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. ABSTRACT

Loder, J.W., R.G. Pettipas and D.J. Belliveau. 1990. Intercomparison of
current measurements from the Georges Bank Frontal Study. Can.
Tech. Rep. Hydrogr. Ocean Sci. No. 127: vi + 75 pp.

Current measurements taken with four different instruments during
the 1988-89 Georges Bank Frontal Study are intercompared. The
observational data set includes measurements from: Aanderaa
(paddle-wheel version) current meters (RCMs) on nine different moorings
at six different sites, a bottom-mounted (RDI) acoustic Doppler current
profiler (ADCP) at one of the sites, two InterOcean S4 electromagnetic
current meters on one of the RCM moorings, and a ship-mounted (Ametek
Straza) ADCP during sixteen anchor stations at the mooring sites. These
anchor stations had durations of 6 to 32 hours. Statistical, tidal and
regression analyses, and various graphical presentations are used in the
intercomparison.

At the four "Bank" sites where little horizontal structure in the
current field was expected, the direction estimates from the four
measurement techniques were generally in excellent agreement; however,
there were significant discrepancies in rate. In particular, the RCMs at
mid-depth underestimated rate by about 20% at speeds greater than 0.8
mis, and those at 10 m above bottom underestimated rate by about the same
amount at all speeds, but with less consistency among moorings. An S4
meter deployed at mid-depth also yielded degraded current measurements
for some flow speeds above 0.7 m/s. In the upper 20 m (and below the
region of RDI sidelobe reflection from the surface), the RDI rates were
reduced by about 10% compared to the others, the RCM rates were high
relative to those of the Ametek and S4, and there were intermittent
discrepancies between the Ametek and the others. In addition, there were
discrepancies in the mean currents averaged over the tidal period in a
number of cases, with magnitudes typically 25-50% of the mean-current
magnitude.

The possible sources of these discrepancies are briefly examined.
The leading candidate for the RCM underestimation is shielding of the
paddle-wheel rotors associated with mooring-line vibration caused by
vortex shedding from spherical buoyancy packages. This vibration also
appears to have been the origin of the S4 degradation, although the
specific mechanism is unclear. It appears that the near-surface
degradation of the RDI arose from poor Doppler tracking during periods of
low backscatter intensity and high vertical shear. This was exacerbated
by the use of short pulses. Other probable factors contributing to the
near-surface rate discrepancies were an RCM calibration problem and real
spatial structure in the flow field, probably due to internal waves.
Finally, a number of factors probably contributed to the mean-current
discrepancies, particularly offsets in the RDI associated with frequency
skewing of the acoustic pulses and mispositioning of the filters, and
amplification of the mean-current relative errors by the various
inaccuracies in the measurement of the strong fluctuating (tidal)
currents.
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REsUME

Loder, J.W., R.G. Pettipas and D.J. Belliveau. 1990. Intercomparison of
current measurements from the Georges Bank Frontal Study. Can.
Tech. Rep. Hydrogr. Ocean Sci. No. 127: vi + 75 pp.

Des mesures des courants ont ete effectuees avec quatre instruments
differents pendant l'Etude du talus frontal du bane de Georges en
1988-89. Les ensembles de donnees d' observation englobent des mesures
effectuees avec: des courantometres Aanderaa (type a roue a aubes) (RGM)
en neuf points d' amarrage repartis en six emplacements differents, un
profileur acoustique Doppler de courant (ADGP) installe sur le fond (RDI)
en l' un des emplacements, deux courantometres electromagnetiques
InterOcean S4 sur l'un des amarrages pour RCM et un ADGP (Ametek Straza)
installe sur un navire pendant 16 mouillages aux points d'amarrage. Ges
mouillages ont ete de durees varient de 6 a 32 heures. Des analyses
statistiques, des marees et de regression ainsi que diverses
presentations graphiques sont utilisees pour l'intercomparaison.

Aux quatres emplacements du "bane" OU l' on s' attendait a ce que Ie
champ de courant ne soit que faiblement structure suivant l'horizontale,
les quatre methodes de mesure fournissaient des estimations de la
direction qui concordaient generalement tres bien; cependant il existait
des ecarts importants quant a la vitesse. En particulier, les RGM a la
profondeur mediane sous-estimaient d'environ 20% les vitesses superieures
a 0,8 mis, et ceux places a 10 m au-dessus du fond sous-estimaient toutes
les vitesses, environ par la meme quantite, mais de maniere moins
uniforme d'un point d'amarage a l'autre. Un S4 insta11e a la profondeur
mediane fournissait egalement des mesures degradees du courant pour
certaines vitesses d' ecoulement superieures a 0,7 m/s. Dans les 20 m
superieurs (et sous la region de reflexion par la surface des lobes
lateraux du RDI) , les vitesses obtenues au moyen du RDI etaient d'environ
10% inferieures aux autres, les vitesses mesurees avec les RGM etaient
elevees comparativement a celles mesurees avec l'Ametek et les S4, et il
existait des ecarts intermittents entre l'Ametek et les autres appareils.
De plus, il y avait dans un certain nombre de cas des ecarts au niveau
des courants moyens calcules pour la periode tidale, les vitesses
obtenues etant de maniere caracteristique de 25 a 50% inferieures a la
vitesse du courant moyen.

Les causes possibles de ces ecarts sont brievement examinees. La
cause la plus plausible de la sous-estimation par les RGM tient au fait
que la rotation des roues a aubes est entravee par l' effet d' ecran
associe a la vibration des cables d'amarrage due aux tourbillons
engendres par les jeux de flotteurs spheriques. Gette vibration semble
egalement a l'origine de la degradation des mesures effectuees avec les
S4, bien que Ie mecanisme specifique ne soit pas clairement compris. II
semble que la degradation des mesures effectuees pres de la surface avec
Ie RDI decoule d'une mauvaise poursuite Doppler pendant les periodes de
faible intensite de la retrodiffusion et de cisaillement important
suivant la verticale. Ce probleme etait aggrave par l' utilisation de
courtes impulsions. Parmi les autres facteurs probables des ecarts de
vitesse obtenus pres de la surface, mentionnons un probleme d'etalonnage
des RGM et la presence d' une structure spatiale reelle dans Ie champ
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d'ecoulement, probablement attribuable a des ondes internes. Finalement,
un certain nombre de facteurs expliquaient probablement les ecarts
observes au niveau du courant moyen, en particulier des decalages des
mesures effectuees avec les RDI associees a une distortion en frequence
des impulsions acoustiques et a un mauvais positionnement des filtres
ainsi que l' amplification des erreurs relatives sur le courant moyen
attribuable a diverses imprecisions de la mesure des forts courants (de
maree) variables.
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1. INTRODUCTION

During the periods June - October 1988 and July 1989, the Department
of Fisheries and Oceans at the Bedford Institute of Oceanography (BID)
conducted a field study of currents and mixing at a tidal front on
Georges Bank. As part of this study, current measurements were obtained
from moored instruments at six sites (Fig. 1, Table 1) and from a
ship-mounted (Ametek Straza) acoustic Doppler current profiler (ADCP)
operated nearly continuously during two principal survey periods. The
moored instruments were Aanderaa (paddle-wheel version) current meters
(henceforth RCMs) deployed at three to five depths at each site, a
bottom-mounted (RD Instruments) ADCP deployed at one of the sites, and
two InterDcean S4 electromagnetic current meters deployed on one of the
RCM moorings. The Ametek measurements included current profiles in the
vicinity of the mooring sites while the research vessel was at anchor
obtaining repeated turbulence profiles.

This report presents the results of an intercomparison of currents
measured with the four different types of instrumentation. The
intercomparison was initiated in part as a field test for the RDI ADCP,
but largely as part of quality control on the RCM and Ametek data sets.
Since the RCMs and the Ametek had been in routine use at BID for several
years, maj or discrepancies were not expected; consequently, the
measurement programs involving these instruments were designed more on
the basis of scientific objectives than as an intercomparison of
measurement techniques. Nevertheless, the study has yielded the most
extensive data set to date at BID for the intercomparison of acoustic and
mechanical current measurements, together with some significant (and
disappointing) results. Consequently, this first report from the Georges
Bank Frontal Study focuses on the quantitative consistency of the current
measurements with each other and with numerical tidal model predictions.
Results of other analyses on the edited data from the moored component of
the study will be presented in a follow-up report.

In Section 2 the instrumentation, measurement program and data
analysis procedures are briefly described. Section 3 presents the
results of the intercomparison for the mooring site at which all four
types of measurement were made. The results for the other sites are
presented in Section 4, and for the comparison with tidal model
predictions in Section 5. The report concludes with a discussion of
possibilities for the origin of various discrepancies in Section 6, and a
s~ary in Section 7.

2. METHODOLOGY

a. Instrumentation

The RCMs were modified versions RCM5, RCM7 or RCM8 (Table 2), all
with paddle-wheel rotors designed to reduce overspeeding in the surface
wave zone (e.g. Saunders 1980). The instruments were self-recording with
the RCM5s (Aanderaa Instruments 1979) using a magnetic tape and the RCM7s
and RCM8s (Aanderaa Instruments 1987) solid-state memory. The RCM5s
recorded instantaneous values of current direction, temperature,
conductivity (optionally) and pressure (optionally) at the end of each
3D-min recording interval, and rate (current speed) averaged over the
interval. The RCM7s and RCM8s, whose recording intervals were set to 2,
5 or 30 min (Table 2), also recorded instantaneous values of temperature,
conductivity and pressure at the end of each interval, but used vector
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Figure 1. Location map for the mooring sites on Georges Bank.
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Table 1. Summary of positions, water depths, and deployment and recovery
times (UTC) and dates (day/month) for current meter moorings in the
Georges Bank Frontal Study. BIO No. refers to the BIO Consecutive Mooring
Number. The sites are shown in Figure 1.

BIO
No.

Site Depth
(m)

Position
Lat (N) Long (W)

Deployment
Time/Date

Recovery
Time/Date

Remarks

1988

889

891

893

895

896

897

912

913

919

920

1

2

3

4

5

6

2

3

2

3

155

67

67

63

148

83

67

67

66

68

42°10.0' 66°47.9'

42°04.8' 66°48.1'

41°59.8' 66°47.9'

41°53.7' 66°47.8'

42°09.1' 66°29.7'

41°58.6' 66°30.2'

42°04.8' 66°48.1'

41°59.8' 66°48.0'

42°04.7' 66°47.9'

41°59.6' 66°47.9'

1532/26/06

1921/27/06

1838/25/06

1610/27/06

1043/27/06

1326/27/06

1655/11/07

2159/11/07

1552/30/09

1113/01/06

1755/14/10

1451/11/07

2018/11/07

1328/14/10

1630/09/07

2048/09/07

1247/30/09 Replaced 891

1433/15/10 Replaced 893

1902/15/10 Replaced 912

1633/13/07 RDI mooring

1989

955 3 2255/13/07 1323/30/07 S4s added
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Table 2. Summary of instrument depths (below mean surface), types,
sensors, recording intervals and data return periods (hr UTC/dy/mo) for
moored current measurements during the Georges Bank Frontal Study. See
Table 1 for positions and water depths. For Sensors: R - Rate; D 
Direction; T ~ Temperature; C - Conductivity; P - Pressure; U,V - Velocity
Components; 0 - Instrument Orientation; and Ti - Tilt.

BIO Depth Instrument
No. (m) Type No. Sensors

Interval
(min)

Current Data
Return Period

Remarks

1988

889

"

"

"

"
891

"
"

"
893

"

"

"
895

"

"
"

896

"

"

"

"
897

"

"

21

43

67

90

145

11

35

57

64

12

34

57

64

11

34

53

60

10

39

71

102

138

10

41

73

RCM5 822

RCM5 1286

RCM7 9142

RCM5 5573

RCM7 9078

RCM5 3298

RCM5 5571

RCM5 4271

RCM5 828

RCM5 6400

RCM5 6410

RCM5 4421

RCM5 1944

RCM5 7123

RCM5 5568

RCM5 2664

RCM5 4195

RCM5 7525

RCM5 6411

RCM5 8695

RCM5 7134

RCM7 9145

RCM5 8696

RCM5 8697

RCM7 9071

R,D,T,C,P 30

R,D,T,C,P 30

R,D,T,C 30

R,D,T 30

R,D,T,C 30

R,D,T,C,P 30

R,D,T,C,P 30

R,D,T,C 30

R,D,T 30

R,D,T,C,P 30

R,D,T,C,P 30

R,D,T,C 30

R,D, T 30

R,D,T,C,P 30

R,D,T 30

R,D,T 30

R,D,T 30

R,D,T,C,P 30

R,D,T 30

R,D,T,C,P 30

R,D,T 30

R,D,T,C 30

R,D,T,C,P 30

R,D,T,C,P 30

R,D,T,C 30

1600/26/6-1630/14/10

1530/26/6-1730/14/10

NIL Faulty rotor counter

1530/26/6-0600/11/7 Rotor problem

1530/26/6-1730/14/10

1930/27/6-1430/11/7

1930/27/6-1430/11/7

1930/27/6-1430/11/7

1930/27/6-1430/11/7

1830/25/6-2000/11/7

1830/25/6-2000/11/7

1830/25/6-2000/11/7

1830/25/6-2000/11/7

1630/27/6-1300/14/10

1630/27/6-1300/14/10

1630/27/6-1300/14/10

NIL All R missing

1100/27/6-1530/9/7 Many bad R

1100/27/6-1600/9/7

1100/27/6-1600/9/7

1100/27/6-1600/9/7

1100/27/6-1600/9/7

1330/27/6-2000/9/7

1330/27/6-2000/9/7

1330/27/6-2000/9/7
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Table 2. (continued)

BIO Depth Instrument Interval Current Data Remarks
No. (m) Type No. Sensors (min) Return Period

---------------------------------------------------------------------------
1988

912 11 RCM5 8695 R,D,T,C,P 30 1700/11/7-0730/29/8 Instr broke loose
n 35 RCM5 8696 R,D,T,C,P 30 1700/11/7-1230/30/9
n 57 RCM5 8697 R,D,T,C,P 30 1700/11/7-1230/30/9
n 64 RCM5 7134 R,D,T 30 1700/11/7-1230/30/9

913 12 RCM5 7525 R,D,T,C,P 30 2200/11/7-1400/20/8 Most R deleted
n 34 RCM5 5571 R,D,T,C,P 30 2200/11/7-1430/15/10
n 57 RCM5 4271 R,D,T,C 30 2200/11/7-0500/19/8 Most R deleted
II 64 RCM5 828 R,D,T 30 2200/11/7-1430/15/10

919 10 RCM7 9071 R,D,T,C 2.5 NIL Battery failure
II 34 RCM8 9355 R,D,T,C 2.5 1558/30/9-1730/15/10
n 56 RCM7 9145 R,D,T,C 5 1600/30/9-1850/15/10
n 63 RCM8 9328 R,D,T,C 5 1600/30/9-1900/15/10

920 68 ROI R,D 15 0315/2/6-1630/13/7

1989

955 13 RCM5 828 R,D,T,C 5 2255/13/7-1320/30/7
n 14 S4 04410744 U,V,P 2 2256/13/7-0425/29/7

T,C,O 60

" 36 RCM5 4271 R,D,T,C 5 2255/13/7-1320/30/7

" 37 S4 04430830 U,V,T,C, 2 2256/13/7-1323/30/7

" 60 RCM5 5573 R,D,T,C 5 2255/13/7-1320/30/7
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averaging for currents: for the 2 - and 5 -min recording intervals,
instantaneous direction and averaged rate were sampled every 12 s, and
then vector averaged to obtain the recording-interval averages; for the
30-min recording interval, instantaneous direction and averaged rate were
sampled every 36 s and used in vector averaging. The manufacturer's
quoted accuracies for current measurements with these instruments are:
for direction, ±5° for rates from 0.05 to 1.0 mls and ±7. 5° for rates
from 0.025 to 0.05 mls and from 1. 0 to 2.0 m/s; and for rate, the
greater of ±0.01 mls or ±2% of the actual rate, with a starting value of
0.02 m/s. Each of the instruments had its compass calibrated prior to
deployment, while the manufacturer's calibration was used for rate.

The RCMs were deployed on single-leg subsurface moorings such as
that shown in Figure 2 for mooring 893. Buoyancy was provided by a
"Fairey" float (cylinder of length 2.3 m and diameter 0.5 m, with rounded
nose and finned tail) at the top of each mooring and spherical "Viny"
floats (diameter 0.34 m) positioned at least 2 m above intermediate-depth
instruments. Mooring motion and tilt were estimated prior to deployment
using a static model (Hamilton 1989), with vertical excursions of the
Fairey floats predicted to be in the 5-10 m range. Post-deployment
comparison of the predicted and observed pressures for mooring 893
(Hamilton 1989) showed good agreement, with maximum vertical excursions
of 6 m for the RCMs and maximum mooring line tilts (at the instrument
depths) of less than 30°. Since the RCMs were gimballed to allow a
mooring line tilt (from the vertical) of up to 29° without any associated
instrument tilt, and the compasses are stated to tolerate instrument
tilts up to 12° (Aanderaa Instruments 1979, 1987) , satisfactory
instrument performance was expected.

The bottom-mounted ADCP (the RDI) was alSO-kHz RD-SCOI50 unit
supplied by RD Instruments Inc. The system simultaneously transmitted an
acoustic pulse on four beams and computed three components of velocity
and an error velocity from Doppler shifts of the backscattered sound from
specified vertical bins (e.g. RD Instruments 1989). For the Georges Bank
deployment, the acoustic beams were inclined at 20° to the vertical and
the RDI was set to record IS-min (800-ping) (vector) averages of current
velocity and backscatter intensity for 2. 2-m bins, with the first bin
centered 3.3 m above the transducer faces. The manufacturer's quoted
accuracy for this configuration is ±0.027 mls for the horizontal velocity
components, except in the upper 8% of the water column where side-lobe
reflections from the sea surface are expected to degrade the estimates.
The unit was moored in a newly-developed "trawl-resistant" mount
(Dessureault and Belliveau 1987), which was designed to remain
undisturbed in the presence of bottom-trawl fishing activity and which
included a plastic cover over the transducer. The transducer faces were
0.4 m from the seafloor during the deployment, and tilt sensors indicated
that the instrument's tilt was less than 2° on each axis. Preliminary
results from the intercomparison suggested a compass offset of 5-10°,
which was confirmed to be about 7° upon post-deployment calibration.

The ship-mounted ADCP (the Ametek) was a 300-kHz DCP-4400A/300 unit
supplied by Ametek Straza. The system consists of a transducer mounted
at 5 m below the sea surface through the hull of the research vessel CSS
Dawson, with four acoustic beams inclined at 30° to the vertical. It can
be operated in Profile, Bottom- track or Alternating modes and has data
logging options of vector-averaged (in ship's co-ordinates) current
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estimates on an HP-85 computer or individual-ping estimates on the main
shipboard (MicroVAX) computer (see Cochrane 1985 for further details).
During the Georges Bank surveys, the Ametek was generally operated at low
power in Alternating mode, with absolute water velocity computed as
relative water velocity minus bottom-track velocity, and averages over
200 pings (about 10 min) and 3. 2-m vertical bins (Table 3) logged on
HP-85 cassette tapes. With these settings, absolute water velocity
estimates are available for bins centered on depths starting at about 8.8
m below the surface, and the expected standard errors (Cochrane 1985,
Table 8; single-ping standard deviations divided by square root of number
of pings) are 0.015 mls for relative water velocity and 0.002 mls for
bottom-track velocity. With 1.6-m bins, the shallowest bin is centered
near 8.0 m and the expected error for relative water velocity is 0.03
m/s. Analogous to the near-surface degradation of the RDI estimates, the
Ametek velocities are expected to be degraded by side-lobe reflections
from the bottom in the lower 15% of the interval between the transducer
and seafloor. Previous field tests of the Dawson system (Cochrane 1985)
have indicated that its bottom track speeds are overestimated by 2%,
directions are accurate within 2°, and current speeds agree with moored
current measurements within 10-20%. Comparisons between ADCP bottom
tracking and LORAN-C navigation during the two principal Georges Bank
surveys (J. Whitman, BIO, personal communication, 1989) indicate that the
Ametek was overestimating bottom speed by about 1% and its transducer was
misaligned by 0.5° clockwise. However, since the measurements presented
here were taken while at anchor, the bottom-track errors should have a
negligible effect on the absolute water velocity estimates.

The InterOcean S4 current meters are electromagnetic meters which
measure velocity with two orthogonal sets of electrodes. The instruments
sample every 0.5 s and, in the Georges Bank deployment, recorded the
vector-averaged horizontal velocity for every second minute. Two S4
meters were included on mooring 955 in 1989, positioned about 0.5 m below
the upper and mid-depth RCMs (otherwise, same mooring configuration as in
Fig. 2). The upper S4 also recorded instant.:meous pressure at 2-min
intervals, and instantaneous temperature, conductivity and instrument
orientation (compass reading) at 1-hr intervals. The mid-depth S4
additionally recorded instantaneous pressure, temperature, conductivity,
orientation and instrument tilt at 2-min intervals. The latter S4 had
the capability of internal correction of the measured velocity for a
cosine-function reduction due to tilt, but this was not activated during
the present deployment. The manufacturer's specifications (InterOcean
1987) for the S4 are: current range, 0-350 cm/s; current resolution, 0.2
cm/s; current accuracy, 2% ± 1 cm/s; direction resolution, 0.5°; and
direction accuracy, 2°.

b. Field Measurement Program

The physical oceanographic component of the Georges Bank Frontal
Study was executed on three dedicated cruises by the CSS Dawson and
several Biological Sciences Branch cruises in 1988, and a single cruise
in 1989. The periods of the dedicated cruises were: 88017 - 31 May to 3
June; 88023 - 23 June to 14 July; 88036 - 29 September to 17 October.
The 1989 moored measurements were obtained during Lady Hammond cruise
89202.

In 1988, the moored instruments were deployed at four sites (#' s
1-4) on a primary sampling line (66°48'W') across the northern side of
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Table 3. Summary of anchor stations (1988) for which RCM/Ametek
intercomparison is carried out. Period (hr UTC/dy:mo) is that of Ametek
data, and Position is ship's position at anchor. Depths are from the
Ametek, and Bins are for Ametek vertical averaging. Comparison Depths are
centre positions of Ametek bins from which data are compared against RCM
data at nearby vertical level (see Table 2).

Stn Cruise Period
Start - End

Position
Lat (N) Long (Y)

Depths
(m)

Bins
(m)

Comparison
Depths (m)

889A

889B

889C

891A

891B

891C

893A

893B

893C

895A

895B

895C

896A

897A

913A

919A

88023

88023

88036

88023

88023

88023

88023

88023

88023

88023

88023

88036

88023

88023

88036

88036

0433-1040/6:7

1757/6-0437/7:7

0443-1623/11:10

0553-1828/30:6

1321/5-0331/6:7

2348/10-1300/11:7

1705/28-1426/29:6

1434/4/7-0918/5:7

0018-1133/10:7

2054/3-1347/4:7

2332/7 - 2335/8: 7

2333/1-1533/2:10

0141-1402/9:7

0703-1629/7:7

0030-1433/3:10

1600/4-0028/6:10

42°09.0'

42°09.3'

42°08.8'

42°04.7'

42°04.9'

42°05.1'

41°59.8'

41°59.9'

42°00.1'

41°53.7'

41°53.7'

41°53.3'

42°08.3'

41°58.6'

41°59.4'

42°04.7'

66°48.0'

66°47.9'

66°47.7'

66°46.6'

66°46.7'

66°46.3'

66°46.7'

66°46.4'

66°46.9'

66°46.9'

66°46.4'

66°46.4'

66°29.4'

66°29.0'

66°46.1'

66°46.6'

115-118

119-133

106-109

70-72

69-71

69-73

68-71

68-70

67-70

64-66

65-67

64-65

115-119

82-83

68-70

70-77

3.2

3.2

3.2

1.6

3.2

3.2

1.6/3.2

3.2

3.2

3.2

3.2

3.2

3.2

3.2

3.2

3.2

21,43,90

21,43,90

21,43

12,37,55

12,37,55

12,37,55

12,34,55

12,34,55

12,34,55

12,34,52

12,34,52

12,34,52

12,40,71,89

12,43,68

34

34,52
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Georges Bank and two sites (#'s 5-6) on a secondary line (66°30'W) to the
east (Fig. 1). Mooring positions and times, and water depths are
summarized in Table 1 where each mooring is denoted by its BIO
consecutive number. RCM moorings were maintained at sites 1 - 4 from
late June to mid-October to observe long-term current and hydrographic
variability across the front. Additional moorings on the secondary line
during cruise 88023 provided information on a1ong- isobath variability.
Sites 2 - 4 on the Bank have similar depth/tidal-current regimes, as do
sites 1 and 5 along the Bank edge. Site 6 on the Bank is at an
intermediate depth. Each site was marked by at least three guard buoys
deployed in an array about 0.5-0.8 km on a side (e.g. Fig. 3). RCMs were
placed at nominal depths of 10 m above bottom and below surface, with
additional instruments at intermediate depths and at 3 m above bottom at
sites 2 - 4. Details on the instruments and returned data are summarized
in Table 2. Particular instruments are henceforth denoted by mooring
number and depth (in m) below the mean surface, e.g. (893-12); note that
mooring motion and the tidal variation in water depth (less than 1 m) are
not accounted for in this notation.

The RDI (mooring 920) was deployed at site 3 during cruise 88017 and
recovered at the end of cruise 88023, giving 15 days of overlap with RCM
mooring 893. The RDI location was approximately 0.5 km from mooring 893,
and about 0.1 km from one of the guard buoys (although the relative
positions are not precisely known). The scientific objective of the RDI
deployment was to measure long-term current variability with increased
vertical resolution.

During the two principal surveys (88023 and 88036), anchor stations
were occupied about 1 - 2 km from the mooring sites, typically over a
semidiurna1 tidal period. These stations included repeated turbulence
and CTD profiles, and continuous Ametek profiling intended to measure
vertical shear and other current parameters with increased vertical and
temporal resolution. The location and duration of these stations are
summarized in Table 3, with the stations denoted by the corresponding RCM
mooring number and a sequential letter. Three anchor stations were
conducted near each of moorings 889, 891, 893 and 895, and one near
moorings 896, 897, 913 and 919, with durations ranging from about 6 to 32
hr. Thus, concurrent Ametek data are available for subintervals of all
the 1988 RCM moorings, with the exception of 912 which was deployed at
the end of cruise 88023 and recovered at the start of 88036. Bottom
depth estimates from the ship's sounder and the Ametek during the anchor
stations indicate that the anchor site depths were within several meters
of the RCM and RDI mooring site depths, with the exception of the
Bank-edge sites (moorings 889 and 896) where the vessel was anchored on
the shallow side of the RCM moorings for logistic reasons (anchor chain
length).

In 1989, a single mooring with three RCMs was deployed for 17 days
at site 3, to monitor the current regime during Lagrangian drifter
tracking. The two S4s were added to the mooring for comparison with the
RCMs, after analyses of the 1988 data indicated discrepancies between the
RCM and ADCP measurements.

c. Data Processin~

The processing of the RCM data followed the standard BIO procedure,
with the direction assigned to each recording interval taken as the
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Figure 3. Mooring (6) and anchor station locations at site 3. The three
clusters of small circles indicate the different estimated positions of the
three guard buoys. The depth contours (m) are based on a pre-deployment
survey of the immediate vicinity of the moorings using the ship's sounder.
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average of the recorded values for that and the previous interval. For
the RCM5s, the resulting direction value was thus the average of the
instantaneous values from the start and end of the 30-min recording
interval; in the presence of high-frequency current fluctuations, this
value might be different from the (appropriate) direction of the
vector-averaged velocity during the interval, but an alternative
processing procedure cannot overcome this limitation of the sampling. On
the other hand, for the RCM7s and RCM8s, the resulting direction value
was an average of the vector-averaged velocity's directions during the
present and previous recording intervals, thus introducing an erroneous
phase lead of current direction relative to speed (and other variables).
This inappropriate averaging of direction may partially offset the
benefits of the RCM7/8s' vector-averaging capability, and clearly should
be eliminated from the standard BIO procedure.

Following translation and direction averaging, time series plots of
rate, direction, and u- (east true) and v- (north) components of velocity
were visually inspected for suspect data. Portions of the rate records
from instruments 889-90, 896-10, 913-11 and 913-57 were deleted due to
obvious degradation (generally rotor-related), while the entire rate
records from 889-67, 895-60 and 919-10 were missing or unreliable. Some
of the direction records included apparent spikes (appearing in pairs due
to the standard averaging procedure) where the direction deviated by more
than 20° from the expected value based on its usual clockwise (tidal)
progression. These were attributed to the instantaneous direction
sampling in association with possible instrument swinging. A small
number (2-20) of such direction values were deleted and replaced by
interpolated values for records 895-11,-34,-53 and 912-35,-57; a larger
number of such spikes in records 889 - 21, -43 were not removed. In the
case of mooring 919 where the recording intervals were less than 30 min,
the interval-averaged edited velocities were vector-averaged to obtain
30-min averages for use in the intercomparison. For mooring 955 (1989),
intercomparison with the 54 measurements was done using the 5-min RCM
averages.

The RDI yielded 15-min averages of the horizontal velocity
components (east and north, approximately corresponding to the acoustic
beam alignments), as well as of the vertical velocity, the error velocity
and the backscatter intensity. Assuming a constant water depth of 68 m,
velocity and backscatter estimates were available for 2.2-m bins centered
at depths below the mean surface ranging from 1.4 m to 64.3 m. For the
lower 7 bins, a 3-beam solution was used due to poor Doppler tracking in
one of the beams, precluding calculation of the error velocity. A normal
4-beam solution was used for the remaining bins. The averaged vertical
velocity magnitudes were as large as 0.06 mis, which cannot be explained
by barotropic tidal flow over the observed bottom slopes. The error
velocities were as large as 0.12 m/s. The unexp1ained1y-1arge magnitudes
of these velocities suggest possible degradation of the ROI data (see
Belliveau and Loder 1990 for more details).

To illustrate the temporal and vertical structure of the IS-min RDI
velocity data, Figure 4 shows (a) vertical profiles of the horizontal
components for the first 12 time intervals (about 3 hr in total) during
anchor station 893B, and (b) time series plots of these components at
three vertical levels for the entire anchor period. On the basis of the
expected near-surface degradation of the RDI velocities, the shallowest
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bin included in the profile plots is centered at 7.9 m. Some small-scale
vertical structure is apparent in the profiles, but the velocity is
dominated by a vertically-coherent variation over the periods shown. The
time series plots indicate that this variation is the semidiurnal tidal
current which is known to dominate the current regime on Georges Bank
(e.g. Butman et al. 1982). For the intercomparison with the RCM and
Ametek data, the RDI velocity estimates for the time-interval pairs
corresponding to the RCM sampling intervals were vector-averaged to
obtain 30-min velocity estimates.

The Ametek yielded velocity estimates for 3. 2-m bins centered on
depths starting at about 8.8 m below the surface, except for anchor
station 891A and part of 893A when 1.6-m bins starting at 7.3-m depth
were used. The recording interval was approximately 10 min (usually 200
pings), but variable. The temporal and vertical structure of the Ametek
velocity data are illustrated in Figure 5 which shows (a) vertical
profiles of the horizontal components for the first 18 time intervals
during anchor station 893B, and (b) time series plots of these components
for the entire anchor period at depths near those for which the RDI data
are displayed in Figure 4b. These plots show similarities to those of
the RDI data (Fig. 4), except for less small-scale vertical structure and
a larger velocity reduction in the near-bottom region, presumably due to
side-lobe degradation. Similar profile and time series plots of all the
anchor-station Ametek data were visually inspected for obvious spikes,
with a few profiles and several dozen other values being deleted. The
profiles retained in the final data set were truncated in the sidelobe
degradation region, taken to be below 55 m for those in Figure Sa. In
addition, the Ametek data fora 9.5-hr period during anchor station 893A
and for an ll-hr period at the start of station 919A were not included in
the intercomparison due, respectively, to an apparent vertical offset
(while using 1.6-m bins) and operation in Profiling mode (without bottom
tracking). For the intercomparison with the RCM and RDI data, the Ametek
data were decimated to the 30-min RCM sampling intervals, by taking
unweighted vector averages of the Ametek estimates for all intervals
centered within each RCM interval.

As an example of the resulting 30-min velocity estimates from the
three different instruments used in 1988, Figure 6 shows time series
plots of the u- and v-components at mid-depth during anchor station 893B.
Substantial agreement is apparent but, as discussed in the following
sections, there are significant quantitative differences.

The S4s yielded time series of I-min averaged velocities at 2-min
intervals. For the intercomparison with the RCM data, the 54 velocities
were decimated to 5 min using unweighted vector averaging of samples
centered in each 5-min interval. To determine the expected influence of
tilt on the velocities measured by the 37-m S4, a cosine-function tilt
correction was applied to the velocities (in instrument co-ordinates).

d. Intercomparison Analyses

The intercomparison included: time series plots such as shown in
Figure 6; scatterplots of rate, direction and velocity components from
one instrument against the same variable from another for the same depth
and time period; first- and second-degree polynomial regressions between
these variables; and comparison of means and standard deviations of rate
and velocity components from different instruments for the same period
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and position. In addition, taking advantage of the presence of a
dominant semidiurnal tidal variation in the velocity field on Georges
Bank, the results of harmonic tidal analysis of the different data sets
were compared.

The regressions were computed using a standard BMDP software package
(BMDP 1983). The linear regression results reported here include
standard error estimates (s , s) for the intercept (a) and slope (a),

° 1 2 ° 1
as well as the squared correlation coefficient (r ). In some cases,
±360

o
was added to a direction value before the regression computation.

The tidal analyses were obtained with the standard CMSYS program at
BIO. For the anchor station time series, the analyses were performed for
only a constant term (2

0
) and the M

2
constituent (period 12.4 hr). The

15- and 29-day analyses on the moored time series included the additional
constituents customarily included for these record lengths. The reported
phase lags are relative to the astronomical potential on the Greenwich
meridian. The residual standard deviation (v) between the observed data
and the regression prediction was computed using a modified version of
the BIO program (the Residual portion of the standard program was found
to contain errors), as a measure of the residual variability in each time
series. Uncertainty estimates on the M

2
amplitudes (probably

underestimates due to the possibility of correlation among the residuals)
were obtained following Godin (1972), who indicates that the error ~ in

a constituent's amplitude A is [2v 2/(2N_l)]1/2 where N is the number of

observations. The associated error in phase is sin-1(~/A).

3. RCMjRDI/Ametek/S4 Intercomparison at Site 3

We first present intercomparison results for site 3 where current
measurements were made with the four different instruments. The
resulting data set includes: three anchor stations with Ametek data near
RCM mooring 893 and the RDI mooring, 15 days of concurrent RCM and RDI
data, one anchor station with Ametek data near mooring 913, and 15 -16
days of concurrent RCM and S4 data. The depth was nearly uniform (67-70
m) at this frontal-zone site, and the surface-to-bottom density
difference was generally less than 1 at unit during moorings 893 and 955,

and anchor station 913A, averaging about 0.5.

a. Anchor Stations at Mooring 893

STATISTICS AND TIDAL ANALYSIS

Figure 7 shows the means and standard deviations (square root of
total variance) of the velocity components, estimated from the RCMs and
two ADCPs, during anchor station 893B. This 19-hr station, during which
wind speeds were less than 10 kts and seas/swells were light, has the
largest data set involving all three instruments.

It can be seen (Fig. 7) that the RDI and Ametek standard deviations
are in excellent agreement between the 20- and 55-m depth levels. Above
20 m, the RDI estimates are increasingly lower than the Ametek estimates
as the surface is approached, reaching about 10% at 8-9 m. Below 5S m,
the Ametek estimates are substantially reduced relative to those from the
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RDI. The latter is consistent with the expected near-bottom degradation
of the Ametek estimates in the lower 9 m [15 % of (67-5) m], but the
near-surface reduction in the RDI estimates has a greater vertical extent
than expected for side-lobe reflection from the sea surface (8% of 68 m =

5.4 m). The standard deviations of the ReM estimates are 10-20% lower
than those from the RDI and Ametek for the 34- and 57 -m levels, in
apparent good agreement with the RDI estimates for the 64-m level and
with the RDI and Ametek estimates for the u-component at 12 m, and 7%
higher than the Ametek estimates for the v-component at 12 m.

The means show further discrepancies. The vertical interval of good
RDI/AIDetek agreement is reduced, with the RDI estimates for the lower 7
bins offset relative to both the Ametek and ReM estimates, particularly
for the u-component. This offset is apparently related to the 3 - beam
solution, since the deleted beam was oriented approximately east-west.
The RDI mean velocity estimate for the lowest (64-m) bin is particularly
suspect. In addition, there is a near- surface discrepancy between the
RDI and Ametek means with a greater vertical extent than for the standard
deviations. The ReM means show qualitative consistency with the acoustic
estimates, but quantitative differences at some levels. (It should be
noted that, since the length of this short anchor station was not an
integer number of tidal cycles, these means are not representative of the
so-called "residual current".)

Firmer statistical statements regarding the discrepancies in the
estimates for station 893B can be made on the basis of the tidal analysis
results (Fig. 8). The M

2
current amplitudes show similar vertical and

instrumental patterns to the standard deviations in Figure 7 (as expected
since the tidal current dominates the variability), except for u in the
lowest RDI bin which is suspect. The residual standard deviations (11)
between the observed values and regression (tidal analysis) predictions
are in the range 0.03-0.12 m/s for this station, with associated
(probably lower-bound) amplitude errors (~) in the range 0.01-0.03 m/s.
Since the differences between the near-surface RDI and Ametek amplitudes
are coherent across several vertical bins and are comparable to (if not
larger than) the sum of the expected instrument and analysis errors,
there is a suggestion of a significant degradation in one (or both) of
the acoustic estimates of the time-varying component of velocity for
depths above 20 m. The dynamically-unexpected fall-off in the RDI
amplitudes above 20 m points to degradation in the RDI estimates as the
leading candidate. Furthermore, the differences between the ReM
amplitudes and the acoustic estimates for the 34- and 57-m levels clearly
exceed the sum of the expected errors, while the differences in the
v-component at 12 m are comparable to the combined errors. Since the ReM
amplitudes show the dynamically-unexpected structure of being larger at 3
m than at 10 m above the seafloor, there is a suggestion of degradation
in the ReM estimates at 34 and 57 m. In contrast to the current
amplitudes, the differences among the different estimates of tidal

°current phase are less than 6 (except for the 64-m RDI and 58-m Ametek
bins), and typically only a few degrees. Although the residual variance
in the tidal analysis implies (lower-bound) phase errors of up to only
1. 4

0
, the observed phase differences are substantially less than the

30-minute (15°) sampling interval so that the phase agreement between the
different estimates is considered good. The constant terms (2 's) in the

a
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tidal analysis, which are indicative of the residual currents, have
vertical and instrumental structures similar to those of the means in
Figure 7. The magnitudes of the differences are generally comparable to
the combined error estimates, suggesting real discrepancies among the
different estimates of mean current.

The other two anchor stations at mooring 893 (A and C, Table 3) had
durations of 21. 5 and 11.5 hr respectively. However, the 9.5 hr of
suspect Arnetek data from station 893A resulted in a data gap which
precluded tidal analysis. The standard deviations and means of the
velocity components (Fig. 9) during the remainder of station 893A (wind
speeds < 15 kts, light to moderate seas/swells) show substantial
similarity in vertical and instrumental differences to those for station
893B (Fig. 7): in particular, relatively-low RCM standard deviations at
34 and 57 m and relatively-high values for v at 12 m, reduced RDI
standard deviations for v in the upper 20 m, offsets in the RDI means for
the lower 7 bins, and differences between the RDI and Arnetek means for u
in the upper 30 m. There are also some contrasts to 893B, e.g. in the
differences in the RDI and Arnetek means for v.

The tidal analysis results for station 893C, during which wind
speeds were up to 20 kts and seas/swells were again light, are shown in
Figure 10. Similar discrepancies to those at the other stations are
apparent, with the exceptions of reduced reductions in the 34 and 57-m
RCM amplitudes, agreement of the RCM and Arnetek amplitudes at 12 m,
possible degradation in the 55-m Arnetek velocities, and more complicated
vertical structure in the RDI/Arnetek mean-current differences.

On the basis of these results (and supported by other results not
shown), it is concluded that the velocity estimates for the lowest RDI
bin (64 m) and for Ametek bins below 55 m at site 3 are degraded. These
data are henceforth deleted from the analyses.

SCATTERPLOTS AND REGRESSIONS

Further information on the orlgln of the discrepancies among the
velocity estimates is available from scatterplots and regressions between
the different 3D-min estimates of a particular variable. Figures 11 (RDI
vs Arnetek) and 12 (RCM vs Arnetek) show such scatterplots for rate and
direction at three different vyrtical levels for the combined data from
the three anchor stations at mooring 893. Regression results are
summarized in Tables 4 and 5. On the basis of the apparent
self-consistency of the Ametek data shown above (as well as that which
follows) and the availability of Ametek data at most moorings, the Arnetek
time series is taken as the independent variable in the scatterplots and
regressions presented in this report. Although this can be interpreted
as taking the Ametek data as the tentative "standard", the major points
arising from the intercomparison are independent of this choice.

It can be seen from the scatterplots and regression results that the
various direction estimates during the anchor stations at mooring 893 are
in excellent agreement, all lying close to the 1: 1 line. In contrast,
the rate plots show greater scatter, as well as substantial deviations
from the dashed 1:1 line, suggesting that the discrepancies identified in
the tidal analyses and statistics originate with the rate, rather than



24

U Std Dev (m/s) V Std Dev (m/s)

0° 0.2 0.4 0.6 00 0.2 0.4 0.6 0.8 1.0

OJ-. 0 ..10 10 0 C~ o •

! o ..

20 20 .. Ametek ~ A
II OA

IJD 0 RDI III
E 0 E c RCM 0

AO o.e.
30 ~o 30 oOA

c/o J::. C oA
J::.

"00 - O.e.
0. 40 ~ 0.40 o °A
<ll o.a. <ll ~

0 J 0 o~

50 III 50 oA
0'1

A Ametek 00 ..

C A~
0 RDI c o 6.

°A60 0 c RCM 60 0

d 0
0 a

70 70

U Mean (m/s) V Mean (m/s)
-0.2 -0.1 0 o , -0.2 -0.1 00

0 A A 0
10 0 liJ 10 f- D 0

A Ametek 0 0
0 A A 0

0 RDI 0 .. 0

20 0 A
20 0

c RCM 0 A A 0

E
0 A

E
o.

0 0
0 A o A

30 o °A 30 0 A0

J::. oAC J::. 0
0'0

~
q. - o A

0. 40 0.40 o A
<ll oa. Q) 0.1.

0 ~ 0 A Ametek Ro
50 AO 50 0 RDI ~

0 • AO
0 c RCM 0

0 A J1 0 00 CA 6060 0 0
0 0

0 C o C

70 70

Figure 9. Standard deviations (square root of total variance) and means
of the ReM, RDI and Ametek velocity components during anchor station
893A.



A o
o

o 0

A- Ametek
o RDI
o RCM

1.00.8

o A

V Amplitude (m/s)
0.4 0.60.2

25

U Amplitude (m/s)
00 0.2 0.4 0.6

0
0

10 00 A 10
oAO

A Ametek

."20 0 RDI 20N:i

E
0 RCM A 0

E0
A 0

30 A 0
0 30

.r:: 0 A 0 .r::
A 0 ...

0.. 40 A 00 0..40
Q) A 0 Q)

0 A
O

00

50 Ao 50
~o

00 •A 6060 0

rao

70 70

7o1-.-----------------'

U Phase (degrees)
130 140 150 160 170

o....--:..;.:.--..:....;..~-....;..;;.;----r----y---,
60

A

o

V Phase (degrees)
20 30 40 50

v Zo (m/s)
o 1'""""".....-•.::;0;;:.2:..r--.-~....._.0:r..:..1......-..--....-..--0r-.....,

I
A- Ametek
o RDJ
o RCM

A Ametek
o RDI
o RCM

0
10

10

20

E
30

.r::...
0.. 40
Q)

0
50

60

70

0.2

A 0

iI 10 0
0

A 0
A A- 0

0
A

20
A 0

A A- 0

A A 0
E 0

A A 0
30 A- 0

A 0
A °oe.r::

A

~40 AOo

Q) A 0
0

0 A 0

50 A 0
A- 0

0

b 0
0

60 0
0

0 e
70

oo

o
.iii
o

o

o

A Ametek
o RDJ
o RCM

60

10

20

E
30

.r::-0..40
Q)

o
50

U Zo (m/s)
·0.1 0 0.1

0

10
AO

0
0

0
A- Ametek 0

020 0 RDJ 0
0

E 0 RCM 0
0

30 0
0

13 A.r::
A

0.. 40 ~
Q) Oil.

0 0
0

A

50 o '"
0 A-
0
0 oil.

0 A
60 0

0
0 0

70

Figure 10. M2 amplitudes and phases, and constant terms (2
0
's) for the

RCM, RDI and Ametek velocity components during anchor station 893C.



26

RATE (M/sa::) DIRECTION (DEG.TRUE)

360

-

-

-

-

300240180120eo

I I I J I

300

t 240

~
8.

180
~

~ 120
C

60

0

-

-

-

-

-

lZi

1!lO

0.00 0Zl O!lO O.?':) 1.00 lZi 1!lO I.?':)
1.71) / (

/
/

/ 
/

/ ....
/ ....

/

-++ ,,/... +
4: ,. ..

... ....+"'+++......l ..
... / + ...
10 / ++.. ~~ ..

.. t.+;l,r........~ ..
-+:~/++ ...

/
/

/
/

/
/

0.00 1<.LJ/..,l-J..Ll..1J...W..J.1..J...J..J...J...1L...Ll..,l-J..Ll..1.L...I..J..J.I..,l-J..Ll...L...I..JI....L..l..J

RDI (12 M.) YS. AMETEK (12 M.) RDI (12 M.) YS. AMETEK (12 M.)

RATE (M/sa::)

0Zl 0!l0 0.71) 125 1m J.7I) eo

DIRECTION (DEG.TRUE)

120 180 240 300 360

/

f~/
/

1m / - 300 ..../<l;: _
/

/ ft/

125 "4
/ - M' ¥

/"::> 2040
/.~

-
i

/ .. t:;
~ .. ..

.. -iA .... Cl
j'i<..

/- ~

a *" ri"-*" 8.
180

~..... -
~ o,?':) +11· ... - s... f + ~ ""(... ... :+...

-+4 120 ./~ -
0!l0 ....... - Q

/ .. .;........,.. ~
/

~~/" 80 -0Zl / - / ..
/ .. ,;/

/ I I I I I I ~.. I I I I I
0 0

RDI (3-4 M.) ys. AMETEK (34 M.) RDI (34 M.) VS. AMETEK (34 M.)

RATE (M/Brr) DIRmTION (DBC.TRUE)

0 0Zl 0!l0 o.?':) 125 1m I.?':) 0 eo .120 180 2040 300 360
1.7!> 380

/
/

/

1.llO /
300/ +'''

/ ;I/

125 / M' ...
/ .. r/

::> 240

~
/ t:; ""/

~
.. of+

/

.~a /
+i:t/ ... 180

~ + ... ~ ...

~
f!< o.?':) .. "ti" :1III .... \4:Jr:: e 120

0!l0
~ ..

Q /~ ......
/+~+ ...... eo / ....

0Zl / 04
/ /+

/

.~/

0 0

RDI (M M.) YS. AMETEK (M M.) RDI (M M.) YS. AMETEK (M M.)

Figure 11. Rate and direction scatterplots for RDI (ordinate) versus
Ametek (abscissa) data at three vertical levels during the three anchor
stations at mooring 893. The dashed line is the 1: 1 line.



27

RATE (N/~) DIRECI'JON (DEG.TRUE)

ReM (12 M.) vs. AMETEK (12 M.)

-

1.!lO

/
/

/
/

/
/

0.00 1<.U/..w...l.W1u..J...u..1w...L..LI...1J..J..l..l.1..LJ..w..J.1..w...l.W1u..J...w...J

RATE (N/Jm:)

Q25 0.!l0 0." 125 1.!lO I."oI." r"""'.........,..,.........,..,..,....,...,.......,................,..,.............,..,...........,.............,.

DIRECTION (DEG.TRUE)

1IO 120 180 240 300

ol<.l..JL..U..J..l..J..l...u..u..JL..U..J..l..l..L..l..l...L..U...L.J...l..I..l.J..l..l...u..J

ReM (34 M.) vs. AMETEK (34 M.)

1.!lO

~
~a
~
~ 0."

iO.!lO

/
/

/
/

/
/

/
/

/
/

/
/

/ ..
/ ..

// ~~ ..
J~~

• t..'" ...?+ ....~.......~
/.. .

/
/

/

RCM (34 M.) vs. AMETEK (34 M.)

RATE (1I~

Q25 0.!l0 0.75 125 1.110 I."oI." r"""'.........,..,.........,..,..,....,...,.......,................,..,.............,..,...........,.............,.

DIRECTION (DBa.TRUE)

1IO 120 1110 240 300 3lIO

/
/

/
/

/
/

/
/

/
/

/
/

/
/

/
/

/ 'tf.
/" ........./ ; ~

• / ~4....
.. /4,..Jt*·

•t~+f01
/\r~ ..

/
/

/

RCW (~7 ...) VS. AMETEK (!lO ...) RCM (~7 M.) VS. AMETEK (!lO M.)

Figure 12. Rate and direction scatterplots for ReM (ordinate) versus
Ametek (abscissa) data at three vertical levels during the three anchor
stations at mooring 893. The dashed line is the 1:1 line.



28

standard errors (s , s ), the residual standard
o 1

observations and regression predictions, the squared correlation

coefficient (r2) and the number of observations (N) are given. The f
ratio, high values of which indicate that a higher-degree regression
polynomial is appropriate (BMDP 1983), is also given.

Table 4. Summary of linear regression results for RATE at site 3.
Results are presented for the mooring 893 anchor stations combined
(893A+B+C), the 1S-day RCM/RDI intercomparison (893/920), station 913A,
and mooring 9S5 (RCM vs S4). The intercept (a), slope (a), their

o 1

deviation (SD) between the

Depth

Station

Dep/lnd

Variable

a ± s
o 0

(m/s)

a ± s
1 1

SD

(m/s)

2
r N f

Ratio

12-14 m

893A+B+C

"

"
893/920

955

RDI12/AM12

RCM12/AM12

RCM12/RDI12

RCM12/RDIl2

RCM13/S4-14

.14 ±.03

.05 ±.03

-.07 ±.03

-.04 ±.01

- .03 ±.001

.80 ±.03

1. 00 ±. 03

1.19 ±.03

1.16 ±. 01

1.11 ±.001

.08

.07

.07

.06

.03

.88

.94

.95

.95

.99

86

86

86

771

4386

1.0

.6

.6

1.5

.3

34-37 m

893A+B+C

"

"
893/920

9l3A

955

RDI34/AM34

RCM34/AM34

RCM34/RDI34

RCM34/RDI34

RCM34/AM34

RCM36/S4-37

.13 ±. 02

.16 ±.02

.08 ±.02

.09 ±.01

.10 ±. 04

-.16 ±.oos

.83±.03

.66 ±.02

.77±.02

.76 ±.01

.74 ±.os

1.27 ±.01

.06

.05

.04

.04

.05

.07

.93

.92

.94

.95

.89

.87

86

86

86

771

28

4781

2.1

11.2

46.8

167.1

1.1

118.2

55-57 m

893A+B+C

"

"
893/920

RDI56/AM55

RCM57/AM55

RCM57/RDI56

RCM57/RDI56

.11 ±.03

.04 ±.03

-.01±.03

- .04 ±. 01

.81 ±.OS

.69 ±.os

.78 ±.04

.82 ±.02

.08

.08

.06

.07

.73

.71

.80

.78

86

86

86

771

.1

7.6

6.6

25.3

62-64m

893/920 RCM64/RDI62 .00 ±.01 .93 ±.02 .07 .79 771 .9



Table 5. Summary of linear regression results
Results are presented for the mooring 893
(893A+B+C), the IS-day RCM/RDI intercomparison
and mooring 955 (RCM vs S4). The intercept
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for DIRECTION at site 3.
anchor stations combined
(893/920), station 913A,
(a), slope (a), their

o 1

standard errors (s , s ), the residual standard deviation (SD) between the
o 1

observations and regression predictions, the squared correlation

coefficient (r
2) and the number of observations (N) are given.

Depth

Station

12-14 m

893A+B+C
It

"
893/920

955

34... 37 m

893A+B+C
It

It

893/920

913A

955

55-57 m

893A+B+C
It

"
893/920

Dep/lnd

Variable

RDIl2/AM12

RCM12/AM12

RCM12/RDI12

RCM12/RDI12

RCM13/S4-14

RDI34/AM34

RCM34/AM34

RCM34/RDI34

RCM34/RDI34

RCM34/AM34

RCM36/S4-37

RDI56/AM55

RCM57/AM55

RCM57/RDI56

RCM57/RDI56

1.8 ±l.4

2.9 ±l.5

1.2±l.1

0.9 ±0.4

-2.0 ±O.l

-3.9 ±1.0

-2.8 ±l.7

1.1 ±l.4

4.2 ±0.5

-4.7 ±2.3

-2.1 ±0.2

-0.8 ±l.7

1.2 ±l.4

2.9 ±2.l

7.0 ±0.7

a ± s
1 1

.998 ±.Ol

.997 ±.Ol

.998 ±.005

.995 ±.002

1.004 ±. 001

1.008 ±.005

1. 018 ±.ooa

1. 010 ±. 006

.993 ±.002

1. 018 ±. 01

1. 008 ±. 001

.999 ±.ooa

.992 ±.006

.988 ±.009

.974 ±.003

6.1

6.5

4.7

5.2

3.4

4.7

7.6

6.1

6.6

5.9

6.6

7.5

6.1

9.4

9.8

2
r

.997

.996

.998

.998

.999

.998

.995

.997

.996

.997

.996

.995

.997

.993

.991

N

86

86

86

771

4386

86

86

86

771

28

4781

86

86

86

771

62-64m

893/920 RCM64/RDI62 4.6 ±o.a .979 ±.004 10.6 .990 771
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direction, measurements. For 12 m, the scatterplots indicate that the
rate relations are nearly linear, with suggestions of low ROI values at
high speeds and high RCM values at all speeds. The rate regressions
indicate significant differences from the 1:1 line for all except RCM vs
Ametek, with standard deviations about the predicted line of 0.07-0.08
m/s. For 34 m, the rate scatterplots indicate that the ROI/Ametek
relation is also nearly linear (although with a slope significantly
different than 1 according to the regression results), but there is a
clear suggestion of a nonlinear relation between the RCM and Ametek (also
between the RCM and ROI; not shown), with the RCM rates being relatively
low for speeds exceeding 0.8 m/s. Finally, for 55-57 m, the plots show
increased scatter with the ROI/Ametek rates encompassing the 1:1 line and
appearing linear (although different from the 1:1 line according to the
regression), and the RCM/Ametek rates generally falling below the line.

b. IS-Day ~I Intercomparison

STATISTICS AND TIDAL ANALYSIS

The 15+ days of concurrent RCM and ROI measurements at site 3
provide a much larger data set for the intercomparison of those velocity
estimates. Figures 13 and 14 show, respectively, the standard deviations
and means, and the tidal analysis results for a IS-day portion of these
records. Since the standard deviations and tidal current amplitudes show
similar patterns, and the same is true for the means and Z ' s, we willo
focus on the tidal analysis results (Fig. 14).

The ROI M
2
-current amplitudes decrease as the seafloor is

approached, in qualitative agreement with the expectation for tidal
currents in a homogeneous fluid (e.g. Prandle 1982). The exception is a
5% fall-off in the v amplitude in upper 20 m, similar to that seen in the
anchor station data but with reduced magnitude. The RCM amplitudes show
a similar relation to the ROI amplitudes as for the anchor stations:
10-12% high at 12 m, 12-15% low at 34 m, 20-25% low at 57 m, and
apparently good agreement at 64 m. The residual standard deviations
between the observed currents and regression predictions are in the range
0.07-0.17 mls for this analysis for both the RCM and RDI data, implying
(lower-bound) amplitude errors of about 0.01 m/s. The
instrument-to-instrument differences noted above exceed the sum of these
errors and the expected instrument errors, suggesting degradation in one
or both of the velocity estimates.

The phases show similar differences to the anchor stations
estimates, with the differences well within the sampling interval. Two
noteworthy features of the phase are a 4°-offset for the u-component in
the lower 7 ROI bins (apparently associated with the 3-beam solution but,
perhaps fortuitously, giving better agreement with the 57-m RCM
estimate), and an increase in phase lag for both the RCM and RDI
v-components very near the bottom (in contrast to the vertical structure
elsewhere in the water column).

The res idual currents over the 15 - day period (1. e . the Z ' s) showo
qualitative consistency, except for the lower portion of the water column
where the 3-beam solution is used. The RCM estimates suggest a general
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of the ReM and RDI velocity components during the IS-day intercomparison
period for moorings 893 and 920.
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southeastward mean flow at all depths, consistent with the known
clockwise gyre on Georges Bank (e.g. Butman et al. 1987) and an on-Bank
drift. This flow includes a baroclinic and weaker barotropic component.
The RDI estimates in the upper half of the water column show the same
features, but the lower 7 bins have offsets of about -0.07 m/s for u and
+0.01 m/s for v resul ting in sign changes for both components. Thus,
there is a strong suggestion that the RDI estimates of the mean component
of flow are unreliable for (at least) the lower 7 bins where the 3-beam
solution was used.

SCATTERPLOTS AND REGRESSIONS

Figures 15 and 16 show scatterplots between the RCM and RDI
variables for the four intercomparison levels. Since this is the largest
data set of the intercomparison, plots are also shown for the velocity
components to allow examination of the possible association of
discrepancies with particular flow directions. The linear regression
results for rate and direction are included in Tables 4 and 5.

The directions again lie close to the 1:1 line for all levels, with
a particularly tight relation at 12 m. There is a slight increase in
scatter at the other levels, and suggestions of a systematic
direction-dependent deviation from the 1: 1 line at the lower levels,
indicating a possible phase difference between the instruments or mooring
sites. The generally good agreement is confirmed by the direction
regressions.

The rate scatterplots and regressions provide further support for
the discrepancies discussed earlier. At 12 m, the RCM is relatively high
by a fixed percentage (about 16%), consistent with the apparent
degradation in the RDI estimates in the upper 20 m. At 34 m, there is a
nonlinear relation with the RCM relatively low at all speeds, but
particularly so at speeds exceeding 0.8 m/s. At 57 m, the relation
appears more linear with the ReM rates low by about 18%, while the
agreement at 62-64 m is as good as could be expected given the different
vertical levels in a high shear zone.

The component scatterplots for 12 m show some suggestion of greater
RCM/RDI differences in the east (+u) and south (-v) quadrants, and
similarly in the north (+v) and south quadrants for 34 m. However, this
may be simply a reflection of the higher speeds in these directions. On
the other hand, the 57-m data show similar deviations in all quadrants.
The u-component at 62-64 m shows a uniform offset towards the negative
RDI axis, consistent with the offsets apparent in the lower 7 RDI bins in
Figures 13 and 14.

c. Anchor Station at Mooring 913: RCM vs Ametek

The final RCM/Ametek intercomparison data set for site 3 is from a
l4-hr anchor station at mooring 913 (913A, Table 3). This mooring
replaced mooring 893 at the end of cruise 88023, with the same design
(Fig. 2). Unfortunately, the 12- and 57-m RCMs did not return usable
rate estimates for the anchor station period, so that intercomparison
with the Ametek is only possible for the 34-m level. Wind speeds were
12-25 kts and sea/swells were light to moderate during the anchor
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station.

The scatterplots for rate and direction are shown in Figure 17, and
the corresponding linear regression results included in Tables 4 and 5.
Good direction agreement and relatively-low RCM rates, particularly at
speeds exceeding 0.6 m/s , are apparent. The regress ion line is not
significantly different from that for the RCM vs RDI data in the 15-day
comparison, and only marginally different from the RCM vs Ametek data for
the mooring 893 stations.

d. Moorin& 955: RCM Y.§. S4

The 1989 deployment of RCMs and S4s on the same mooring (955)
provides a large data set for the comparison of RCM and electromagnetic
current measurements. The M

2
current amplitudes (not shown) from the RCM

measurements have a similar (normalized) vertical structure to those from
mooring 893, suggesting similar RCM performance for the two different
moorings. The vertical structure of the M2 current amplitude from the S4

measurements is similar to that from the RCMs, but this is misleading as
shown in the rate and direction scatterplots for RCM versus S4 (Fig. 18).
The direction plots again show good agreement, albeit with some
suggestion of increased scatter at mid-depth (also see regression results
in Table 5). The rate plot for the upper level is similar to the
RCM/Ametek rate plot for that level in mooring 893 (Fig. 12), with
relatively-high RCM rates (also see Table 4). On the other hand, the
mid-depth rate plot suggests two loci of points: one near the 1:1 line
for all speeds (up to 0.95 m/s) , and the other deviating from the 1: 1
line for (RCM) speeds above 0.6 m/s with no S4 values above 0.95 m/s in
spite of RCM values up to 1.1 m/s. The general features of this plot are
not changed upon correction of the S4 rates for a cosine-function tilt
degradation. As discussed further in Section 6, the measurements from
the 37-m S4 are clearly degraded during certain strong flow regimes, thus
limiting their value in determining the accuracy of the RCM measurements.

4. RCM/Ametek Intercomparisons at Other Sites

We next present the intercomparison results for the other sites,
starting with the Bank sites (#'s 2,4,6) which have nearly-uniform depths
(locally), and concluding with the Bank-edge sites (#'s 1,5).

a. Site 2 (Moorings 891, 919)

We start with site 2 which has the same depth (66-67 m) as site 3,
but somewhat increased stratification (average surface-to-bottom density
differences in the range 0.5-2.0 at units during the anchor stations).

The data set includes three anchor stations at mooring 891 (cruise 88023)
and one at mooring 919 (cruise 88036).

MOORING 891

The results for mooring 891 are illustrated by the tidal analysis
results shown in Figure 19 for station 89lB, during which wind speeds
were less than 8 kts and seas/swells light. The amplitude results are
similar to those for site 3, with: the RCM values greater at 3 m above
the seafloor than at 10 m, the Ametek values in the 58-m bin apparently
degraded (as expected), and the RCM values at the mid-depth and 57 m
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levels significantly reduced relative to those from the Ametek. There is
increased vertical structure in the Ametek amplitudes between 20 and 30
m, as well as in the u-component' s phase and constant term (2); sinceo
the pycnocline was approximately at this level, this structure may
signify an internal tide contribution. The differences between RCM and
Ametek phase are generally well wi thin the sampling interval, with the
exception of the u-component at 57 m which has a phase difference
corresponding to 20 minutes. There is qualitative agreement between the
different estimates of residual current, with the exception of the 57-m
level where the RCM estimate for the u-component is low. A noteworthy
feature of the Ametek data is a 30% decrease in the residual-current
estimates and a 10% decrease in the M

2
amplitude in the near-surface

region.

The rate and direction scatterplots for the three stations
(combined) at mooring 891 are shown in Figure 20, with the corresponding
regression results in Tables 6 and 7. (Wind speeds were less than 8 kts
and in the range 8-15 kts at stations 891A and 891C respectively, and
seas/swells were light.) There is again substantial similarity .to the
results for site 3 (e.g. Fig. 12, Tables 4 and 5), with the direction in
good agreement, the rates in best agreement at the l2-m level, and the
RCM rates at mid-depth and 57 m low compared to the Ametek estimates,
particularly for Ametek rates above 0.8 m/s at 35 m.

MOORING 919

The final anchor station at site 2 was near mooring 919 which used
vector-averaging RCMs with a 2-5 min recording interval (Table 2). The
ship was anchored from 0500 UTC on 4 October to 0028 UTC on 6 October,
including an interval (approximately 1430 UTC on 4 Oct to 1918 UTC on 5
Oct) when deck operations were suspended due to weather conditions.
Since the Ametek was operated in Profiling mode (without bottom tracking)
during the first 11 hours of this period, the anchor station is taken to
start at 1600 UTC on the 4th (Table 3). Wind speeds were in excess of 25.
knots up to about 1200 UTC on the 5th, and seas/swells (per ship's bridge
log) were moderate to heavy throughout.

The tidal analysis results for this station are displayed in Figure
21. The Ametek profiles indicate reduced vertical structure in
M

2
-amplitude, phase and residual current compared to the mooring 891

stations. The RCM amplitude at mid-depth shows improved agreement with
the Ametek estimate, while the 57-m RCM amplitude remains relatively low
(the l2-m RCM did not return usable data). The phases are in good
(within 15 min) agreement, and the residual currents show some
qualitative similarity but substantial quantitative differences.

The rate and direction scatterplots for this station are shown in
Figure 22, and the regression results in Tables 6 and 7. Increased
direction scatter about the 1:1 line is apparent, although there still is
generally good agreement. Rate at mid-depth differs from that at the
other moorings at sites 2 and 3, here centered near the 1:1 line but with
increased scatter. This may be a manifestation of increased random
variability in either the RCM or Ametek measurements during storm
conditions, or of a reduced systematic difference between the RCM and
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Table 6. Summary of linear regression results for RATE at Bank sites 2,
4 and 6. Results are presented for the mooring 891 anchor stations
combined (891A+B+C), station 919A, the mooring 895 stations during cruise
88023 (895A+B), and stations 895C and 897. The intercept (a), slope

o

the residual standard deviation (SD)(a ), their standard errors (s , s ),
101

between the observations and regression model predictions, the squared

correlation coefficient (r
2

) and the number of observations (N) are given.
The f ratio, high values of which indicate that a higher-degree regression
polynomial is appropriate (BMDP 1983), is also given.

Depth

Station

Dep/lnd

Variable

a ± s
o 0

(m/s)

a ± s
1 1

SD

(m/s)

2
r N f

Ratio

10-12 m

891A+B+C

895A+B

895C

897A

RCMll/AM12

RCM11/AM12

RCM11/AM12

RCM10/AM12

.04 ±.03

.08 ±. 02

.25 ±.05

-.07 ±.08

.99 ±.03

.89 ±.02

.66 ±.06

1.14 ±.12

.08

.03

.05

.08

.93

.97

.78

.85

81

83

32

18

4.3

2.2

.5

.6

34-43 m

891A+B+C RCM35/AM37

919A RCM34/AM34

895A+B RCM34/AM34

895C RCM34/AM34

897A RCM41/AM43

.13±.02

- .03 ±. 04

.22 ±.Ol

.17 ±.03

- .00 ±. 07

.67 ±.02

.99 ±.09

.54 ±.02

.65 ±.04

.99±.12

.06

.12

.03

.03

.07

.91

.64

.92

.88

.81

82

65

83

32

18

9.0

2.1

5.4

.3

.6

52-73 m

891A+B+C RCM57/AM55

919A RCM56/AM52

895A+B RCM53/AM52

895C RCM53/AM52

897A RCM73/AM68

- .03 ±. 02

.20 ±.03

.10 ±. 02

.10 ±.03

.08 ±.03

.78 ±.04

.24 ±. 07

.64 ±.03

.68 ±.05

.51 ±.05

.07

.08

.04

.03

.03

.85

.18

.82

.86

.85

82

65

83

32

18

10.8

4.4

37.4

.6

.02
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Table 7. Summary of linear regression results for DIRECTION at Bank sites
2, 4 and 6. Results are presented for the mooring 891 anchor stations
combined (891A+B+C), station 919A, the mooring 895 stations during cruise
88023 (895A+B), and stations 895C and 897. The intercept (a), slope

o

(a ), their
1

between the

correlation

standard errors (s , s ), the residual standard deviation (SO)
o 1

observations and regression model predictions, the squared

coefficient (r2) and the number of observations (N) are given.

Depth Dep/lnd ± s ± SD 2
Na a s r

0 0 1 1
Station Variable (0 ) (0 )

----------------------------------------------------------------------
10-12 m

891A+B+C RCM11/AM12 0.7 ±1.4 .993 ±. aa 7 7.1 .996 81

895A+B RCM11/AM12 -5.1 ±O.9 .993 ±. aa 4 3.9 .998 83

895C RCM11/AM12 -6.2 ±z.o 1. 003 ±. a1a 4.7 .997 32

897A RCM10/AM12 -4.3 ±1.8 .999 ±.OO9 3.6 .999 18

34-43 m

891A+B+C RCM35/AM37 -5.1 ±z.o .994 ±. a 1a 9.6 .993 82

919A RCM34/AM34 -8.5 ±4.8 1.011 ±. aZl 17.5 .973 65

895A+B RCM34/AM34 -0.2 ±1.3 .985 ±.OO6 5.6 .997 83

895C RCM34/AM34 0.5 ±Z.8 .986 ±. 013 6.7 .995 32

897A RCM41/AM43 -1. 7 ±3.5 1.020 ±. aZa 7.5 .994 18

52-73 m

891A+B+C RCM57/AM55 1.8 ±z.z .977 ±. a 10 10.1 .992 82

919A RCM56/AM52 0.3 ±4.8 1.032 ±.O21 16.8 .976 65

895A+B RCM53/AM52 1.8 ±1.3 .991 ±.OO6 5.4 .997 83

895C RCM53/AM52 -1. 4 ±z.O 1.013 ±. aa 9 4.8 .998 32

897A RCM73/AM68 11.2 ±3.0 1.003 ±. 015 5.8 .996 18
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Figure 21. M
2

amplitudes and phases, and constant terms (Zo's) for the

ReM and Ametek velocity components during anchor station 9l9A.
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Ametek estimates for weaker currents or when vector-averaging RCMs are
used. However, the data are not adequate to draw a firm conclusion. The
56-m rate comparison is also different from that at the other moorings,
with a pronounced fall-off in RCM rates at rates above 0.5 mls and
possibly increased scatter.

b. Site ~ (Mooring 895)

The southernmost mooring site on the principal line was occupied by
mooring 895 from early in cruise 88023 to late in cruise 88036. The
depth at this site was 63 m, and there was little stratification during
the cruise surveys with the surface -to-bottom density difference less
than 0.3 at units. Two anchor stations (895A, B) were conducted during

88023 and one (895C) during 88036, with wind speeds 15 knots or less
throughout and light seas and swell.

The intercomparison results for this site are illustrated by the
tidal analysis results for station 895B, shown in Figure 23. Although
the vertical structure in the amplitude and phase is reduced (as expected
at this site of increased tidal mixing), the differences between the RCM
and Ametek estimates show strong similarity to those at sites 2 and 3:
relatively-low RCM amplitudes at mid-depth and 10 m above bottom, and
good phase agreement. The residual currents show qualitative agreement
but again substantial quantitative differences, with the RCM estimates
generally low, particularly at 10 m above bottom.

Figure 24 shows the rate and direction scatterplots for the three
895 stations combined, while the regression results are included in
Tables 6 and 7. Separate regression results are shown for the 88023
(stations 895A,B) and 88036 (station 895C) data to examine whether there
is evidence for reduced RCM rates during the latter part of the mooring
period associated with the biological fouling observed on the instrument
upon recovery. The scatterplots indicate excellent direction agreement
between the RCM and Ametek estimates, but rate differences as at sites 2
and 3: relatively-low RCM rates at mid-depth and 10 m above bottom,
particularly for rates exceeding 0.6 mls at mid- depth. In addition,
there is also a suggestion of relatively-low RCM rates for high rates at
the upper level. The regression results confirm these variations, and
also suggest an increased deviation between the upper-level RCM and the
Ametek during the last cruise, indicating a possible significant
biological fouling of this instrument's rate measurement.

c. Site Q (Mooring 897)

The final "Bank" site was site 6 where mooring 897 was deployed
during cruise 88023. The nearly-uniform depth at this site was about 83
m, and there was limited stratification (surface-to-bottom density
difference up to 1.0 at units). Winds, seas and swell were light during

the single anchor station (897A) at this site.

The scatterplots (Fig. 25) and regression results (Tables 6, 7) for
this station show improved agreement at mid-depth (compared to the other
Bank sites), but a similar discrepancy at the lower level. The
directions are again in good agreement with the exception of a 10° offset
at the lower level, and there is also a suggestion of relatively-high RCM
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rates at the upper level.

d. Bank-Edge Sites (Moorings 889 and 896)

The other two mooring sites (#' s 1,5) were located near the 150-m
isobath on the edge of the Bank, where large cross-Bank gradients· in
depth, tidal current (e.g. Greenberg 1983) and residual current (e.g.
Loder and Wright 1985) are expected. Two short anchor stations (889A,B)
during cruise 88023 and one (889C) during 88036 were conducted at site 1,
and one station (896A) at site 5. The ship was anchored in shallower
water than the moorings (Tables 1,3), so that the resulting RCM and
Ametek data are expected to be less suitable for a quantitative
intercomparison.

Rate and direction scatterp10ts (not shown) for these moorings show
more scatter than those for the Bank sites, although the points are
generally centered near the 1: 1 lines. In particular, the direction
plots and regressions (Table 9) indicate that the direction estimates
were generally within about 20°, while the rate scatterp10ts (not shown)
and regressions (Table 8) show more variation with depth and station
(than at the other sites).

For site 1, the rate regressions for stations 889A+B indicate
approximate agreement between the RCM and Ametek estimates for the upper
two levels during cruise 88023, but not for the 90-m level. In contrast,
the regressions for the upper two levels in station 889C indicate poor
agreement, with the regression line for the upper level being
particularly different from that in stations 889A+B. The station 896A
regressions show some similarities and some differences from those for
station 889A+B: here the upper-level regression is poor (contrasting that
at 889A+B), the lower-level regression is poor (like that at 889A+B), the
39-m regression is good, and the 71-m comparison is in intermediate
agreement. It is not clear whether these discrepancies are associated
with real spatial gradients in the flow, instumenta1 problems, or
biological fouling of the RCMs (in the case of 889C). Considering the
quantity and quality (from an intercomparison point of view) of the data,
it is also not clear that there is a degradation in any of the velocity
estimates.

5. Comparison with Predicted Tidal Currents

Predictions of the barotropic component of the M2 tidal current on

Georges Bank are available from Greenberg's (1979, 1983) numerical
models. Here we present a quick comparison (Table 10) between the
predictions of Greenberg's (1983) model with 7-km grid resolution, and
vertical averages of the observed current amplitudes and phases for
selected periods at each of the mooring sites. The model predictions for
these sites are obtained through a spatial interpolation scheme following
that in the model solution, and rotation of the resulting tidal current
variables from Greenberg's co-ordinate system to the east-north system
used here. Estimates of the predicted amplitudes upon adjustment for the
differing water depths between the model and observations are also
presented.

The vertically-averaged observed
unweighted averaging of the amplitudes

results are obtained from
and phases at vertical levels
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Table 8. Summary of linear regression results for RATE at Bank-edge sites
1 and 5. Results are presented for the mooring 889 stations during cruise
88023 (889A+B), the mooring 889 station during cruise 88036 (889C) and
station 896A. The intercept (a ), slope (a ), their standard errors (s,

010

S ), the residual standard deviation (SD) between the observations and
1

regression model predictions, the squared correlation coefficient (r2) and
the number of observations (N) are given.

Depth

Station

Dep/Ind

Variable

a ± s
o 0

(m/s)

a ± s
1 1

SD

(m/s)

2
r N

10-21 m

889A+B RCM21/AM21 -.02 ±. 05 1.04 ±. 07

88ge RCM21/AM21 .24 ±.09 .52 ±.16

896A RCM10/AM12 .24 ±.10 .51 ±.14

39-43 m

889A+B RCM43/AM43 .15 ±. 05 .88 ±. 08

88ge RCM43/AM43 .19 ±.10 .77 ±.25

896A RCM39/AM40 .08 ±.03 1.14 ±. 05

.13

.12

.18

.11

.14

.07

.86

.32

.46

.79

.34

.95

35

24

17

35

21

25

11m

896A RCM71/AM71 .12 ±.04 .83 ±.07 .08 .85 25

89-102 m

889A+B RCM90/AM89 .22 ±. 05 .50 ±. 09 .11 .46 35

896A RCM102/AM89 .14 ±. 06 .57 ±.11 .10 .53 25
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Table 9. Summary of linear regression results for DIRECTION at Bank-edge
sites 1 and 5. Results are presented for the mooring 889 stations during
cruise 88023 (889A+B), the mooring 889 station during cruise 88036 (889C)
and station 896A. The intercept (a ), slope (a), their standard errors

o 1

(s , S ), the residual standard deviation (SO) between the observations
o 1

and regression model predictions, the squared correlation coefficient (r2)
and the number of observations (N) are given.

Depth Dep/Ind

Station Variable

a ± s
o 0

C)
a ± s

1 1

2
r N

10-21 m

889A+B

889C

896A

39-43 m

889A+B

889C

896A

RCM21/AM21

RCM21/AM21

RCM10/AM12

RCM43/AM43

RCM43/AM43

RCM39/AM40

-27.5 ±4.3

10.6 ±6.6

-9.7 ±2.5

-6.1 ±3.4

-28.4 ±16.0

-9.7 ±3.3

1. 024 ±. 031

1. 006 ±. 031

.970 ±.014

1. 006 ±. 020

.933 ±.085

1.009 ±.016

14.8

15.8

6.6

11.6

37.8

7.4

.971

.979

.996

.987

.863

.994

35

24

25

35

21

25

71m

896A RCM71/AM71 -13.9 ±4.2 1.008 ±.020 10.2 .991 25

89-102 m

889A+B RCM90/AM89

896A RCM102/AM89

-1. 2 ±3. 7

11.5 ±6. 1

.971 ±.021

.919 ±.028

13.3

16.9

.984

.979

35

25
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Table 10 Observed and predicted amplitudes and phases of the east (u) and
north (v) components of the M

2
constituent of tidal current at the six mooring

sites. The observed values are depth-averages of the amplitude and phase
values computed for the indicated vertical levels from moored current
measurements over the indicated period. The predicted values are from
Greenberg's (1983) barotropic numerical model for the M

2
tide. The

parenthesized predicted values are obtained by scaling the model predicted
amplitudes to the observed depth at the site, assuming inverse proportionality
between amplitude and depth. Phase lags are relative to the astronomical
forcing at Greenwich. The 29-day analyses resolve the M

2
, N

2
and S2

constituents, while the other analyses infer the latter two constituents from
the astronomical potential ratios.

Mooring No.

Period

Site 1:

Depth(m)

Obs Pred

u-amp(m/s)

Obs Pred

u-ph(O)

Obs Pred

v-amp(m/s)

Obs Pred

v-ph(O)

Obs Pred

889(20+43+90+l45m) 155 173

26/6-25/7 (29-dy)

except 26/6-11/7 for 90m

.43 .39

( .44)

170 169 .36 .38

(.43)

025 020

Site 2:

912 (1l+35+57m)

11/7-9/8 (29-dy)

67 77 .45 .49

(.56)

154 147 .69 .74

(.85)

023 021

Site 3:

920(12+34+56m)

2/6-1/7 (29-dy)

Site 4:

895 (1l+34+53m)

27/6-26/7 (29-dy)

68

63

63

65

.53 .55

(.52)

.54 .55

(.56)

143 139

139 140

.80 .80 025 023

C. 76)

.67 .75 033 025

(.77)

Site 5:

896(39+7l+l02+l38m) 148 145

2716-9/7 (12-dy)

.46 .50

( .49)

159 169 .44 .46 007 027

( .45)

Site 6:

897 (10+4l+73m)

27/6-9/7 (12-dy)

83 83 .44 .54 142 148 .59 .72 025 030
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(Table 10) chosen to give as close· to uniform vertical representation as
is possible with the returned data. Observed results are presented for a
single 29-day period at each site, except for sites 5 and 6 where only
l2-day records are available. The observed amplitudes and phases for
other periods generally differ from those presented here by less than 10%
and 5°, respectively, except for site 1 where there are substantially
larger variations at some depths.' These variations are probably
associated with variable baroclinic tidal currents and/or different
analysis period lengths. The RDI observations (mooring 920) are used at
site 3, and the RCM observations at the other sites.

The comparison indicates that the M
2

tidal currents inferred from

the moored measurements during the 1988 study are generally in good
agreement with the predictions of Greenberg's (1983) model, but there are
quantitative differences. The observed and predicted phases have similar
spatial structure, and are generally within 10° There are slightly
larger phase differences at one of the Bank-edge sites (#5) where the
vertical resolution is reduced and baroclinic tides are expected to be
largest (e.g. Marsden 1986). There are amplitude differences of up to
about 20%, which are not significantly reduced when the the model
predictions are adjusted for the depth differences. In 5 of 6 cases for
RCM measurements at the Bank sites (#'s 2,4,6), the observed amplitudes
are more than 0.1 m/s less than the adjusted model predictions,
consistent with the RCM/Ametek intercomparison results which indicate
that the RCMs underestimate rate. (Note that the apparent RCM
underestimation at mid-depth and 10 m above bottom is partly cancelled by
the apparent RCM overestimation at the upper level at some sites, due to
the vertical averaging in the present comparison.) The amplitudes for
the RDI measurements at site 3 are slightly high, but the differences are
less than those within the' observed amplitudes for different 29-day
periods. The Bank-edge amplitudes show as good agreement as could be
expected considering the expected complicated structure of the tidal
current at those sites.

In short, the comparison with model predictions is consistent with
the earlier suggestions that: the RCM estimates of direction are good,
but of rate are degraded (in some cases); and the RDI estimates of the
time-varying (both amplitude and phase) component of flow are good over
most of the water column (but possibly slightly degraded above 20 m).

6. Discrepancies and Possible Explanations

a. RCM Rates

The intercomparison with the Ametek, RDI and S4 velocity estimates
(e.g. Tables 4 and 6), and the comparison with model predictions (Table
10) point to significant degradation of the RCM rate measurements at some
levels. To further examine the dependence of this degradation on flow
rate and direction and on position, Tables 11 and 12 present statistics
of the ratio of RCM rate to Ametek/S4 rate for various ranges of
Ametek/S4 rate and direction for the Bank moorings.

For the upper level, it can be seen that the mean value of the rate
ratio is generally within a standard deviation of 1 for all ranges of
rate and direction, except for mooring 955 where the RCM rates are 3-9%
higher than the S4 rates. There is also an overall tendency (35 out of
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Table 11. Statistical summary of ratio of RCM rate to Ametek/S4 rate for
various ranges of Ametek/S4 rate, for Bank sites. SD refers to standard
deviation and N to number of observations. Also shown are the statistics for
the ratio of RDI rate to RCM rate at 12 m for the IS-day intercomparison.

Depth Variables 0-0.4 m/s 0.4-0.8 m/s 0.8-1.2 m/s 1. 2-1. 6 m/s

Station Mean SD N Mean SD N Mean SD N Mean SD N

-----------------------------------------------------------------------------
10-14 m

891A+B+C RCM11/AM12 1. 22 .24 7 1.06 .12 23 1.02 .07 48 1.09 .06 3

893A+B+C RCMI2/AM12 1. 30 1 1.06 .08 31 1.06 .09 42 1.01 .04 12

895A+B RCM11/AM12 0 1.02 .04 35 .97 .03 45 .97 .02 3

895C RCM11/AM12 0 1.01 .09 13 .94 .07 19 0

897A RCM10/AM12 1.12 1 1.02 .15 12 1.07 .03 5 0

955 RCM13/S4-14 1.03 .09 271 1.06 .05 2106 1.08 .03 1603 1.09 .02 406

920/893 RDI12/RCM12 1.04 .14 10 .93 .08 306 .90 .06 308 .87 . 03 147

34-43 m

891A+B+C RCM35/AM37 1.04 .15 12 .91 .15 33 .81 .05 33 .76 .03 4

919A RCM34/AM34 .85 .34 35 .99 .25 27 .81 .03 3 0

893A+B+C RCM34/AM34 1.08 .22 7 .94 • 10 37 .82 .05 40 .77 .03 2

913A RCM34/AM34 1.03 .01 2 .90 • 10 17 .85 .03 9 0

895A+B RCM34/AM34 1.11 .02 2 .89 .06 48 .78 .03 33 0

895C RCM34/AM34 0 .96 .09 28 .84 .02 4 0

897A RCM41/AM43 .86 .07 2 .99 .11 16 0 0

56-73 m

891A+B+C RCM57/AM55 .79 .27 19 .69 .12 44 .77 .08 19 0

919A RCM56/AM52 .89 .25 31 .68 · 17 32 .37 .07 2 0

893A+B+C RCM57/AM55 .93 .19 13 .74 · 14 62 .77 .04 11 0

895A+B RCM53/AM52 1.13 .08 3 .79 .07 66 .81 • 04 14 0

895C RCM53/AM52 .98 .04 6 .85 .06 26 0 0

897A RCM73/AM68 .75 .10 6 .65 .04 12 0 0
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Table 12. Statistical summary of ratio of RCM rate to Ametek/S4 rate for four
quadrants of Ametek/S4 direction, for Bank sites. SD refers to standard
deviation and N to number of observations. Also shown are the statistics for
the ratio of RDI rate to RCM rate for the l5-day intercomparison.

Depth Variables 315°_045° 045°_135° 135°-225° 225°_315°

Station Mean SD N Mean SD N Mean SD N Mean SD N

-----------------------------------------------------------------------------
10-14 m

891A+B+C RCM11/AM12 1.01 • 14 30 1. 07 .09 16 1.06 .09 32 1. 26 · 11 3

893A+B+C RCM12/AM12 1.07 • 11 28 1.03 .06 13 1.05 .06 31 1.05 · 11 14

895A+B RCM11/AM12 1.01 · 04 21 .98 .04 16 .97 • 03 32 1. 03 .04 14

895C RCM11/AM12 1.01 · 07 6 .92 .02 5 .95 .08 14 1. 01 · 11 7

897A RCM10/AM12 1.01 .09 5 .99 .19 6 1.10 .07 7 0

955 RCM13 /S4 -14 1.06 · 05 1247 1.06 .04 868 1.07 .04 1577 1.05 · 07 694

920/893 RDI12/RCM12 .96 .06 226 .89 .06 160 .86 .04 265 .95 .09 120

34-43 m

891A+B+C RCM35/AM37 .83 .07 29 .92 • 16 15 .89 • 17 29 .94 · 13 9

919A RCM34/AM34 .83 • 18 18 1.09 · 43 7 1.11 .24 23 .63 · 16 17

893A+B+C RCM34/AM34 .86 .08 32 .94 · 11 13 .88 · 12 28 .95 · 19 13

913A RCM34/AM34 .93 • 05 6 .80 .05 7 .89 .09 11 1.01 .05 4

895A+B RCM34/AM34 .86 .03 22 .86 .08 15 .83 .10 32 .90 .10 14

895C RCM34/AM34 .91 .03 7 .91 .03 6 .94 .12 12 1.01 .09 7

897A RCM41/AM43 .90 .03 4 .95 · 10 6 1.04 .12 8 0

56-73 m

891A+B+C RCM57/AM55 .69 · 14 31 .56 · 13 11 .77 · 11 32 .99 · 14 8

919A RCM56/AM52 .90 · 17 18 .64 .25 13 .63 .18 22 .97 .22 12

893A+B+C RCM57/AM55 .72 .12 32 .74 • 11 12 .77 · 17 28 .90 .15 14

895A+B RCM53/AM52 .81 .05 21 .83 .07 12 .78 .08 34 .86 .13 16

895C RCM53/AM52 .86 .09 8 .92 .08 5 .85 .06 13 .89 · 11 6

897A RCM73/AM68 .68 .06 4 .71 .04 4 .62 .03 8 .85 .02 2
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43 cases) for the ratio to be greater than one, such as for mooring 893
where the earlier tidal analyses (e.g. Fig. 8) indicated relatively-high
RCM rates at this level. Note that the ratios for station 895C are not
as suggestive of degradation as were the regression results (Table 6);
apparently, the distribution of the data set over a limited rate range
can lead to less-than-robU$t regression results.

The ratios at the mid-depth level generally show a consistent
decrease with increasing rate, from values near 1 at low rates, to values
near 0.8 at rates exceeding 0.8 m/s. In particular, there is remarkable
consistency across moorings in the mean ratios for the latter rate
ranges. No consistent dependence on direction is apparent for the
mid-depth ratios.

The rate ratios at 10 m above bottom show more scatter with mooring
than at the other levels, and are less than 1 for all rate and direction
ranges except one. Part of this low bias may be associated with the
Ametek bin generally being several metres above the RCM, but (as
discussed b'elow) this is not the dominant effect. There is some hint
that the ratio is closer to 1 at low speeds and for westward flow, but
there are exceptions.

Considering these results and the apparently good agreement (Figs.
13-15) between the RCM measurements at 3 m above bottom and the RDI data,
there is a clear pattern of increased differences between the RCM and
acoustic estimates of rate for positions away from the ends of the RCM
mooring, i.e. the discrepancy appears to have an antinode (or antinodes)
near the middle of the mooring and nodes at the top and bottom. In
addition, there is a suggestion of increased differences at higher rates,
although this is less clear at 10 m above bottom than at mid-depth. We
now briefly discuss possible sources for these discrepancies.

i) Degradation of the Acoustic Measurements. The agreement between
the RDI and Ametek velocities in the interior of the water column (where
they should be most reliable), the consistency of their (interior)
vertical structure with expectations, the unexplainable decrease of the
RCM rates from 3 to 10 m above bottom, and the rate dependence of the
difference between the RCM and acoustic rate measurements (more likely
for a mechanical measurement than an acoustic one?) strongly indicate
than the the RCM/acoustic rate discrepancies at mid-depth and 10 m above
bottom arise primarily from the RCM measurement. However, as discussed
in the next section, there is some degradation of the RDI measurements,
particularly in the upper 20 m.

ii) Horizontal Gradients in the Velocity Field. The typical
separation of 2 km between the RCM moorings and the anchor station
positions raises the possibility that real spatial gradients in velocity
contribute to the observed rate discrepancies. Since the discrepancies
occur for the tidal velocity, the magnitude of this contribution can be
estimated from the M

2
tidal currents computed from the RCM measurements

at the various sites. Using the mid-depth measurements from moorings 893
and 897 for east(+x)-west gradients, and the mid-depth measurements from
the first 29-day period in each of moorings 895 and 912 for
north(+y) -south gradients, the following estimates are obtained:
~U/~x - .002 m/s/km, ~U/~y = -.001 m/s/km, ~V/~x = -.001 m/s/km,
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~V/~y - .004 m/s/km, ~~ /~x - .lo/km, ~~ /~y - .7°/km, ~~ /~x = .04°/km
u u V

and ~~ /~y - _.3°/km where U, V, ~ and ~ are the amplitudes and phasesv u v
of the east and north components. Clearly, for separations of a few km,
gradients of this magnitude cannot account for the observed
discrepancies. Closer examination (Belliveau and Loder 1990; also §6.b)
of the concurrent Ametek and RDI measurements at site 3 suggests,
however, that there were larger, but intermittent spatial gradients
associated with internal waves. Nevertheless, it seems unlikely that the
consistent discrepancies at mid-depth and 10 m above bottom at the four
Bank sites reflect real structure in the current regime.

iii) Vertical Excursions of the RCMs. Some reduction of the RCM
rates relative to the acoustic estimates is expected from the combination
of the tilt of the mooring (and associated downward excursion of the
RCMs) and the reduction (expected and generally observed) of current
magnitude with depth below the surface. (Note that the acoustic
estimates used in the intercomparison were generally for depths
corresponding to the RCM positions in the absence of mooring tilt.)
However, the small magnitude of the observed pressure variations on the
upper RCMs (less than 6 and 10 db for the Bank and Bank-edge moorings,
respectively), the small current changes expected and observed over these
vertical distances (e.g. Fig. 8), and the different vertical structures
of the observed discrepancies and those expected for mooring tilt
(similar at the upper and mid-depth levels) suggest that vertical
excursions of the RCM is not the maj or problem. Comparison of the
mooring 893 RCM rates with the Ametek rates interpolated to the
time-varying vertical positions of the RCMs confirms that this effect is
small. In any case, the RCM measurement of smaller currents at 10 m
above bottom than at 3 m cannot be explained by this effect.

iv) Tilt of the RCMs. When the tilt of the mooring line
substantially exceeds the tilt allowed by the gimbal (29°), degradation
of the RCM velocity measurements through jamming of the compass (expected
for instrument tilts exceeding 12°) or an altered response of the rotors
is of concern. Since the present discrepancy is clearly with rate,
compass malfunction cannot be an explanation. Furthermore, the mooring
line tilts (up to 29° for mooring 893) predicted by Hamilton's (1989)
model are within the gimbal's allowance and largest for the RCMs at 3 m
above bottom (where consistency between the RCM and RDI rates was
apparent). Thus, it appears that excessive tilt of the RCMs is not the
dominant problem.

v) Instantaneous RCM Direction Measurements. Whereas the acoustic
measurements involved proper vector averaging over the 10-15 min
recording interval, the RCM measurements involved some scalar averaging
of rate in combination with instantaneous direction sampling: in the
RCM5s, over the 30-min recording interval; in the RCM7/8s, over the 12-36
s sampling interval. The RCM/Ametek rate ratios for the RCM7/8s show
improved agreement in some cases, but reduced agreement in others, and
more scatter in general. Considering these observations and the
expectation that the lack of vector averaging would lead to an
overestimation of rate in the presence of high-frequency current
fluctuations, there is little reason to expect that the discrepancies are
a result of the RCM averaging procedure.
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vi) RCM Rate Calibration. Other investigators (Magnell and
Signorini 1986; Larouche and Deguise 1989) have recently found that the
rates measured by paddle-wheel RCMs are high except at low speeds, and
have suggested a calibration problem. The present observations at the
upper level are qualitatively consistent with this, although there is
variability in the magnitude of the discrepancies in the different
experiments. It is unlikely however that a calibration problem could
account for the systematic discrepancies at mid-depth and 10 m above
bottom.

vii) Misalignment of RCMs. The existence of a semi-cylindrical
shield (between 180 and 360° relative to the expected flow direction
looking down) around the paddle-wheel rotor on the RCMs raises the
possibility that the rotors are shielded if the RCM is not aligned
exactly into the current. Other investigators (Woodward et al. 1988;
Larouche and Deguise 1989) have suggested that this may occur for weak
currents in the presence of high-frequency motion, such as from surface
waves. Preliminary field tests (A.J. Hartling, BIO, personal
communication, 1989) of the significance of the effect for flow speeds of
0.4-0.8 m/s indicate that rate can be underestimated by up to 19% for 15°
(±SO) misalignments, and the rotor can stall for misalignments of 30°
(±So). A possible explanation for the RCM/acoustic rate discrepancies is
that, under certain flow conditions, the RCMs away from the ends of the
mooring were either intermittently (e.g a high-frequency fluctuation) or
persistently (e.g. constantly offset) misaligned from the relative
current direction, resulting in shielding of the rotors and
underestimation of rate. The resulting rate underestimation should be
largely independent of the extent of vector averaging. The maj or
questions are the origin of any such misalignment and the exact magnitude
of the associated degradation.

The leading candidate for the origin of RCM misalignment is a
vibration of the mooring, or of particular mooring components, for
current speeds above some threshold. One possibility is that a
half-wavelength mooring vibration (nodes at top and bottom, antinode at
mid-depth) was excited by vortex shedding from particular mooring
members, similar to that described by Fofonoff (1966). Such a vibration
would account for the degradation occurring only at interior positions,
but seems unlikely since: (i) the present observations suggest different
temporal occurrence of the mid-depth and lower-level degradations; and
(ii) the expected natural period (4-9 seconds) for such a vibration
should be long enough for the RCMs to remain roughly aligned with the
relative water velocity.

A more likely scenario is that vortex shedding from the backup
buoyancy packages (Viny floats) positioned near the interior RCMs induced
local mooring-line vibrations at the Strouhal frequency (order 1 Hz), to
which the RCMs were unable to adequately respond. Loder and Hamilton
(1990) present a simple model for the relative water velocity associated
with a mooring-line vibration normal to the current and at frequency
higher than the vane response frequency. The model indicates two
effects: an increase in the average speed relative to the current meter,
which should be observed by a "perfect" meter; and, assuming that a
paddle-wheel RCM's vane is unable to remain aligned with the fluctuating
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relative velocity, a reduction in the average current speed recorded by a
paddle-wheel RCM, due to rotor shielding. For a l-Hz vibration with
amplitude 0.1 m, a l-m/s current, and the rotor shielding influence
observed in Hartling's field tests, the model predicts that the second
effect dominates, resulting in an average rate reduction comparable to
the difference between the observed Ametek and RCM rates. Field tests in
which an RCM and buoyancy package were towed behind a vessel at different
speeds indicate such a vibration for speeds above 2 mis, although the RCM
remained stable and aligned with the flow (Loder and Hamilton 1990). In
the case of the Georges Bank moorings, where many more Viny floats were
distributed along a line under much greater tension than in the field
tests, it is conceivable that resonances were set up among the various
packages, resulting in an enhanced mooring-line vibration and instrument
response.

A key prediction of Loder and Hamilton's (1990) simple model is that
RCM rate degradation can occur without much increase in scatter in the
measured directions. This is because the model assumes that the RCM
remains nearly aligned with the absolute current, while the rotor
shielding is induced by large direction variations in the relative water
velocity. Such a limited increase in scatter for the measured directions
is consistent with the Georges Bank observations. The residual standard
deviations between the RCM and Ametek direction estimates for the Bank
mooring sites (Tables 5, 7) are generally in the ±s-lOo range, with more
scatter at the interior levels than than at the upper level; in 7 of 7
cases, the standard deviation is larger for the mid-depth regression than
for the upper-level regression for the same mooring, and in 6 of 7 cases
for the regression at 10 m above bottom (than for the upper level).

b. Near-Surface Rates: RCM, RDI and Ametek

The ratios in Tables 11 and 12, and the earlier tidal analysis and
statistics results suggest that, at the upper level, the RCM rates are
generally high relative to the acoustic estimates and the RDI rates are
generally low relative to those of the Ametek and RCM. The tidal
analysis results for the RDI data (Figs. 8, 14) and, at times, the Ametek
data (Fig. 19) show near-surface reductions in tidal current amplitude,
while individual RDI and Ametek profiles (e.g. Figs. 4a, Sa) show that a
reduction in near-surface current magnitude occurs intermittently during
the tidal period.

To examine the near-surface rates further, we start with the ls-day
RCM/RDI data set and show in Figure 26 time series plots of the scalar
difference between the RDI and RCM rates at 12 m and the ratio of these
rates, for comparison with rate (RGM) , direction (RCM) and backscatter
intensity (RDI) at this level. The plots show clearly that neither the
rate difference nor the ratio is constant, but instead vary considerably
over the semidiurnal tidal period with the difference regularly going
positive (RDI > RCM) and the ratio correspondingly exceeding 1 (in
addition to the dominant occurrence of negative differences and ratios
less than 1). The rate and direction show strong semidiurnal variations
(as expected), raising the possibility of them influencing the rate
discrepancies. The backscatter intensity appears less stationary
(statistically) with occasional semidiurnal variations, but also
considerable variability at other frequencies including a dominant
diurnal variation during days 184 - 190. The timing of this variation is
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Figure 26. Time series plots of the difference between the RDI and RCM
rates, the ratio of RDI rate to RCM rate, the RCM rate and direction, and
the RDI backscatter intensity, all at 12 m, during the lS-day
intercomparison.
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suggestive of a diel vertical migration by zooplankton or larvae, perhaps
moving to the surface layer at night.

The relationship among these variables is illustrated in Figure 27,
which shows scatterplots of rate difference and ratio versus rate,
direction and backscatter intensity. Significant correlations are
apparent suggesting that the relatively-low ROI rates (or alternatively,
the relatively-high RCM rates) are particularly associated with high
current speeds, flow in the southeast quadrant, and low backscatter
intensities. The statistics of the ROI/RCM rate ratio for various rate
and direction ranges (Tables 11, 12) confirm these suggestions. Similar
scatterplots (not shown here but see Belliveau and Loder 1990) indicate
strong dependences of rate ratio on vertical shear and of rate and shear
on current direction, such that the apparent dependences on rate may
actually reflect an influence from shear.

We next examine in more detail the occurrence of near-surface rate
discrepancies among the RCM, ROI and Ametek during anchor station 893B.
Figure 28 shows time series plots of the rate ratios, Ametek rate and
direction, temperature difference between the 12- and 64-m RCMs, and RDI
backscatter intensity. The rate ratios again show considerable
variability with time (including a possible semidiurnal component), with
the variations in the ROI/Ametek and RCM/Ametek ratios having a striking
similarity. This similarity raises the possibility of a variation in the
Ametek rates being a contributor to the near-surface rate discrepancies.
The rate ratio variability also shows some similarity to variations in
flow speed and direction, stratification and backscatter. The RCM/Ametek
ratios generally fluctuate near 1, except for values closer to 1.2 during
northward flow; the ROI/Ametek ratios generally fluctuate near 0.9,
except for values around 1.1 during the times of high RCM/Ametek ratio;
and the ROI/RCM ratios fluctuate in the range 0.8-1.0.

These observations allow consideration of some candidate explanations:

i) RDI Degradation due to Sidelobe Reflection from S:. Biological
Layer. The occurrence of a strong variation in near-surface backscatter
intensity and visual observations (R.I. Perry, DFO St. Andrews, personal
communication, 1989) of dense concentrations of amphipods near the
surface in the study area lead to the hypothesis that the observed
fall- off (e. g. Figs. 7,8) in ROI rate in the upper 20 m arose from
sidelobe reflection from a near-surface layer of biological scatterers.
However, the observed relationship of the largest rate reductions being
associated with relatively-low backscatter intensities discounts this
possibility.

ii) RDI Degradation due to Sidelobe Reflection from S:. Guard Buoy
Mooring. After deployment of the ROI, a guard buoy mooring (horizontal
scope of 10's of meters expected) was inadvertently placed about 100 m
from the RDI position (Fig. 3). Since the relative positions of the
guard buoy and the ROI are not exactly known, it is possible that the
buoy and its mooring tackle and associated wake were in the path of the
acoustic beams (either persistently or for particular flow directions).
However, the observed relationship between rate difference and
backscatter intensity, and the largest rate discrepancies being
associated with southeastward flow (instead of east to northeastward flow
which, on the basis of the estimated positions, should place the buoy
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closest to the RDI) suggest that this was not a significant factor.

iii) Internal-Wave Signatures. Comparison of time-depth plots
(Belliveau and Loder 1990) of the N-S (Ametek) current component and
temperature from hourly CTD profiles during station 893B indicates that
the maxima of the ratios involving Ametek rate in Figure 28 were
associated with subsurface current maxima of several hours duration,
which occurred while the tidal front was being advected through the
mooring site. The ratio maxima arose because the near-surface current
reduction observed by the Ametek was greater than that observed by the
RDI and RCM (2 km away). During the other anchor stations at site 3,
there also were near-surface (Ametek) current reductions during periods
of stratification, but with less temporal persistence and vertical extent
than during 893B. These observations point to real spatial structure in
a baroclinic flow feature as a contributing factor to the differences
between the Ametek and other measurements. However, since the RDI and
RCM were in relatively-close agreement during the periods of near-surface
(Ametek) current reduction and were located only 0.5 km apart, it is
unlikely that this is the main source of the RDI/RCM discrepancy.

iv) RDI Degradation due to High Shear and Low Backscatter.
Chereskin et al. (1989) have shown that the RDI velocity measurements can
be biased low when there is high shear and low backscatter intensity. In
particular, there can be problems when the automatic gain control (AGC)
count, a measure of backscatter intensity, falls below 90. As discussed
by Belliveau and Loder (1990), many of the relatively-low RDI rates in
Figure 26 occurred during periods of high shear and/or low backscatter,
particularly associated with southward flow when the flow speeds were
highest. However, neither of these factors alone appears to explain all
of the apparent RDI degradation: low RDI/RCM ratios also occurred for
low shear and other flow directions, and the ratios for southward flow
were always low in spite of high backscatter at times.

There are two effects associated with the AGC passing through the
90-count level which probably contribute to the relatively-low
near-surface RDI rates. The first is the shutdown of Doppler tracking,
which should cause increased velocity errors as the center frequency of
the return signal passes out of the filter's passband or as the signal
level drops into the noise floor (Chereskin et al. 1989). With tracking
shut down, the expected error for the RDI settings on Georges Bank and
the observed shears of order 1 cm/s/m is 6-8 cm/s (J. Gast, RD
Instruments, personal communication, 1990). Secondly, RDls with pre-1989
ROMs reduce the bandwidth of their narrow-band filters by 1/2 at the
90-count level (J. Gast, personal communication, 1990). The latter
problem was exacerbated in the Georges Bank deployment by the use of
short pulse lengths which led to broad transmit and return spectra.
Thus, when the filters' bandwidths were reduced, the return spectrum was
modified if the tracker was not centered on the signal. This would
happen during times of high shear when the backscatter level was low,
consistent with the observations.

In addition, the default settings for the tracking filters in
pre-1989 RDI's were unable to track currents in high shears as well as
more recent revisions which are specified to track shears up to 1 cm/s/m.
Since shears in the range of 1-1.5 cm/s/m were common during the Georges
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Bank deployment, particularly for southward flow, poor tracking during
periods of high shear is a probable contributor to the relatively-low
near-surface RDI rates.

To illustrate the combined influences of shear and backscatter on
the RDI measurements, Figure 29 shows the mean value of the l2-m RDI/RCM
rate ratio for various ranges of AGC, with the data sorted into
observations corresponding to shears greater and less than 1 cm/s/m. The
ratio consistently decreases with decreasing AGC count for both high and
low shear, with the mean value closest to 1 for low shear and high AGC.
Since the various errors resulting from poor Doppler tracking should be
greatest for the bins furthest away from the instrument, we conclude that
the relatively-low near-surface RDI rates arise from a variable
combination of high shear and low backscatter, exacerbated by the use of
short pulses.

c. S4 Rates at 37 ill

The rate scatterplot (Fig. 18) for the RCM versus S4 on mooring 955
suggests a problem with the S4 measurement for certain flows above 0.6
m/s. A direction-distribution plot (not shown) of the RCM/S4 rate ratio
indicates that the problem is associated with southeastward (on-Bank)
flow, when the major axis of the tidal ellipse and the residual current
combine to yield maximum speeds.

Further detail on this problem can be seen in time series plots
(Fig. 30) of the unaveraged rates and directions, and of the S4
orientation and tilt for a typical one-day interval. The RCM and S4
rates track well, except during southeastward flow when the S4 rates are
markedly "clipped" at about 0.8 mls while the RCM rates appear clipped to
a lesser extent. During this time, the S4 current direction follows a
smooth tidal variation (although the S4 orientation is varying by ±500 on
top of a tidal variation), and there is variability in the RCM direction
about that of the S4, accounting for the bulge in the direction
scatterplot (Fig. 18). The S4 tilts show maximum values of 27° during
southeastward flow, and increased variability (± 3°) during both
southeastward and northwestward flow.

Although degraded and unable to resolve the high-frequency motion of
itself and the water, the S4 measurements are consistent with some form
of amplified relative water velocity during southeastward flow, such as
mooring-line vibration. The specific cause of the S4 rate degradation is
unclear, other than it appears related to mooring vibration.

d. Mean Currents

The statistics and tidal analysis results show discrepancies of
order 0.05 mls in the mean currents estimated using the different
instruments. Although such current differences are small compared to the
tidal current amplitudes, they exceed the differences expected on the
basis of the manufacturers' specified accuracies and are very significant
in relation to the typical residual current speed of 0.1 m/s. We now
examine some possible explanations for these differences.

i) Direction-Dependent Degradation of Tidal Current Rate. The ratio
versus direction scatterplot in Figure 27 indicates the possibility of a
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for the mean flow.

Bank), the
velocities.
in measured

10% error in either the RCM or RDI rate measurement for southeastward
flow (alternatively, the discrepancy may be due to some correlated factor
such as backscatter intensity). In the presence of a dominant
oscillatory flow, such a direction-dependent error in the measurement of
rate can significantly bias the measured mean current. For an
oscillatory flow u(t) - u sin wt, and a relative (systematic) error in

1

rate of e when u > 0 and 0 when u < 0, an absolute bias of 2eu I~ results
1

For e - 0.1 and u
1

- 1.0 m/s (typical of Georges

bias is 0.06 mls in the direction with larger measured
Thus, this may be a significant factor to the discrepancies

mean current at the upper level.

ii) Rate-Dependent Degradation of Tidal Current Rate. There is a
clear suggestion (Table 11) of a rate-dependent degradation of the RCM
rate measurement at mid-depth, with greater relative error at high rates.
In the presence of a strong background tidal current, such a measurement
error can lead to enhanced relative errors in the mean current (compared
to the relative error expected for the rate corresponding to the mean
current). For a (mean+tidal) current u(t) - u + u sin wt and a

o 1

relative (systematic) rate error of a lui where a is a constant
(overestimate if a > 0, underestimate if a < 0), it can be shown that the
resulting relative error €' in mean current is

e' - -a u
o

2 ( 1+
~

2
u

1

2u2
o
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) sin (-

2
u u
o)+~( 1

U ~ 2
1 U

o

_ 1 ) liz ).

Simple expressions result in two cases: (a) when then

then

error is now the parenthesized factor

the
4 u

( 1) au; i.e. the relative
11" u 0

o

3/2 au; i.e. the relative error is 50% larger than in the absence
o 2 2

oscillatory current; and (b) when 2 u ~ u ,
o 1

€ '

€ '

of

greater than in the absence of the oscillatory flow. The significance of
this effect for the Georges Bank data set can be estimated by choosing
u - 10 u, in which case e' - 12.7 au, resulting in the relative error

1 0 0

being over an order of magnitude larger than in the purely mean-flow
situation. For u - 0.1 mis, u - 1.0 mls and a - -0.2 [corresponding to

o 1

relative (absolute) errors of -.02 (-.002 m/s) for u = 0.1 mls and -0.2
(-0.2 m/s) for u - 1.0 m/s], the relative error in mean current is -0.25
with an absolute error of -0.025 m/s. Thus, this effect may contribute
significantly to the observed mean-current discrepancies at mid depth and
10 m above bottom, although these models suggest that the mean current
degradation would be greater for a direction-dependent current
measurement degradation than for a rate-dependent one.

iii) RDI Offsets. The large vertical and error velocities measured
by the RDI, and the clear offset between the mean currents obtained from
the three- and four-beam solutions (e.g. Fig. 14) point to an offset
problem in the RDI' s Doppler trackers. In the absence of such offsets
and significant instrument tilts, the Doppler counts reported by opposing
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beams should be approximately equal and opposite. However, examination
of the raw Doppler counts averaged over the Georges Bank deployment shows
that neither pair of opposing beams had such matching Doppler counts. On
the other hand, the standard deviations of the counts from opposite beams
were in good agreement upon adjustment for the observed instrument tilts.
This is, of course, consistent with the earlier results which indicate
that the RDI measurements of the time-varying component of flow are
generally accurate (below 20m) while the mean currents are biased, and
indicates that the problem was not isolated to anyone beam or pair of
beams.

The most likely explanation for this problem is a frequency skewing
of the transmitted pulse by the transducer pass band (e.g. Chereskin et
a1. 1989). This skewing would tend to be increased by the short (2.2-m)
pulse length used in the Georges Bank deployment and, since each beam
could bias the transmitted pulse differently, could result in a different
offset for each beam. The offsets could also vary with depth, since the
spectral shape of the transmitted pulse is not necessarily SYmmetrical
and the sYmmetry of the received pulse can change with the superimposed
depth-varying noise level which is likely to have different spectral
properties than the transmitted pulse. As shown by Chereskin et al.
(1989), these errors can be enhanced by mispositioning of the filters
used in tracking the frequency center of power of the returned pulse.
Furthermore, since the spectral width of the returned pulse was larger
than normal in the present data set (probably associated with the short
pulse length), there may be additional velocity inaccuracy associated
with the autocovariance calculation. It appears then that RDI offsets
associated with the small bin size and other instrument settings during
the Georges Bank deployment are a major factor in the observed
mean-current discrepancies.

7. Summary

The intercomparison described above has provided quantitative
information on the accuracy and consistency of the various current
measurements during the Georges Bank Frontal Study.

On the positive side, the instruments worked satisfactorily most of
the time, the direction measurements were generally in excellent
agreement, the rate measurements generally agreed within 20% (0.2 mls
errors for 1 mls currents), and the ship-mounted ADCP (Ametek)
measurements obtained at anchor appear to be reasonably accurate (other
analyses, however, suggest significant errors in bottom- track velocity
while steaming).

The most conclusive negative result is that Aanderaa current meters
(RCMs) with paddle-wheel rotors can significantly underestimate rate in
some situations. RCMs positioned near mid-depth away from the ends of
the moorings consistently underestimated rate by about 20% for local flow
speeds in excess of 0.8 m/s. RCMs positioned at 10 m above bottom also
underestimated rate, typically by about 20%, but with less consistency
than at mid-depth and a less clear dependence on flow speed. Since this
degradation may exist for other RCM (paddle-wheel version) measurements
at BIO and elsewhere, it is paramount that the problem's origin be
identified and understood. As discussed in another report (Loder and
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Hamilton 1990), the leading candidate for the or~g~n is a high-frequency
mooring-line vibration forced by vortex shedding from in-line
backup-buoyancy packages, which results in shielding of the RCMs'
paddle-wheel rotors. A most significant feature of this mechanism is
that it can contribute to significant errors in the measurement of rate
without much increase in the scatter of measured current direction (for
vaned meters). Clearly, observations of high-frequency mooring and
instrument motion, a model for mooring vibration, and further
measurements of the degradation magnitude as a function of misalignment
angle would be invaluable. The observations from the S4 positioned
near-depth on the 1989 mooring indicate that the S4 performance is also
affected by the mooring-line vibration, although the mechanism is
unclear.

Smaller discrepancies (approximately 10%) were found among the RCM,
RDI and Ametek rate estimates for the interval 10-20 m below the sea
surface, with relatively-high RCM values and relatively-low RDI values.
It appears that the low RDI values were primarily associated with periods
of low backscatter intensity and high vertical shear, and caused by poor
Doppler tracking (also see Belliveau and Loder 1990). The problem was
exacerbated by the use of short pulse lengths (small bin sizes) in the
Georges Bank deployment. It is expected that the use of longer pulses
and recent updates in the RDI firmware would have considerably reduced
the data degradation. In addition to this RDI problem, there appears to
have been additional contributions to the near-surface current
discrepancies from relatively-high RCM rates (supported by the RCM/S4
intercomparison), perhaps due to a calibration problem, and real spatial
structure in baroclinic flow features between the Ametek anchor sites and
the RCM/RDI mooring sites.

Significant discrepancies were also found among the mean-current
measurements. In particular, the RDI measurements during the Georges
Bank deployment include significant offsets, probably associated with
some combination of frequency skewing of the acoustic pulses,
mispositioning (relative to the pulse) of the tracking filters, and large
spectral widths of the returned pulses. Again, it is likely that these
problems would have been (at least partly) reduced with a longer pulse
length. In addition, it is shown that, with a strong background tidal
current, direction- or rate-dependent degradation in an instrument's rate
measurement can result in enhanced relative errors in mean current. For
the apparent RCM rate degradation in the Georges Bank data set, relative
errors in mean current of 25-50% can result.

The intercomparison results also provide a sobering reminder that no
amount of care and checking is excessive in the execution and processing
of scientific measurements. In addition to the rate discrepancies
discussed above and many data points rejected during quality control, the
present exercise has uncovered an inadequate compass calibration (RDI) ,
routine application of incorrect calibration coefficients in the BIO
processing procedure (for paddle-wheel RCMs) , and errors in an analysis
program (Residual option of Tidal Analysis) in routine use at BIO (as
well as a variety of mistakes by the authors).

Needless to say, measurement inaccuracies such as those identified
here and others found recently in another intercomparison study (D.J.
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Lawrence, BIO, personal communication, 1989) have the potential of
seriously eroding the reliability and value of ocean current studies.
The underestimation of high current speeds by 20% substantially alters
the predicted occurrence of extreme current speeds as required in many
engineering design applications. Uncertainties of 25-50% in mean current
estimation, as would occur with the present measurement inconsistencies
and strong high-frequency current fluctuations (as occur on the
continental shelf), may exceed the interannual variability signal of
importance in many climate and biological (e.g. larval drift) problems.
Clearly, ongoing instrument calibration and data intercomparison should
be essential components of any scientific measurement program.
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