.025±
0.005

0.012 0.008

Arçay Sandspit (26/04/
2006), lower beach

0.2 n.a. n.a. 0.015 0.015±
0.005

0.008 0.006
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Wave angle at breaking

The influence of wave angle at breaking (α) was tested by
tuning offshore wave conditions in order to provide
constant wave periods (10 s) and wave height (1.15 m),
but variable wave incidences at the breaking point. Model
results show a close to linear positive relation between
wave incidence at breaking and total bottom shear stress
(Fig. 5). These data suggest a non-zero value for frontal
waves (α=0°), which should correspond to the component
of the bottom shear stress due to wave orbital motions t0.
Model results can be adjusted by the function

C ¼ C0 þ C4 sin 2αð Þ ð7Þ
where C4 has been empirically adjusted to a value of 5.5
and t0 to 0.85.

Wave period

Testing the effect of peak wave period was the most critical
aspect, because wave period controls wave height and wave
incidence at the breaking point. Offshore wave parameters
were thus carefully tuned to obtain variable peak periods,

but constant Hs (1.15 m) and wave incidence (α=4°) at the
breaking point. The results show no clear influence of peak
wave period on total bottom shear stress (Fig. 6).

Discussion

Sand activation depth

Comparing our data from the St Trojan beach with the
predictions derived from the relation of Ferreira et al.
(2000), an overall good agreement is evident (Table 1).
Field measurements were also compared with the predic-
tions derived from the relation proposed by Anfuso et al.
(2000), who suggested that SADs correspond to 4% of the
breaking wave height for dissipative beaches. This relation
thus clearly overestimates the SADs measured on the St
Trojan beach (Table 1).

On the Arçay Sandspit beach, predictions from the
relation of Ferreira et al. (2000) systematically underesti-
mate the measured values by 40–60% (Table 1). The
comparison with predictions from Anfuso et al. (2000),
who suggested SAD to be equal to 16% of Hs for
intermediate beaches (the steeper part of the beach) and
4% for dissipative beaches (the low-tide terrace), also
shows 50% underestimations of the SADs recorded on the
Arçay Sandspit beach.

The systematic differences between our measured values
for oblique wave incidence and those generated by the
application of published “predictive” equations prompted
us to investigate whether these equations could be
improved by including a term for oblique wave incidence
(cf. below). On the contrary, the lack of any clear
correlation between peak wave period and bed shear stress
in our study confirms the results of Sunamura and Kraus
(1985), who found no evident relation with the peak period
for waves with Hs<1.5 m. Nevertheless, these authors
reported that SAD could be a function of wave period for
larger breaking waves. This hypothesis was not tested in

Fig. 5 Modelled total bed shear stress as a function of wave incidence at
breaking and adjustment to a relation of the form C ¼ C0þ C4 sin 2αð Þ,
where C4 has been empirically adjusted to a value of 5.5 and t0 to 0.85

Fig. 6 Modelled total bed shear stress as a function of peak wave
period

Fig. 4 Modelled total bed shear stress as a function of wave height and
adjustment with a relation of the form t ¼ C2H2

s þ C3Hs, where C2

and C3 have been empirically adjusted to 0.85 and 0.15 respectively
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our numerical study because, for large waves, the approx-
imation of Liu and Dalrymple (1978) can not be applied.

New method for SAD prediction

Our numerical simulations have shown that SAD (Z0) is a
growing function of the total bed shear stress t. This is in
agreement with the findings of Sunamura and Kraus
(1985). According to Van Rijn (1989), the total bed shear
stress t can be written as the sum of the bed shear stress
due to wave orbital motions, t0, and the bed shear stress
due to steady wave-induced currents, tst:

t ¼ t0 þ tst ð8Þ
Combining this with Eq. 5 gives

Z0 ¼ C1

ffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffi
max 0; t0 þ tst � tcrð Þ

p
ð9Þ

Then, based on the numerical results of the tests on the
influence of Hs and wave incidence (Eqs. 6 and 7), it can be
argued that tst has the form

tst ¼ C34Hs sin 2að Þ ð10Þ
where C34 is an empirical constant.

In the same manner and considering the work of Van
Rijn (1989), the bed shear stress due to steady wave-
induced currents t0 is assumed to be of the form

t0 ¼ C5H
2
s ð11Þ

where C5 is an empirical constant.
By combining Eqs. 9, 10 and 11, a new relation can be

established for the prediction of SAD:

Z0 ¼ C1

ffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffi
max 0;C5H2

s þ C34Hs sin 2að Þ � tcr
� �q

ð12Þ

Considering the work of Ferreira et al. (2000), which
suggests a linear relation between SAD and the beach gradient
β, the term C1 of Eq. 12 can be replaced by C1′ tanβ:

Z0 ¼ C
0
1 tan bð ÞH0:5

s

ffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffi
max 0;C5Hs þ C34 sin 2að Þ � tcr

Hs

� �s

ð13Þ
This equation implies that for shore-normal or slightly

oblique wave conditions, the term which accounts for the
wave angle at breaking would become negligible, causing
the SAD to be a close to linear growing function of the
significant wave height. Such a property corroborates the
findings of Sunamura and Kraus (1985), and is also in
agreement with empirical relations proposed by Anfuso et al.
(2000) and Ferreira et al. (2000). On the contrary, under
oblique wave conditions, this term would not be negligible

and would cause the SAD to no longer be a linear function
of the significant wave height. This important difference of
Eq. 13 with previously published relations could explain
why these relations are not suitable for predicting SAD
under oblique wave conditions.

The reliability of this new relation was tested with all the
data found in the literature (Sunamura and Kraus 1985;
Ferreira et al. 1998; Anfuso et al. 2000, 2003; Anfuso and
Ruiz 2004) where the required parameters were available
(Table 2, Fig. 7a). Coefficients C1′, C34 and C5 were
determined empirically, the best predictions being obtained
with C1′=1.2, C34=4, C5=2.2 and tcr=0.05. When cali-
brated with these empirical coefficients, Eq. 13 produces
predictions which are in good agreement with the field data
tested in this study (R2=0.92). Nevertheless, it could be
argued that the semi-empirical Eq. 13 is not easy to apply,
particularly in the field. To overcome this problem, a
simplified version of Eq. 13 was derived empirically:

Z0 ¼ C6 tan bð ÞH0:5
s

ffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffi
1þ sin 2að Þ

p
ð14Þ

where C6 is a constant which has been empirically adjusted
to a value of 1.6 using the dataset of Table 2. Equation 14
produces predictions for SAD (R2=0.93) within the same
order of accuracy as for Eq. 13 when applied to the same
dataset (Table 2, Fig. 7b). Due to its simplicity, this
simplified empirical relation may be preferred to Eq. 13.

Since the data used for this correlation originate from
coastlines around the world and cover a wide range of Hs

(0.25<Hs<2.0 m), wave incidence (0<α<30°) and beach
gradient (0.015<tanβ<0.14), these two new equations can
claim a broad applicability. Their application produces
accurate predictions of SAD, particularly in cases where
waves approach the coast at oblique angles, such as at the
Arçay Sandspit beach. More generally, they constitute a
significant improvement over the relation of Ferreira et al.
(2000) which, when applied to the same dataset, resulted in
poorer predictions (R2=0.87).

It is emphasised that the empirical constants proposed
for Eqs. 13 and 14 have been adjusted using the available
dataset from the international literature as well as the field
data presented in this study. As Eqs. 13 and 14 were also
derived using these new field data, the two new formulae
should be worth testing and validating with new and
independent datasets.

Conclusions

This study has demonstrated that the influence of wave
angle at breaking cannot be ignored when computing
sediment activation depth on the basis of currently available
predictive equations. The analysis of our field data from a
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Table 2 Data used to test sand activation depth (SAD) predicted from the new semi-empirical relation developed in this study (Eq. 13) and from
the empirical relation derived from it (Eq. 14)

Authors Place and date Significant
wave height

Wave
period

Wave
angle

Beach
slope, tanβ

SAD
measured

SAD predicted
from Eq. 13

SAD predicted
from Eq. 14

(m) (s) (°) (–) (m) (m) (m)

This study St Trojan
(01/04/2005)

0.4 7 3 0.015 0.015 0.013 0.016

St Trojan
(04/04/2005)

0.9 10.5 4.5 0.015 0.027 0.028 0.024

St Trojan
(06/04/2005)

1.1 11.5 5.5 0.015 0.032 0.034 0.027

St Trojan
(28–29/04/2006)

2.0 10 3 0.015 0.05 0.056 0.036

Arçay Sandspit
(11/04/2006)

0.6 12 25 0.06 0.11 0.117 0.099

Arçay Sandspit
(13/04/2006)

0.4 11 30 0.06 0.08 0.095 0.083

Arçay Sandspit
(13/04/2006)

0.35 11 20 0.015 0.035 0.019 0.018

Arçay Sandspit
(26/04/2006)

0.35 12 25 0.06 0.072 0.083 0.075

Arçay Sandspit
(26/04/2006)

0.30 12 15 0.015 0.025 0.016 0.016

Sunamura and
Kraus (1985)

Aijgaura
(14/12/1978)

1.00 9 6 0.017 0.038 0.035 0.03

Aijgaura
(31/03/1979)

1.10 6.5 2 0.017 0.029 0.035 0.03

Oraï
(12/08/1980)

1.00 10.2 8 0.015 0.028 0.033 0.027

Oraï
(27/08/1981)

1.10 6.1 6 0.015 0.023 0.034 0.028

Oraï
(26/08/1982)

0.80 7.5 4 0.020 0.019 0.033 0.031

Ciavola et al.
(1997)

Faro
(03/07/1996)

0.80 7 20 0.14 0.22 0.249 0.204

Culatra
(10/07/1993)

0.37 5.8 5 0.11 0.106 0.098 0.116

Culatra
(10/07/1993)

0.34 5.1 5 0.11 0.106 0.091 0.111

Anfuso et al.
(2000)

Rota
(11/09/1996)

0.52 10 7 0.06 0.085 0.075 0.077

Rota
(03/08/1997)

0.58 11 15 0.06 0.075 0.099 0.09

La Ballena
(07/03/1997)

0.35 4.5 2 0.04 0.044 0.029 0.039

Tres Piedras
(01/10/1997)

0.70 10 5.5 0.02 0.030 0.03 0.029

Tres Piedras
(02/10/1997)

0.45 10 5.4 0.02 0.018 0.021 0.023

Tres Piedras
(30/11/1997)

0.80 12 3 0.02 0.040 0.032 0.03

Anfuso et al.
(2003)

Aguaduce
(30/11/1997)

0.90 12 3 0.05 0.060 0.088 0.08

La Barossa
(03/09/2003)

0.50 9 3 0.02 0.030 0.031 0.036
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beach where waves break at angles exceeding 20° shows a
strong influence of wave angle at breaking on SAD.
Subsequent numerical tests on the relative influence of
wave parameters have confirmed

1. a quasi-linear increase in SAD with wave height for
shore-normal wave conditions;

2. a close to linear increase in SAD with wave angle; and
3. a lack of clear relationship between SAD and wave

period.

Combining these numerical results, a new semi-empirical
and a simpler empirical equation which both account for
wave angle at breaking were developed, and have enabled us
to obtain good SAD predictions over a wide range of wave
heights, wave incidence and beach gradients.

It is suggested that the accuracy of the new equations
should be further tested, especially for high-energy settings
(Hs>1.5–2 m) and under conditions of oblique wave
incidence. These equations can be used to improve the
planning of tracer experiments, and be integrated into
numerical models used in sand transport predictions.
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Fig. 7 Correlation between measured and predicted SADs: a based
on semi-empirical Eq. 13; b based on empirical Eq. 14, as derived
from Eq. 13

Table 2 (continued)

Authors Place and date Significant
wave height

Wave
period

Wave
angle

Beach
slope, tanβ

SAD
measured

SAD predicted
from Eq. 13

SAD predicted
from Eq. 14

(m) (s) (°) (–) (m) (m) (m)

Anfuso and Ruiz
(2004)

Faro
(13/05/2002)

0.50 4 0 0.02 0.030 0.018 0.023

Faro
(13/05/2002)

0.50 4 2.5 0.11 0.090 0.114 0.131

Ferreira et al.
(1998)

Quarteira
(27/03/1996)

0.49 12.3 4.6 0.11 0.107 0.12 0.133

Quarteira
(15/03/1997)

0.60 10.65 8.2 0.10 0.160 0.145 0.14

Quarteira
(18/03/1997)

0.81 9.9 4.9 0.10 0.153 0.169 0.156

Quarteira
(20/03/1997)

0.61 9.3 6.7 0.12 0.144 0.169 0.166

Faro
(24/04/1997)

0.85 9.35 10.2 0.14 0.172 0.279 0.24
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