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Editor’s note: Following is a selection of non-peer-reviewed abstracts from the NortekUSA Technical Symposium
held in Rhode Island, U.S.A., on March 16-18, 2011. The workshop included three days of presentations and
technical discussions focused on acoustic Doppler current profile measurement technology and its applications.

Acoustics have been used for more than a halfcentury to measure ocean properties. Acoustic
echo sounders are used to map the deepest ocean
trenches. Acoustic fish finders are used to
observe a wide range of organisms from small
patches of zooplankton to massive fisheries
abundance. Today’s cutting edge research and
operational measurements of ocean properties,
including ocean currents, waves and sea ice, are
made possible by modern acoustic scientific
instruments that make use of sophisticated
electronics, advanced signal processing, and new
methods of acoustic transducer manufacturing.
Acoustic Doppler current profilers are the
instruments of choice to measure the movement
of the water over spatial scales ranging from
millimetres to hundreds of metres. These
instruments employ the Doppler effect, the
change in frequency of a moving particle
relative to a stationary object, to measure the
water movement.
As acoustic Doppler current profilers have
become smaller, more reliable, and easier to use,
the range of their applications for academic
research and operational monitoring has grown
widely. These instruments are deployed on
oceanographic buoys to measure large-scale
ocean currents that control global weather
patterns such as El Nino. They are installed on
Coast Guard buoys in navigation channels to
help pilots of large ships perform safe vessel
operations in narrow channels with swift
currents. They are used to measure currents,
waves and sediment transport to help with
coastal engineering projects such as harbour
design and beach nourishment.
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Nortek is a leading developer of acoustic
Doppler current profilers. Each year Nortek
convenes a Technical Symposium that allows
top clients to come together to discuss advances
in techniques and applications of the Nortek
acoustic instrumentation. The 2011 Nortek
Technical Symposium saw a large number
of outstanding presentations of new ideas,
applications and technology. Short papers
from a select group of these presentations
are presented herein.
The papers selected for publication cover a
wide range of scientific applications and hint
at the exciting technology development and
broad future for these types of acoustic
measurements. Starting from the smallest scale,
Dr. Jack Puleo describes a new acoustic Doppler
profiling velocimeter that allows higher
resolution measurements than ever before
available to measure the swash zone on the
beach, where sand is lifted and transported in
vast quantities. Dr. Peter Traykovski describes
a new method of advanced signal processing
that allows multiple acoustic frequencies to be
leveraged to gain new insight into bottom
boundary layer measurements of waves and
currents over muddy bottoms. Peter Rusello
describes new methods of current velocity and
turbulence measurements from moving
platforms. Dr. Tom Farrar uses a novel method
of acoustic signal processing to measure oceanic
turbulence levels to understand mixing and airsea interactions that may affect global climate
change. Finally, Jonathan Colby describes
multi-scale hydrodynamic analysis of kinetic
hydropower arrays.
Underwater Acoustics, Vol. 6, No. 2, 2011 59

ACOUSTIC MEASUREMENT OF SWASH-ZONE VELOCITY PROFILES
ON A NATURAL BEACH
Dr. Jack A. Puleo and Thijs M. Lanckriet
Center for Applied Coastal Research, University of Delaware, U.S.A.
jpuleo@udel.edu / thijs@udel.edu
The swash zone is the intermittently wet and
dry portion of a beach where waves expend
their final remnants of energy. This area is
important because it is the buffer between surf
zone processes and the backbeach and often
represents a region of active beach erosion or
accretion. Our lack of understanding of processes
in this region is perhaps surprising given it is
readily accessible. However, water depths in
the swash zone can range from zero to over a
metre and flows are commonly turbulent and
sediment- and bubble-laden. Flow variability
such as this provides for interesting scientific
study but also complicates measurement
campaigns. As an example, typical acoustic or
electromagnetic current meters cannot measure
velocity any closer than about 1 to 3 cm above
the bed respectively [Masselink and Russell,
2006; Raubenheimer et al., 2004]. Yet, the very
near-bed velocity and its profile shape near and
into the sediment layer govern the shear stress
on the bed and hence sediment mobilization.
Laser Doppler and video-based techniques have
shown the shape of this boundary layer over
smooth and rough impermeable and mobile
granular beds in the laboratory [e.g. O’Donoghue
et al., 2010], but to the authors’ knowledge,
the shape of the swash-zone boundary layer
below 3 cm has never been measured on a
natural beach.

Florida in an effort to measure the swash-zone
boundary layer and bed shear stress using a
new acoustic profiling sensor: the Nortek
Vectrino II. The Vectrino II has the capability
to capture the three velocity components with
a vertical resolution of down to 1 mm over a
profiling range of 30 mm and sample at 100
samples per second. During the study, three
Vectrino IIs were deployed with different
profiling ranges in an effort to capture the
boundary layer structure over natural mobile
beds (Figure 1). Figure 2 shows an example
time series of cross-shore velocity data collected
when the mean water depth was 0.05 m. Gaps
in the time series indicate the sensor is not
submerged or correlations were too weak to
allow for robust velocity estimation. Velocity
data exceed 0.4 m s-1 in magnitude in both
onshore and offshore-directed motion. It is
clear that closer to the bed, the velocity
magnitude decreases as momentum is
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During August 18-19, 2010, a swash-zone study
was conducted at Belleair Beach in west-central
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Figure 1: Snapshot showing two of the Vectrino II sensors deployed on
the beach face.
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Figure 2: Velocity time series from different elevations obtained from a Nortek Vectrino II profiler when the mean water depth was 0.05 m.
Gaps in the time series are periods when the sensor was not submerged.

transferred to the bed forming the boundary
layer.
Data obtained with this new acoustic sensor
are to our knowledge the first of its kind ever
obtained on a natural beach at this resolution.
We are using the new information to estimate
other important hydraulic parameters such as
friction velocity, bed shear stress, bed friction
factors, and turbulent kinetic energy
production and dissipation. In the future we
will couple measurements obtained from the
Vectrino II with detailed measurements of
sediment concentration in and just above the
sheet flow layer in an effort to quantify
sediment motion in this highly-concentrated
slurry of material.
Copyright Journal of Ocean Technology 2011
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DEVELOPMENT AND FIELD MEASUREMENTS WITH MULTI-FREQUENCY
PULSE-COHERENT DOPPLER SYSTEMS
Dr. Peter Traykovski and Frederic Jaffré
Applied Physics and Ocean Engineering Department, Woods Hole Oceanographic
Institution, U.S.A., ptraykovski@whoi.edu / fred@whoi.edu
Advances in pulse-coherent acoustic Doppler
processing have dramatically increased the
ability to measure coastal and estuarine sediment
transport and hydrodynamic processes in
energetic environments as the highly limiting
range velocity ambiguity associated with single
frequency processing can be improved by a
factor of 3 to 4 by multi-frequency processing.
While commercially available systems utilizing
broadband and narrow band auto-correlation
processing techniques have been proven to
produce excellent velocity profile measurements
even in energetic flow conditions, the low
spatial and temporal resolution of these
techniques that is required for accurate velocity
measurement is often insufficient for detailed
profiles of turbulent boundary layer processes.
Pulse-coherent Doppler techniques can have
much higher spatial (mm to 1 cm) and temporal
resolution (10 to 20 Hz) for 1 m long velocity
profiles; however, to avoid aliasing the maximum
range velocity product is constrained to be less
than sound speed squared divided by eight
times the acoustic frequency. To improve on
this our recent systems have used multifrequency pulse-coherent processing conceptually
similar to the techniques described by Zedel
and Hay [2010].
To implement these novel processing techniques
WHOI scientists and engineers Jaffré, Austin
and Terray [2010] developed a low power high
frequency sonar board based on a Texas
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Instruments (TI) TMS320C5009A digital signal
processor and TI GC4016 down converter
(Figure 1B). The down converter can
simultaneously demodulate into four channels,
thus the technique is implemented by
transmitting a four-frequency stepped chirp,
and then demodulating by each of the four
frequencies before calculating pulse-pair
correlations for each frequency. The processing
then utilizes the different frequency dependent
aliasing thresholds to invert for the de-aliased
velocity (Figures 2B-F). Using these boards
and 1.0 to 2.0 MHz transducers we have
constructed a variety of acoustic pulse-coherent
Doppler profilers (APCDPs) including
monostatic divergent and bistatic convergent
five-beam systems (Figure 1B).
This multi-frequency inversion scheme has
successfully removed three wraps in a strong
tidal flow environment thus increasing the
along-beam maximum velocity of a 1.0 MHz
system from 18 cm/s to at least 60 cm/s (not
shown in figures). With 20° beam divergence
this corresponds to a horizontal flow of 1.75
m/s. Analysis by Zedel and Hay [2010],
consistent with our data, indicates that the
pulse-to-pulse correlations will decrease at
high traverse velocities, limiting the potential
to measure higher velocities than this. The
advantage of the multi-frequency technique is
that it de-aliases each velocity sample
independently thus any error will only affect
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a single point and can be removed using
de-spiking techniques and is capable of
measuring profiles with shear in excess of the
aliasing velocity which often occurs in
boundary layer flows.

WHOI

Figure 1A: Instrumented frame with the WHOI pulse-coherent Doppler
system in the centre. 1B: Close up view of the WHOI pulse-coherent
Doppler system showing the transducer configuration and five circuit
boards, one for each transducer.

Data collected in 3 m water depth from the
Louisiana shelf, 70 km west of Marsh Island
in Atchafalaya Bay, as part of an Office of
Naval Research sponsored project to study the
mechanisms of wave attenuation over muddy
seafloors, is displayed in Figure 2 to
demonstrate the multi-frequency inverse. The
acoustic backscatter from the 1.0 MHz vertical
beam (Figure 2A) shows a 15 cm thick fluid
mud layer. Figures 2B-F show the along-beam
velocity profiles from a single 20° off vertical
beam for each of the individual frequencies as
5 s period waves propagate past the sensor.
Aliasing can be seen on the 1.3 MHz channel
at t = 178 s and on three wave velocity maxima
at t = 174, 176 and 178 of the 2.0 MHz channel.
The inverse scheme successfully removes the
aliasing (Figure 2F) and produces a velocity
profile measurement showing turbulence in
the water above the fluid mud and laminar
flow in the fluid mud with resolution of
5 cm thick viscous wave boundary above the
stationary seafloor.
REFERENCES

Figure 2A: Acoustic backscatter profiles showing scattering from
suspended sediment (15 to 80 cm), a fluid mud layer (1 to 15 cm) and
the stationary seafloor (0 cm). 2B-2E: Along beam velocity profiles
for each of the four individual frequencies that are used in the
multi-frequency inverse showing two cycles of a 5 s period wave. The
velocity aliasing can be seen as the sharp transition from blue to red
(discontinuity of 0.24 m/s) at t = 178 s in panel b, and t = 174, 176 and
178 of the higher frequencies. 2F: The result of the multi-frequency
inverse showing the de-aliased velocity profiles.
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USING ACOUSTICS TO QUANTIFY TURBULENCE FROM MOVING
PLATFORMS
Peter Rusello and Eric Siegel
NortekUSA, U.S.A., pj@nortekusa.com / eric@nortekusa.com
Quantification of oceanic turbulence is important
for a better understanding of air-sea interactions
and heat flux near the surface, mixing of heat,
salt, dissolved oxygen, nutrients and plankton
in the interior of the water column, and sediment
and contaminant suspension and transport in
the bottom boundary layer. Spatial and temporal
maps of oceanic turbulence levels are difficult
to compile without numerous individual sensors
or expensive and lengthy ship time. The increase
in observations of turbulence from a variety of
moving platforms has become one method to
try to address the gap in high spatial and temporal
measurements of turbulence. Autonomous
underwater vehicles (AUV), ocean gliders,
winched vertical profilers, and towed bodies all
represent modern platforms that are being used
to collect high quality observations of oceanic
properties including turbulence.
Turbulence in the water column is typically
measured by observing high frequency temporal
variations of properties such as temperature,
conductivity, or current speed. Measurements
of temperature and conductivity require very
delicate sensors that are not necessarily suited
for long-term deployments in the ocean or on
moving platforms. Further, any movement or
vibrations of the moving platform leak energy
into the observations of turbulence and
therefore make quantifying the turbulence
energy level more difficult.
Nortek has developed a small acoustic Doppler
current profiler (ADCP) that provides the right
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mclane labs, falmouth, ma.

Nortek Aquadopp HR Profiler integrated to McLane Moored Profilers.

size and performance to allow measurements of
turbulence from moving platforms. The Nortek
Aquadopp High Resolution (HR) Profiler
operates in a pulse-coherent mode to provide
high temporal (8 Hz) and spatial (1 cm)
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resolution to make observations of oceanic
turbulence. For turbulence measurements on a
moving platform, the Aquadopp HR Profiler is
configured to sample velocity along three
acoustic beams and profiles numerous (typically
30-60) independent observations of velocity
along each beam. Because each profile of
numerous independent observations occurs at
the same instance in time, the measurements
are not affected by movement or vibration of
the moving platform. In this method variability
of velocity is observed in a spatial context
rather than the traditional temporal context.
Each acoustic beam is treated as a spatial array
of measurements. Correlations between velocity
cells are used to estimate the velocity structure
function or spectrum. Kolmogorov’s theory for
isotropic turbulence predicts that at sufficiently
high Reynolds number the smaller scales of
turbulent motions take on a universal form for
these two quantities. By fitting the structure
function or spectrum to the predicted universal
form, estimates of turbulent dissipation are
quantified [Lorke, 2007; Wiles et al., 2006].
These estimates can be made as the moving
platform travels laterally or descends and
ascends in the water. Because the measurements
are made instantaneously, this method will
work well in areas with high shear or strong
stratification.
In a validation experiment in the Puget Sound
near Seattle, WA, an HR Profiler was mounted
on a McLane Moored Profiler (MMP) for
approximately 24 hours. Local water depth
was approximately 150 m, with the MMP
profiling between 30 m and 140 m. The HR
Profiler was configured to continuously
measure 30 velocity cells along three beams
with a cell size of 1.3 cm and a sample rate of
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2 Hz. From these velocity data, profiles of
mean velocity and turbulence intensity could
be calculated.
Two first order checks were performed to verify
turbulence was measured. The root mean
square magnitude of the turbulence intensity
was compared to the mean flow and was
approximately 5-10%, as expected. Velocity
spectra were calculated and show structure
associated with turbulence (i.e. a -5/3 slope
indicating the inertial subrange). Noise
estimates of approximately 1 mm/s are below
expected turbulence levels, lending further
support to the measurement of turbulence
rather than just noise.
Ongoing work is focused on systematic
integration of the HR Profiler into the MMP
body, into ocean gliders and towed bodies. A
more rigorous analysis of the turbulence is
also planned, specifically addressing the bias
due to noise. Looking beyond variances like
the turbulence intensity, vertical profiles of the
turbulent dissipation rate, estimates of turbulent
length scales, and an examination of the
influence of stratification on the structure of
turbulence is planned.
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MOORED TURBULENCE MEASUREMENTS IN THE OPEN OCEAN USING
PULSE-COHERENT DOPPLER SONAR
Dr. J. Thomas Farrar
Department of Physical Oceanography, Woods Hole Oceanographic Institution, U.S.A.
jfarrar@whoi.edu
The importance of small-scale
turbulence to ocean dynamics
was recognized long ago – the
vertical transport of heat and
momentum in the ocean is
largely accomplished by
turbulence, and this is
particularly true in the upper
ocean, which couples the vast
volume of ocean water to the
atmosphere. Consequently,
whoi
substantial effort has been
A conventional microstructure profiler (black and yellow cylinder on table) ready for
invested over the past several
deployment aboard the NOAA ship Ronald H. Brown.
decades to develop techniques
for measuring open-ocean turbulence. There
contaminated by slight vibrations of the
are profound practical challenges in measuring measurement platform. The delicate nature
turbulent fluctuations in the open ocean,
of the probes and the need for very stable
associated with the small spatial scales of
measurement platforms have historically made
turbulence (down to millimetre scales), the
it necessary to collect these measurements
short time scales (typically seconds to
from ships by deploying a relatively heavy,
minutes), the relatively weak turbulent velocity freely falling instrument platform (a
signals (typically less than 1 cm/s), and the
“microstructure profiler”) over the side and
usual challenges of operating in the harsh
retrieving it a short time later, which has made
marine environment.
the data sets necessarily of short duration (like
a month) and has made their collection labour
A technique that eventually proved effective
intensive and expensive. (Operating a research
uses small, fast-response thermistors and
vessel can cost about $35,000 USD per day.)
“shear probes” that are akin to a record player
needle that produces a voltage in response to
The intermittency of turbulence in time and
deflections by flow variations. The shear
space, together with the costliness and short
probes are sensitive enough to measure weak
duration of conventional microstructureturbulent velocity signals, but they are also
profiler data sets, has reinvigorated the search
so sensitive that the measurements are easily
for viable ways of making turbulence
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measurements from oceanographic moorings,
which can sample autonomously and remain
deployed for many months. Surface moorings
allow measurements in the upper ocean where
turbulence is vigorous and important but are
very “noisy” platforms, subject to a variety of
vibrational motions due to currents and waves.
Nonetheless, adaptations of the conventional
microstructure-profiler techniques for surface
mooring deployments have shown encouraging
results [Moum and Nash, 2009]. The major
challenges in using conventional microstructure
probes on moorings have to do with the fact
that they are point sensors: (1) one must wait
for the nonturbulent flow to sweep the turbulent
fluctuations past the sensor, but if these
nonturbulent flows are not relatively steady
over several minutes (e.g. surface wave velocity
signals), it can be difficult to disentangle the
turbulent fluctuations from the other temporal
variations and (2) the flow of fluid past the
fixed mooring and instrument can artificially
generate turbulence that greatly exceeds the
geophysical turbulence signal of interest.
Pulse-coherent Doppler sonar (PCDS) offers
an attractive alternative for turbulence
measurements from moorings and other
moving platforms. The technique, which relies
on sending two short sound pulses in rapid
succession (separation of about a millisecond)
and making range-gated measurements of the
phase shift between the reflected sound waves,
allows measurements of metre-long velocity
profiles with low noise levels (e.g., 2 mm/s)
and centimetre-scale spatial resolution. A major
advantage of PCDS for measuring turbulence
on moving platforms is that a spatial profile,
remote from the immediate vicinity of the
mooring and its turbulent wake, can be
measured over a fraction of a second, making
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the separation of turbulent and nonturbulent
fluctuations straightforward and reducing
contamination from platform motion. While
the technique provides some unique advantages
for turbulence measurements from a surface
mooring, it also presents some unique challenges,
mostly related to the 360° ambiguities that
arise from measuring a phase shift.
Now that there are commercially available
PCDS instruments, many investigators are
using the PCDS technique for ocean
turbulence measurements. With colleagues
(especially Christopher Zappa), I am involved
in efforts to use these PCDS systems to
measure statistics of turbulent velocity
fluctuations in the upper ocean from surface
moorings with hourly resolution over many
months, and we have obtained encouraging
results in a nine-month time series, achieving
estimates of turbulent dissipation rates as low
as about 3x10-8 W/kg that compare favourably
with independent estimates. Progress in
oceanographic instrumentation and techniques
is a slow and labourious process, and such
efforts to use PCDS systems to collect long
time series of turbulence from moorings need
to continue in parallel with other efforts based
on conventional microstructure measurements
and new approaches that have yet to be devised.
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MULTI-SCALE ANALYSIS OF KINETIC HYDROPOWER ARRAYS
Jonathan Colby
Verdant Power, U.S.A., jcolby@verdantpower.com
The progression from prototypes and
demonstration projects to the deployment of
large-scale arrays of commercial tidal kinetic
hydropower devices requires significant in-water
data collection and analysis of measurements
across a broad range of disciplines. Verdant
Power has suggested a multi-scale hydrodynamic
analysis of commercial scale array installations
as an appropriate approach [Colby and Corren,
2010; Colby, 2010], shown schematically in
Figure 1. Such an approach will provide
increased confidence to regulators and investors
by encouraging the deployment of appropriate
measurement instruments for the collection of
performance data.
Micro-scale analysis is in and around an
individual operating tidal kinetic hydropower
machine, while interactions within an array
and between individual machines are considered

meso-scale. The macro-scale includes effects
within the larger marine system. Targeted
monitoring and analysis of hydrodynamic
phenomena at each scale has been shown to
provide data in response to specific design and
environmental concerns. An overview of the
multi-scale analysis conducted on three-bladed
horizontal axis tidal turbines at the Roosevelt
Island Tidal Energy (RITE) Project [Verdant
Power, 2010] is presented below. All are based
on the characteristic machine dimension, the
rotor diameter (D).
Micro-scale interactions occur over geometric
scales of order 2D and smaller. Both rotating
and stationary components interact with local
flow structures that vary in size from small
scale turbulence to large, coherent eddies shed
from boulders or existing civil infrastructure.
The intensity of turbulent fluctuations and the

Figure 1: Multi-scale
hydrodynamic analysis
of commercial scale
array installations.
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Figure 2: ADCP measurements from the East River, New York, U.S.A.

vertical variation in mean velocity (shear) are
critical micro-scale parameters for the accurate
prediction of loads on submerged structures
and rotors. Phenomena such as fish avoidance
(active or passive), bio-fouling, cavitation, and
corrosion, among others, occur on the microscale and can be examined. Acoustic Doppler
Current Profiler (ADCP) measurements from
the East River, Figure 2, highlight the relatively
constant shear exponent, n, above 1 m/s and
the significant difference between a terrestrial
wind profile (n ~ 1/7) and the ebb tide profile
of this tidal strait (n ~ 1/4). The influence of
spatial and temporal averaging is seen in the
over prediction of n with large measurement
volume and reduced data rate (black curve:
100 cm, 0.5 Hz) when compared with smaller
measurement volumes and increased sampling
rates (blue curve: 20 cm, 1 Hz; red curve: 10 cm,
1 Hz).
For intermediate scales beyond a few D and up
to hundreds of D, or meso-scale, the advection
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of coherent vortices in the streamwise direction
from rotating blade tips lead to non-linear
loading on downstream turbines. The
momentum deficit downstream of the rotor
energy extraction plane is seen as a wake in
the mean velocity field, the recovery of which
is constrained by the presence of channel
boundaries and the free surface. Downstream
turbine placement in such a wake leads to a
reduction in rotor power, lowering the total
energy generated by the array. Meso-scale
environmental monitoring studies can quantify
fish community distributions, both spatially
and temporally. Macro-scale interactions between
energy extraction devices and large-scale water
bodies and ecosystems will only be measurable
as the total energy extracted approaches a
meaningful percentage of the available energy
in the system. Previous research suggests that
a maximum of 10% [Bryden et al., 2004] of
the available resource can practically be extracted
in a tidal strait. Numeric models for the RITE
Project suggest a 12 mm rise in water level and
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a corresponding 0.07 m/s reduction in water
velocity with the extraction of 1 MW (2% of
the natural channel kinetic energy flux) from
the East Channel of the East River [Colby and
Adonizio, 2009]. Finally, considerations of the
long-term flow distribution and modification by
the array for a given site are crucial to determine
both extreme events and estimated energy
generation, each necessary for successful long
term deployments of marine energy arrays.

Verdant Power, LLC [2010]. Final Kinetic
Hydropower Pilot License Application,
Roosevelt Island Tidal Energy (RITE) 		
Project. Filed December 2010. FERCNo. 12611.

Within a framework of multi-scale analysis,
appropriate measurement devices and
numerical models can be used to collect
and produce repeatable data in response to
clearly defined problems. By considering
the hydrodynamic scales of interest in the
development of data acquisition systems and
monitoring protocols, valuable information
on turbine performance and reliability, as
well as environmental interaction, can be
collected and utilized efficiently.
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