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Abstract

This paper presents experience from the use of an Acoustic Doppler Velocity Profiler in the surf zone over a large-scale experimental barred
beach. In the first part of the paper, attention is focused on the description of a proper ADVP set-up and on the determination of relationships for
the horizontal and vertical velocity components valid for the oscillatory flow case. In the second part, horizontal velocity component data from the
ADVP are compared to the pre-processed measurements from two other velocity measuring devices for breaking waves, as well as near the end of
the surf zone. As expected, in the outer region of the surf zone velocity measurements appear influenced by air entrainment. In the bore-like region
where the effects of wave breaking are less intense and where the wave is reforming, the horizontal velocity is in reasonable agreement with the
rest of the measurements. Although the ADVP appears much noisier than other instruments, the role of bubbles in outer zone is prevalent in its
measuring error and gives a large underestimation. Furthermore, for the adopted experimental conditions, the analysis shows that the use in the

bore-like region of relationships for the horizontal velocity component that are valid for a uniform flow generates a negligible error.

© 2005 Elsevier B.V. All rights reserved.
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1. Introduction

The prediction of the wave-induced sediment transport at
beaches needs the accurate representation of the wave
kinematics at the surf zone. With reference to the field and
laboratory beaches, careful measurements are generally con-
ducted by means of Electro-Magnetic Currentmeters, Acoustic
Doppler Velocimeters, Laser Doppler Velocimeters, Particle
Image Velocimetry and also Hot Wire and Hot Film
Anemometers. Researchers select the most appropriate instru-
ment to use on the basis of the desired sampling frequency,
length scale and type of phenomena to be observed. In
particular, in the last two decades, advances in measuring
techniques have made possible the accurate measurement of
the internal velocity field within the surf zone and the related
process of energy transfer due to turbulence [e.g. Stive, 1980;
Nadaoka and Kondoh, 1982; Okayasu, 1989; Ting and Kirby,
1994; Cox et al., 1994, 1995; Doering and Donelan, 1997;
Cox and Kobayashi, 2000].
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More recently, experiments in hydraulics have used a new
tool represented by the Acoustic Doppler Velocity Profiler
(ADVP) that was initially proposed for medical applications.
ADVP is a non-intrusive measuring device, acknowledged for
several advantages with respect to other fluid measurement
instruments. It gives highly detailed spatial—temporal informa-
tion on velocity independently of seeding concentration and
fluid opacity (Eckert and Gerbeth, 2002). The capability that
makes the ADVP most attractive to coastal researchers is the
near-simultaneous acquisition of the flow velocity projected
along the sensor axis avoiding uncertainty from the repetition
of the test.

Experimental studies providing information on air bubble
influence on velocity measurements in fluid flows using
Doppler based ultrasound techniques are scarce (Nielsen et
al., 1999; Longo, submitted for publication). In particular,
Longo (submitted for publication) generated two-phase flows
(air or hydrogen bubbles and water) in a controllable manner
and measured velocity with ADVP and ADV in order to
quantify the influence of bubbles on measurements; the main
conclusions are that measurements of velocity using ultrasound
Doppler based velocimeters in a two-phase flow field give
substantially the velocity of the bubbles, and that for a bubble
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volume fraction less than 0.1 the ultrasound celerity is
unaffected by bubble presence.

Optical and acoustic instruments have been used to measure
the bubble size distributions inside breaking waves in the
laboratory and in the open ocean (Leighton et al., 1996; Deane,
1997; Deane and Stokes, 1999; Farmer et al., 2001) with the
scope to investigate on the bubble’s evolution in density, radius
and spatial distribution. It has been found (Deane and Stokes,
2002) that for bubbles larger than about 1 mm, turbulent
fragmentation determines bubble size distribution, resulting in
a bubble density proportional to the bubble radius to the power
of —1/3. Smaller bubbles are induced by jet and drop impact
on the wave face, with a —3/2 power—law scaling. The length
scale where turbulent fragmentation ceases, also known as
Hinze scale, separates these two processes.

An ADVP has been used to measure the near-instantaneous
horizontal velocity profiles induced by a breaking wave along
the entire depth on a laboratory quasi-field barred beach. A
similar investigation was conducted by Longo et al. (2001)
who considered a small-scale experiment with sinusoidal
waves propagating over a monotonic sloped beach. They
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performed velocity measurements with an ADVP and an LDV
in the outer and inner surf zone; data comparison was not
possible because the ADVP signal was useless during the Laser
series.

The present study intends to investigate on the capabilities
and limits of an ADVP for measuring velocities induced by
spilling and plunging breaking waves in the outer region and
by bore-like breakers in the inner region. Horizontal velocity
components from the ADVP are compared with the pre-
processed measurements from the Acoustic Doppler Veloci-
meters (ADVLab) and from the Electro-Magnetic Current-
meters (ECM). The determination of theoretical expressions for
the horizontal and vertical velocity components induced by an
oscillatory flow allows discussion of the uncertainties from the
use of the relationships with validity restricted to the uniform
flow case.

2. Experimental set-up and procedure

A large-scale laboratory experiment on wave hydrodynam-
ics over a fixed-bed barred beach was performed at the wave
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Fig. 1. (a) The geometry of
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flume of the Polytechnic University of Catalonia (Barcelona),
which is 100 m long, 3 m wide and 5 m deep. The adopted
beach profile geometry is shown in Fig. la with the vertical
coordinate z positive upward and z=0 at the still water level,
waves propagating from right to left, and the wavemaker
positioned at x=8600 cm, with x indicating the horizontal
position along the flume. The water depth at the wave
generator was 205 cm. The rigid bottom profile was designed
to match an equilibrium bar. This was accomplished by
scaling-down prototype profiles at Duck (North Carolina,
USA), taking into account the SUPERTANK (Kraus and
Smith, 1994) and DELTA-flume (Sanchez-Arcilla et al., 1995)
movable-bed experiments. The final “equilibrium-bar” shape
for the target wave conditions was tuned with the assistance of
a numerical Boussinesg-type wave model (Kennedy et al.,
1999) with an undertow and sediment transport formulation
allowing the prediction of sediment fluxes due to the combined
wave and current action and information on tendencies for
onshore/offshore sediment transport (Sancho, 1999).

Three regular and one irregular wave conditions were
produced by a piston type wavemaker equipped with an active
reflection absorption system. Table 1 summarises the char-
acteristics of the wave conditions, where H and H,,, are the
regular and root-mean-square wave height, respectively, in
front of the wavemaker; T, is the peak wave period; L is the
computed wavelength at the wavemaker (using linear wave
theory); xy,, Hy, and d}, are the approximate breaking location,
breaking height and depth, respectively. The Ursell number has
been defined as UrELZ{{ = %KZK2 (Dean and Dalrymple,
1984; USACE, 1998) where « is the Jacobian elliptic function
modulus and K(x) is the complete elliptic integral of the
second kind (Sarpkaya and Isaacson, 1981). Free-surface
elevation was registered at 49 different transects by a
combination of eight conductivity-type wave gauges with 8-
Hz sampling frequency. Three surface elevation sensors
remained at fixed positions the whole experiment, in front of
the wave paddle, for repeatability and quality control of the
tests. The adopted wave conditions were run sequentially for
each test repetition. In order to achieve stationarity of each sea-
state, the data acquisition was started 360 s after the start of the
wavemaker. Regarding quality control, and since the experi-
ments reflected over 56 repetitions of the same wave condition,
for four distinct situations, test repeatability was assessed
(Sancho et al., 2001; Tomasicchio et al., 2001). Four data
acquisition channels were associated, for all tests, to the wave
generation/absorbing system. Namely, the four channels
correspond to the following signals: (i) “DEMAND”—the
original, requested, (demanded) wave generator x-position
(stroke); (ii)) “DEMMOD”—the modified demanded signal,

Table 1
Characteristics of the considered wave conditions
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Fig. 2. Cross section of the bar and location of the measurement transects.

based on feedback information of the reflected waves; (iii)
“FEEDBACK”—the actual (real) paddle x-position; (iv)
“ERROR”—a measure of the difference between the “dem-
mod” and “feedback” signals.

The wavemaker paddle position allows controlling the test
repeatability. With regard to the paddle stroke position, Fig. 1b
shows, for all repetitions of wave condition C, the root-mean-
square stroke, based on the “demmod” and “feedback™ signals
of the paddle control. The upper lines refer to the “demmod”
signal, whereas the lower lines represent the “feedback”. The
solid-thick lines represent the average of the measured values
of all repetitions and the dashed lines represent the average plus
or minus 5%. Therefore, for each signal type, the band within
the £5% of the average values is portrayed. All runs whose
signals are enclosed within those limits are considered valid
and, therefore, form the basis to characterise each single wave
condition experiment, with variables measured at multiple
points, non-simultaneously, and representative of the same
event. Based on the above analysis, 5 tests for wave condition
A, 1 for wave B and 1 for wave C have been discarded from the
experimental data base.

Velocity measurements were conducted with three different
types of velocimeters at eight different transects along the bar
(Fig. 2). Seven spherical S-type Electro-Magnetic Current-
meters (ECM) with 8-Hz sampling frequency were used. The
sensors were installed on circular masts, three at each cross-
shore location. Due to intrinsic limitations, the ECMs could not
be placed nearer than 15 cm from the bottom. Thus, the ECMs
measurements covered the vertical range between the mean
surface elevation and 15 cm above the bottom, every 5 cm
apart. Two Acoustic Doppler Velocimeters (ADVLab) were
used to measure the three-component flow velocities across the

Wave condition Symbol H, Hps (M) T, (s) Hs/ L

No. Ursell, U, = £ K% Xp (M) Hy, (m) dy, (m) Breaking type

A (reg.) o 0.21 2.50 0.024
B (reg.) + 0.21 3.50 0.015
C (reg.) x 0.38 3.50 0.027
D (irreg.) A 0.21 2.50 0.024

1.876 40.5 0.30 0.41 Spilling
4.728 42.0 0.35 0.45 Plunging
8.556 46.5 0.58 0.56 Plunging
1.876 - - - -
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Fig. 3. Behavior in the dimensionless time, ¢/ 7, of the free-surface elevation 7 at three selected measurement transects: wave A (O), wave B (+), wave C (x), and

wave D ().

bar at both 25- and 50-Hz sampling frequencies. The sensor
cases were fixed to a supporting frame which allowed exact
adjustments of the vertical position. The two ADVLabs
measured velocities at each transect along the bar with a
vertical spacing ranging between 5 and 7 cm for 45 points. The
description of the ADVP functioning (Takeda, 1991) and set-
up is given in the following.

3. Water surface elevation

The cross-shore variation of the water surface elevation has
been assessed by visual observations and by means of data
analysis. For the adopted incident wave characteristics, two
different surf zones where visually detected. Waves shoaled
until the first breaking point (at x=4000 cm), then broke and
decayed, reforming and shoaling again (at x <3200 cm), where
a second breaking occurred, nearer the shoreline (x <2200 cm).
All waves reformed around x=3200 cm, which limited the
length of the first surf zone. Across the bar, the behavior in
dimensionless time, ¢/7, of the free-surface elevation, #, at
three selected transects is shown in Fig. 3 where ¢/7=0
corresponds to the external event triggering the acquisitions by
all the instruments, including all the velocimeters. Inspection of

2,0

Fig. 3 reveals that values of H s decrease landward and reach
almost the same value at x=3600 cm, with most of reduction
occurring between the first two of the transects (x=4350 and
4050). For all tests, Fig. 4 exhibits the cross-shore variation of
the normalized wave height (H,/d) as a function of the
dimensionless breaking position (x/x},). All wave conditions
present a similar behavior. Because of the different type of
breaking, maximum values of H ,s/d at the breaking point for
waves B and C are slightly larger than for the case of wave A.

4. ADVP functioning and set-up

Functioning of the ADVP is based on the Doppler effect.
Acoustic waves with frequency, f., and speed, ¢, are emitted by
a sensor and pass through space filled with targets moving with
a velocity having a radial component, ¥, in the direction of the
ultrasonic beam. The beams from the transducer are reflected
by the targets. The back scattering wave has the frequency f;.
The following relationship can be given:

cfp = yVfe (1)

where fp=/f.—f; is the Doppler shift frequency and y=2 since
the moving target represents both a receiver and an emitter. The

Hms/ d
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Fig. 4. Cross-shore variation of H,,s/d for the four adopted wave conditions.
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Fig. 5. The two ADVP probes, the coordinate system, and the symbols’ description.

knowledge of ¢, f., and f; allows the calculation of V. It’s well
known that the quality of the acoustic measurement is highly
influenced by the concentration and size of bubbles. With
regard to the influence of concentration, Longo (submitted for
publication) reports the following relationship between the air
and water celerity

fe VK, V0,
$o (o))
which does not apply to high frequency propagation (Medwin
and Klein, 1998) and where c,=celerity in pure water,
c,=celerity in air, K =water compressibility, K,=air com-
pressibility, p,=water density, p,=air density and v=bubble
volume fraction. Eq. (la) shows that the reliability of the
acoustic measurements depends on the air bubble con-
centration and certainly on the considered transect in a surf
zone.

Some researchers (Graf, 1996; Lemmin and Rolland, 1997),
for uniform flow conditions, showed that two ultrasonic probes
installed symmetrically with respect to the vertical allow the
correct observation of the flow field at a given transect x (Fig.
5). The present experimental investigation has been established
in collaboration with the probe designer and has considered a
similar scheme with two ultrasonic probes having a 1-MHz
emitting frequency and a near field of 2.4 cm where the
velocity can not be measured accurately. The angle between the
probe’s ultrasonic beam axis and the vertical, §, was equal to
30°. The probes were fixed in PVC supports spaced 10 cm
apart, located in a 14-cm wide longitudinal trench below the
bottom and running along the beach profile. The near field fell
into the PVC support. The use of a PVC support was
considered because, as specified by the manufacturer, the

(1a)

probes could not be reliable any more after a permanence of
several hours in the water.

In order to maintain the continuity of the bottom and to
avoid any disturbance of the wave field, where the sensors
were not in place, the trench was covered with thin PVC plates.
The geometrical angle § does not correspond to the one used in
the data analysis due to the refraction of the ultrasonic beam as
it propagates through the PVC support to the water, with
different sound speeds. Neglecting the effect of bubbles and
assuming a constant sound speed in water of 1470 m/s, the
refracted angle, o, has been found =24°; the effect of the
moderate angle of the bottom slope at the bar (<1°) has been
neglected. The two probes’ ultrasonic beams intersected at
z,=10.79 cm where Ax=0, with z,, representing the elevation
with respect to the bottom positive upward and zero at the
bottom. This set-up allowed to obtain near-simultaneous
velocity profile measurements over the water column at points
spaced about 2.2 mm apart, and undisturbed from any intrusive
equipment. The ADVP sampling frequencies ranged from 13.4
to 21.1 Hz, depending on the setting and calibration of the
instrument for a certain run (Table 2). The trigger signal
synchronised the acquisitions made with the ADVP with those
from all the other instruments.

5. Velocity data pre-processing
5.1. ADVP

Previous studies verified the ADVP efficiency for the
uniform flow case (Graf, 1996; Lemmin and Rolland, 1997)
and for the case of unsteady flow in an open channel with a
rough bed (Song and Graf, 1996). In those studies, the
horizontal, u, and vertical, w, velocity components were

Table 2

Example of the ADVP set-up characteristics

Wave condition A A B C C D

x [cm] 4050 3600 4150 3600 4350 3600 3600
Water depth [cm] 39.3 45.0 40.0 45.0 45.0 45.0 45.0
US beam length [cm] 355 39.0 342 39.0 355 39.0 39.0
Sampling frequency [Hz] 13.4 21.1 13.8 13.4 13.4 15.5 13.4
Pulse repetition frequency [Hz] 2016 1838 2083 1344 2016 1344 1344
Burst length [cycles] 8 8 8 8 8 8 8
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determined under the assumption that the flow is uniform with
the relationships
V=7, V47

"7 Tosina and = 2cosa 2
on the basis of the velocity components V| and ¥, measured
along the ADVP beam axis. In fact, it has been assumed that
the values of u and w are identical at the same elevation but at
different horizontal location. This assumption is valid only for
steady uniform flow; when considering an oscillatory flow, in
general, u; #u, and wi#w,. With the hypothesis that Ax <L,
the following Taylor’s expansions can be written (N. Kobaya-
shi and G.R. Tomasicchio, personal communication, June 26,
2001)

0 d
uy (x — Ax)~u(x) —Ax(—u and wl(x—M)zw(x)—Ml
ox ox
(3a)
ou aw
uz(erAx):u(x)JrAxa— and wz(erAx):w(x)JrAxa—
X X
(3b)

Radial velocities ¥} and 7, can expressed as
Vi = uysing + wicose and Vo = — upsina + wocosa  (4)
Combining Egs. (2) and (3a), (b), it results
Vi — V- Axow/0 Vi+ V- d
=24 w/dx and w:¥+Ax—utanoc
2sino tano 2c0su ox

(5)

Present experimental data have not allowed determination of

the correction term Ou/0x; therefore, u has been determined

solely with Eq. (2). Use of Eq. (2) can be extended to the
oscillatory flow case when Ax=0 or if

0 0
(= V2)=Ar=" and (V) + 72)>Av = (6)

It is worth noting that investigators are likely to go the
trouble of using high frequency, high resolution Doppler
Velocity Profilers to make instantaneous measurements of flow
around and beneath breaking to study small-scale features such
as turbulence and vortex generation. In this case, the spatial
gradients in the velocity field can only be neglected for flow
fluctuations with small wave numbers. There is certainly some
critical wave number allowing to neglect the spatial gradients
in the velocity field. Unfortunately, the present research does
not allow any big conclusion on this important subject because
of an adopted too small range of variation of the wave number.

In the following, for conditions adopted here, the validity of
Eq. (2) to determine the horizontal velocity distributions
induced by an oscillatory flow in the surf zone is discussed.

5.2. ECM and ADVLab

All temporal velocity series sampled by the ECMs and
ADVLabs have been initially screened for erroneous readings:
it has been admitted that two consecutive readings are affected

by “noise” whenever the corresponding acceleration is larger
than two times the acceleration of gravity, g; accelerations
larger than 2g are admitted as unphysical. The level of the
signal-to-noise (SNR) ratio and of the auto-correlation function
of all velocity components from the ADVLab has been
determined. Signals with SNR less than 20 dB and auto-
correlation values less than 90% have been disregarded
avoiding any uncertainty on noise influence (Goring and
Nikora, 2002). Table 3 reports the number of disregarded data
files.

Systematic comparison of the screened data has showed that
most of the measured velocity time series have an agreement
similar to that presented in Fig. 6. This figure shows time series
of the horizontal velocity component, u, obtained by one
ADVLab, one ECM, and the ADVP at approximately the same
vertical and horizontal position, although at different repeti-
tions of the same wave condition. Therefore, differences in the
time series reflect a different measuring error, a non-synchro-
nous reading, and a slightly different positioning.

6. Acoustic Doppler data comparison

A time series comparison of data from the two different
acoustic Doppler instruments would require simultaneous
measurements at the same elevation within a given transect.
Since the experiments aimed at covering three different wave
conditions at several instrument’s locations, there was no
logistical opportunity to systematically repeat such measure-
ments with the two instruments. The comparisons have been
performed only at transect x=3600 c¢m in the inner region at
z,=10.50 cm where Ax=0. Consequently, the temporal series
comparison of u from the ADVP and the ADVLab has been
conducted only for this case for each of the four wave
conditions. For the remaining cases in the outer region of the
surf zone, the estimate of the ADVP reliability has been based
on the comparison of the measured vertical distributions of the
time—mean horizontal velocities.

6.1. Wave breaking region

The horizontal velocity profiles at selected instants in one
period after the trigger signal (¢/ T=0) are shown in Figs. 7 and
8 and are representative of all cases. The vertical axis is the
ratio of z, to the local water depth, d; the horizontal axis
represents u, where positive values refer to velocities along the
wave propagation direction. In particular, the velocity profiles
for wave conditions A and C at x=4050 and 4350 cm (x/
xp,=1.00 and 0.935, and H,,s/L=0.054 and 0.043, respective-
ly) are shown; their shape discontinuities and the large

Table 3
Number of ADVLab disregarded acquisitions

Wave condition No. of repetitions Disregarded acquisitions

A (reg.) 52 6
B (reg.) 47 4
C (reg.) 49 14
D (irreg.) 49 6
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Fig. 6. Wave B, x=4050 cm; z, = 15 cm; behavior in time of the horizontal velocity component as measured by the ADVLab (solid), the ADVP (dashed) and the

ECM (dotted).

spreading make evident that the ADVP measurement results
are invalid. Reference to the synchronous temporal series of the
water surface elevation (Fig. 3) points out that errors increase at
the passage of the wave crest. Errors and sudden sign reversal
are probably due to the fact that the acoustic profiler does not
take into account the variation of the sound speed due to the
inclusion of bubbles in the water in which the concentration
certainly increases at the passage of the crest. Profiles in Fig.

8 seem sufficiently reliable, but before accepting them, a
comparison with measurements from the ADVLab and the
ECMs is necessary.

Time averaging for a minimum record length of 50 waves
has been considered for calculating the horizontal time—mean
flow from screened measurements with the three different
velocity meters. In Fig. 9 undertow values for wave condition C
at x=4350 cm are shown. The vertical axis is zy/d; the
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Fig. 7. Horizontal velocity profiles: wave condition A, x=4050 cm, x/x,=1.
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Fig. 8. Horizontal velocity profiles: wave condition C, x=4350 cm, x/x,=0.935.

horizontal axis is the undertow value, U. Still water level is
indicated in the figure by zero. The solid line represents the
vertical distribution of U from the ADVP. Undertow data from
the ADVLab (¢) and ECM (*) sensors are in satisfactory
agreement with each other, although they refer to different wave
attacks and cross-flume lines. The ADVP undertow profiles
appear to be largely influenced by clouds of bubbles and foam
causing an underestimation in undertow. In general, it has been
observed that the underestimation substantially increases near
the incipient breaker location (when x/x, approximates 1).

6.2. Bore-like region

Figs. 10 and 11, typical of all cases, show selected velocity
profiles one period after the trigger signal for wave conditions
D and C, respectively, at x=3600 cm in the inner region of the
surf zone (x/x,=0.774 for wave condition C, and H,.s/
L=0.024 and 0.027, for D and C, respectively). The
simultaneous measurements from the ADVLab placed at
z,=10.5 cm are also shown. The agreement can be considered
satisfactory at all phases when considering that the two

z (m)

Fig. 9. Wave C, x=4350 cm, x/x,=0.935: comparison of ADVP (solid line), ADVLab (¢) and ECM (*) undertow data.
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Fig. 10. Horizontal velocity profiles: wave condition D, x=3600 cm; comparison of ADVP (A) and ADVLab (*) simultaneous data at z,=10.5 cm.

instruments were not positioned at the same cross-flume line.  the three different velocimeters have also been considered at
Inspection of (Figs. 10, 11 and 3) reveals that the agreement is  the inner region where the effects of wave breaking are less
slightly poorer when the wave crest passes. intense. Fig. 12 exhibits a certain agreement of mean

In order to estimate the effect of extending the use of Eq. horizontal velocity data from the three measuring devices.

(2) for the horizontal velocity component to oscillatory flow, As a first impression the use of Eq. (2) for # may be accepted
in analogy to the outer region case, the undertow profiles from for most of the oscillatory flow conditions analysed here, and
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Fig. 11. Horizontal velocity profiles: wave condition C, x=3600 cm, x/x,=0.774; comparison of ADVP (x) and ADVLab () simultaneous data at z,=10.5 cm.
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Fig. 12. Wave C, x=3600 cm, x/x,=0.774: comparison of ADVP (solid line), ADVLab (¢) and ECM (*) undertow data.

thus, the limitation from considering ou/0x negligible may be
certainly minor with respect to the measuring errors deter-
mined by the presence of clouds of bubbles along the entire
water column.

7. Discussion

The present contribution aims to perform a verification of
the reliability of an ADVP in measuring the flow field
induced by regular and irregular breaking waves on a sloping
beach. In the flow field conditions adopted in the present
experimental activity, the instrument had an acceptable
performance at transects in the inner region of the surf zone
with values of H,s/L<0.04 and having x/x,<0.8 where
H..s/d<0.5 (Fig. 4). At the rest of the transects in the outer
region, the system was highly influenced by air inclusion in
the breaking wave that affects the sound speed significantly.
In this case, the shape of the observed velocity profiles
indicates that the use of the ADVP is limited because bubbles
are generated and transported as waves break at shallow water
(Thorpe, 1982).

8. Conclusions

An experience has been gained with the use of an ADVP
at wave breaking in large-scale lab measurements. Measured
horizontal velocity components from the ADVP have been
analysed and discussed for breaking waves, as well as in the
inner surf zone. As expected, at the outer region of the surf
zone, in comparison to the ADVLab and ECM, the ADVP
appears less reliable, perhaps because the measured Doppler
shift is affected by the various effects along the entire path
of the sound, unlike for point measurements. At the transects
where the effects of wave breaking are less intense and near
wave reforming, the ADVP horizontal velocity is in

reasonable agreement with the rest of the measurements. In
particular, differences in the performance of the ADVP in
the incipient breaking region compared to the bore-like
region indicate that, although the ADVP appears much
noisier than the ADVLabs and the ECMs, the role of
bubbles at outer zone is prevalent in its measuring error and
may give a large underestimation (even of about 50%) of the
mean horizontal velocity component with respect to the
single point instruments.

Furthermore, the agreement of measurements in the bore-
like region where the role of air inclusion is minor indicates
that, for the characteristics of the considered barred beach and
for the adopted wave conditions, the extension of Eq. (2) for
the horizontal velocity component to the oscillatory flow case
generates a negligible error for estimating mean flow
(undertow).
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