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ABSTRACT

A towed acoustic Doppler current profiler (ADCP) system was tested. The instrument was deployed from
ships of opportunity and towed at depths between 5 and 25 m. The towed system carries upward- and downward-
looking ADCPs. The instrument platform is stable in most operating conditions at ship speeds up to 4.5 m s™'.
Large discrepancies are found, however, between the ship’s velocity obtained from bottom-tracking ADCP
pulses and that from navigational data. These are explained with a magnetic compass bias that varies with the
ship’s heading direction. Both the ship and the tow platform induce magnetic fields that bias the ADCP compass.
An in situ compass calibration scheme is thus necessary and requires accurate navigational data. In our main
study area, it is found that the Global Position System provides absolute and relative positions to within 88
and 4 m, respectively. These accuracies are sufficient for calibration purposes. With our calibration scheme the
towed ADCP system performs as well as vessel-mounted systems. The ease of deployment from ships of op-
portunity and the capacity of the tow system to carry additional instruments makes it a valuable research tool.
Furthermore, the capability of our system to profile the water column above and below the platform with
different frequencies and thus different vertical resolutions enhances its flexibility and usefulness, especially to

study surface and bottom boundary-layer processes.

1. Introduction

Towing an acoustic Doppler current profiler
(ADCP) system offers an attractive alternative to vessel-
mounted ADCPs. A towed system can be used from
ships of opportunity, allows easy maintenance, and
remedies several problems of vessel-mounted systems.
Kaneko et al. (1990) first introduced a towed ADCP.
They obtained detailed velocity measurements of the
Kuroshio Current with an ADCP mounted inside a
sled. The sled was towed behind the ship about 7 m
beneath the surface. Internal ADCP sensors measured
the heading, pitch, and roll of the sled. A trailing buoy
attached to the sled stabilized the system, much as a
tail stabilizes a kite. We describe here a towed ADCP
system that differs in design, construction, and oper-
ation from that of Kaneko et al. (1990, 1993). Fur-
thermore, we thoroughly test our instrument platform,
which contains both an upward- and a downward-
looking ADCP. We used this system from a small
coastal research vessel off the coast of California and
from a large icebreaker off the coasts of Alaska and
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Siberia. We find that a careful in situ calibration is
essential in order to obtain accurate velocity measure-
ments. Previous studies generally omitted such a cal-
ibration.

Vessel-mounted ADCPs are becoming a standard
tool on many research vessels. Their operation has been
studied by Kosro (1985), Didden (1987), Chereskin
et al. (1987), and Joyce (1989). Beyond limitations
inherent in the ADCP system itself (Chereskin et al.
1989; Chereskin and Harding 1993), air bubbles near
the transducer heads and compass biases (King and
Cooper 1993) often degrade shipboard ADCP obser-
vations. New (1992) reports that as the ship heaves, a
cloud of air bubbles entrains under the hull of the ship.
The bubble cloud then sweeps past the transducer heads
in a layer about 1 m thick. This layer degrades ADCP
current estimation as air bubbles have different acoustic
properties than the seawater below. New (1992) found
that the problem can be overcome when the transducer
heads extend 1.5 m beneath the hull of the ship. A
completely submerged towed ADCP system cannot
entrain bubbles.

Vessel-mounted ADCP systems utilize the ship’s in-
ertial or gyro compass. A misalignment generally exists
between the reference direction used by the Doppler
system and that of the ship’s gyro. Joyce (1989) details
a calibration routine to determine this constant mis-
alignment. Abrupt changes of the ship’s course cause
yet another compass error as the turn excites persistent
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FIG. 1. The Santa Barbara Channel study area. Labels a, b, and ¢
refer to different ship tracks. Dashed lines are bottom contours.

- Schuler oscillations that bias the compass readings
~ (Pollard and Reed 1989). While a calibration routine
can resolve the misalignment problem, no recourse is
available for the Schuler oscillations. Towed ADCP
" systems exhibit neither of these problems as they gen-
erally rely on a magnetic compass. The ship’s hull and
the tow platform, however, induce magnetic variations
that can be large and must be removed through a cal-
. ibration routine. Hence, both ship-mounted and towed
* ADCP systems require careful in situ calibration to
account for compass biases.

We collected ADCP and navigational data on several
cruises off California and in the Arctic Ocean. Most of
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our studies, however, took place in the Santa Barbara
Channel. This channel is about 150 km long and 40
km wide and consists of a 600-m-deep central basin,
a 200-m-deep eastern entrance sill, and a 450-m-cleep
western entrance sill (Fig. 1). The continental shelf
areas to the north and south of the channel are about
100 m deep and vary in width between 5 and 20 km.
The gaps between the southern Channel Islands are
generally less than 40 m deep. The wind and wave
conditions vary spatially in the study area. To the west,
near Point Conception, winds and swell are from the
northwest; however, high mountainous terrain shelters
much of the northern shelf. In contrast, the southern
shelf often experiences high winds (25 ms™!) and
rough seas. Our main study area thus represents a good
region to test our tow system under different environ-
mental conditions. :

2. System description

Our towed ADCP system consists of a hydrodynamic
body, a conducting tow cable, and two independent
ADCEP systems manufactured by RD Instruments. The
ADCPs are mounted inside an Edo Western, Inc.,
model 1019 hydrodynamic body. The body is about
1.5 m long and has a wing span of 1.5 m. The instru-
ment’s cavity is 0.5 m high and 0.8 m wide and includes
a 400-kg lead weight forward. The ADCP electronics
pressure cases are placed horizontally inside the cavity
of the tow body. The transducer heads are coupled to

Not to scale

FIG. 2. Sketch of the tow.
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the case through 90° adapters so that the 153- and 614-
kHz transducers are oriented downward and upward,
respectively (Fig. 2). Tilt sensors measure the pitch
and roll, while a KVH fluxgate compass model LP101
measures the heading. Apart from the ADCPs, the cav-
ity of the platform usually includes an Ocean Sensors
CTD and a pressure case that contains a gimbaled KVH
model C100 compass. All our measurements utilize
the ADCP bottom-tracking capability, the firmware
version 17.07, and the TRANSECT software ver-
sion 1.0.

The upward-looking 614-kHz ADCP is self-record-
ing and provides velocity observations of the water col-
umn above the towed body. The downward-looking
153-kHz ADCP is connected to a shipboard computer
through the seven-conductor torque-balanced tow ca-
ble with 22 inner steel wires and 42 outer steel wires.
The nominal outer diameter of the cable is 0.025 m.
Added zipper tubing cable fairing minimizes strum-
ming. The cable is rolled onto one of the winches
aboard the towing vessel and paid over the stern or the
side through a 0.52-m-diameter block on the aft A
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TABLE 1. Pitch, roll, and pressure statistics.
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A Bi B2 C
Leg ship’s speed (m s7%) 2.5 3.0 4.0 2.5
Mean pitch 6.6 6.4 6.4 5.3
Standard deviation pitch +1.20 +3.69 +3.95 +0.59
Mean roll 1.6 1.4 1.6 1.6
Standard deviation roll +0.95 £1.88  +13.42 +0.43
Mean depth 149 15.2 11.3 4.7
Standard deviation depth  +0.19  +0.38 +0.53  +0.13

frame or side crane. A shock cord assembly, consisting
of ten strands of 0.02-m-wide and 3-m-long bungee
cord, is fastened to the cable using Yale Minigrip Kevlar
braid grips. The shock cord takes the load of the tow
between the winch and the block (Fig. 2) in order to
reduce peak loads on the cable due to the differential
motion between the towed body and the heaving ship.
We have towed the ADCP system astern of a small
coastal research vessel, the R/V Robert Gordon Sproul,
and off the side of a large icebreaker, the CCGS Henry
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FIG. 3. Normalized histograms (solid) and Gaussian probability density functions (dashed). Shown are
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tracks shown in Fig. 1.
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F1G. 4. Time series of pitch, roll, and pressure of leg B. Notice the
decrease in instrument depth at the time of off-scale rolling motion.

Larsen. Deployment and recovery procedures are
straightforward and take about 20 min. The remainder
of this paper describes the operating condition, the sta-
bility, and the calibration of the tow system.

- 3. Motion and stability

We refer to rotations about the x, y, and z axes of
a coordinate system fixed to the platform (Fig. 2) as
roll, pitch, and heading, respectively. We measure pitch

*and roll angles with pendulums fixed to the ADCP
- while the heading angle is measured with two KVH

fluxgate compasses, one ungimbaled and the other
gimbaled. The ungimbaled compass is part of the

" ADCP while the gimbaled one is not. We also added

a pressure sensor to indicate the vertical displacements
of the platform. Sampling frequencies for all these in-
struments are higher than 0.5 Hz, high enough to re-
solve motion induced by surface gravity waves.
Figure 3 depicts histograms of pitch, roll, heading,
and pressure data for three different cases. Legs A and
B (see Fig. 1 for locations) represent observations from
two 2-h-long tracks in the presence of heavy seas and
winds. Figure 3a represents observations collected on
leg A, when the ship steamed at 2.5 m s~ in the swell

. direction. Deviations from the mean pitch, roll, and

vertical position of 6.6°, 1.6°, and 14.9 m are about
1.2°, 1.0°, and 0.2 m, respectively; the platform is sta-
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ble. The variations about the mean appear to be nor-
mally distributed as the dashed lines in Fig. 3 indicate.
A few hours later the ship changed the steaming direc-
tion by 90° when heavy seas perpendicular to the track
induced a heavy rolling motion. As a result, the range
of pitch and roll variations increases by a factor of 2—
3 (Fig. 3b; Table 1). We depict observations from this
leg (B) as a time series in Fig. 4. Initially (leg B1), at
speeds of about 3 m s~ the platform is stable at 15-m
depth. As we increase the towing speed beyond 4 m s ™!
(leg B2), the platform is raised by about 4 m. The new
vertical position coincides with rolling motion in excess
of 20° (Figs. 3c and 4). The platform has become un-
stable as it rolls violently. Table 1 summarizes all sta-
tistical results, including those from legs C, on a dif-
ferent cruise, when wind speeds and wave heights were
below 5 m s™! and 0.2 m, respectively.

The compass commonly supplied with the ADCP
is not gimbaled, and we compare this compass with
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FIG. 5. Frequency domain analysis of the two compass time series.
(a) Coherence, (b) phase, and (c) variance (solid line represents the
ungimbaled ADCP compass and the dashed line represents the gim-
baled external compass).
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FIG. 6. Frequency domain correlation of the roll and heading time
series. The dashed curve in the lower panel represents the data from
the ADCP compass, the solid line the data from the roll sensor.

one that is. We compute cross-spectral estimates from
the two compass time series and conclude from the
coherence (Fig. 5a) and phase (Fig. 5b) that at fre-
quencies smaller than 0.02 Hz the agreement of the
two instruments is almost perfect. At higher frequen-
cies, however, the two compasses do not correlate.
From Fig. 5¢ we estimate noise levels at these frequen-
cies of about 0.1° and 0.2° for the ungimbaled and the
gimbaled compass, respectively. At low frequencies,
smaller than 0.15 Hz, the variance of the ADCP com-
pass is about 10% higher than the variance of the gim-
baled compass.

We speculate that this additional variance of the
ADCP compass is caused by the rolling motion of the
platform at gravity wave frequencies. In Fig. 6 we show
both autospectral and coherence estimates of the ADCP
heading and roll time series. Two spectral peaks at
about 0.1 and 0.2 Hz represent heading variations
which are coherent with the rolling motion of the plat-
form. About 0.5° of roll cause almost 2° of heading
change at the swell period of about 10 s. This result is
significant at the 99.9% confidence level and the 2°
change in heading is well above the noise floor (Fig.
5¢). From our interpretations of Figs. 5 and 6 we con-
clude that the compass data should be averaged for at
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least 2 min in order to remove random variations in-
troduced by wave-induced platform motion.

4. Compass bias and calibration

Joyce (1989) suggested a calibration scheme for ves-
sel-mounted ADCPs that provides a scaling and a mis-
alignment constant. One obtains these calibration coef-
ficients by correlating velocities measured by the ADCP
with those inferred from navigational data. We follow
this scheme but extend it in order to resolve compass
variations induced by the steel of the ship’s hull and
the tow. First, however, we test the ADCP compass on
a magnetically quiet cliff near San Diego before cali-
brating data from ADCP tows at sea. We will adopt a
calibration procedure suggested by the U.S. Naval
Oceanographic Office (1969) in order to correct mag-
netic compass variations that are induced by the ship’s
or the tow’s magnetism. A compass deviation D due
to the ship’s own magnetic field is given as

D =qa+ bcos(¢) + csin(¢)
+ d cos(2¢) + esin(2¢);

where a represents a misalignment between true north
and the north indicated by the compass; ¢ is the biased
compass heading; and b, c, d, and e are coeflicients
that explain fore—aft and athwart ship components of
the ship’s permanent and induced magnetic fields. We
find a-e from least-squares fits to the data. Table 2
summarizes the coefficients and their uncertainties for
two calibration tests on the cliff and two calibrations
at sea. The uncertainties in Table 2 are the 95% con-
fidence limits of rejecting the null hypothesis in mul-
tiple linear regression (Fofonoff and Bryden 1972).
In the first test we horizontally rotate the ADCP
pressure case through 360° and compare the expected
orientation with the compass reading. The test reveals
that all coefficients are zero to within the uncertainty
of the least-squares fit, that is, no bias is present in the
absence of both the ship and the tow body. We observe
a large bias, however, when we place the ADCP pres-
sure case together with all other instrumentation inside
the tow body and repeat the above procedure. In con-
trast to the first test, we find calibration coefficients
that are significantly different from zero. They imply
a compass bias that varies with the orientation of the
tow. The bias reaches up to 15° (Fig. 7a) and must be
caused by steel components and structural elements of

TABLE 2. Calibration coefficients.

Experiment Depth a b c d e Uncertainties in a, b, ¢, d, e
ADCP, no tow n/a n/a 0.1 0.4 0.6 0.2 n/a, 0.7, 0.7, 0.7, 0.7
ADCP, with tow n/a n/a 13.3 1.0 —0.6 —1.8 n/a, 0.6, 0.6, 0.5, 0.5
December 1993 24 m -2.9 12.9 5.1 0.9 -1.6 0.3,0.5,0.4, 04, 0.6
May 1993 5m —-2.2 15.0 1.4 1.3 -2.7 0.3,0.5,0.5,04,0.7
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the tow. We thus anticipate similar coefficients when
we tow the instrument platform in the ocean. There,
however, the steel of the ship’s hull induces further
magnetic compass biases. As we will see next, the effects
of the ship’s hull are small during our application off
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California; however, they are large in our application
in the Arctic Ocean. We first discuss the results from
two tows off California.

During our experiments in the Santa Barbara Chan-
nel, we collected navigational data with both the stan-
dard Global Position System (GPS) and its differential
variant (DGPS). DGPS is designed to partly remove
noise that is purposely introduced to degrade position
accuracy. We quantify the accuracies of both systems
by applying boot-strapping methods to data collzcted
while the ship docked in San Diego harbor. From this
analysis (not shown) we infer a mean position error
of about 88 m (4 m) for GPS (DGPS) data that has
been averaged for 3 min. Computing vessel speeds from
two such averaged positions 7" seconds apart, we obtain
a speed error éu due to a position error of dx as éu
= 26x/ T, which is about 1 and 22 cm s~ for T = 20
min for DGPS and GPS data, respectively.

In December of 1993 we towed our upward- and
downward-looking ADCPs at about 24-m depth in the
Santa Barbara Channel. For over five days we collected
ADCP data under at a variety of different sea states.
We then selected all pieces of ship track between 20
and 30 min long for which the ship sailed along a steady
course at a constant speed. The ADCP tracked the bot-
tom at all times and collected data at 0.1 Hz in the
ADCP beam coordinates. We screen our data both be-
fore and after averaging it. As preaveraging criteria, we
require the estimated signal-to-noise ratio in Doppler
velocities to exceed 6 dB for all four beams. The data
from these four beams provide three velocity compo-
nents and a redundant so-called error velocity. The
latter is the difference between two independently de-
termined vertical velocities and ideally equals zero. We
reject all data for which this error velocity exceeds 20
cm s~! for a bottom-tracking ping. As post-averaging
screening criteria, we require that the standard devia-
tion of the compass heading during the ensemble does
not exceed 10° for each minute of averaging interval.
This requirement assures that we average data in beam
coordinates only while the ship’s heading variations
are sufficiently small within the averaging interval. Ad-
ditionally, we require that the ship does not change
speed or direction by more than 0.2 m s™! and 2°,
respectively, for each minute of averaging interval. This
screens out data while the ship turns, accelerates, or
decelerates, factors that generally degrade ADCP data
quality. We finally reject all ensembles for which less
than 20% of the bottom-tracking pings are valid. We
use directional statistics (Mardia 1972) to average the
pitch, roll, and heading data. We use these averaged
quantities to transform the data from beam to earth
coordinates (Kosro 1985). The uncertainty due to
random noise of the ADCP is less than 0.5 cm s ! as
each ensemble contains more than 400 acoustic pings.

In Figure 8a we compare the ship’s velocity com-
ponents from the ADCP without compass correction
with those that we obtain from GPS. The agreement






