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Wave breaking is the primary driver of beach erosion, injecting breaking-induced turbulence at the sea

surface and diffusing bed boundary layer turbulence at the sea bed. The limited understanding of the

vertical turbulence structure under natural breaking waves, and hence sand entrainment, is one of the

reasons that coastal-evolution models produce inadequate estimates of storm response. Here we use a

recently collected field dataset to analyze turbulence dissipation under breaking waves and bores on

the intertidal beach at Truc Vert, France. The vertical structure of the turbulent dissipation rate

indicates that wave breaking is the dominant source of turbulence dissipation. The current-induced

turbulence represents no more than 50% of the turbulent dissipation rate close to the bed (at 10% of the

water column), even when alongshore currents reach 1 m/s. The data further illustrate that the

turbulent dissipation rate is almost depth-uniform under breaking waves, whereas it decreases

profoundly toward the bed under bores. Moreover, we found that the fraction of wave energy flux

decay dissipated below wave-trough level is about 1% under breaking waves and about 10% under

bores. These results imply that the turbulent dissipation rate in the surf zone is severely under-

estimated by coastal-evolution models that do not consider breaking-induced turbulence as a surface

boundary condition. Consequently, they will underestimate sand stirring and transport by mean

currents during severe storms.

& 2012 Elsevier Ltd. All rights reserved.
1. Introduction

Breaking wind-induced surface-gravity waves are the primary
drivers of beach erosion during severe storms; however, our
ability to predict the sometimes catastrophic loss of beach sand
is limited (e.g., Ruessink and Kuriyama, 2008). Under breaking
waves, turbulence is generated at both the sea surface and the sea
bed (Thornton, 1979). At the sea surface, breaking-induced
turbulence is injected into the water column, and may reach the
sea bed (e.g., Scott et al., 2005; Hsu et al., 2006) and suspend sand
intermittently (e.g., Nadaoka et al., 1988; Aagaard and Hughes,
2010). At the sea bed, in the bed boundary layer, vertical shear in
oscillating and steady flows generates turbulence, which diffuses
upward in the water column and results in (quasi-) periodic sand
suspension (e.g., Ribberink et al., 2008; Ruessink et al., 2011).
Attempts to include the effect of surface-generated turbulence in
sand transport modeling have been made by, for example,
Deigaard et al. (1986), Roelvink and Stive (1989), Mocke (2001)
and Kobayashi et al. (2008). These models remain largely
ll rights reserved.
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untested because of a lack of simultaneously collected data of
the vertical structure of turbulence and sand suspension under
field conditions. Most numerical models for coastal evolution thus
apply sand-transport equations based on laboratory experiments
with non-breaking waves (e.g., Ribberink, 1998; Silva et al., 2006).
We believe that this is one of the main reasons why (operational)
morphodynamic models struggle to make sensible predictions of
sea-bed change in shallow ðo � 223 mÞ water (e.g., Van Rijn
et al., 2003; Ruessink, 2005; Ruessink et al., 2007; Ruggiero et al.,
2009). As the first step to improve shallow-water sand transport
rates and, hence, morphological evolution, we here focus on the
vertical structure of the turbulence dissipation rate (often used to
study surf zone turbulence) under natural breaking waves
and bores.

Laboratory experiments have been seminal to improve our
understanding of breaking-induced turbulence (e.g., Govender
et al., 2002; Kimmoun and Branger, 2007; Scott et al., 2009;
Yoon and Cox, 2010, and many others). Advanced techniques,
such as Particle Image Velocimetry, have enabled to quantify the
cross-shore evolution of the turbulence field beneath predomi-
nantly regular waves breaking on a planar fixed bed with
unprecedented temporal and spatial resolution. This includes
the vertical structure of the turbulent dissipation rate e and hence
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the fraction of wave energy flux decay that is dissipated below
wave-trough level. Estimates of this fraction ranged from 1% to
20%, depending on breaker type and on surf zone location
(Svendsen, 1987; Ting and Kirby, 1995, 1996; Govender et al.,
2004; Huang et al., 2009). Because of the use of smooth fixed
beds, surface-generated turbulence is essentially the sole source
of near-bed turbulence in the laboratory. In the field, where the
(mobile) bed is much rougher and strong alongshore currents can
be present, bed-generated turbulence is potentially more impor-
tant than in the laboratory.

Due to the challenge to collect field data under harsh surf zone
conditions, studies analyzing and quantifying turbulence beneath
breaking waves on natural beaches are sparse. In the outer surf
zone (in 4.5 m water depth), breaking-induced turbulence did not
reach the bed (Trowbridge and Elgar, 2001; Feddersen and
Trowbridge, 2005), whereas the vertically near-uniform turbu-
lence intensities in shallower ðo � 3 mÞ water depths indicated
strong turbulence mixing from the surface downward (George
et al., 1994). Bryan et al. (2003) estimated that approximately 10%
of the wave energy flux decay must be below wave-trough level,
but they lacked the observations to determine the vertical e
structure and hence to ascertain whether surface-generated
turbulence is indeed the dominant source under natural condi-
tions. Recently, Ruessink (2010) deployed a vertical array of
acoustic Doppler velocimeters to characterize the vertical struc-
ture of turbulent quantities and demonstrated that the cross-
shore Reynolds shear stress is due to breaking-induced vortices
that transport high-speed cross-shore flow downward and disin-
tegrate close to the bed, consistent with earlier laboratory find-
ings (Nadaoka et al., 1989; Ting and Kirby, 1995, 1996).
Occasionally, within the lower 20% of the water column, sur-
face-generated turbulence was overwhelmed by bed-generated
turbulence. Based on the same dataset, Grasso and Ruessink
(2011) presented results of a preliminary study on the vertical e
structure and found it to depend on the relative wave height Hs=h

(a measure of the breaking-wave intensity), with Hs the sea-swell
significant wave height and h the water depth. They hypothesized
the variability in e structure to be related to whether waves were
breaking or had already transformed into bores.

Here we further explore Ruessink (2010)’s dataset to investi-
gate robustly the vertical e structure by means of an EOF analysis,
showing that the total relative wave height Htot=h, which includes
infragravity waves, is a better proxy for e than Hs=h. Based on
wave skewness and asymmetry estimates, we here also analyze
whether breaking waves and bores indeed result in different e
Fig. 1. Truc Vert Beach bathymetry surveyed (a) on February 14, 2008 (yearday 45), 3 w

experiment. Black thick lines represent 5-m iso-contours of bed level elevation zb with r

and (b) yeardays 78.3–85: NPS’s rig (brown diamonds), our rig (red crosses), and EPO

caption, the reader is referred to the web version of this article.)
magnitude and vertical structure. In addition, numerical simula-
tions of wave breaking over our instrument array enable us to
estimate the fraction of wave energy flux decay dissipated below
wave-trough level and to investigate the relative importance of
surface- versus bed-generated turbulence. We first describe the
data and the adopted methodology; next we present and discuss
our results; and finally we consider the implications of our results
for sand transport modeling during severe storms.
2. Data and methods

2.1. Field experiment

The measurements were conducted at Truc Vert beach, SW
France, in the framework of the ‘‘ECORS-Truc Vert 2008’’ field
experiment (Sénéchal et al., 2011). The site is characterized by a
well-developed crescentic outer bar and a smaller intertidal bar
frequently intersected by rip channels (Fig. 1). An instrumented
rig (Fig. 2) was positioned shoreward of the inner-bar trough to
study the vertical structure of turbulence beneath waves breaking
on an � 1 : 40 sloping, planar section of the beach. Sensors
included three single-point, sideways oriented, Sontek acoustic
Doppler velocimeter ocean (ADVO) probes stacked in a 0.43 m
high vertical array to measure 3D flow velocities and to estimate
turbulence quantities. The ADVOs shared a common logger that
sampled the three sensors simultaneously at 10 Hz in one burst of
24 min, 20 s each half hour. In the design and the actual
construction of the rig on the beach, special attention was paid
to the positioning and orientation of all instruments to minimize
disturbance of the flow field and of the bed by the instruments
themselves, by the rig and by its power and logging canisters. The
ADVO velocity series were quality-controlled based on the heur-
istic guidelines in Elgar et al. (2005) and Mori et al. (2007). Beam
velocities were transformed into the ADVO’s orthogonal coordi-
nate system, which was subsequently rotated into cross-shore u,
alongshore v, vertical w velocities, with positive u directed
onshore, positive v to the north, and positive w upward. The
elevation of the sea bed at the rig with respect to chart datum (�
mean sea level, MSL), and hence the height of each ADVO above
the bed, was estimated from the sea bed echo in the simulta-
neously collected data of a downward-looking acoustic back-
scatter sensor. The pressure series at the lowermost ADVO
(ADVO1) were converted to sea surface elevation, Z, using linear
eeks before the experiment and (b) on April 6, 2008 (yearday 97), 12 days after the

espect to chart datum. Symbols represent rig positions during (a) yeardays 67–78.3

C’s rig (magenta dots). (For interpretation of the references to color in this figure



Fig. 2. Photo (left) and top-view schematic (right) of the instrumented rig deployed at the neap low-tide water level during the ECORS Truc Vert 2008 experiment. The

instruments were mounted on the northwestern side of the rig to ensure that the logging and power canisters did not influence the flow field and the seabed below the

sensors during conditions with waves from the west to northwest driving a southerly alongshore current. The sensing volume of the upper of the three sideways-oriented

ADVOs is approximately 0.75 m above the sea bed. The image was taken at low tide on March 8, 2008 (yearday 68).

0
2
4
6
8

H
s0

 (
m

)

0

5

10

15

T
0 

(s
)

0

0.5

1

1.5

2

H
s (

m
)

0

1

2

3

4

h 
(m

)

0

0.5

1

1.5

2

H
to

t/h

−1.5

−1

−0.5

0

0.5

u,
 v

 (
m

/s
)

−1.5
−1

−0.5
0

0.5

z b
 (

m
M

SL
)

68 70 72 74 76 78 80 82 84
10−4

10−3

10−2

Yearday 2008

ε 
(m

2 /s
3 )

Fig. 3. Time series of offshore (a) spectral significant wave height Hs0 and (b) wave period T0; local (c) significant wave height Hs of the sea-swell (black, 0.04–1 Hz) and

infragravity (gray, 0.004–0.04 Hz), (d) water depth h, (e) ratio of total significant wave height Htot (0.004–1 Hz) to h, (f) mean cross-shore /uS (gray) and alongshore /vS
(black) velocities, (g) bed level elevation zb with respect to chart datum, and (h) dissipation rate e at ADVO1 (circles), ADVO2 (pluses), and ADVO3 (dots). In (g), the three

horizontal lines represent the elevations of the three ADVOs with respect to chart datum. The rig was repositioned on yearday 78.3 due to local beach erosion. Values in

(c)–(f) are based on ADVO1.

F. Grasso et al. / Continental Shelf Research 43 (2012) 133–141 135



0 1 2
0

1

2

H
s 
si

m
 (

m
)

r2 = 0.89
erms = 0.27 m

0 1 2
0

1

2

r2 = 0.91

erms = 0.12 m

0 1 2
0

1

2

r2 = 0.88

erms = 0.13 m

Hs meas (m) Hs meas (m)

Hs meas (m)

Fig. 4. SWAN simulated Hs versus measured Hs (a) at the NPS’s rig, (b) at our rig

and (c) at the EPOC’s rig, see Fig. 1 for positions. Solid lines are the lines of

equality; r2 and erms are correlation-coefficient squared and root-mean-square

error, respectively.

F. Grasso et al. / Continental Shelf Research 43 (2012) 133–141136
wave theory. Further details on initial data-processing can be
found in Ruessink (2010).

The rig was deployed from 7 to 30 March (yeardays 67–90)
2008. Here we focus on an 18-day period from yearday 67 to 85
during which all three ADVOs were operational. During this
period, offshore (in 20 m water depth) significant spectral wave
height, Hs0, ranged between 2 and 8 m (Fig. 3a) with wave
periods, T0, between 5 and 14 s (Fig. 3b). At the rig, the sea-swell
(0.04–1 Hz) significant wave height, Hs, ranged between 0.5 and
2 m and the infragravity (0:00420:04 Hz) Hs between 0.1 and
1.5 m (Fig. 3c).

The water depth, h, ranged between 1 and 3 m (Fig. 3d) and
sea-swell Hs was depth-modulated, representative of a saturated
surf zone. The total relative wave height Htot=h, where Htot is the
total significant wave height in the 0.004–1 Hz range, varied
between 0.36 and 1.7 (Fig. 3e). Waves were observed to break
by both plunging and spilling, and were mostly shore-normally
incident due to refraction over the seaward morphology. The
burst-averaged cross-shore /uS and alongshore /vS velocities
reached maximum values of �0.43 and �1.13 m/s, respectively
(Fig. 3f). Measurements during positive alongshore currents (from
the south) were removed to avoid flow disturbance by the rig. The
bed level, zb, at the rig varied between �1.13 and 0.03 m MSL
(Fig. 3g), predominantly related to the alongshore migration of
inner-bar rip channels and associated feeder channels (Almar
et al., 2010). The ADVO elevations above the bed, z, ranged
between 0.15 and 1.25 m.

2.2. Analysis tools

2.2.1. Turbulent dissipation rate

For each ADVO data burst, the turbulent dissipation rate e was
estimated from the high-frequency cross-shore velocity spectra
SuuðoÞ (where o¼ 2pf and f is frequency) with the Feddersen
et al. (2007) model, as modified by Gerbi et al. (2009), that
converts a wave number (k) to a frequency spectrum for frozen-
turbulence in a mixed wave and mean current environment in the
presence of a turbulent inertial subrange. The Suu spectra were
calculated using 73 s long data segments (detrended, Hamming
windowed with 50% overlap) for the f¼1.5–3 Hz range, in which
the turbulent inertial subrange is present (Ruessink, 2010). The
turbulent dissipation rate e was calculated at 110 discrete
frequencies in this frequency range using

eðoÞ ¼ SuuðoÞ2ð2pÞ3=2

aMuuðoÞ

" #3=2

ð1Þ

and then averaged to yield a single e for each burst of ADVO data.
Here, a¼ 1:5 is Kolmogoroff’s constant and Muu is an integral over
three-dimensional wavenumber space that depends on the hor-
izontal mean flow and the wave-orbital velocities. Two quality-
control tests, based on properties of the turbulent inertial sub-
range and proposed by Feddersen (2010), were adopted to reject
bad e estimates. The first test checks that Suu has an approximate
f�5=3 roll-off in the 1.5–3 Hz range. The second test checks that
the ratio of horizontal to vertical velocity spectra is near one, as
expected for isotropic turbulence. About 74% of all e estimates
passed both tests, yielding 167 vertical profiles with 3e estimates
(501 individual e estimates). As can be seen in Fig. 3h, e ranged
between 2� 10�4 and 6� 10�3 m2=s3. This is in the range of
Bryan et al. (2003)’s and George et al. (1994)’s observations.

2.2.2. Wave energy flux decay

Because we have no direct observation of the wave energy flux
decay, D, at the rig (e.g., from a cross-shore array of pressure
sensors), we used the nearshore spectral wave model SWAN
(Booij et al., 1999) to estimate D. SWAN was run in stationary
mode every 30 min from yearday 67 to 85 on a 2500 m along-
shore �1400 m cross-shore computational domain with a regular
10 m spatial resolution. The simulations during yeardays 67–78.3
(yeardays 78.3–85) were run on the bathymetry surveyed on
yearday 45, in Fig. 1a (yearday 97, in Fig. 1b). The intertidal
computational domain was updated every day using the daily
low-tide topographic surveys (Sénéchal et al., 2011). Model
simulations depend on the ratio of maximum individual wave
height over depth, g. We varied g between 0.6 and 0.75 and
compared Hs at three different rigs (see symbols in Fig. 1) to find
best model-data Hs agreement for g¼ 0:65. At the seaward most
rig, deployed in the subtidal zone by the Naval Postgraduate
School (NPS, CA, USA) (Sénéchal et al., 2011) during yeardays 67–
85 (see diamonds in Fig. 1), the predicted Hs agreed well with the
observations with skills r2 of 0.89 and root-mean-square errors
erms of 0.27 m, even though no daily bathymetric surveys were
available at this location (Fig. 4a). In the intertidal zone, the Hs

predictions at the rig used in this study (see crosses in Fig. 1), and
at the rig of Tissier et al. (2011), deployed by the EPOC laboratory
(France) during yeardays 73–75 and 77–81 (see dots in Fig. 1),
compared well with r2 � 0:91 and erms ¼ 0:12 m (Fig. 4b and c).
The good Hs predictions at the rigs located on the same cross-
shore profile (during yeardays 67–78.3) provide confidence in
SWAN’s predictions of D.

Fig. 5b presents the cross-shore profiles of D during the
campaign with regard to the cross-shore beach profiles (Fig. 5a
and c). The cross-shore profiles used here were alongshore-
averaged over a 100 m wide alongshore domain centered around
the rig. The results did not differ significantly using 50 or 150 m
wide alongshore domains. Note that the daily intertidal topogra-
phies did not change significantly and the rig remained on the
planar section of the beach. We observed mainly three dissipation
zones: on the outer bar ðx� 5002800 mÞ where large D values
ð � 1000 kg=s3Þ were predicted, on the inner bar ðx� 3002400 mÞ,
and the innermost on the intertidal beach ðx� 1502250 mÞwhere
our rig was deployed. The latter dissipation zone was strongly



Fig. 5. Time evolution of (b) the cross-shore profiles of the simulated wave energy flux decay D, (d) local (at the rig) simulated wave energy flux decay D, (e) simulated

percentage of breaking waves Qb, and (f) measured wave skewness Sk and asymmetry As. In (b), the black line represents the cross-shore rig position. Panels (a) and

(c) represent daily cross-shore beach profiles zb with respect to chart datum during yeardays 67–78.3 and yeardays 78.3–85, respectively. Blue-dotted lines represent low

and high tide levels; red crosses are rig positions. In (e), the horizontal gray line corresponds to Qb ¼ 10%. (For interpretation of the references to color in this figure

caption, the reader is referred to the web version of this article.)
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depth modulated (Do150 kg=s3, Fig. 5d); waves reformed after
the inner bar and most of them were breaking or broken at the
rig. This is confirmed by the predicted percentage of breaking
waves Qb (Fig. 5e), ranging from 10% in the outer part to 100% in
the inner part of the intertidal dissipation zone.
2.2.3. Wave skewness and asymmetry

Grasso and Ruessink (2011) suggested that temporal variabil-
ity in the vertical e structure was related to whether waves were
breaking or propagated as bores. To distinguish between break-
ing-waves and bores, they used the ratio Hs=h. A more appro-
priate way to distinguish both wave types may be to use the wave
shape, where bores are more pitched forward than breaking
waves (e.g., Ogston and Sternberg, 2002). The wave shape can
be evaluated by means of higher order moments of the sea
surface elevation, such as wave skewness, Sk, and wave asym-
metry, As. The skewness and asymmetry are statistical measures
of the horizontal (peaked) and vertical (pitched forward) asym-
metry of the wave form, respectively. They read

Sk¼
/ðZ�/ZSÞ3S

/ðZ�/ZSÞ2S3=2
ð2Þ

As¼
/H3ðZ�/ZSÞS
/ðZ�/ZSÞ2S3=2

ð3Þ
where / �S represents a burst average operator and H is the
Hilbert transform. These parameters evolve with h and hence
location within the surf zone (e.g., Elgar and Guza, 1985; Doering
and Bowen, 1995; Elgar et al., 2001; Grasso et al., 2011; Michallet
et al., 2011). Very recently, Ruessink et al. (in press) proposed a
wave shape parametrization for natural irregular waves and
showed that a Sk–As couple can be related uniquely to a cross-
shore location in the nearshore (depending on local Hs, h and
period T). Breaking waves are mainly skewed and slightly asym-
metric while Sk decreases and 9As9 increases (where 9 � 9 is the
absolute operator) under bores. Estimates at the rig (Sk¼ 0:15�1
and 9As9¼ 0:121:3, Fig. 5f) are consistent with waves at being
breaking or bores. Combining the Sk–As observations with
SWAN’s Qb predictions, we observe that waves are mainly break-
ing for Sk49As9 ðQb � 10220%Þ in the outer part of the intertidal
dissipation zone and are bores for Sko9As9 ðQb � 502100%Þ in
the inner part. These latter conditions were observed for several
consecutive days within cross-shore extensive surf zones during
high-energy wave conditions (e.g., yeardays 70–73) and for a few
hours during low tides otherwise.
3. Results and discussion

To identify the dominant vertical e structure, the 167e profiles
were decomposed into three Empirical Orthogonal Functions
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(EOFs) (e.g., Von Storch and Zwiers, 1999)

eði,tÞ ¼
X3

j ¼ 1

ajðtÞEjðiÞ ð4Þ

here i refers to the ADVO instrument (i¼1, 2, 3), Ej(i) are the
(nondimensional) EOFs representing fixed vertical patterns
(ETE¼ I, where ET is the transpose of E and I is the identity
matrix), and aj(t) are the (dimensional) temporal EOF coefficients.
The first EOF contained 97% of the e variance, indicating that the
temporal variations in e were highly coherent in the water
column, and decreased toward the bed (Fig. 6a). The EOF coeffi-
cients depended positively on Htot=h (Fig. 6b), with a log correla-
tion of r2 ¼ 0:64, whereas they were correlated poorly to
Hs=h ðr2 ¼ 0:3Þ. Thus Htot=h, which includes infragravity waves,
may be a better proxy for the shallow-water turbulence intensity
than Hs=h. Interestingly, the EOF coefficients were not signifi-
cantly related to the water depth (Fig. 6c), implying that the
positive dependence on Htot=h is not simply due to a reduction in
h. The positive e sign and its vertical structure indicate that wave
breaking is the dominant source of turbulence in the water
column. The vertical e structure observed here differs from that
observed by Feddersen et al. (2007) under whitecapping wave
breaking. In their case, e peaked near the surface and at the bed,
revealing distinctly both surface- and bed-generated turbulence.
Finally, we note that the EOF coefficients were also well related to
the wave shape, as they increased positively with 9As9 and
negatively with Sk (Fig. 6d). Thus, the magnitude of e increased
under asymmetric waves (bores).

To analyze further the vertical e structure, we decomposed e in
three domains corresponding to different wave breaking conditions,
based on the wave shape analysis (Fig. 5b, e and f). As presented in
Fig. 7, Htot=h was well related to the wave shape and can thus be used
in our study for defining different breaking conditions (see Section
2.2.3). (i) For Htot=h¼ 0:420:675, Sk exceeds 9As9, representative of
breaking waves; (ii) for Htot=h¼ 0:67520:825, Sk and 9As9 are about
the same, representative of a transition zone between breaking waves
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structures we observed here are very similar to the vertical variations
from the outer to the inner surf zone observed across a barred beach
in the laboratory (Yoon and Cox, 2010). The vertical e structures with
regard to the relative position in the water column z/h (z=h¼ 0 at the
sea bed, z=h¼ 1 at the sea surface, and the wave-trough level is at
z/h¼0.7–0.8, depending on wave conditions) are similar to those as a
function of z only (compare Fig. 8b with Fig. 8a). Hence in the
intertidal dissipation zone, neither the e magnitude (Fig. 6c) nor its
vertical structure are determined by h only.

To analyze the importance of the bed-generated turbulence in
the intertidal dissipation zone, we compare e with the turbulent
dissipation rate induced by current friction at the bed, ebbl.
Following Feddersen et al. (2007), we estimated ebbl from the
data using

ebbl ¼ u3
n
=kz ð5Þ

where un ¼ ½Cd/9U9vS�1=2 is the bed friction velocity. 9U9¼
ðu2þv2Þ

1=2, where u and v are the instantaneous horizontal
velocities, k¼ 0:4 is the empirical Von Kármán’s constant, and
Cd ¼ 1:6� 10�3 is a constant inferred by Ruessink (2010) for the
same dataset. As detailed in Ruessink (2010), Cd ¼ 1:6� 10�3 was
estimated at z/h¼0.08–0.12 and decreased toward the surface.
Fig. 9a illustrates the ratio e=ebbl as a function of z/h for the three
wave-breaking conditions. Close to the bed ðz=h� 0:1Þ, e was at
least 2–3 times larger than ebbl and could be up to 70 times larger
closer to the surface ðz=h� 0:6Þ. In contrast to flume experiments,
our results were obtained during strong alongshore currents
(up to 9/vS9¼ 1:13 m=s) because of quasi-persistent high-energy
offshore oblique waves (Almar et al., 2010). Within the lower 20% of
the water column ðz=ho0:2Þ, e=ebbl decreased significantly with
9/vS9 (Fig. 9b). Hence, the relative importance of ebbl increased from
� 10% for 9/vS9� 0:1 m=s to � 50% for 9/vS9� 1 m=s.

Because bed-generated turbulence appears to be subordinate
to breaking-induced turbulence, we continue with quantifying
the fraction of wave energy flux decay dissipated in the water
column. Following Svendsen (1987), we take

eD ¼D=rh ð6Þ

as the depth-averaged breaking-induced dissipation rate (r is the
water density). The fraction of eD dissipated below wave-trough
level is e=eD. Fig. 10 illustrates the ratio e=eD as a function of z/h
for the three wave breaking conditions. Just below wave-trough
level ðz=h� 0:6Þ, e=eD ranged from � 1%, mainly under breaking
waves, to � 20%, mainly under bores. Close to the bed (z=h� 0:1),
e=eD varied only between � 2 and 8% and remained somewhat
larger under bores. By depth-integration, we found that approxi-
mately 1–10% of the breaking-induced dissipation ðD=rÞ was
dissipated in the water column. This agrees well with estimates
of 2–6% in the laboratory experiments compiled by Svendsen
(1987), and with estimates of 1% in the outer surf zone, increasing
to about 10–12% under bores in the laboratory experiments of
Huang et al. (2009). Interestingly, e within the water column
increases from breaking waves to bores (Fig. 8), while the wave
energy decay at the surface, D, decreases (Fig. 5d). This leads to
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the larger relative turbulence dissipation rate, e=eD, below wave-
trough level under bores, as observed in Fig. 10, compare circles
and crosses.
4. Conclusions and implications

We analyzed the turbulence dissipation rate, e, in a natural surf
zone below the wave-trough level. We used wave shape and wave
energy decay estimates to distinguish breaking waves and bores in
the outer and inner part of the intertidal dissipation zone, respec-
tively. The total relative wave height ðHtot=hÞ, which includes infra-
gravity waves, is well related to wave breaking conditions and
represents a pertinent proxy for e estimates. The vertical e structure
indicates that wave breaking is the dominant source of turbulence
and that the e magnitude increases with Htot=h, i.e. from breaking
waves to bores. Under breaking waves, e is almost depth-uniform,
whereas it decreases profoundly toward the bed under bores, imply-
ing that most of the breaking-induced turbulence is dissipated near
the surface under bores. We found that e estimates were at least
2 times larger than current-induced turbulent dissipation rates, even
when alongshore currents were � 1 m=s. The data further illustrate
that the fraction of wave energy flux decay dissipated below wave-
trough level ranged from � 1% under breaking waves to � 10%
under bores, confirming previous laboratory results.

The results of this study imply that coastal-evolution models
considering only the sea-bed turbulence source severely under-
estimate the turbulence dissipation rate in the surf zone and
hence are likely to underestimate sand stirring and the magnitude
of sand concentration in the water column (cf. Deigaard et al.,
1986; Roelvink and Stive, 1989). This will assuredly cause the
sand transport by mean currents to be underestimated during
severe storms. We anticipate that our results will help to extend
and validate turbulence models and will eventually result in more
accurate beach-erosion predictions. Further work is necessary to
establish the link between sand suspension events and individual
turbulence bursts (cf. Scott et al., 2009) under natural conditions.
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Grasso, F., Michallet, H., Barthélemy, E., 2011. Sediment transport associated with
morphological beach changes forced by irregular asymmetric, skewed waves.
Journal of Geophysical Research 116 (C03020)http://dx.doi.org/10.1029/
2010JC006550.

Grasso, F., Ruessink, B.G., 2011. Vertical structure of turbulence dissipation in the
shallow-water surf zone. Journal of Coastal Research SI64, 90–94.

Hsu, T.J., Elgar, S., Guza, R.T., 2006. Wave-induced sediment transport and onshore
sandbar migration. Coastal Engineering 53, 817–824.

Huang, Z.C., Hsiao, S.C., Hwung, H.H., Chang, K.A., 2009. Turbulence and energy
dissipations of surf-zone spilling breakers. Coastal Engineering 56, 733–746.

Kimmoun, O., Branger, H., 2007. A particle image velocimetry investigation on
laboratory surf-zone breaking waves over a sloping beach. Journal of Fluid
Mechanics 588, 353–397.

Kobayashi, N., Payo, A., Schmied, L., 2008. Cross-shore suspended sand and bed
load transport on beaches. Journal of Geophysical Research 113 (C07001)http:
//dx.doi.org/10.1029/2007JC004203.
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