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Abstract
In 2004 the Pacific Marine Environmental Labora-
tory (PMEL) sponsored a Request for Proposals
(RFP) from industry to develop a new instrument
that combined ocean current measurements, highly
accurate temperature measurements and inductive
communication in a single package. To support global
ocean monitoring, the new instruments would be
deployed on PMEL’s deep ocean surface moorings at
selected depths from the near surface to 750m, with
data telemetered to shore via satellite in near real time.
From the proposals submitted, PMEL selected the
Doppler Volume Sampler (DVS), a point current meter
developed by Teledyne RD Instruments, for testing.
This paper discusses the DVS engineering design,
measurement capabilities, including features for data
quality assessment, and the testing performed during
the instrument evaluation.
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Temperature Line Acquisition System (ATLAS), oceanic
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1. Introduction
The need for real-time ocean monitoring became
evident when the major El Niño of 1982–1983 went
undetected until nearly at its peak. As a result,
the National Oceanic and Atmospheric Adminis-
tration’s (NOAA) Pacific Marine Environmental
Laboratory (PMEL) developed the Autonomous
Temperature Line Acquisition System (ATLAS).
The ATLAS is a low-cost deep ocean surface moor-
ing designed to measure surface meteorological
and subsurface oceanic parameters, and to transmit
data to shore in real time via satellite (Milburn and
McLain, 1986; Hayes et al., 1991). The first ATLAS
mooring was deployed in the equatorial Pacific in
1984 and grew to an array of 70 moorings from
137◦E to 95◦W and 8◦S to 8◦N by 1994 (McPhaden,
1995). The Tropical Atmosphere Ocean/Triangle

Trans-Ocean Buoy Network (TAO/TRITON) array
in the Pacific Ocean provides long time series
of upper-ocean and atmospheric measurements
for analysis and monitoring of climate variability
and prediction of El Niño/Southern Oscillation
(McPhaden et al., 1998). The ATLAS mooring de-
sign was updated in 1994 with greater measurement
capabilities, improved sensor accuracies and more
modular construction (Milburn et al., 1996). ATLAS
moorings currently have the capability to measure
and transmit in real-time surface winds, air temper-
ature, relative humidity, temperature, conductivity,
precipitation, long and shortwave radiation, baro-
metric pressure, pCO2 and ocean velocity.

The need to understand climate variability has
resulted in a multinational effort to collect sus-
tained oceanic and atmospheric observations on
a global scale for climate research (Nowlin et al.,
2001). Presently, Japan Agency for Marine-Earth
Science and Technology (JAMSTEC) and NOAA’s
National Data Buoy Center (NDBC) maintain the
TAO/TRITON array in the tropical Pacific. PMEL
maintains tropical moored buoy arrays in the At-
lantic Ocean – Pilot Research Moored Array in the
Tropical Atlantic, or PIRATA (Servain et al., 1998)
– and the Indian Ocean – Research Moored Array
for African-Asian-Australian Monsoon Analysis and
Prediction, or RAMA (McPhaden et al., 2008).
However, some components of the existing ATLAS
mooring are becoming obsolete or have limited
options for modification and integration of new
instruments. In response, PMEL has developed a
new moored measurement system, Flexible and
Low-Powered Electronics for Ocean Experiments
(FLEX), designed for use on various types of surface
buoy platforms. In order to meet the needs for
multidisciplinary global monitoring, FLEX allows
for easy addition of sensors, in both the integration
of the hardware with the mooring system and the
inclusion of the data within the satellite telemetry.
The design incorporates commercially available
instruments and allows user flexibility in sampling
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Fig 1: Design of router-based unrestricted digital internetworking connectivity solution (RUDICS) Iridium
communication used by PMEL with the Sea-Bird Inductive Modem Module (IMM)

schemes. In addition to the onboard recording,
data are telemetered via Iridium, providing greater
bandwidth for transmission of higher resolution
data formatted in scientific units. The FLEX system
can also accept commands via the Iridium modem,
allowing changes in sampling frequency and the
ability to turn sensors on and off (Fig 1).

In 2004, PMEL sponsored a Request for Pro-
posals (RFP) from industry to develop a new
accurate, durable, cost effective, commercially avail-
able instrument that combined ocean current
measurements with highly accurate temperature
measurements in a single package, which would
also provide inductive communication (Western
Administrative Support Center, 2005). The instru-
ment would be attached to the mooring line at
user selected depths from near surface to 750m.
Teledyne RD Instruments (TRDI) developed the
Doppler Volume Sampler (DVS), a point current
meter, which was selected for testing for inclusion
in the new mooring system. Other specifications in
the RFP addressed multiple sampling modes, data
storage, battery endurance, clock accuracy and case
design and materials. This paper details the special
engineering challenges addressed and solved by
TRDI in order to meet the RFP requirements,
additional features included by TRDI for user data
quality assessment and results of field testing of the
DVS instrument by PMEL.

2. Engineering solutions
The RFP outlined several engineering challenges,
which are listed in the following sections, along with
the solution developed.

2.1. Multiple sampling modes
The RFP defined four sampling modes that
would be required: polled, where the sensor takes
samples on command for immediate transmission;
autonomous, where the sensor takes samples at pre-
programmed intervals and stores the data onboard;
combo, where the instrument can be queried for
the last sample taken; and averaging, where the
sensor will report the average of all data acquired
since the last request.

To meet these requirements the DVS was
designed to permit a pre-programmed sampling
strategy to work as a background process allowing
communication with the user without requiring
interruption of this sampling strategy. In addition,
the DVS can be commanded to gather additional
samples without interrupting this strategy. The end
user has the option of either requesting the last
ensemble stored in memory, or commanding a new
sample to be taken immediately and transmitted
back. Collisions are avoided by checking if there
is sufficient time to gather a new sample without
interfering with the next pre-programmed sample,
with the latter always having priority.

2.2. Data storage and battery endurance
The RFP required this sensor to record up to 95 000
samples and support hourly communication via an
inductivemodem for one to two years. Battery packs
were required to be internal to the instrument
and be shippable without hazardous material
restrictions. It was decided to build the DVS to
support these requirements using alkaline batteries.

A new velocity sampling strategy centre was
devised to accomplish better than 1cm/s accuracy
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within 1s, allowing the DVS to spend much of its
time in sleep mode consuming minimal power.
A ‘sample’ is defined here as acquiring as many
measurements of velocity, temperature, heading,
pitch and roll as can be accomplished within 1s (in-
cluding wake-up, processing and recording). The
number of velocity measurements that can be made
in 1s depends on the number and size of the bins
in the profile, and typically ranges from ∼10–50
measurements in the 1s sample. The maximum
number of measurements is limited to 50 because
some setups could lead to ping interference from
solid objects in the field of view of the DVS.

The compass/tilt sensor incorporated was
intended to sample eight measurements during
the 1s sample time. It has since been learned as
a result of this collaboration that the compass is
strongly influenced by accelerations, and a finite
impulse response filter is currently being evaluated
for its effectiveness in smoothing the compass/tilt
data when under mooring line accelerations. This
filter will limit the data rate somewhat, with the
current testing centring on a reduction of the
number of samples to six during the 1s sample.
The temperature sensor is sampled one to two times
during the 1s sample time. Heading, pitch and roll
are used to transform the data, with the values
used for the transformation updated with each new
measurement during the 1s sample in order to
accomplish a better vector average.

Though the DVS is capable of better than
1cm/s accuracy in 1s of measurement, there are
environments in which a longer measurement
time is desired (e.g. near the surface in a wave
environment). The DVS allows the user to program
multiple samples into an ensemble average for
these environments.

The next generation Inductive Modem Mod-
ule (IMM) from Sea-Bird Electronics (SBE) is
incorporated into the DVS because it features a
significant reduction in power requirements over
earlier versions.

The DVS recorder consists of two 8MB flash
chips, and a new data format was developed to
accommodate 95 000 samples within the available
memory. Software to download the data from the
recorder can convert it to TRDI standard for-
mats compatible with existing software for viewing
and analysis.

2.3. Temperature sensor with 0.005◦C accuracy
Doppler velocity measurements require that the
temperature be known to some precision, as
changes in temperature will affect the speed of
sound which, in turn, will affect the velocity mea-
surements. However, changes of several degrees
are required to cause a 1% error in velocity,

Fig 2: DVS instrument design with the temperature
sensor mounted in a protective cage extending
away from the instrument, in order to prevent bias
due to solar heating

so most doppler sensors incorporate thermistors
of substantially lower accuracy than the 0.005◦C
accuracy requirement of the RFP. It was decided
to incorporate an original equipmentmanufacturer
version of the SBE 38 temperature sensor to meet
the requirement.

Thermistor assemblies and electronic boards are
delivered from SBE as matched and calibrated
sets. The handling associated with integrating these
components within the DVS induces uncertainty
in SBE’s initial 0.001◦C calibration accuracy. With
decades of manufacturing and calibration history
on many thousands of the same thermistor, SBE
estimates that its initial calibration could be
degraded approximately 0.002◦C as a result of
dismantling after calibration and later assembly.
SBE’s voluminous history of long-term drift easily
supports the prediction that these sensors will
remain stable within an additional 0.002◦C for
10 years (Bennet, 2008). The resulting 0.005◦C
specification may be conservative.

The user’s need to verify continued proper
function and the validity of the long-term drift pre-
diction is legitimate. Fortunately, both malfunction
and drift assessment can be suitably performed with
a competent single-point check. Sensors with gross
errors or malfunction would simply be replaced.
Since healthy thermistors drift by offset, a single-
point comparison to high accuracy reference is all
that is needed to make a simple correction and
restore accuracy.

On the issue of solar bias, researchers at PMEL
have determined that thermistorsmounted internal
to an instrument deployed near the surface can be
biased by as much as 0.13◦C (at 20m depth) due
to the solar heating of the material within which
the thermistor is mounted (A’Hearn et al., 2002).
For that reason, a large probe extending away from
the instrument and mounted in a protective cage
was adopted (Fig 2). This cage has protected the
thermistor through direct impact during a drop test
from 1m.
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Fig 3: Mounting arrangement of the SBE IMM in
the DVS

2.4. Clock accuracy of 5ppm
This is a very tight specification that is not possible
to meet with currently available real-time clocks
(RTC) for several reasons. All low-voltage RTCs
that were investigated have a drift that varies
based on loading. Because the DVS is intended
to spend most of its time asleep, special circuitry
had to be incorporated to maintain a constant
load on the RTC. Also, the oscillators used in any
RTC will vary somewhat with temperature, so the
DVS incorporates a special firmware loop to read
the temperature sensor periodically and apply an
appropriate offset to the RTC output. Lastly, the
output of any RTC will change as a result of aging
in the crystals. This last effect remains the biggest
unknown, and sufficient empirical results need to
be gathered and evaluated to determine if this
effect can be offset. Because of this last effect, and
the lack of sufficient data at this time, it is yet to be
determined if the 5ppm specification can be met
over long (many months to years) time periods.

2.5. Inductive modem communications
The RFP required inductive modem capability
compatible with SBE protocols, and preferably
mounted internal to the instrument (no cables).
It was decided to incorporate the next generation
SBE IMM, which was being developed concurrently
because of its much lower power requirements.

The IMM itself is mounted to the end cap of the
DVS, which also mounts the inductive coupler. The
mounting arrangement is shown in Fig 3.

2.6. Case design/materials
Initially it was proposed to use a Delrin housing
with an aluminium strengthening sleeve tomeet the
750m depth rating and corrosion-resistant material
requirements of the RFP. However, during the bid
evaluation process, PMEL noted its preference to
avoid using exposed aluminium inside the pressure

Fig 4: Mounting hardware for the DVS, including
the line-shedding insert over the thermistor probe,
the clamps, the large vane and the line-shedding
inserts for when the large vane is not used

housing, because potassium hydroxide could leak
from a damaged alkaline battery and react with
aluminium to form copious quantities of hydrogen
gas. The DVS housing was then changed to a
G10-based filament wound material with a Delrin
end cap and transducer head.

An additional concern was the possibility of lines
from passing vessels stripping the DVS from the
mooring line. The IMM coupler serves to shed lines
sliding up the mooring line, and a special insert was
created to shed lines sliding down the mooring line
(assuming an upward-looking deployment as shown
in Fig 4).

Researchers at PMEL have determined that
energetic mooring line strumming can introduce
substantial bias in the velocity measurements
(Freitag et al., 2003), and have concluded that a
large vane to dampen out instrument motion as a
result of strumming substantially reduced the bias.
A vane has been developed that can be mounted
directly to the mounting clamps. If the vane is not
deployed, then two inserts are provided to help
shed lines that may be sliding over the instrument,
as shown in Fig 4.

2.7. Compass tilt statistics
Mooring line strumming has been shown to in-
troduce bias in moored velocity measurements
(Freitag et al., 2003). Incorporating a large vane was
recommended in the reference to help dampen out
strumming of the instrument itself. In addition, the
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DVS measures and records the standard deviation
of the heading, pitch and roll measurements
from the compass tilt sensor during the measure-
ment interval. High standard deviations of these
measurements would indicate strumming motion,
and should serve as a good quality flag when
strumming is suspected whichmay have affected the
measured velocities.

2.8. Error velocity
TRDI generally employs a redundant transducer,
as this can provide a measurement of how ho-
mogeneous the actual flow is. The DVS has a
four-beam, Janus-configured transducer head with
beams located at 90◦ azimuth resulting in two pairs
of opposing beams. One pair of opposing beams
provides measurement of the horizontal velocity
within the plane it inscribes along with a measure-
ment of the vertical velocity. The second pair of
beams provides a measurement of the horizontal
velocity in the direction orthogonal to the first pair,
and a second, independent measurement of the
vertical velocity. The error velocity reported is the
difference between the two independent vertical
velocity measurements, which has then been scaled
to have magnitude equivalent to the expected
variance in the horizontal measurements.

Because it is intended to be mounted directly
to a mooring line which could generate a flow
disturbance in downstream beams, error velocity
provides a good indication of whether the mooring
line is influencing the measured velocities.

2.9. Velocity profiling
It was decided that the DVS would measure a
profile of the velocity field near the instrument
rather than a single point. This is because the
underlying assumption behind every current meter
deployment is that the measurement at the single
depth is representative of a much larger depth. In
many parts of the world ocean this may be true,
however, there is no way to know for certain without
deploying multiple current meters, or an acoustic
doppler current profiler (ADCP).

Since the DVS is capable of profiling to short
ranges, the user has the opportunity to investigate
shear. Significant velocity changes from bin to bin
would call into question just how representative
is the measurement of a larger depth range. The
absence of such significant changes would tend
to confirm that the measurements are indeed
representative of a larger depth range.

3. Hawaii test deployment
A deployment near Hawaii for testing the FLEX
mooring design and inductive communication was
conducted from 8 December 2006 to 17 March

Fig 5: Instrument locations for the Hawaii FLEX
deployment for testing of the new FLEX surface
mooring design, 8 December 2006 to 17 March
2007

2007, located at 20◦ 32.5′N and 158◦ 5.3′W. The
surface mooring was anchored in 4800m depth
with four current meters (TRDI DVS and SonTek
Argonauts) attached to the mooring line in an
upward-looking orientation (Fig 5). In addition to
the temperature measurements from the current
meters, temperature data were collected at eight
depths above 50mwith SBE and PMEL temperature
sensors. A SBE IMM was included in the surface
electronics package, and successful communication
to the DVS instruments and to the temperature
sensors was verified.

The two DVS instruments were located at 7m
and 37m depth, and the two Argonauts were
located at 12m and 42m. Because of the DVS
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Fig 6: Instrument locations for the Puget Sound
test deployment for comparisons of instrument
temperatures and current measurements

sampling scheme, set for a minimal number of
pings every 10min, daily averages of speed and
direction were calculated for both instruments by
computing the daily average of the zonal (u) and
meridional (v) velocities, and then computing daily
averages of speed and direction from u and v .
The speeds for the two DVS/Argonaut pairs (7m
versus 12m and 37m versus 42m) matched fairly
well with mean speed differences of 3.2cm/s (±1.3
for 95%) for the shallow pair and 1.6cm/s (±0.7
for 95%) for the deeper pair. The differences
in the measured speeds are thought to be due
to velocity shear between the paired instrument
depths. The directions compared well, particularly
for the deeper pair with a mean difference of
1.1◦ (±1.5 for 95%), and both pairs had 0.99
product-moment correlation coefficients.

Temperature measurements at similar depths
matched well, the exceptions being the two
Argonauts, which were offset (reporting colder
than actual temperatures) by about 0.2◦C. Tem-
perature gradients ranged from −0.05◦C/m to
0.01◦C/m, and the DVS temperature measure-
ments were appropriately located between shal-
lower and deeper SBE and PMEL temperature
measurements. However, the DVS instruments were
not located close enough in depth to the other
temperature sensors for meaningful statistics, and
the results from the second test deployment will be
used for verification of temperature accuracy.

4. Puget Sound test deployment
A second test deployment, located at 47◦ 42.7′N
and 122◦ 25.0′W in Puget Sound, Washington, was
performed from 10 May 2007 to 17 July 2007. This
was a subsurface deployment with a downward-
pointing ADCP Sentinel from TRDI, two TRDI
DVS instruments, two SonTek Argonauts and four
SBE temperature sensors (Fig 6). The mooring
anchor was at 182m. The DVS instruments were
mounted in a downward-pointing orientation to
facilitate measuring a similar water volume to that
of the Argonauts. For example, Bin 1 was centred
1.54m below the 140mDVS head, and the Argonaut
measuring volume was centred 2.75m above the
145m Argonaut head. The inclusion of the Sentinel
provided a third measurement of the velocity.

The Sentinel, located at 133m depth, was set
to collect and average 1 ping per second for
2min (120 pings per ensemble). One 2min data
sample was collected and recorded at even 10min
intervals. The Sentinel was set for 52 bins with 0.75m
bin widths beginning at 1.75m. The Argonauts
collected and averaged approximately 120 pings
in 2min, which were sampled and recorded once
every 20min. The 140m DVS averaged 60 of the 1s
samples (∼14 pings per sample) over 2min, with a
2min average sampled and recorded at even 10min
intervals. The DVS was set for 5 bins with 0.5m
bin widths beginning at 1.5m from the transducer
head. The 140mDVS failed on 15 June 2007, sooner
than was predicted in the planning software. The
cause is unknown but may have been due to a faulty
battery pack. The 149m DVS failed to record any
velocities due to prior damage on the programmed
input/output board, resulting from a failure of the
strain relief wire to prevent the end cap from being
pulled too far before disconnecting internal cables.
The DVS design has been modified to correct
this. However, the 149m DVS did record heading,
pitch, roll and temperature along with the standard
deviation of these values for the whole deployment.
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Fig 7: Time series of Puget Sound speeds and directions measured by the Sentinel, the DVS and the
Argonaut on 11–15 May 2007

4.1. Velocity measurements
The currents measured during this deployment
were mainly tidal. Current speeds and directions
for five days are shown in Fig 7 for the two
shallower current meters and the Sentinel. Velocity
comparisons were made between the 140m DVS
(Bin 1 centred at 141.54m), the 145m Argonaut
(sampling centred at 142.25m) and Bin 11 of the
Sentinel (sampling centred at 142.25m). There is
no obvious bias evident in the speed and direction
time series, and the timing of the tidal currents
agree with the pressures measured at the float ball.
The tidal flood is evident at about 210◦, with the ebb
at about 30◦. As evident in Fig 7, when the speeds
were low, a definite direction was not obtained.
Thus, for the following analysis, directions were
excluded if the speed for either instrument was less
than 5cm/s.

In Fig 8a, the 10min speed comparison of
the DVS and the Sentinel is excellent, with a
slope of 1.00 and a −0.03cm/s intercept. The
mean difference was negligible, with a small
RMS difference of ∼1.2cm/s. The mean direction
differences (Fig 8b) was within an acceptable
difference less than 1.5◦. Agreement of the DVS
with the Argonaut (Figs 8c and d) was also good,

with a mean speed agreement to better than
0.1cm/s and a mean direction agreement to better
than 1.5◦. The r terms in Fig 8 represent the
product-moment correlation coefficient. All the
comparisons had a product-moment correlation
coefficient (r ) greater than 0.98 and indicated
excellent agreement.

4.2. Temperature measurements
Temperature was measured by nine instruments
on the mooring shown earlier in Fig 6. The Arg-
onaut temperature sensors measured about 0.2◦C
low and the Sentinel ADCP temperature sensor
measured about 0.05◦C low. The 140m DVS had
been dropped and the correct calibration was not
installed after the temperature sensor replacement.
Temperatures from the remaining five sensors,
which all collected data for the entire deployment,
were analysed. For this deployment, there were two
SBE39 sensors at 131m, with one of the sensors set
to a sampling rate of 10min. The other SBE39, the
SBE51s and the 149m DVS (an SBE38) had sam-
pling rates of 1min or 2min and were sub-sampled
at 10min intervals for the comparisons. During the
10-week deployment, the temperatures exhibited
diurnal variation and a mean warming of about
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Fig 8: Comparison of speeds and directions from 10 May to 15 June 2007 between (a,b) the Sentinel
(10min) and the DVS and (c,d) the Argonaut (20min) and the DVS

1.7◦C (Fig 9a). Comparison of the temperatures
measured at different depths indicated periods of
temperature inversion where shallower tempera-
tures were colder than deeper temperatures. How-
ever, in the mean, the SBE39 temperatures at 131m
were warmer than the SBE51 temperatures at 148m
by 0.0103◦C, indicating a mean temperature gradi-
ent towards deeper depths of about −0.0006◦C/m.

Comparison statistics for the temperatures mea-
sured at 131m by the two SBE39s (Fig 9b) indi-
cate excellent agreement with a mean difference
of 0.0006◦C. The mean temperature difference
between the SBE51 at 148m and the DVS at
149m was 0.0026◦C (Fig 9c). The instruments were
actually 1.3m apart, so accounting for the mean
temperature gradient, the temperatures compared

to better than 0.0020◦C. This is less than the
predicted maximum difference of 0.003◦C, esti-
mated from the initial SBE calibration accuracy
of 0.001◦C, which could then be degraded during
DVS assembly by the predicted maximum value of
0.002◦C. Allowing for the possible 10-year drift for
SBE temperature sensors of up to 0.002◦C, this
comparison indicates that the DVS temperatures
exceed the contract specification for temperature
accuracy of 0.005◦C over a 10-year time period.

4.3. DVS parameters
The DVS records several parameters that assist
the user in determining the quality of the data.
In order to record accurate velocities, bad speed
and direction data are eliminated on a ping-by-

214



Vol 27, No 4, 2008

12 16 20 24 28 01 05 09 13 17 21 25 29 03 07 11 15 19

T
em

pe
ra

tu
re

°C

 

 

Temperature°C  SBE39 #2

T
em

pe
ra

tu
re

°C
  S

B
E

39
 #

1 

SBE39#1 (131m)
vs

SBE39#2 (131m)

Temperature°C DVS

T
em

pe
ra

tu
re

°C
 S

B
E

51

SBE51 (148m)
vs

DVS (149m)

(c)

9

10

11

May Jun Jul

131m SBE39
131m SBE39
139m SBE51
148m SBE51
149m DVS

9

10

11

9 10 11

9

10

11

9 10 11

RMS difference:  0.0045

Diff of means:     0.0006 (± 0.0001  95%) 

a: – 0.002 ± 0.001 (95%) b: 1.000 ± 0.000 (95%) (Orth)
y = a + bxn: 9792     r: 0.99995

RMS difference:  0.0080

Diff of means:     0.0026 (± 0.0002  95%)

a: –0.022 ± 0.001 (95%) b: 1.003 ± 0.000 (95%) (Orth)
y = a + bxn: 9792     r: 0.99986

mean      std dev
X:    9.8819     0.4708
Y:    9.8825     0.4710

mean      std dev
X:    9.8693     0.4548
Y:    9.8719     0.4560

(a)

(b)

Fig 9: (a) Temperature time series for five temperature sensors deployed on the Puget Sound test
subsurface mooring from 10 May to 17 July 2007; (b) comparison of temperatures measured by the two
SBE39s at 131m; and (c) comparison of temperatures measured by the SBE51 at 148m and the DVS
at 149m

ping basis during data acquisition, while error
velocity, echo intensity and correlation values are
not eliminated when a ping is bad. The user can
then understand what led to reductions in the good
values percentages for velocity averages and also
detect additional bad data periods (for example,
times where there was signal interference). These
values are recorded for all bins, with the DVS setup
allowing up to five bins.

As described earlier, the error velocity is the
difference between two calculations of vertical
velocity. The error velocity is useful in determining
amalfunctioning beam, interference in the acoustic
beam or whether the mooring line is causing
flow disturbance.

The echo intensity is a measure of the strength
of the backscatter signal, which will generally be
higher in an area with good scatterers. A significant

increase in echo intensity can be used to detect
signal interference due to the presence of a line,
an instrument, bubbles or fish. The echo intensity
is recorded for each bin of all four beams, allow-
ing bin-to-bin and beam-to-beam comparisons. Of
interest in this deployment was the larger than ex-
pected reduction in the echo intensity as the target
volume became further from the transducer with
successive bins. For the Puget Sound deployment,
the four-beam average of intensity counts decreased
from about 105 counts to 80 counts (Fig 10a) from
Bin 1 (1.5m) to Bin 5 (3.5m).

Correlations are used to eliminate velocity data
with low signal-to-noise ratios on a ping-by-ping
basis. As the intensity decreases, the signal-to-noise
ratio will be reduced, but the magnitudes of the
intensities themselves do not indicate to the user
whether the returning signal is strong enough
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Fig 10: (a) Intensity counts, (b) correlation counts and (c) daily averaged ‘percent good’ (three-beam plus
four-beam solutions) for the 140m DVS deployed on the Puget Sound test deployment. The intensity and
correlation are the average over the four beams and are shown for each of the five DVS bins collected as
2min ensemble averages sampled every 10min

to calculate a good velocity. Thus correlations
are scaled such that the maximum value of 128
counts represents a high signal-to-noise ratio, and
velocities are set bad during data acquisition if
the correlation is below 64 counts. As shown in
Fig 10b, the correlations (average of the four
beams) also decreased from Bin 1 to Bin 5, and
it is clear that Bin 5 velocity data were set bad on
a ping-by-ping basis during data acquisition due to
low correlations below the 64 count cut-off. Because
correlations were recorded as ensemble averages
for this deployment, the ability to determine that
Bin 4 also had data set bad due to low correlation is
only evident by evaluating the percentage of good
pings for each bin recorded for each ensemble.

The DVS records the percentage of good three-
beam solutions, the percentage of good four-beam
solutions, the percentage that were set bad due
to error velocity and total percentage that were
set bad. The percentage of good values in Fig 10c
(sum of the percent of three-beam and four-beam
solutions) have been daily averaged for clarity.
No data were set bad in this deployment due to
error velocity. The first three bins had very strong
correlations and no velocity data were rejected, as
shown from the 100% good return. The ‘percent
good’ for Bins 4 and 5 indicate that data were
set bad ping by ping due to correlations less than
64 counts.

PMEL did not require the option of fivemeasure-
ment bins, but has found the multiple bins useful in

evaluating the data. Since the velocities measured
in this deployment were mainly tidal, essentially
no velocity shear with depth would be expected,
and all bins should measure the same velocities.
DVS bin-to-bin speed differences were computed
and agreed to better than 0.064cm/s in the mean.
The effect of low intensity and correlation in Bin 5
reduced the number of good pings per ensemble
and resulted in a higher standard deviation for
the Bin 4 to Bin 5 velocity comparison. Although
there were significant differences in the 10min
ensemble velocity, the mean velocity difference
between Bins 4 and 5 was still only 0.064cm/s. From
this evaluation, the user would have confidence
in the measurements from Bins 1 to 4, but would
use Bin 5 data carefully and only in a data
averaged mode.

As discussed earlier, the user can use the
DVS parameter values for error velocity, intensity,
correlation and percentage of good values to
understand instrument performance. In addition
to the bin-to-bin performance described previously,
beam-to-beam comparisons are also useful. For
deployments with interference in the acoustic beam
due to individual fish, the user would identify a
period of time with large intensities associated with
an increase in the percentage that were set bad due
to error velocity. If a beam was to fail, the intensity
of that beam would generally be reduced and the
number of three-beam solutions would increase,
associated with a decrease in four-beam solutions.
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5. Conclusions
This paper has described the development and
initial testing of the DVS, a new instrument that
has been created in a collaborative effort between
government researchers and industry engineers.
The TRDI DVS has been designed to provide
PMEL/NOAA and other users with a commercially
available instrument which combines ocean current
measurements, highly accurate temperature mea-
surements and inductive communication in a single
package. Two minor firmware bugs have been
discovered in the compass measurement recording
that resulted in noisy heading, pitch and roll
measurements. Laboratory testing has indicated
that these issues have been resolved, and new
deployments on surface moorings in high current
areas are planned for further verification. The error
velocity, echo intensity, correlation and percentage
of good measurements were used by PMEL re-
searchers to better understand the velocity accura-
cies, particularly with respect to the five bins. TRDI
DVS speed and direction measurements agreed
extremely well with the reference instruments,
with mean speed differences less than 0.1cm/s
and mean direction differences less than 2◦. The
temperature measurements were well within the
0.005◦C 10-year accuracy specification required by
PMEL. Additional long duration deployments in
high current regimes are planned to verify clock
accuracy and battery endurance, and to provide
additional speed and direction comparisons when
subjected to the mooring line strumming, as well
as the high velocities and velocity shears, which
exist for most of the PMEL surface moorings. It
has been exciting and very helpful for the design
engineers to have continuing feedback from actual
deployments conducted by researchers using the
DVS instrument.
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