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ABSTRACT

Collocated detailed measurements of near-bed turbulent and intrawave flow are important for studying
sediment transport processes and seabed evolution. Existing commercially available triple-axis profiling
instruments do not provide collocated velocity measurements. To improve the capability to make such
measurements a triple-axis coherent Doppler velocity profiler (CDVP) has been developed and tested in
the marine environment. The instrument was designed to measure orthogonal velocity profiles within a
narrow column of water at 16 Hz within 1 m of the bed with a vertical spatial resolution of 0.05 m. This paper
describes the first deployment of the instrument, in a tidal inlet in Portugal during a multidisciplinary study,
when CDVP flow velocity measurements were compared with data from other instrumentation. A prag-
matic approach was adopted to assess the capability of the triple-axis CDVP, using both an evaluation of
internal consistency and an assessment against two commercially available acoustic Doppler velocimeters
(ADVs). Measurements of the mean and fluctuating velocity profiles were collected with the triple-axis
CDVP, and these have been shown to be internally consistent and to be in good agreement with measure-
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ments obtained with the ADVs.

1. Introduction

To advance scientific understanding of sediment en-
trainment, hydrodynamics, and bedform evolution, in-
struments to study near-bed sediment transport pro-
cesses are under continual development. Data from
evolving systems provide assessments of mathematical
models and formulas used in the prediction of sediment
transport and bedform changes. The measurement of
the flow field close to the bed is of central importance
to understanding sediment transport processes. In par-
ticular, to examine the details of sediment entrainment,
it is necessary to measure intrawave and near-bed tur-
bulence. Acoustic instrumentation has been favored
and continues to be developed because such measure-
ments are largely nonintrusive, provide profiles with
centimetric spatial resolution, and resolve turbulent
time scales (Thorne and Hanes 2002; Zedel and Hay
1999).

Acoustic Doppler velocimeters (ADVs) have been
available for over a decade for measuring the three
components of turbulent flow (Voulgaris and Trow-
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bridge 1998). Although a significant contribution to
high-resolution measurements, they are limited to ob-
servations at one location in the water column. In con-
trast, uni-axial coherent Doppler velocity profilers
(CDVPs) measure the radial component of the turbu-
lent flow field over a range of up to 1.5 m with a reso-
lution of the order of centimeters (Hardcastle 1994;
Zedel et al. 1996; Zedel and Hay 1999; Veron and
Melville 1999; Thorne and Taylor 2000; Betteridge et
al. 2002). In these systems fluid velocities are deter-
mined from the rate of change of phase of consecutive
acoustic signals backscattered from suspended sedi-
ments. The axial component of the flow profile may
therefore be obtained; however, these systems have
been limited to measuring the flow in a single direction.

It is desirable to measure profiles of orthogonal tur-
bulent flow components, and one option is provided
commercially (see information online at http://www.
sontek.com). This instrument can provide 2-Hz three-
axis velocity profiles in centimetric range cells. How-
ever, the system uses diverging beams and therefore
does not provide collocated velocity profiles. This can
be a serious shortcoming in many hydrodynamic
and sediment processes studies. Therefore, triple-axis
CDVPs are currently being developed to obtain collo-
cated measurements of the three orthogonal compo-
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nents of flow. There is literature on the development
and use of such technology in laboratory tests for ma-
rine applications (e.g., Hurther and Lemmin 1998, 2001;
Rolland and Lemmin 1997; Zedel and Hay 2002; Wil-
son et al. 2000). Here we describe the development and
first reported marine trial of a triple-axis CDVP devel-
oped using converging beams. This triple-axis coherent
Doppler velocity profiler was designed and built to ad-
dress the issues of obtaining nonintrusive high-spatial-
and high-temporal-resolution three-axis collocated ve-
locity profiles in the nearshore marine environment.
The CDVP was deployed during a European-funded
field study, with other proven current measuring instru-
mentation, and advantage was taken of this study to
assess within a marine setting the development of the
CDVP. The deployment was on an instrument package
at the entrance to a tidal lagoon at Ria Formosa, Al-
garve, Portugal, during a multidisciplinary study to ex-
amine the interacting hydrodynamics and morphody-
namics occurring at tidal inlet entrances and along
coastlines (Williams et al. 2003b). There was a wave—
current environment at the tidal inlet site, with strong
currents measuring from 0.4 to 2 m s~ ! and waves with
significant height, H; of around 0.75 m and period, T,
of about 5 s. The seabed was composed of coarse sand.
The instruments in the project were located on an in-
strument package deployed on a jack-up barge (Will-
iams et al. 2003a).

The CDVP consisted of one transceiver and two pas-
sive receivers. These were configured to measure pro-
files of the three orthogonal components of the flow.
The flow components obtained with the triple-axis
CDVP were assessed in a simple pragmatic way, by
comparison with measurements collected by two
ADVs. Initially the mean, time-averaged velocities
measured by the CDVP were compared with the mean
velocities measured by the ADVs, and the outcome
gave very comparable results. This was followed by de-
tailed comparisons of the 16-Hz measurements of the
flow by both the CDVP and ADV time series, power
spectra, and statistics, and regression analysis was used
to quantify the capability of the CDVP. The results
show very comparable velocity measurements, al-
though there are some differences associated with a
spatial separation between the ADVs and CDVP mea-
surement volumes and some shortcomings in the
CDVP itself.

2. Methodology

a. Coherent Doppler

Measurements of the vertical profile of the backscat-
tered signal were obtained within closely spaced range
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bins by range gating. The radial velocity was obtained
from the rate of change of the phase of consecutive
backscattered signals (Zedel et al. 1996; Veron and
Melville 1999). The phase V is given by

v _1[<I(I)Q(t +T) - I+ T)Q(t)>] o
000G+ D + 101G + 1)y |

v

fa= 27T

where T is the delay between transmission pulses; 1(¢)
and Q(1) are, respectively, the in-phase and quadrature
components of the received signal; and ) represents an
average over a number of consecutive pulse pairs. The
Doppler frequency shift f, is given by

fd - 20T ( )
and the radial velocity v, by
CJa (3)
Vg = s
‘2,

where ¢ is the sound velocity in water, and f, is the
transmit frequency. The return from the ith pulse at the
maximum range must be received before pulse (I + 1)
is transmitted to obtain unambiguous range informa-
tion. The rate of pulse transmission, the pulse repetition
frequency (PRF) determines the maximum unaliased
value of the Doppler frequency f,;, and the maximum
range—velocity relationship is given by r,vy, = c*/8f;,
where r,, is the maximum range, and v, is the maxi-
mum unaliased velocity that may be measured.

An early version of the CDVP used a PRF of 512 Hz,
which gave an unambiguous velocity range given by
Viax = (forpc/fy)/4 of £0.36 m s~ !, based on a Doppler
phase shift of =, with ¢ = 1500 ms~! and f, = 524
kHz. For the flow velocities greater than this, the
Doppler phase shift signal is aliased. Velocities consid-
erably in excess of this are commonly experienced in
oceanographic environments. Therefore, to overcome
this limitation the triple-axis CDVP employed a dual-
PRF approach (Lhermitte and Serafin 1984). Applying
this technique, the present system used two interleaved
PRFs of 512 and 409.6 Hz with a timing ratio of 5/4 to
further extend this unambiguous range, by generating
two Doppler shift frequencies, the combination of
which provided a unique solution to the water velocity
up to 4 times the unambiguous limit of the single 512-
Hz PRF (i.e., £1.46 ms™') in the radial direction of
each transducer.
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The coherent Doppler system produced complex
phase information on the backscattered acoustic signal
by mixing the returning signal with in-phase (/) and
quadrature (Q) signals derived from the transmitter os-
cillator. The hardware to carry out this complex de-
modulation was of in-house design (Hardcastle 1994),
and the resulting / and Q components were sampled
using a 16-bit PC-based analog-to-digital card sampling
the I and Q signals simultaneously at 16 384 Hz. The
resulting phase information contained in the compo-
nents of the complex signal were used in a four-
quadrant arctan algorithm to extract the Doppler phase
shift as given by Eq. (1). The system was designed to
produce velocity readings at 16 Hz, allowing time for 28
pulses to be transmitted with interleaved PRFs, or 14
pulse pairs for each PRF at each time step. Equation (1)
was applied to the data from each PRF separately, gen-
erating two related Doppler phase shifts for each six-
teenth-of-a-second sample. Assuming low noise data,
the combination of these two Doppler phase shifts re-
lates to a unique velocity up to the combined ambiguity
limit of +1.46 m s~ '. The two Doppler phase shifts for
the two PRFs were logged by the PC recording soft-
ware at 16 Hz ready for dealiasing.

The dealiasing was realized in postprocessing soft-
ware by trying all possible aliasing combinations and
choosing the combination and hence the velocity that
yielded the lowest velocity difference between the
Doppler shifts from the two PRFs. If the data were
perfect and noiseless, one of these combinations would
yield identical velocities. In reality, there was noise on
the signals, so spike-detection routines were also imple-
mented to reduce instances of incorrect dealiasing. This
dealiasing software was fully automatic, requiring no
operator intervention. The resulting velocity values
were further geometrically corrected to give orthogonal
velocity components.

b. Triple-axis system

The triple-axis CDVP described here was designed to
provide collocated vertical profiles of the three or-
thogonal components of the flow: streamwise (1), cross-
wise (v), and vertical (w) flow. The CDVP consisted of
a vertically mounted, downward-looking narrow-beam
disc transducer, Tz, which transmitted a short pulse.
The backscattered signal was received on the down-
ward-looking transducer and also by two passive receiv-
ers located at 90° to each other in the horizontal plane.
The beam patterns for the two receiving transducers,
shown in Fig. 1, were specified for the purpose of re-
ceiving the backscattered signal from the whole vertical
range insonified by the downward-looking transducer.
A diagram showing the CDVP transducer configura-
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F1G. 1. The solid line shows sin(x)/x against x. This represents
the beam pattern response for the rectangular aperture used in
the two passive receivers in the present study. The variable x is
given by kLsin6/2, where L is the height or width of the radiating
source. The measured responses of the receiver transducers are
plotted for height L1 = 0.005 m (x) and width L2 = 0.05 m (o).

tion is shown in Fig. 2. The vertical transducer, Tz,
operated at 524 kHz and had a —3 dB beam angle of
approximately 1°. The two passive receivers, Rx and
Ry, were chosen to be resonant at 530 kHz and were
located orthogonally to Tz in the same horizontal plane
and at a distance of 0.585 m. They were rectangular
transducers that were housed in anodized aluminum,
encapsulated in polyurethane, and had nominal dimen-
sions of 0.005 m in height and 0.05 m in width. As
shown in Fig. 1, this gave receivers with fan-shaped
beam patterns, with a —3 dB full beam angle of 46° in
the vertical, and a horizontal —3 dB beam angle of 2.9°.
Each transducer measured the radial velocity compo-
nent derived from the backscattered sound as it prop-
agated to the bed, thereby yielding collocated velocity
profiles.

Referring to Fig. 2, the measured orthogonal flow
velocities, u,,, v,,, and w,,, were obtained from the
dealiased radial velocities V(Rx), V(Ry), and V(Tz) as
follows. The velocity V is given by V = u,i + v,j +
w,k, where i, j, and k are the unit vectors in the three
orthogonal directions, x, y, and z. The transceiver, Tz,
measures the vertical flow component, w,,, directly.
Receiver Ry was measuring components of v,, and
w,,, and the radial velocity measured by Ry, V(Ry), is
given by

V(Ry) = v, cosf, + w,, siné,. (4)

The crosswise flow velocity, v,,, may therefore be ex-
pressed as
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Fi1G. 2. (a), (c), (d) Projections of the relationships between the transducer locations and the
volume insonified at one range bin in the x—y, x—z, and y—z planes, respectively. (b) The 3D

impression of the arrangement.

V,, = tan6 [V(Ry)/sin6, — V(Tz)], %)

where V(Tz) = w,,. For the streamwise flow compo-
nent, u, from Rx and Tz,

V(Rx) = —v,,cos0, + w,,sinb,.

(6)
Therefore,

u,, = tan6,[ —V(Rx)/sinf, + V(Tz)], (7)

where the angles 6, and 6, were determined from the
measurements of the distances between transducers
and the acoustic travel time relating to each bin loca-
tion.

The position of each velocity reading for this work
was taken as the center of the range cell, although a
more accurate approach of modeling the center of the
intersecting beam patterns may be investigated in the
future (Zedel and Hay 2002). Small measurement in-
accuracies in the positions of the transducers relative to
each other could easily contribute to errors in the geo-
metrical transformation at this stage, and it would be
preferable in future work to use a precision-made jig to
mount the transducers and eliminate such positioning
uncertainty.

3. Experimental and field conditions

The triple-axis CDVP was deployed from a jack-up
barge in a tidal inlet in the Algarve, Portugal, as shown

in Fig. 3a. The inset shows the location of the field site.
Figure 3b shows the alignment of the jack-up barge to
the current and wave directions and the x, y, z coordi-
nate system. The instruments were aligned into the
tidal flow direction, and the wave direction was at ap-
proximately 45° to the current flow, as shown by the
arrows.

The CDVP instrument was attached to the Proud-
man Oceanographic Laboratory (POL) Instrument
Package (PIP) together with acoustic backscatter trans-
ducers, ADVs, electromagnetic current meters, and
pressure sensors (Williams et al. 2003a). The instru-
mented PIP is shown in the photograph in Fig. 4, and
the spacing between each transducer is listed in Table 1.
The notations ADV-N and ADV-S represent the
Nortek and Sontek ADVs, respectively. The instru-
mentation frame was designed to be mounted on the
jack-up barge in the tidal inlet and configured to have
the main instrumentation and measuring volumes 0.5 m
upstream from the main support frame, pointing into
the combined wave—current flows to minimize interfer-
ence to the flow measurements.

The ADYV instruments were located at approximately
0.15 and 0.22 m above a flat bed and measured veloc-
ities at 25 Hz. The triple-axis CDVP was located ap-
proximately 0.8 m above the bed and recorded velocity
measurements at 16 Hz in 0.05-m range bins. Owing to
the vertical beamwidth of the receiving transducers, the
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FI1G. 3. (a) A photograph of the barge used to mount the instruments in the tidal inlet, with
the location of the field site in the Algarve shown in the inset. (b) The diagram of the PIP
relative to the current and wave directions, and the orthogonal axes x, y, and z.

first receiver range bin with overlapping u, v, and w
measurements was at 0.66 m above the bed. Data from
the Doppler profiler at the range bins coincident with
the ADV measurement volumes were compared with
the velocities measured by the two ADVs. The ADVs’
velocity measurements were used as a reference to as-
sess the CDVP at its present stage of development. The
acoustic instruments were spaced apart on the frame to
minimize interference between them. Owing to the
main flow being in the negative x direction, it was con-
sidered that the observed flow would be only margin-
ally modified by the instrument package (Williams et
al. 2003b), and any modifications to the flow that did
occur would have the same impact on the CDVP and
ADYV measurements.

As noted above, the instruments were aligned such
that the x axes of the velocity-measuring devices were
directed into the main direction of the tidal flow. As
shown in Fig. 3b, the convention taken was that the
streamwise flow was denoted u, measured in the x di-
rection, with positive flow being taken as flow toward
the instruments (i.e., in the negative x direction), the
crosswise flow component was denoted v, in the y di-
rection, and the vertical flow, w, was measured in the z
direction. A diagram showing the relative locations of
the triple-axis CDVP and the two ADVs is shown in
Fig. 5. Distances between each instrument are summa-
rized in Table 1. It should be noted that there were
streamwise displacements of 0.405 and 0.525 m between
the measurement volumes of ADV-N and ADV-S, re-
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F1G. 4. Photograph of the instrument frame that was deployed for the fieldwork. The
components of the triple-axis CDVP and the two ADVs are indicated.

spectively, and the CDVP, and a displacement of 0.185
m between both ADV measurement volumes and the
CDVP. This impacted on the coherence of the veloci-
ties recorded by the different instruments, as discussed
later.

TABLE 1. The displacement in the three orthogonal directions
between the ADV measurement volumes and the transmitting
and receiving transducers of the triple-axis CDVP, as shown in
Fig. 5.

Measurement volume x (m) y (m) z (m)
ADV-S-Tz 0.525 0.185 0.80
ADV-S-Rx 0.060 0.185 0.77
ADV-S-Ry 0.525 0.475 0.75
ADV-N-Tz 0.405 0.185 0.70
ADV-N-Rx 0.180 0.185 0.67
ADV-N-Ry 0.405 0.475 0.65
ADV-N-ADV-S 0.12 0 0.10

The field site consisted of a mobile bed of coarse
sand, mean diameter ds, = 1.2 mm, with migrating bed-
forms of nominal height and wavelength of 0.1 and 1.0
m. Pumped sample measurements showed that the sus-
pended sediment size varied from about 200 to 500 wm,
and suspended sediment concentrations were between
0.005 and 0.5 kg m>. To demonstrate the capabilities
of the triple-axis CDVP, data obtained on 28 February
1999 were selected. Data collection spanned a period of
4 h during a flood tide. On this day, H; ~ 0.75S m and T,
~ 5s, and the mean current speed varied from 0.4 to 2
m s~ ! and the water depth from 2 to 3.5 m.

4. Results

To assess the capability of the profiling Doppler sys-
tem in the field, a comparison of the results obtained
with the triple-axis CDVP and the two ADVs has been
made. The velocity data from the CDVP and the ADV
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F1G. 5. Diagram of the location of the instruments on the frame:
(a) plan view in the (x, y) plane, (b) side view in the (x, y) plane,
and (c) front view in the (y, z) plane. The relative positions are
given in Table 1.

were corrected for misalignment relative to the main
flow in the vertical and horizontal planes using a rota-

tion matrix,
cos¢ —sing
T - ( i )7
sing cose

where for a rotation about the z axis, ¢ is the angle
between the mean data and the x axis. The velocities u,
and v, of the rotated data were thus

Uy Uy,
=T ,
VY Un

where u,, and v,, are the measured velocities. Similarly,

() =1) o ()=1(0,)

The data u, v, and w were the final rotated velocities for
zero-mean cross and vertical flow. The measured and
rotated data are plotted in Fig. 6, showing the angle, ¢
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FiG. 6. Depiction of how the data were rotated to correct for
misalignment relative to the main flow in the vertical and hori-
zontal planes. (a) The measured (u,, and v,,) and rotated (u« and
v) velocity data plotted in gray and black, respectively. Similarly,
shown are (b) vand w, and (c) u and w. The rotation angle, ¢, is
marked in (a).
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Fi1G. 7. Plot showing the mean current measured by the CDVP
and also the two ADVs over a 3.5-h time period. The CDVP
velocity measurements shown are at nominal heights above the
bed of 0.07 m (®) and 0.18 m (O). These range bins were the
closest to the measurement volumes of the ADVs, at nominal
heights of 0.08 m (0) and 0.18 m (J), respectively, above the bed.

= tan"'((u)/(u)), where () denotes the mean. The rota-
tion was applied to each dataset to obtain the flow par-
allel to the bed.

a. Comparison of CDVP and ADV time-averaged
velocity measurements

The triple-axis CDVP recorded velocity measure-
ments at 16 Hz, and the ADYV instruments at 25 Hz;
however, an initial comparison of the measurements
was made using the measured mean velocity. The mean
was obtained over the recording interval of 1024 s for
the instruments, over a 4-h flood period. The range bins
of the CDVP closest to the ADVs were chosen for the
comparison. These occurred at 0.07 and 0.18 m above
the average bed location for the ADV-S and ADV-N,
respectively. The mean velocities recorded for the three
instruments are plotted over a flood cycle in Fig. 7. The
error bar in the CDVP measurement is based on the
difference in the velocities between two adjacent range
bins, this being approximately equivalent to the differ-
ence in velocity, which would be measured at the top
and the bottom of each range bin due to the length of
the range bin, approximately 0.05 m. Within the error
bars on these measurements, the plot in Fig. 7 shows
that there is agreement in the mean streamwise flow
velocity measured by the CDVP and both ADVs. Us-
ing a normal axis regression to compare the data gave a
regression gradient of 0.96 = 0.06 for the comparison
with the ADV-N, with a regression coefficient of 0.999,
and a gradient of 1.02 = 0.11 for the ADV-S, with a
regression coefficient of 0.998. Testing the significance

BETTERIDGE ET AL. 97

0.7 -
Lo O PEA
0.6 O O Dmag |
o O DEBA
0.5F .
e o D 8]
E
® 0.4 o o ped -
O
()]
3
O & o DEX
(1]
50.3F .
O o O D &
T
O oD #&
0.2F .
o O DEX
® ® O 6
QO %A
01F .
O® @ B
Lo} > O ¥
0 | | |
0 0.2 0.4 0.6

Velocity, u (ms'1)

FiG. 8. Velocity profile measured by the CDVP over a flood
cycle from 0959 to 1359 UTC (o for 0959, O for 1029, A for 1059,
* for 1129, <1 1159 B> for 1229, and ¢ for 1359 UTC). The different
symbols enable the shape of the velocity profiles to be distin-
guished over the tidal cycle. The measurements obtained with the
ADVs are also shown (@®).

of the gradient using the ¢-distribution value gave ¢ =
0.667 and ¢ = 0.182 for the ADV-N and ADV-S data,
respectively, which was less than the 1% ¢-distribution
value of 3.7 for n = 8. The regression gradients there-
fore did not differ significantly from unity at the 99%
confidence level.
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F1G. 9. Scatterplots showing the regression of velocities mea-
sured in adjacent CDVP range bins, at 0.07 and 0.12 m above the
bed, Viyo; vs Viy,, where Vi is (a) u, (b) v, and (c) w. The
regression data for these heights and two other adjacent bin
heights are given in Table 2.
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TABLE 2. Mean regression gradients and coefficients for the
comparison between the velocities measured in adjacent CDVP
range bins. The mean was taken over the eight records of data
throughout the tidal cycle.

CDVP at CDVP at CDVP at
heights 0.59 heights 0.34 heights 0.07
and 0.67 m and 0.40 m and 0.12 m
Regression 0.98 = 0.01 0.98 + 0.01 0.95 = 0.06
gradient u
Regression 0.99 = 0.004 0.99 £ 0.002 0.97 = 0.02
coefficient u
Regression 0.99 =02 0.97 £ 0.002 0.80 = 0.3
gradient v
Regression 0.97 = 0.008 0.96 = 0.004 0.75 0.2
coefficient v
Regression 0.99 = 0.02 1.03 £0.03 0.67 = 0.5
gradient w
Regression 0.91 = 0.02 0.86 = 0.03 0.45 = 0.17

coefficient w

b. Time-averaged velocity profiles

The triple-axis CDVP had the capability to measure
the velocity in range bins of approximately 0.05 m over
a 1.28-m range. In the present study the CDVP was
mounted at 0.8 m above a mean bed location, though
the actual height of the range bins above the bed varied
over the measurement period due to the migration of
bedforms below the instrument package. The range to
the bed was determined by identifying when bed echoes
contaminated the data. Figure 8 shows the mean
streamwise velocity profiles, measured by the triple-
axis CDVP over the flood period. These profiles show
an increase in velocity with increasing height above the
bed, with the velocities approaching zero toward the
bed, as would be expected. Some detailed variations in
the shape of the velocity profiles were observed over
the flood, which was considered to be partly due to the
migrating bedform beneath the instruments.

c¢. Intercomparison of Doppler range bins

Each backscattered range bin signal provided an in-
dependent measurement of velocity, and adjacent
range bins would be expected to measure very similar
velocities if the measurements were internally consis-
tent. It was therefore considered judicious to compare
time series of velocities from several adjacent range
bins and to assess the internal veracity of the CDVP
measurements. Data from adjacent range bins near to
the bed, in the middle of the velocity profile and higher
in the water column, were compared for each of the
1024-s records collected over the tidal cycle. An ex-
ample of the scatterplots obtained for the 16-Hz data
between adjacent range bins is shown in Fig. 9. This
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F1G. 10. Plots showing a comparison of the streamwise flow, u, measured between two
adjacent range bins at nominally 0.34 m (red) and 0.40 m (black) above the bed. (a) The
velocities measured at 16 Hz by the triple-axis CDVP. (b) The difference in these velocities.
(c) The power spectra of the zero-mean u velocities. (d) The probability density functions of
the zero-mean velocities for 0.34 m (x) and 0.40 m (o).

shows u, v, and w from range bins at 0.07 and 0.12 m
above the bed for one record. Although there is some
scatter in the data associated with detailed differences
in the higher-frequency velocity components, the data
are clearly clustered around the line of gradient unity
shown in the figure. To assess such results as shown in
Fig. 9 the mean regression data from all the records at
three heights above the bed are given in Table 2. The
table shows regression gradients close to unity and re-
gression coefficients generally greater than 0.9. In each
case the dependent variable was taken as the lower of
the two bins; hence the gradients are generally slightly
less than unity. The gradients approach unity higher up
the water column, which is consistent with the shape of

the velocity profile. Figures 10 and 11 show further
examples of the results obtained from intercomparison
of range bins at 0.34 and 0.4 m above the bed. The
figures show typical velocity time series, power spectral
density, and probability distribution plots for the u and
w velocities for one record. The intercomparison of v
was similar to that of « and is therefore not shown for
brevity. Figure 10a shows an example of 100 s of time
series velocity data for the adjacent range bins. As can
be seen, the velocities are very comparable. Figure 10b
shows the velocity difference between the two bins. To
quantify the difference, (|{,|)/ii was calculated, where
{2l =& — &), L represents u, v, or w; i and j represent
adjacent range bins, 7 = ((lu] + |u;))/2; and () repre-
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FiG. 11. As in Fig. 10, but for w.

sents an average over a record. The average for (|{,|)/i
over the flood period gave values of 0.09 = 0.02 and
0.10 = 0.02 for u and v, respectively. This was consid-
ered acceptable owing to the 0.06-m vertical separation
in the measurement volumes and the probable spatial
decorrelation of the higher-frequency velocity compo-
nents. Figures 10b and 10c show the power spectral
density and the probability density function for the ve-
locities. As can be seen, the adjacent range bins gave
very comparable results. Figure 11 shows the results
from the two range bins for w. As with Fig. 10, the time
series, spectra, and probability distributions are seen to
be very comparable, with a value for (|{,|)/ii = 0.09 =
0.015, which is similar to the values for u and v.

d. Comparison of ADV velocities

Before making a comparison of the CDVP with the
two ADYV instruments, it was considered useful to as-

sess the coherence of the velocities measured by the
two ADVs. The ADV-N and the ADV-S were sepa-
rated vertically by 0.1 m and horizontally in the x di-
rection by 0.12 m. Although a number of analyses were
conducted, the main outcome can be illustrated by the
results in Figs. 12a—c. These scatterplots show measure-
ments for u, v, and w. Regression analysis gave gradi-
ents and coefficients of 1.20 = 0.01 and 0.97 for u and
1.09 = 0.03 and 0.93 for v. The gradients are greater
than unity due to the ADV-N, the ADV farthest from
the bed, being the dependent variable. For w the com-
parable results were a gradient of 0.8149 and a regres-
sion coefficient 0.133, the latter being significantly be-
low those for u and v. This relatively weak correlation
in w was considered to be due to the reduced coherency
owing to horizontal and vertical separation of the
ADVs. Calculation of (|Z,|)/ii gave mean values over the
flood for u and v of 0.17 = 0.01 and 0.16 = 0.01, re-
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F1G. 12. Plots of the regression of ADV-S Vivs ADV-N Vi, where Viis (a) u, (b) v, and (c) w; and scatterplots of ADV-S Vivs CDVP
Vi (black) and of ADV-N Vi vs CDVP Vi (gray), where Vi is (d) u, (e) v, and (f) w.

spectively. These values are somewhat larger than cal-
culated for the CDVP adjacent range bin analysis,
which is ascribed to the vertical and horizontal separa-
tion of the ADVs.

e. Comparison of the CDVP with the ADV at 16 Hz

Figure 12 is used as the starting point for this section.
Figures 12d-f show scatterplots of the velocity for the
CDVP versus the ADVs. The scatterplots in Figs. 12d—f
are comparable with those in Figs. 12a—c, with the u
and v data for the CDVP versus that for the ADVs
being clustered about the line of gradient unity and
with obvious correlation, and with almost no correla-
tion for the w component of flow. This lack of correla-
tion for the w component is ascribed to the horizontal
spatial separation of the CDVP and the ADVs. Both
of the ADVs were displaced 0.185 m in the y direction,
crosswise, and 0.405 and 0.525 m in the x direction,
streamwise, respectively, for ADV-N and ADV-S from
the CDVP measuring volume. Conducting a linear re-
gression on the 16-Hz CDVP and ADV data gave the
results shown in Table 3. These were obtained by car-

rying out a linear regression on each of the 1024-s
records over the flood period and forming the mean
and standard deviation for the gradient and regression
coefficient. For the u component of flow, the results
show gradients marginally less than unity, although
with standard deviations that encompass unity, and
high regression coefficients. The departure of the
gradients from unity could be associated with the bed
level and local bedforms. Although the range bins
corresponding to the ADVs’ measurement volumes
remained fixed, the height of both the CDVP range
bins and ADVs’ measurement volumes varied with
height above the bed within a record and from record
to record due to migrating bedforms below the instru-
ments. For the v component, the gradients are below
unity and with reduced regression coefficients. This
may in part be due to the difference in measurement
heights, as noted above, and in some manner associated
with spanwise decorrelation of the v component, as ex-
pressed by the reduced regression coefficients; how-
ever, at present this difference is not fully resolved. The
w component of flow shows no correlation, which is
ascribed to the spatial decorrelation of the 16-Hz ve-
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TABLE 3. Mean regression gradients and coefficients for the
comparison between the ADV and CDVP velocity measure-
ments. The mean was taken over the eight records of data

throughout the tidal cycle.

CDVP/ADV-S CDVP/ADV-N
Regression gradient u 0.95 = 0.09 0.90 = 0.09
Regression coefficient u 0.90 = 0.06 0.95 = 0.03
Regression gradient v 0.80 = 0.3 0.72 £0.2
Regression coefficient v 0.63 =0.2 0.69 = 0.2
Regression gradient w 1223 10 = 26
Regression coefficient w —0.002 = 0.08 —0.1 =0.12
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locity time series, as discussed above in reference to
Fig. 12f.

Figures 13-15 show typical examples of CDVP and
ADV time series, power spectral density, and probabil-
ity density function plots for the three components of
velocity. Since the comparison of the CDVP with the
two ADVs gave very similar results, only those with the
ADV-N are shown for brevity. The u and the v com-
ponents presented in Figs. 13 and 14 show CDVP re-
sults that compare very favorably with the ADV mea-
surements, having time series, spectra, and probability
distributions in general agreement. There are differ-
ences in the spectrum: the CDVP spectra begin to de-
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Fi1G. 13. Plots showing a comparison of the streamwise flow, u, measured by the ADV-N
(red) and the CDVP (black). (a) The velocities measured at 16 Hz. (b) The difference in these
velocities. (c) The power spectra of the zero-mean u velocities. (d) The probability density
functions of the zero-mean velocities for the ADV-N (o) and the CDVP (x).
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F1G. 14. As in Fig. 13, but for v.

part from the ADV above about 4 Hz, with the CDVP
measuring larger spectral components at the higher fre-
quencies. This trend was common to all the records and
may be a limitation of the present CDVP system. The
mean values for (|¢,|)/ii, averaged over the flood, were
0.24 = 0.02 and 0.28 £ 0.03 for u and v, respectively.
These values for (|, |)/ii are larger than observed in the
comparisons between adjacent CDVP bins, though not
much greater than the ADV intercomparison; it is
therefore considered that the spatial separation of the
ADVs from the CDVP range bins could readily ac-
count for the increase in (|{,|)/ii. The comparison of the
w component of flow is less convincing, as can be seen
in Fig. 15. From the discussions above, detailed time
series comparisons were expected to be problematic,
given the negligible regression coefficient. However,

it was anticipated that the form of the spectra and the
probability distribution would give comparable re-
sults. As can be seen in Fig. 15¢c, the spectra are com-
parable in form, though the CDVP is showing substan-
tially larger spectral components at the lower frequen-
cies; also, the probability distribution shown in Fig. 15d
has CDVP velocities spread over a greater range of
velocities than the ADVs. These differences may pos-
sibly be ascribed to bedform effects (Williams et al.
2003b) or may be due to residue components of u and
v, after the rotation transformation, still partially con-
taminating w.

f- Visualization of the wave and turbulent flow

Figure 16, which illustrates the capability of the
CDVP for visualizing the flow, is a plot of the velocity
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FiG. 15. As in Fig. 13, but for w.

vectors, including wave and turbulent components. The
figure shows the u-w, v-w, and u—v velocity vectors,
where the individual velocity components were zero
meaned, plotted over a 5-s time period, between 0.05
and 0.7 m above the bed. The length of the velocity
vectors is indicated in the figure. A single-point-
measurement instrument such as an ADV can provide
the time-varying velocity vectors at a single height
above the bed; however, the spatial profiling that is
achievable with the triple-axis CDVP provides a capa-
bility to visualize structures in the flow. Such structures,
which can be seen in Fig. 16, are probably associated
with the wave component of the flow. This type of plot
exemplifies the value of developing a three-axis CDVP
with collocated volumes, since it clearly illustrates the
finescale temporal and spatial flow structures that can
be measured in the near-bed flow regime.

5. Discussion and conclusions

The aim of the present paper was to report on an
assessment of a three-axis CDVP that is under devel-
opment. The advantage of the present system over
commercially available coherent Doppler profiling sys-
tems is that the measurement volumes for u, v, and w
are coincident. The collocation of the velocity measure-
ment volume is an essential requirement for many hy-
drodynamic and sediment process studies. The first trial
of the instrument was in a field campaign at a coastal
lagoon inlet in Portugal. As part of the campaign an
instrument package was deployed to investigate near-
bed sediment processes, and advantage was taken of
this study to deploy the CDVP and pragmatically assess
its capability in a marine setting.

To assess the CDVP, velocities were compared from



JANUARY 2006

BETTERIDGE ET AL.

105

a
£ 08 T I | | T | |
B 06T *'t‘E‘Flﬁ:‘i&i&i‘&wﬁi\wﬂw////xw/ £ b 35 SRR R T S e 3/7//7%/
a % T T RSN AN TSI s P77 V1
@ I AN N T //%5;;;;5;;5;1:?,\1:?r::::::::::>’;;///;¢,;
0.4_\\\\._,._,_ I A% SN SN N ' RN A T e g
3 ::;:w“\\“\:::::::t\hwziﬁit\%%%ﬁ%5/515/':‘H_\*T::::’,::::%;//ff%/ﬂﬂf
© VRS A 7o o T I TN e SN R e L I L AT et s 1 A Pa A A
£ 025 1 8 L T NI R L s DT ,,//;,,,;/('/(r
i=) \\\I\\'\Q‘{Q\.,,’kl\,1\\\\.‘"/\"\':\\:::,/f./'il’(;f', :’\’J\;’\‘\:}’;/"l’;f;//;f{;\‘ SSANIAATA K
(] 0_ -
T | | | | | | | | |
155 155.5 156 156.5 157 157.5 158 158.5 159 159.5 160
Time, s
b
g 08 T T T T T T | | |
= s A /////////»_.‘,-/V,r,»«\\\\ e B \\ i/
T N A i o por bt LN |ttt et SN
Ko ,,,.__\\-_‘_\t\i///f/‘/f////,v_/'/M\ XN A\
SAIINE TN\ W e aa sz =3
2 B2 Eaasaaeat § # FINNAN N Ty 1 e el W 1/////////WMM\\\\\\ MH
8 O T Lor i LN LSS N\ W W e e I T I T N 1 Y
8 RISmE N rohi o AL e R e NN
2 02N \-((;\/ REE S tulta | PN E .‘:..\:_:;;::::::::’/*’ S e et RN
< 1 o B PP Y S N R NN e e SIS S e e N
k=2 LN R /K\\,‘\\\llﬂxav,ﬂ; AT AT NN g/"/l/‘//_\\\k\'&“\‘&\\ BN
(0] 0_ _
T I I I I I I I I I
155 155.5 156 156.5 157 157.5 158 158.5 159 159.5 160
Time, s
c ——=1ms’
0.8 T T T T
£ SR CCUR LA \\\\\\\\
eSS \ \\WMMH » TR
g R AR ARSI N\ ASRUR iy \ \\E\\ .
AL LOL L Nl T, X N _’///HH \\\ N
SN A eces ,,,k,%\\\\\ N G & \\::\\;
R AR AN RN\ \\\\“\c//u/ \ N
ALY RS 7R PR \-\\\.T_,{{f/‘/ “i‘i‘ T
E o.21g;ﬂ)/ M 14 LTINS :‘}‘:‘:;:“t* \ f.,_',":;; Wi\ ﬁ\\\\%\\\\\\\x
A R N» }\}W;\‘\W\t
= 0_/ L / L L L : | b | \ l L \d
155 155.5 156 156.5 157 1575 158 158.5 159 159. 160
Time, s

FiG. 16. Plot demonstrating the capability of the triple-axis CDVP to aid with the visualization of the wave and turbulent flow. Plots
(a), (b), and (c) show a time series over a 5-s period of the zero-mean velocities displayed as vectors u-w, v-w, and u—v, respectively.
The vertical scale covers the range measured by the profiler in 0.05-m steps above the bed.

independent adjacent range bins to examine the inter-
nal consistency of the CDVP, and two commercially
available instruments, ADVs, were used as the refer-
ence instruments against which the CDVP’s perfor-
mance was gauged. Initial comparisons of the stream-
wise mean velocities of the tidal current over a flood
period produced encouraging results, with CDVP and
ADYV measurements showing no significant difference.
Following the mean measurements, the 16-Hz CDVP
was examined by comparing the observations from ad-
jacent range bins. Linear regression, time series com-
parisons and differences, power spectral densities, and
probability distribution functions were used to assess
the internal consistency of the measurements. These
comparisons showed that adjacent range bins yielded
very comparable results, thereby establishing the inter-
nal consistency of the CDVP measurements. Compari-

son of the 16-Hz CPVP measurements with the ADV
observations was also carried out using linear regres-
sion, time series comparisons and differences, power
spectral densities, and probability distribution func-
tions. This comparison was hindered to some extent by
the spatial separation of the ADVs and the CDVP mea-
surement volumes and by the variable height of the
measurement volumes above the bed due to bedform
migration. However, with this caveat a comparison was
conducted. The results showed very comparable mea-
surements for u, comparable observations for v, and
poor agreement for w. Two observations on the u, v,
CDVP comparisons with the ADV were that the re-
gression plots yielded gradients less than unity, and the
power spectra for the CDVP appeared to be reaching a
noise floor above about 4 Hz. The reduced gradients
for u, 0.95 = 0.1 and 0.90 *+ 0.1, were considered to be



106

possibly due to the spatial separation and local bed-
height variation; however, the lower gradients for v,
0.80 = 0.3 and 0.72 = 0.2, were not so readily recon-
ciled. The flattening off of the power spectral density
above about 4 Hz may be a limitation of the system at
the present stage of development. The w components
of the CDVP and the ADVs were temporally uncorre-
lated, which was unsurprising given the spatial separa-
tion and the results from the intercomparison of the
two ADV measurements. What were more difficult to
explain were the differences in the power spectral den-
sity and probability density function, which seemed to
be indicating some contamination of the vertical com-
ponent of the flow by the horizontal components.

Although the present assessment of the triple-axis
CDVP is to some extent limited by the lack of colloca-
tion of the ADV and CDVP measuring volumes, it is
nevertheless considered worthwhile to take advantage
of the experimental setup to assess the capability of the
CDVP in a marine setting. The results were generally
positive and supported the concept of using acoustics to
obtain nonintrusive, high-spatial- and high-temporal-
resolution profiles of collocated three-axis velocity
measurements in a nearshore coastal environment. It is
anticipated that the CDVP, coupled with comparable
suspended sediment and bedform measurements, will
make an important contribution to probing hydrody-
namic and sediment processes in the bottom boundary
benthic layer.
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