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INTRODUCT IQN

BACKGROUND AND CONFERENCE OBJECTIVES

There is concern within the marine community about the ability of
existing current measurement Systems to provide accurate and reliable flow
velocity information when subjected to the full range of marine environ-
mental conditions. Despite a significant amount of activity, instrument
development, testing and applications are not fully documented. There is
particular concern about the insufficient knowledge of the dynamic respense
characteristics of many sensors and systems, and thus the uncertainty of
data collected with them.

The Office of Ocean Engineering {00E), NOAA's initial response tc
numerous external recommendations citing the need for advances in ocean
engineering and for a federal entity to foster civilian ocean engineering,
feels that the area of current measurement technology is of sufficient
importance to take a special initiative. The recently established coffice,
existing organizationally in NOAA under the Assistant Administrator for
Research and Development, has the mission to deal with this type of tech-
nology problem that is widespread throughout the community yet has no single
agency dedicated to solving it. 7o stimulate a responsive approach to the
technology problems, a working conference was convened for those in the
community involved in the measurement of currents. The Working Conference
on Current Measurement was sponsored by 00E in conjunction with the Univer-
sity of Delaware Sea Grant College Program and held in Newark, Delaware on
January 11, 12, and 13, 1978,

The Conference was convened to help determine who has the need to
measure currents and why, what technology is presently being used and for
what reason, and what technology problems and needs exist. Additionally,
it was hoped that solutions to specific technology problems could be
recommended .

The overall conference objective was twofold: first, to provide a
focus for technical information exchange among those in the marine com-
munity involved in current measurement and second, to provide guidance for
action by O0E and others in defining and promoting realistic initiatives
directed toward improving the national current measurement capability.

WORKING CONFERENCE ON CURRENT MEASUREMENTS, JAWUARY 1878. SPONSORED BY THE
NOAA OFFICE OF OCEAN ENGINEERING AND THE DELAWARE SEA GRANT COLLEGE PHOGEAM.
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CONFERENCE STRUCTURE

The first two days of the conference were separated into four sessions
by current measurement applications. The four categories, covering the
spectrum of users, included:

Scient{fic Research

Ocean Engineering
+ Environmental Impact Assessment

Operational Surveys

The 3 to B invited speakers in each session were chosen as represen-
tatives of the "user" community as opposed to technologists per se. The
speakers were asked to discuss in general their current measurement needs,
the technology they are presently using to satisfy their needs, their
perception of problems with existing technology and the impact of these
problems, if any, on their programs. In addition, two invited presentations
and a luncheon address were devoted to technology.

The third and final day of the conference was devoted to a working
session designed to:

« provide expert opinions on the effectiveness of and deficiencies
in existing current measurement technology relative to the needs
of the community

+ fdentify specific limftations in technology

» recommend appropriate tasks that should be undertaken to address
the identified Timitations.

SUMMARY OF INVITED PRESENTATIONS

As expected, the needs, the philosophies and the perception of the
measurement problems varied among the different segments of the community.

The scientific research community, in describing their studies
directed toward understanding ocean circulation, made it clear that theijr
technology needs are, in general, not being satisfied by the commercial
instrument manufacturers ?understandabie because of the limited and
varied market). ODriven by somewhat open-ended and pioneering research
?oals and a resource climate conducive to in-house efforts, many researchers
though not all) are inclined to invent, build and determine the performance
of their own devices to support their measurement activities.

The ocean engineering/construction community, on the other hand, is
applications-driven and has no choice but to rely on off-the-shelf
technology, some of which may in fact have been developed initially by
the scientific research community. Schedule and resource constraints
impose rea) deadlines on their measurement programs and they canrnot
afford, in time or money, the "luxury" of building their own equipment.



Their immediate problem thus translates into how they can understand and
improve upon the performance/reliability of commercially available
technology.

The problems of the environmental impact assessmeni community
differ slightly. Although they, too, must rely on commercially avail-
able instruments, the uses to which their data are put impose unique
requirements on the type and accuracy of the sensors. Because the
measurements may become the object of legal proceedings, the accuracy
and representativeness of the data must be known and documented. The
determination of instrument performance and traceability of testing or
galibration procedures, techniques and facilities, thus become critical
issues.

The operational survey community typically uses commercially produced
technology and usually in large quantities. Although measurement accuracy
is a primary concern, ease of handling, reliability and overall Tife cycle
costs are of considerable importance when dealing with reiatively large
volumes of instruments.

Although there are current measurement problems that affect virtually
all users, the impact of or concern about the technical problems varies
with the particular application. Jim McCullough from Woods Hole Oceano-
graphic Institution highlighted the existing technical problems in his
presentation. These ranged from large vane and improper sampling rates,
to zero stability and mooring motion. He emphasized that, although we
have complicated measurement problems in the water, the weights attached
to the components in the error equation vary with application and the
environmental operating conditions. That is, one person's signat is
another's noise.

Many common requirements for measurements were outlined. The re-
searchers and the surveyors work in both shallow and deep water, making
measurements throughout the water column. The engineers and environ-
mental impact community are most active at coastal and continental shelf
depths from the surface to the bottom.

The scientific researchers are trying to understand the turbulent
mixing processes of the boundary layers of the ocean, coastal regions
and estuaries. They want to understand the vagaries of the intense Gulf
Stream or equatorial currents, and the energy levels of internal waves
and ocean eddies. This involves measurements of natural fluctuation
with periods of a few tenths of a second to weeks, months and years.

The ocean engineers explain that they must determine all those
features of the currents which will impact intended engineering
activities or structures. Although measurements at surface wave
periods are necessary, for the engineers the longer-term, maximum or
severe (perhaps storm-driven) and average currents are most important.
Because the current speeds are typically high, system accuracy, although
very important, is preempted by reliability and cost in trade-off
considerations for system selection. Also, real-time measurement
{including telemetry, processing and display) is becoming important
for applications such as facility instailation.

3



Because pollutants ejected into the environment will cause an impact
depending on where they are carried and their dilution along .the way, the
environmental impact people want to know about potential trajectories and
the variations in the currents that might affect dilution. They must
measure variations of sometimes very low currents over periods of seconds
to hours, yet provide averages over many weather cycles to obtain appro-
priate long-term mean currents, (Periods of extensive flow stagnation
can be important to document in this application.) This wide range
dictates that the instruments must record rapidly and unattended over
periods of several months.

The varied applications of surveys (estuarine tidal current surveys
to large area surveys for ASK operations) imply requirements in line with
all of the above.

The measurement technique used to satisfy the majority of these
requirements is Eulerian in nature and includes the rotor/vane inertial
devices, electromagnetic and, in some cases, acoustic methods. lagrangian
methods have some unique capabilities for the research and environmental
impact communities. The need was voiced for commercially avaiiable
Lagrangfan sensors for measurement of the probability of impact of
pollutants expelled into the environment.

The future of current measurement technology might best be summed

up by excerpting from Jim McCullough's presentation--"McCullough's crystal
ball:"

In the future we might expect to see:

Revival of the surface mooring

Much activity in the upper and bottom boundary layer

Rapid growth of doppler technology (laser, acoustic)

Solid-state memory advances leading to flashlight-sized current meter:
Development of current sensor strings or pods

More telemetry and real-time control of data acquisition

Roving moorings

Betteyr funding.

L] L] . L] L] L] L] L]

An issue that was raised and discussed vigorously at the conference
was the apparent failure of the scientific community to explain why they
were doing their science. This issue has prompted a response by Chris
Mooers of the University of Delaware. The response is in the form of an
"Essay on the Basic Research Goals of the Physical Oceanographic Community
Engaged in Current Measurement." The essay is included in the appendix
to these proceedings.

SUMMARY OF WORKING SESSION AND RECOMMENDATIONS

The working session was originally organized to address some specific
questions that were selected before the conference. During the conference,
however, it became apparent that there were some important issues over and
above the preselected questions that should be discussed. A full report



of the session 1s provided in these proceedings {p. 305) and a summary
discussion of the highlights is given belaw. '

A. A handbook or compendium of current measurement would be useful.
The handbook would contain a summary of manufacturer’s infor-
mation on the operational characteristics of their current
measurement systems. Additionally, the handbook would include
results of independent performance evaluations with subjective
yet credible opinions from users based on experiences with
particular system applications, The objective would be to
have an easily revised document for use in choosing appropriate
technology.

B. Community-sanctioned standardized testing wmethods _and procedures
are needed. Although there exist many good and useful testing
procedures throughout the community, their lack of commonality
makes difficult comparison of test results for different or
even the same instruments. The important result of having
standardized testing procedures sanctioned by the measurement
community would be that every current meter could be tested
against them with credible and comparable resuits.

€. Suggestions for an appropriate mechanism to implement the above
procedures and to fil) the void created by the disestablishment
of the National Oceanographic Instrumentation Center stimulated
much discussion. The idea of some sort of government-sponsored
centra) testing capablility, perhaps open to all who have a need,
was proposed as a cost-effective service to the nation. “The
ratjonale behind this Tdea is based on the large capital invest-
ment needed for current meter testing facilities, which wanu-
facturers in a small volume market cannot afford individually,
and because the federal dollar is dfrectly or indirectly asso-
ciated with the purchase of the majority of current measurement
instruments. A central capability of this type would ultimately
save the taxpayers money by assuring that good quality instruments
are used to support measurement programs.

0. It was agreed that there is a need for both hardware and spft-
ware "standards” applicable to the measurement of current. The
discussion focused on laboratory standards, in $itu hardware
standards and data recording standards: both technique and
farmat.

Laboratory testing requires a knowledge of the relative water
motion past an instrument undergoing test. A device or com-
bination of devices of known accuracy, responsive to a broad
range of time and spatial scales (for steady and non-steady
conditions) is needed as a standard for laboratory measurements.

for field applications, there is a need for some type of device
of known accuracy or perhaps a calibrated flow field along
with which or into which an instrument could be deployed and
jts absolute performance determined.



The problem of the lack of data recording format and technique
standards is significant. Adoption of existing standards of
this type would eliminate the costly and unnecessary duplicate
magnetic tape processing facilities required by the several
recording methods and formats available in existing current
measurement instrumentation.

An important consideration relative to the whole issue of
standards 1s that current measurement technology is continually
evolving technically, Because of this, it may not be feasible
or even correct to develop a standard. Perhaps a class of
evolving standards of standard systems would be more appropriate.

It was proposed and agreed that an ad hoc committee be formed
at the conference. Committee members representing each segment
of the community were elected at the working session and were
given the charge to be the fnitial community mechanism respon-
sible for addressing the issue of current measurement standards.
During 1its one-year lifetime, the committee will focus its
efforts on considering development of standardized testing
methods and procedures and investigate the possibility of
creating a permanent committee affiliated with one or more
professional societies.

The establishment of a library or “reading room" open to everyone
at which all pertinent current measurement Jiterature would be
avaiiable for reference was recommended. The library would main-
tain close liaison with the community and actively seek new

published or unpublished information or data pertinent to current
measurement technology.

Who should underwrite the cost for research and development of
new current measurement technology jdeas-<industry or the federal
government? Because the market 1s small and uncertain, invest-
ment 1n current measurement RAD is risky, and industry typically
tries to maintain a low dollar level input. To industry, federal
government support of the risky R&D phase is appealing for
obvious reasons. The issue, however, is whether it is appro-
priate for the government to support the development of technology
that may ultimately compete with existing technology that was
developed with money invested by industry., The feeling is that
when it can be demonstrated that specifications for a particular
piece of technology required for a government project cannot be
met by existing technology, R&D may be necessary and government
support on a competitive basis is appropriate. However, since

we lack accepted current meter test procedures and standards,
demonstrating an instrument's adherence to certain specifications
may be difficult if not impossible. Thus, the lack of testing
capability complicates this issue and makes it difficult in

many cases to judge the appropriateness of government-sponsored
development.
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NEAR-SURFACE OCEAN CURRENT SENSORS:
PROBLEMS AND PERFORMANCE
James R. McCullough

Woods Hole Oceanographic Institution
Woods Hole, Massachusettis 025643

ABSTRACT

When current meters are used to measure meam horizontal currents
in the presence of surface gravity wave motions, immunity to the
vertical compoment of flow is important, even though the net vertical
flow averages to zero ond i normal to the desired horizontal
components. A technique is presented for estimating the magnitude
of the errors introduced by imperfect rejection of the off-axis
flows (eross-talk) from laboratory measurements of the current
meter "vertical-cosine-response." The predicted dynamic response
is shoum to compare favorably with laboratory measurements. The
measured steady state vertical-cosine-response furctions for several
practical current sensors are summarized and used to estimate the
magnitude of wave induced errors in horizontal mean current measure-
ments. A new dye technique for evaluating near-surface current
meter performance in waves is shoum.

WORKING CONFERENCE ON CURRENT MEASUREMENTS, JANUARY 1878. SPONSORED 3Y THE
NOAA OFFICE OF OCEAN ENGINEERING AND THE DELAWARE SEA GRANT COLLEGE PROGRAM.
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MCCULLOUGH

INTRODUCTTON

Ccean currents can now be measured routinely in all but the strongest
flows and in the surface wave zone. In the wave zone, the orbital veloci-
ties require greater sensor linearity than has, until very recently, been
available. McCullough (1978}, Davis and Weller {1978), Smith {1974} and
others describe acoustic and propeller sensors which show considerable
promise for wave zone measurements.

It may seem strange that flow measurements in waves are difficult to
make, when both time and distance can be measured with extrazordinary
accuracy. The difficulty arises naturally from the broad-band nature of
wave zone flow. There is no single speed present, but rather a mixture
of speeds and length scales characterized by their broad frequency and
wave-mumber spectra, Implicit then in the concept of fluid “velocity”
is knowledge of the averaging processes (time and space) used in making
the measurement. The nature of errors introduced by improper averaging
in the presence of surface gravity waves and/or wave-driven mooring motion
is the subject of this paper.

THE SIGNAL

Figure 1 shows the nature of the near-surface flow signal as inferred
from photographic and pressure measurements and as measured directly by
current meters. Wave flow in a "sea" is seen to be very complex, quite
unlike the periodic linear motions tradftionally used to model it. In (b)
and (c}, note the similarity of wave shape over a wide range of wave scales
[from 0.5 m waves in {c), to 10 m waves in (b)]. The v and w (horizontal
and vertical)} speeds shown in (d) give some feeling for the signal at 2 m
as seen from a rigid platform. In other records of this type, Shonting
(1967) shows that even the approximate 90Q° phase relation between v and w
1s not always maintained.

Figure 2 shows a typical frequency distribution of flow energy near
the ocean surface. The term ocean "currents” is conventionally used to
describe motions such as those of the tidal, inertial and lower frequency
processes shown at the left. To measure these currents in the presence
of the large wave energies shown at the right, some form of frequency
separation {usually vector averaging) is used to reduce the current meter
band-width. The separation is made practical by the low energy “"gap" at
frequencies of roughly 1 to 10 cycles per hour. To limit the scope of the
discussion here, current meters are assumed to register only the mean
horizontal component of current below wave frequencies, i.e., the part
of the signal to the teft of the wave energy in Figure 2,

VECTOR AVERAGING

Figure 3 further illustrates the importance of Jow-pass velocity
component filtering {vector averaging) in the wave zone., HNote that the

10
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MCCULLOUCH

rotor (scalar) speeds of the vector averaging current meter {VACM) are
large, while the magnitude of the vector-averaged velocity varies from
nearly that of the rotor on May 1, to two (or more) orders of magnitude
less on May 10, For this reason, current meters that use separate speed
and direction averaging schemes (Aanderaa, Alexaev, Hydro Products, etc.)
are generally not considered suitable for measuri ng mean velocity in the
wave zone,

SENSOR RESPONSE

Figure 4 iTlustrates the improvement in sensor response that can be
expected with acoustic-travel-time-difference sensors as compared with
rotors. Laboratory measurements of rotors have for some time shed doubt
on the validity of a1l rotor-vane measurements in waves. As will be
suggested in the discussion of Figure 13, such reservations may be overly
conservative since the laboratory tests may inadequately model broad-band
wave flows seen from moving moorings.

A KINEMATIC MODEL OF VERTICAL-COSINE-RESPONSE

The importance of curent meter “vertical-cosine-response" is illus-
trated in Figures 5 through 9, The term "vertical-cosine-response” is
used to describe a current meter's ability to reject vertical components
of flow while making horizontal flow measurements, i.e., to measure only
the component V cose, of flow V at an angle & to the horizontal plane.
figure 5 introduces the simulation model concept. The mode] is used to
estimate mean horizontal dynamic response from steady flow measurements
of vertical-cosine-response. The analysis treats only the kinematics of
the problem and does not include important dynamic considerations such
a5 Sensor wakes and response in turbulence.

At the top of the figure, the modeled circular wave orbit velocities
(aw) are added to mean speeds (Vo). The speeds S are then numerically
Integrated to find the average velocity (Vg of meters with imperfect
vertical-cosine-response. Since the direction errors introduced by
tnaccurate vertical-cosine~-response are generally small {~ 5° or less),
only the speed component of V is treated here.

The model resylts are parameterized by the respomnse ratio V/V
(the ratio of measured to true mean speed), and the “signal-to-ngise
ratio” Vo/aw (the ratio of the steady to the oscillatory speeds). The
three circu]_ar diagrams at the top of Figure 5 give example flows to
help visualize the ratio Vg/aw. The assumed departures from ideal
vertical-cosine-respmse are shown at the top right. The bottom graph
gives the modeled mean response of the meters in single-frequency,
circular-orbital waves which are coplanar with the mean velocity V._.

For signal-to-noise ratios less than one (Vo/aw < 1), reversing flows
are indicated,

14
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Dynamic tow tank data from an acoustic-travel-time-difference

current meter and a VACM., The acoustic meter {upper dotted curve)
follows the carriage coplanar sloshing motion almost exactly, while

the rotor {lower dotted curve) runs nearly twice as fast as the true
mean value shown at the right. Also at the right, if the vane response
were instantaneous (no lag), the mean value would be too small. The
mean found by the lagged vane of the VACM, however, is somewhat too
large. If the vane had not reversed, the mean would be that of the
rotor which is too large by about a factor of 2. (After McCullough,
1974 and more recent unpublished data.)
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Effects of imperfect vertical-cosine response in an otherwise ideal (no errors )
turrent meter. The three circular figures at the top represent different
to the coplanar circuylar velocity aw. As shown in

] i Three
of vertical—cosine-response ar8 shown in the inseﬁt
correct and low response values are indicated by cos''e
for N = 0.5, 1 and 2, respectively. In the lower graph, the ratio of the
medeled current meter mean-flow V to the true mean V is shown as 3 function of
the signal-to-noise ratio, V /a., for each of the th ee cases. In the reversing
flow region, the response ra¥ic s constant at 1,12, 1 and 0.85, respectively.
As the signal-to-noise ratio increases beyond one, the response improves

(approaches V/v_= 1). For ideal cosine response (N=1), the response ratio
Is always unity®

the lower figure,
different assumed values
(upper right). High,
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Critical values of the response ratio and signal-to-noise ratic exist
at values of QNE. The line V/Vq = 1 represents the locus of all correct
readings. As will be shown next, Vp/a, = 1 separates regions of high and
low dependence on wave orbit characteristics.

Figure & extends the coplanar circular-motion of the previous figure
to more general cases including elliptical motion (such as seen from a
surface following mooring} and orbital motion at an angle to the mean flow
(the usual case}.

A collection of various calculated responses is shown in Figure 7a
and b. For signal-to-noise ratios less than "one" (to the left of the
vertical dash-line), a wide range of error conditions exists depending
on the wave and mean current geometries. For values greater than "one,”
such considerations are of little importance. Figure 7b shows that
typical near-surface ocean conditions place high demands on rigidly
mounted current meters. The actual moored situation modeled in Figure
11 is more complex but at shallow depths is less demanding.

Figure 8 shows measured vertical-cosine-response functions of four
practical ocean current sensors tested at the David Taylor Model Basin
(now called DTNSRDC for short). The functions have been used as input to
the madel to predict the error compenents due to improper vertical-cosine-
response, From the 12 curves labeled n, ¢ and ¢ (for normal, coplanar and
linear-normal oscillations respectively), it is clear that the predicted
errors are complex functions of the signal-to-noise ratio and can be large
at low signal-to-noise ratios. This complexity may help account for some
of the puzzling response variability frequently noted in in situ wave zone
intercomparisons. Halpern (1977 and 1978) reviews such in situ inter-
comparisons. Note that low values of Vy/a, do not necessarily imply small
(insignificant) mean speeds Vs

Figure 9 shows the general agreement between predicted and measured
dynamic response for a prototype acoustic-travel-time-difference meter.
The agreement with the model suggests the importance of vertical-cosine-
response in such meters.

SOME MEASURED DYNAMIC RESPONSE FUNCTIONS OF CURRENT SENSORS

Figure 10 compares the measured dynamic vesponse of four popular
types of current sensors, piotted in the same coordinates used in the
previous figures. At low signal-to-noise ratios, the particular elec-
tromagnetic and rotor-vane systems shown (top) overestimate speeds,
while the propellers and acoustic sensors {bottom} tend to underestimate
the mean.

ERRORS DUE TG MOORING MOTION

Figure 11 {(top left)} shows the Stokes-drift and error due to surface
following vertical-mooring-motion as a function of depth, for the long

17
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Angle to Ve

gure 6.

Three cases of orbital and steady motion are considered in the following four
figures: {(a) Coplanar ¥_ and circular aw; (b) Elliptical motion as might be
coen at moderate or mid-depths on a surface-following mooring; (¢} Orbital
motion (circular or elliptical} at an angle ¢ in the horizontal plane to VO_
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V/ Vo

Response Ratio

Figure 7a.

2.0 30

Signal to Noise Ratio, Vo/ow

Modeled dynamic response for the three as§umed analytic vertical-cosine-
response functions {cos 26, cos6 and cos“®) shown at {a). The angle

¢ of the oscillatory flow aw to the mean flow V_ is shown at (b). Effects
of reducing the size of the horizontal componen% of the oscillatory flow
are shown at {c). In the upper half of the figure, it is seen that the
particular nature of the oscillatory flow is of little importance to the
right of the vertical dashed-line through V_/aw = 1. The errors continue
to converge and diminish (approach the ¥/Vo = 1 horizontal line) as the
signal-to-noise ratio improves. To the left of the vertical V_/aw = 1
dashed-1i1e, however, the response errors are larger and are s?rong]y
dependent on the wave and mean-flow conditions.
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Vo, cm/sec

Figure 7b.

50 4

(Beec, 20m)

e —
e

0 1.0 2.0 30
Signal to Noise Rotio, Vo/aw

This graph indicates for four wave-depth conditions, the relation

between the signal-to-noise ratio, and the mean current V.. Note that
for typical open sea conditions (4-8 sec waves and mean clrrents below

50 cm/sec) the near surface signal-to-noise ratio is less than one (i.e.,
is to the left of the vertical dashed line). Deeper conditions (such as
indicated by the 8 sec, 20 m depth 1ine) on rigid platforms are less
severe. (A quite different situation, modeled in Figure 11, exists,
however, on conventional surface-following moorings.? The insert table
gives the assumed single-frequency wave parameters. (P = period,

h = height, 1 = wavelength and S = orbital speed.
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Figure 8.

Response Aato, V/va

0=

Skpal o Nose Rota,  voiow

Modeled dynamic response calculated for four measured steady-state vertical-
cosine response functions. a) A one-inch diameter cylindrical electromagnetic
probe between flat ciraular end plates. b) Disc-shaped electromagnetic sensor.
c) Same probe as in a) less the end plates. d)} An acoustic-travel-time-
difference probe of the mirror type. The measured static response functions
are shown in the insert of each frame. The curves labeled n, ¢ and % repre-
sent normal {¢ = 90), coplanar {4 = 0) circular orbits, and linear (large e}
normal sinusoidal motion respectively. As before, the vertical dashed lines
separate regions of high (left) and low (right) sensitivity to the orjenta-
tion and shape of the oscillatory flow {(a, b and ¢ after McCullough, 1974;

d after Appell, 1977a).

21



RIQP PRANSEIY)

(‘ef6] *{loddy Japse

*35U0GSaL-3ULS0D~[ED1FJBA D1IPS Y} 0} 3| qeaded] Si Jdjau 3dfy

SEYR UL SJ0X4D Dlweulp SO 224N0S ULew BY3 eyl $33366ns asuodsea atueulp pajoLpadd

pue paanseaw ayl uasmliaq juswaaube poob ay]
pasned st 409 snid je asuodsax MO| @yl)

("JdOddLW D1ISNOIE BY] JO YeM Byl Aq
“149SUL B3YT Ul uMmoys S| Isuodsaa dLweuAp

pa3oLpadd 3y} 3JBIND|R3 0} PISN 3sSUOASAU-BULSAD-|BILIUBA MO|}-APR3]S poLnsesw

Y] °JISW JUDBAAND BDUBADSJLP-BULY-|BARLT-2|1SN0oe 3dAY-J0dull [RIUBWLIBAXD up
40 dsucdsas dLweudp paJnsedu pue paldipadd £Q PajesIsSuoWsp SL UGLIEILJLUBA [3poy "F 4nbBL{
mD/OA ‘OHOY 3SION Of |OuBiS
o¢ 0z ol N
| 1 X : 1 i i 2 1 1 i L i i n
o ‘'sbuy 11y [
06 09 ot 0 ot- 09- 06-
MUOCEIY UISO) |OIPIIA -S.nn_u-m apwoukq
'~ \\'L
0 Q310103
asuodsay 3woulQ s
G3YNSY3IN T
.lllllll.l-“‘l.‘ll

0

T
i

OA /A ‘01j0Y asuodsay

22



Figure 10.

E lectromagnetic  Sphere (A)
and

Aanderag Rotor-vane Meter (B)
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Measured dynamic response functions from four types of moored current sensors
used in wave-zone studies. Measurements are plotted in the coordinates used
previously. At the top, the response of an electromagnetic sphere (A) and an
Aanderaa rotor-vane current meter {B), are shown for coplanar-circular-orbital
motion {1.22 m diameter, three periods) superimposed on selected linear tow
carriage motion. In the lower frame, performance of dual propellers (C) and
acoustic-travel-time difference (D) flow sensors are shown for )inear-sinusoidal
motion normal to the tow. In a) note that for ¢ = G, the measured dynamic
response function is not constant as predicted by the kinematic model of Figure
5. This suggests that additional and dominant, dynamic effects exist. {(Data
in (a) after Kalvaitis, 1977; (b) after Appell, 1977b; (c} after Davis, 1978a;
{d} is the same as shown in the previous figure.)

23



Figure 11. Schematic representation of mean errors caused by mooring
{facing motion in waves. Perfect current meters (no error in

) measuring relative flow) are assumed. In the top left figure,
page the magnitude of Stokes-drift and errors caused by vertical
mooring motion in the wave conditions indicated, are shown
as a function of depth. The stippled "current meter noise
level” block indicates for this condition of swell that the
mooring-induced errors are relatively small.

At the right, a simple exponential-decay mooring model is
used to illustrate the increase of both the horizontal and
vertical oscillatory relative-motions {(aU and aW) seen by
moored instruments with depth. The wave "noise" seen by
the meters increases with depth.

In the lower figure, the Stokes-drift and horizontal mooring-
motion-induced current meter errvors are shown for the modeled
wave spectra shown in the insert {after Kenyon, 196%). The
curves at the left are for fully developed seas of 20 knot

(10 m/sec) winds, the pair at the right are for fully developed
seas of 40 knot winds.
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swell condition indicated. Ideal current meters {ones with no errors), no
lateral motion and monochromatic waves are assumed in this case. The pre-
dicted mooring-induced errors are seen to be relatively small. In other
situations, particularly very near the surface in high seas or at mid-depths
on surface-following moorings, the motion-induced errors may be dominant.
(For further discussion of the Stokes drift and mooring motion effects see
Kenyon, 1969; Pollard, 1973; lanniello and Garvine, 1975; Carson and Collar,
1977, etc.).

The exponential decay of the wave-orbital horizontal and vertical
speed components, u~ and w* {upper right), are also shown as a function
of depth. In typical deep-sea wire-moorings, the vertical-mooring-motion
{w) is essentially undiminished with depth in the upper part of the mooring.
The horizontal mooring motion component {u} is different, however, and can
be modeled to first order as being equal to u~ at the surface with an
exponential decay (but a slower rate than the waves) with depth. (The
medel of u shown is patterned after one developed by NDBO.) The oscillatory
component of flow seen by current meters on the moving mooring is indicated
by au and sw fn the figure. Note that the relative orbital motion typically
increases, rather than decreases, with depth over the upper part of a
surface-Tollowing mooring. Also, mean currents typically decrease with
depth. These wave, mooring and ocean properties combine to produce
favorable signal-to~-noise ratios near the top and bottom of surface-
following moorings, with generally less favorable signal-to-noise con-
ditions at intermediate depths.

In the tower frame of Figure 11, errors caused by horizontal-mooring-
motion in 20- and 40-knot fully developed seas {see spectrum in insert) are
predicted, The Stokes-drift conditions are included since they represent
a second reasonable approximation to the errors caused by mooring motion.
The actual errors encountered will depend on both the mooring motion and
its phase retation to the local wave flow. For this reason, error functions
can not be predicted, even if the motion of the current meter is accurately
known 1n space from other measurements such as pressure, acceleration,
acoustic tracking, etc. The only hope, then, for a first order mooring
motion correction in waves, is through modeled mooring response and/or
through direct measurement of the mooring motion and the relative values
of u, v and w at Nyquist frequencies high enough to resolve the wave
motions. To reiterate:

a. Eufrent measurement errors caused by mooring motion in waves
exist even if ideal current sensors {ones with no errors) are
used.

b.  Knowledge of the mooring motion alone does not allow first-
order correction since the motion relative to the wave is
reguired.

HOW WELL CAN WE DO IN WAVES?

Figures 12 and 13 give some highlights of the CMICE-76 current meter
intercomparison described by BeardsTey et al. (1977). Figure 12 gives a
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MCCULLOUGH

side view of the line of six moorings set in February 1976, in 28 m of
water, south of Long Island, New York.

Figure 13 gives comparative data from the 7.4 m level. Wave heights
of 1 to 4 m were present during the experiment. The 15 scatter plots of
one-hour vector-averaged current speeds {upper left) show (with the excep-
tion of the five CT-3 meter framesg a general agreement between the meters
to within about +10 cm/sec. Angular differences indicated by progressive
vector diagrams (bottom right}, however, may be large even when the speeds
agree. Numbers 12 and 62 ?Figure 13) and the corresponding scatter plot
A illustrate the problem. The differences in this case are thought to
arise from the fixed-orientation mooring system and zero-stability
properties of the electromagnetic meters,

IN SITU TESTING

Moored intercomparisons of current meters at sea have been usefu)
in identifying unanticipated differences between ocean current meter
systems. Such tests, however, have not provided informatfon on current
meter accuracy, since the required in situ flow standards do not exist.
Only reTative performance is directTy observed. ODoppler current sensaors
on fixed platforms, acoustic ranges, etc., may one day provide the much
needed standards for long-term in situ tests.

A short-term test technique described by McCullough (1977) is shown
in Figure 14. The plan view ?top] and section view (bottom) show a 20 m
long, neutrally-buoyant boom, buoyed off horizontally at the desired test
depth. One end of the boom is tethered to a moored boat, while the other
end is free to swing with the current. Measurements of dye and drogue
paths relative to the boom confirm that it aligns in waves to within a
few degrees with the mean Lagrangian (Eulerian plus Stokes-drift} flow
at its depth. The time of passage of dye past sensor stations at the
middle and free end of the boom are used to measure the advection speed
of the dye patch. The possibility of tracing the advection of the hori-
zontal temperature varijability in a similar manner is being investigated.

Figure 15 shows sixteen pafrs of dye observations, starting at the
upper left of the figure and ending at the Tower right one hour tater.
For each trace pair, the mid-boom ?station 1) signals are aligned ver-
tically. The delay to the end-boom (station 2) trace gives the Lagrangi:cr
speed estimate. A single hose with openings at stations one and two was
used with a pump and recording fluorometer on board the boat to detect the
dye passage. Absolute Lagrangian speed estimates accurate to perhaps
12 cm/sec may be possible with the technigue. Boom motion, asymmetric dye
injection, limited number of dye sensors and finite boom length are
presently the major factors limiting accuracy.

Fundamental problems of relating the Lagrangian dye velocities to the
Eulerian moored current meter observations exist, but as discussed earlier,
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Figure 14. Sketch of a1 experimenta] dye technique used for in situ evaluation of moored {
current meters. A long, submerged boom is 1aosely tethered at one end to a
moored boat. Dve injected &t the tethered end is advected away by the mean
current. 15 progress is measured at two dye sensor stations on the boom., The
far end of the boom (at rigkt) is free to swing with the current. Observations
of wave conditions allow first-order Stokes-drift corrections needed to estima
Eulerian cu-rents from the Lagrangian mean soerec of the dya. [After McCullough
1877.) : -
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Figure 15.
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Dye concentration records from 16 dye injections over a period of one hour
in small waves show the variation (wandering vertical 1ine) in the mean tidal
flow in Buzzards Bay, Mass. Flow in the figure is from left to right. The
actual flow direction during the experiment is estimated by measuring the
bearing of the line of boom floats. Separations of the sensors along the
boom was 15 m. The time between passage of the dye at each station is given
on the ordinate. Trace pairs are separated by roughly 4 minutes. As shown by
the scale below trace-pair 9, the mean dye speed was about 20 cm/sec. The
scale also indicates how speed sensitivity increases at lower speeds and
becomes less as the speed increases. Variation of the dye intensity and
multiple ‘dye peaks are artifacts of the experimental procedure.
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ritical in many practical situations. Since observations of
gﬁir:ggsbgrgm moving moorings are altered by effects similar to the Stokes-
drift, intercomparisons of dye and moored current meter measurements may
provide new insight into the accuracy of moored current meter observations

from anchored but periodically moving platforms,
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A REVIEW OF THE PERFORMANCE OF
AN ACOUSTIC CURRENT METER

Gerald F. Appell
NCAA/National Ocean Survey
Code 851

Rockville, Maryland 20852

ABSTRACT

The Test and Evaluation Laboratory of NOAA/National Ocean
Survey (NOS) recently completed a limited performance evaluation
of three Neil Broum Instrument Systems acoustic current meters
(NBIS ACM-1's} for the NOAA Data Buoy Office. Steady flow cali-
brations were performed on the four cardinal measurement axes,
as well as directivity response sgvaluation in both the horizontal
and vertical planes. Calibrations were performed on the solid-
state compass used for magnetic heading reference in the current
meters. Environmental tests were conducted in accordance with
MIL-STD-167B for vibration testing, and environmmental temperature
tests were guided by MIL-STD-810C. The methods and procedures
for these tests are discussed, and evaluation results are
graphically displayed.

WORKING CONFERENCE ON CURRENT MEASUREMENTS, JANUARY 1978. SPONSORED BY THE
NOAA OFFICE OF OCEAN ENGINEERING AND THE DRLAWARE SEA GRANT GOLLEGE FRCGRAM,
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INTRODUCTION

The development of the acoustic phase shift velocimeter by Neil
Brown Instrument Systems (NBIS), sponsored by the Office of Naval
Research (ONR}, has led to the production of the acoustic current meter
designed specifically for oceanographic in-situ applications. The NOAA
Data Buoy Office (NDBO) contracted development of three of these systems
for use in their Continental Shelf Buoy Development Program, and
requested that NOAA's Test and Evaluation Laboratory (T&EL) perform a
series of limited evaluation tests to determine the performance and
suitability of the three instruments (S/N 100, 200, and 300) for field
deployment.

NBIS ACM-]

The Neil Brown Instrument Systems acoustic current meter (NBIS ACM-
1) uses an acoustic phase shift detection method for correlating the
time of travel of two acoustic beams to the velocity of the fluid medium
along the beam path. Two orthogonal transducer pairs measure velacity
components relative to the instrument, and their components can be
resolved into a total velocity vector. The transmitted acoustic beams
are focused on a reflecting plate which returns the signals to the
receiving transducer. The reflecting-path technique permits physical
design of the current meter to minimize fluid distortion generated by
the transducers. (A technical paper by K. D. Lawson et al., details the
theory of operation.) o

An NBIS-developed solid-state compass provides geomagnetic
reference to the velocity data which are vector averaged and recorded
on magnetic tape.

TEST PROCEDURES

Test procedures, methods, facilities, equipment and analysis tech-
nigues are critical to the quality of performance data obtained from an
instrument evaluation. The purpose of this discussion is to highlight
the capabilities of T&EL and describe the general considerations for
deriving quality test data.

Laboratory test procedures are designed to determine the per-
formance of a current meter under controlled conditions, compared
against known and accepted measurement standards. Test data sampling
schemes are planned to yield statistically significant results. Test
methods are designed to simulate the environment and maintain adequate
control to ensure results traceable to standards. Assumptions and
compromises made are documented and used in determining the overall
uncertainty of measurement.
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Current velocity tests were performed at the David Taylor-Naval
Ship Research and Development Center (DT-NSRDC) number one tow carriage
facility. The usable test length of the basin js 275 meters with a
water depth of 6 meters and basin width of 15 meters. The basin is
Filled with fresh water from the Potomac River whose temperature ol lows
ambient conditions. The measurement standard for velocity is the tow
carriage speed readout system. This is a time-distance measurement
whose output is a frequency which is proportional to carriage speed with
respect to the stationary rails. The 95 percent confidence level in
determining the mean carriage speed for a particular test run is on the
order of 0.05 cm/s over a range of speeds from 2 to 250 cm/s. The
estimated overall uncertainty in speed measurements made from tow
carriage is 0.1 ¢cm/s. The largest error source is the residual basin
current, which can add or subtract from the tow carriage velocity.
Basin currents are minimized by waiting between test runs and observing
the currents with potassium permanganate dye traces. A miniature
propeller meter that is calibrated as a secondary standard is towed
parallel to the test instrument and is used to monitor gross disturbances
in basin currents. In general, typical basin currents are less than 0.8
cm/s. Data are sampled and stored automatically with an HP 9825 pro-
grammable calculator. This data acquisition system samples carriage
speed frequency, miniature prapeller frequency, and the output of the
test instrument. Thirty samples are acquired to define each test point.
A statistical anmalysis is performed on the data for each test point, and
a determination of the data quality is made before proceeding on to the
next test speed (see Figure 1).

TEST RESULTS

Tests were performed on the +X, +Y, -X, and -Y (0°, 90°, 180°, 270°
azimuth angles, +X max. output as €° reference) for steady flow sensor
calibration accuracy determinations. Three semsors were calibrated
using the same basic procedures. Data were analyzed by several methods;
the results displayed in this report were from a computed best fit
straight line equation with 0 intercept. Calibration resuits ave
plotted in Figures 2-4 as residual sensor errors from the best fit
straight line. Figures 5-7 show signal output noise levels converted
to units of flow, versus actual tow speed that occurred during the
calibrations.

Directivity response tests were performed in the horizontal and
vertical planes of the sensors, and errors were computed from a true
cosine response function. In this case, vectors were computed from
the trigonometric relationship ¥XZ + YZ and the resultant angle from
tan Y/X. Horizontal response residual errors from a true cosine are
plotted in Figures 8-10. The angle errors shown in Figures 11-13
represent the error from the true present angle. These tests were
conducted at 13 and 51 em/s. The vertical response residual errors
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APPELL

from a true cosine are plotted in Figures 14-16. In the vertical tests,
the 0° reference is the normal attitude, with positive angles indicating

counterclockwise tilt and negative angles clockwise tilt. The vertical
response tests were also performed at 13 and 51 cm/s.

COMPASS

The three NBIS ACM-1's were calibrated for magnetic heading accuracy
at Hyde Field, Maryland. The site is used for compass calibrations and
has been determined to be magnetically stable and free of interference.
The magnetic north reference standard is a LUTZ magnetic compass with
1° accuracy. The offset or bias uncertainty is in the order of +1° of
heading and the combined random uncertainty is approximately #0.25°.
Figures 17-19 show the sensor heading error as a function of true
heading. Increments of 15° were performed in both clockwise and counter-
clockwise rotational directions from magnetic north.

ENVIRONMENTAL TESTS

Vibration tests were performed on one of the three current meters
in accordance with MIL-STD-167B. The meter was operational during the
test and recorded data internally. Digital data were monitored exter-
nally with a "bit box" provided by NBIS to visually observe the
binary information. The current meter was inspected and checked out
after completion of the tests. There was no visual damage as a
result of vibration, nor was normal operation impaired.

Temperature tests were conducted in air over the NBIS-specified
range of -2° to 70°C, following procedural guidelines established in
MIL-STD-810C. No deviation from normal operation resulted.

The last test was a combined pressure-tension test. A 10,000
pound tensile load was applied to the mooring attachments at each
end of a meter while hydrostatic pressure was siowly increased to
3,000 psi. The combination of tension and pressure was maintained
for one hour before being released. No leakage or observable defects
occurred.

DISCUSSION

The graphical data presentations of the calibration and response
tests of the three curvent meters provide an indication of Fhe instru-
ments' accuracy and performance that can be expecteq under jdeal
conditions. In-situ field conditions create a mulititude of uncon-
trollable factors which may produce results with larger errors than
indicated by laboratory tests. However, laboratory tests under
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APPELL .

cantrolled conditions establish a necessary baseline from which to
assess data quality. Through modeling techniques (as described by
McCullough in the preceding paper) and further testing for specific
cause~effect relationships, an accurate prediction of field data quality
can be developed before implantment and, through post-deployment
calibrations, total error bounds may be established on survey data.

The NBIS ACM-1 performance excels in two categories: (1) fast time
response to fluid velocity fluctuations, and (2) unlimited threshald
with very low output noise levels relatively independent of velocity.
Horizontal response errors are within the cardinal axis calibration
error band accuracy. Vertical plane response is such that errors may be
intreduced by meter tilt and/or vertical velocities produced by mooring
or water particle dynamics. The tests that T&EL have conducted yield an
indication of sensor performance and show that the NBIS ACM-1 is an
operational instrument capable of functioning in the environment. Field
performance tests will indicate if the instrument is rugged enough to
endure and if reliability, fouling, and corrosion problems exist.
Additional laboratory tests should be performed to determine dynamic
performance, directional response over a wider range of velocities,
fluid characteristic effects, and long-term stability.

It is suggested that a coordinated evaluation approach be applied
to all new instrument development. A major limitation to the use of new
technology is the unknown characteristics of its performance. Field
deployments and intercomparisons expose the instrument to a rather
limited range of environmental conditions and generally are not cost
effective in terms of knowledge gained. A coordinated program of
laboratory and field testing should be performed before the operational
use of instrumentation for scientific or engineering measurements. Data
quality should be determined and be traceable to accepted standards and
methods on each and every measurement program. To accomplish this,
coummunity-wide communications must exist to allow interchange of
tnformation and establish a common data bank of knowledge to control the
accumulation of unqualified measurement data.

REFERENCES

Lawson, K. D., N. L. Brown, D. H, Johnson and R. A. Matley. "A Three-

Axis Acoustic Current Meter for Small-Scale Turbulence,® ISA ASI,
1976, pp. S501-508,
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radar system software improvements.

The changes are in the results of

comparison of the radar measurements with the drifter measurements, and

are refiected in Figure 7 and its descriptive text.

Copyright 1977 by the American Association for the Advancement of Science

Ocean Surface Currents
Mapped by Radar

Mobile coastal units can map variable surface currents
inreal time to 70 kilometers, using ocean wave scatter.

D.E. Barrick. M. W. Evans, B. L. Weber

Currents withinn 1 meter of the ocean
surface are highly variable. being driven
by geostrophic forces and tides, but are
strongly iafluenced by the local surface
wind and wave fields. These currents
transport floating matter and thus are of
great importance in coastal areas, where
constderable damage can be done by sur-
face-borne pollutants and oil. In the case
of the large oil spill by the tanker Argo
Merchant off New England in December
1976, for example, calastrophic environ-
mental damage was averted because
strong offshore winds counieracted the
normal surface-current drift toward
shore. In a positive vein, the upper por-
tivn of 1the sea carries the zooplankton
and phyloplankion. which ure the domi-
nant componenis al the bottom of the
food chain and are responsible for pro-
duction of maost of the world™s oxygen.
Many types of fish cggs are borne by sur-
face currents. which are therefore of
concern to the fisherics industry. The
transport of water with anomalous term-

The authors are sceflists with the Sca Stale Stud-
ies Arca of the Wave Propagation Luborataries. En-
vironmenlal Research Laboralories, National Oce.
anic apd Atmosphenc Admimnstrativn, Beulder, Col-
orado 8032

peralure differences is now believed 1o
be responsible for unusual weather pat-
tems affecting enlire continents.

Near-surface corrent patterns, and
how they respond locally 10 the relevant
prevailing forces. are a subject that is
largely unknown. Yet the subject is a
crucizl ingredient for the effective man-
agement of operations in coastal waters,
and an increasingly imponant input for
global resource momitoring and weather
predictions.

Current Measorements

In conventional methods of measuring
currents moored meters are vsed: the
most recent types are referred 10 as vee-
tor-avcraging currenl meters and the
Aanderaa meter (/). These devices must
be moored al depths exceeding 10 m, and
thus provide little indication of the cur-
rent at the surface. which is ofien dif-
ferent. Furthermore, data must be either
recorded aboard the buoy {to be picked
up later for analysisy or telemetered to
shore; the instrumentation for the latter
ofien restricts the operating range from
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the receiver to tens of kilometers. Sur-
face currents have been measured by
tracking floating objects. Qualitative es-
timates can be obtained by pholograph-
ing the dispersal of dye packages from an
aircrafi, or by anal yzing satellite infriared
and optical imagery ot suspended sedi-
ment {10 a coarser area scale) (7). Quan-
titative measurements are made by pho-
tographically recording the positions of
time-released floats dropped from the
air. as descnbed by Richardson er af. (3).
or by tracking a drifiing drogue buooy
from a ship {/). In the latter case. a high-
precision navigation system is regured
on the ship to accurately establish the
drift of the buoy. Operations with air-
craft or ships are both e¢xpensive and
time-consuming for the meager amount
of current data obtained tome vector over
a penod of about 12 hoar}. The velagity
accuracy of these Aocat-locating tech-
nigues appears o be of the order of 10 to
15 centimeters per second in magnitude
and 5 in angle (2). The location of such
drogues by triangulation, using high-fre-
quency (HF) surface-wave emissions
from the buoy. is described in (33 al-
though such drogues are inexpensive
t5175), the positional accuracy deterio-
rates with distance from shore. making
this an unacveplable alternative near the
edge of the continental ~helf.

We discuss here a coastallv located
HF radar system that can measure und
map near-surface  currents o ranges
about 70 kilometers from shore. This in-
strument deduces current velowily from
the echoes scattered continuousls from
the vcean waves; buoyvs and drifiers are
not required. The radar units were buoilt
to be transponable and quickh deploy-
able on a beach. A minicomputer con-
trofs the radar and processes the signals.
permilling a current-vecter map 10 be
plotted in the field after 12 hour ot opera-
tion. Two spatially separated radar units
are presently employed. simuitaneousls



but independently, in order 10 yield the
total cumrent wvector at cach map gnd
point.

The principles underlying the system
have been studied theoretically and ex-
perimentally over the past several years.
The motion of the waves is seen by the
radar as a translation of the frequency of
the received echo signal from that of the
transmitied signal; this frequency trans-
lation is called the echo Doppler shifl.
The radar can thus resolve and measure
the component of scaller velocity along
the line between the scatterer and the ra-
dar, referred to as the radial velocity.
Crombic (4) first showed cxperimental-
ty—and it was later confirmed theo-
retically (J)—that to first order the
scatterers al high frequency are ocean
wave trains moving toward and away
from the radar. having spatial periods
precisely one-half 1he radar wavelength.
Thus the scattering mechanism is the dif-
fraction grating or Bragg effect used in
hotography or in x-ray analysis of crys-
talline structures. The specirum of the
continuous-wave transmitted signal is a
narrow peak al the carmier Frequency
tocation, as shown ain Fig. 1. In the
absence of current. the received frst-
order ses echo appears as two symmetri-
cally spaced peaks about the carrier.
whose Doppler shifts are given by the
lowest-order dispersion relation of the
scatlering gravity waves; that is

T fy = ok =
gl Imyv I = (g iaaie 1}

where & is the radar wavelength,
L = x/Yisthe lengih of the ocean waves
responsitee for the first-order Bragg scat-
tering. rp, 15 Ihe phase velocily of these
waves. and g is the gravitational con-
slant,

A cument beneath the surface waves
represents a transport of the water mass,
and can he thought of as a translation of
the entire coordinate frame for the waves
with respect 1o the observer at the sta-
tionary radar on shore. Hence the 1wa
wpectral peaks scattered from the waves
will be shifted fwith respect 10 the posi-
tion of the carrier frequency) by u smail
amaunt preporbenal to the radial com-
ponenl of curren! velocity. as shown at
the bottem of Fig. 1. This amount is
Af = 2 h. where ¢, is the mean ef-
fective current veiocity radial 10 the ra-
dar. In ). radar-deduced radial currem
observations were compared with drifter
measurements of currents at San Cle-
menie Jsland; the narrow radar beam and
short pulse kept the ocean palch size un-

der abservation to about 7 by 7 km. The
agreement wis about = 14 cmesec. n

these investigations (6. 7) the effect of a
nonuniform current on the transport of
the radar-obscrved surface waves was
also analyzed as a function of depih.

Experiments such as those at San Cle-
mente Island (6. 7). resolving the sea
echo from narrow azimuthal sectors a1
high frequency, require long permanent
phased-array antenna systems {>> 300 m}
on the beach 10 form a narow beam.
When one considers typical current pat-
terns and the various echo-signal Dop-
pler shifts they would produce at dif-
ferent azimuiths from the radar, one can
conceive of much smaller, simplet an-
tenna systems for determining 1he dircc-
tion of arrival of 1he echo. For example,
by comparing the phase belween two
noninteracling unlennas separated by
less thar one-half wavelength, one cin
umiquely determine the direction of ar-
rival over 1807 of space of a single signal
al a given Doppler shift. Crombie (8)
shuwed that this simple two-antenna sys-
tem was adeguate to azimuthally resolve
sea-echo signals from Florida, looking
eastward across the south-to-north Guif
Stream current Aow.

Concepts Behind tbe Present System

Because seawater iv nearly a perfect
conductor at high frequency (3 10 W
megahertz). the “ground-wave’ prupa-
gation mode v employed (¢1. In this
mode, vertically pularized electric fields
are transmifted and received . The propa-
gating fields at 1hese frequencies follow
the curvature of rthe earth and continue
well into the shadow region beyond the

horizon. even in the absence of almeo-
spheric and ionospheric refractive index
anomalies. Mathemalical solutions for
the ground wave—cormrected to include
the effects of sea-surlace roughness %)—
are available. They show that {i) near the
radiating sousce. the field decays with
the expected mverse range dependence
of free space. and (ii} far into the shadow
region, the fields neuar the surface decay
exponentially with range. This exponen-
tial range dependence ultimately dictates
the maximum distance at which currents
can be observed fur a particular trams-
mitted power. For the hardware de-
s¢ribed inthe next section. the maximum
range for the system—allowing for 2 10-
decibel signal-to-noise ratio {S/N) at the
recewver |1y —is about 70 km: this has
been verified in our recent experiments.
which are discussed below.

Although the system dees not employ
wonospheric or atmospheric refraction to
propagate beyond Lhe horigzon, it is in-
correct to call it a “line-of-sight’ radar
tas is a microwave radar), [n fact, trying
10 increase (he usetul range of 1the radar
by elevating the antennas (in order to Ln-
crease the distance 1o the horizon) s
counterproductive. because there is a
discontinuity in 1he propagation path imn
free space between the antennas and the
highly conducung seawater. We have €5-
lablished this fact theoretically and also
experithentally, by trying 10 pat the an-
tennas on roafs of huildings (but back
several hundred meters from Ihe waler)
to increuse the range. We have found
that the optimal locations for the an-
teninas are 4t sea level on the beach, as
close o the water as possible: in Fact, i
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Fig. |. Sketch .-.Iuming the principles of first-order HF Bragg scatter from the sea. and resulting
signal ectny spectra without and with an underlying curren:.
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is best if the grounding system beneath
the antennas makes electrical contact
with the seawater.

A separate antenna is used for irans-
mitting. It produces a slightly directional
pattern. peaked out toward the sea, with
a half-power beam width of +90°, its radi-
ation in the backward direction is ~ 10
db lower than that in the forward direc-
tion, which minimizes unwanted illumi-
nation over land. As with nearly all ra-
dars, time gating of the received signal
echo referenced to the transmitted pulse
ume delermines the range to the seca
echo. Our system transmits a 20-micro-
second unmodulated puise and digitizes
the received echo signal every 20 micro-
seconds after transmission. The signal
sample from each range (time) gate thus
represents the echo from an annulus of
the sea surface 3 km in width, concentric
with the radar location. A total of 25 con-
secutive range-gated signals are thus re-
tained for every transmitied pulse. pro-
viding a total distance of about 75 km
from the radar. The transmitted pulse
repetition imecval is 1 millisecond.

Since echo-signal Doppler shifts are (o
be related 10 current velocities, the time
series for each range gate is spectrally
processed. This is done digitally at the
radar site with a fast Fourier transform
{FFT) algotithm. Appropriate digital fil-
tering of the signals is performed before
the FFT to prevent spectral aliasing and
to maximize S/N. Since the sea surface is
arandom variable, the sea eche isalsoa
random vanable. In Fact, each spectral
power point output from the FFT is an
independent random vanable, following
a chi-square distribution with two de-
grees of freedom (/7).

Irt the first series of experiments, three
colinear independent receiving antennas
were employed. The received signal was
sampled ca each antenna separately and
sequentially for each transmission every
millisecond, with the other two antennas
switched open 10 minimize mutual inter-
actions. Therefore the FFT outputs from
the three antennas {for a given range
gate) can be thought of as being mea-
sured simultancously; the only theoretical
difference between the signals at the an-
tennas is due to the phase path dif-
ferences undergone by an echo, at a par-
ticular Doppler frequency from a partic-
ular direction, arriving at the different
positions of the three elements. Three
antenna elements. each sepurated for our
first experimenis by one-qearter wave-
length (3 m at 25 Mhz), aligned paraliel to
a straight coastline, can unambiguously
resolve two sea-echo signals at a particu-
lar Doppler frequency from 1807 of
space. For two signals with complex am-

plitudes A, and A, from angles o, and a,
{with respect to the perpendicular to the
coastline), the three complex received
voltages V,, Vy, and V.. can be solved in
closed form for the desired angles and
amplitudes, with the following resuits
(asterisks denote complex conjugates)

(At

. . Refx, ;)
s = SIS
L2 :1'/2 (2’
and
. v - ¥
Aye = ke = Ve Ty
(xe; — 52}
where

(Ve — [VaP) = H4IVVE - VW = (V! = [V

Mhz for our first series of tests (the radar
wavelength of 12 m is, to fist order,
scattered from ocean waves with a 6-m
wavelength). At these frequencies atmo-
spheric and extiernal man-made electrical
noise are ofien low, being equal 10 inter-
nal electrical receiver noise, whereas at
lower frequencies atmospheric noise
seen by the radar increases sharply. In
addition, antenna sizes also increase
with decreasing frequency. requiring
larger structures and more ground area.
On the other hand, ground-wave propa-
galion loss decreases with decreasing
frequency, offsetting the noise depen-
dence. There are additional reasons for
operaling at higher frequencies. how-

. o ever. For ong
thing, above 25

Iz =

In reality, since the sea-echo signal am-
plitudes A, and A, are random vaniables
10 which random noise is added, the an-
gles of arnval determined from Eqgs. 2
10 4 contain a random error that de-
creases with increasing S/N. Extensive
simulations and special experiments
have shown that for 10-db 5/N. such an-
gular etrors are less than 1°for [a| < 70°.
We have recently changed to a four-
antenna configuration (arranged in a
squarc) 1o resolve two signals from 360°;
this permits us to operate the radar on a
peninsula or an island with ocean water
subtending more than 180° around the
site.

Two sites are reguired to obtain two
radial current-vector components along
lines pointing in different directions in
order to construct a total current vecior
at a particular point on the sea. For a
straight coastline, the question arises as
to how far apart the sites should be.
Since a total current vector can be con-
structed only within the common over-
lapping areas seen by both sites, it is de-
sirable to maximize this area (by moving
the sites closer together). On the other
hand. as the sites become ciose (super-
posed in the limit), they sec most points
on the sea in the common area along
nearly the same radial direction. which
makes construction of the total vector in-
accurate. Conseguently, we defined the
optimization criterion for site separation
as the product of the common coverage
area times the average of the sine of the
angle between the lines to the two sites.
This product has a broad maximum, in-
dicating that for a coverage distance
from a single site of about 70 km. a site
spacing anywhere between 25 and S5 km
is adequate.

Various trade-offs were considered in
sclecting the frequency range 25 to 26
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Mhz ionospheri-

— == == -~ cally propagated
echoes are rarely encountered. whereas
at lower frequencies such distant echoes
can be folded in with the desired shon-
range sea return. Two other important
reasons for higher frequencies are ocean-
ographic in nature. First. the Bragg-scat-
tering 6-m ocean waves are relatively
short and are likely to be present more of
the time than longer waves. which re-
quire stronger winds to develop them. A
wind with a velocity greater than 3 mysec,
blowing longer than 1 hour. will develop
6-m waves to their (equilibnium) rool-
mean-square height of ~ 10 ¢m. Inas-
much as the waves are used only as a
“tracer’’ for the underlying cunent~.tis
desirable that they be present as often as
possible. Second. the shorter the ocean
waves under observation. the more Lhey
are influenced by currents very near the
surface. A rule of thumb 6. 731~ thud the
depth of the layer whose current will
affect a surface wave of lenpth L o 4 27
{about | m for L = 6 m). Hence. it vne
wants 10 observe currents in the upper-
most ocean layvers by measuring Ul
effect on the phase speeds of proary
waves. he shoutd use as high © rudar
frequency as possible. These fiorors led
us to select 25 to 30 Mhz far ~.o initial
operations.

Hardware Description

The present twu-unit radar syslem was
designed as a prototype of an operational
version. with considerably more flexibil-
ity than will ultimately be needed. in or-
der 1o facilitate changes as experience is
gained in the field. Yer this system was
built to be ransported by vehicle {»ee
Fig. 2). easily erected on a beach. and
capable of being operaled from & port-
able power supply (a 2.2-kilowalt gaso-



line generator). The entire radar is con-
trolled by a minicomputer, which also
does the signal and data processing in the
ficki. The end result is a map—drawn
on 4 pen plotter—of the surface-current
vector field.

The system radiates ~ 2.5-kw-peak
pulse power, as a stream of 20-usec
pulses every millisecond, thus the aver-
age radiated power is only 50 watts. The
radar is presently caprable of transmitting
any operator-selected frequency be-
tween 25 and 35S Mhaz (in 200-khz in-
crements), but so far we have operated
primarily between 25 mnd 26 Mhz. The
transmitting antenna  is & log-periodic
vertical monopole sxTay of three (or foun)
elements designed especially for this ap-
plicatien at Lawrence Livermore Labo-
vatories (12). Both wversions were de-
signed 1o have an input impedance of
— 50 ohms (real) from 25 10 27 Mhz; 1the
three-element versiom has a half-power
beam width of = 50°, while the four-ele-
ment version has + 43°.

The individual receiving clements are
readily available fibe rglass—¢ncased citi-
zens-band whips cut to a height of 1.575
m and each fed agaimst a quarter-
wavekngth, four-efement. Tadial ground
screen. The three (and curTently four) re-
ceiving clements are aligned on the
beach with a tape measire and compass.
These clements are €ach connected
through one-half wavelenBth of coaxial
cable to a switching neTWork and pre-
amplifier box, which cycleS sequentially
throtigh each of the antennas at a mate of
1 msec per antenna. JFrom ths swich,
the signals then pass through a single

preamplifier and coax ial 11P€ several tens

Anipnnos
E‘stmgﬁo

:%F}QYN“‘W?E‘:

. DIGITAL
. MINICOMPUTER

night.

of meters in length to the receiver hard-
ware in the van. From the antenna
switch onward, the signals from each an-
tenna pass through the same hardware,
climinating mismatch problems through
separate channels. The entire antenna
system can be unfurled by two men in
about 12 hour.

The heart of the radio-frequency sys-
tem is the receiver (Fig. 3). designed by
Barry Research, Inc., especially for this
radar. In addition 10 its obvious function,
the receiver also synthesizes the desired

Tronemirting Ardenna
TRAMSMIT
E SGNAL Analag S
ag Sigrolt
Oigital Signale

RF Hardware Diglta! Hardware

Fig. Z (leR). Sketch of the system as operated on the beach. Trans-
mitting antennas are on the left and recciving antenna om the
Fig. 3 (righ1). Block diagram of radar system.

carrier frequency and the pulse stroam to
be transmitted. This stream is amplified
in hardware designed and built in-house.
Every 20 psec, the recciver gain is
changed under computer control, called
a sensitivity time controt (STC), in order
to compensate for the decrease of echo
strength with range. The echo is coher-
ently mixed down to zero-intermediate-
frequency in-phase and quadrature (I
and Q) signals. These 1 and Q signals are
then digitized wilh 2 ten-bit analog-to-
digital (A/D)} converter every 20 usec.

Fig. 4. Photograph of complete radar radio-frequency and digital hardware.
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and all subsequent signal processing is
done digitally. This includes filtering
(called preaveraging., over 1i? or 114 sec-
ond) to reduce the signal bandwidth to 2
or 4 hertz. The fillered signals for each
range gate and cach receiving antenna
are then collected for 128 or 256 seconds
as the inpul to a $i2-point complex FFT;
thus, for the 12B-second optiun, for ex-
ample, the displayed spectrum has a
Doppler resolution of 11128 hertz over @
window from — 2 to + 2 hertz. (These
parameters can be selected by the oper-
ator.) The 1/128-hertz Doppler resolution
translates tnto a radial current velocity
resolution of ~ 5 cmisec.

The heart of the digital system for ra-
dar control and data processing is a Digi-
tal Equipment Corporation PDP 11734
minicomputer. The aperator communi-
cates with the system through a portabie
keyboard terminal. Moving-head mag-
netic disk and nine-track magnetic tape
units are available for loading system
software into the computer and also for
recording and archiving processed radar
data. Graphic displays and pen plotters
are available to display raw spectra and
current-vector plats. Further description
of the system hardware is found in (/0); a
pholograph of the complete digital and
radio-frequency hardware (excluding an-
tennas) for one site is shown in Fig. 4.

Experimenial Results and Digital
Data Anabysis

Initial field operations began with the
new radar system in southermn Florida
during late 1976; there was an additional
final week of operativns in Florida from
26 to 26 March 1977 during which fairly
extensive independent measurements of
surface currents were made for com-
parisons. The Florida area was selected
for initial operations and system calibra-
tions because of the fairly regular hut
strong south-to-north Gulf Stream flow
east of Miami. The two sites were lo-
cated at South Miami Beach (20¢
46'00™N 80707 58*W) and Font Lauder-
dale {26°05°01"N B0°06"38"W}, approxi-
mately 36 km apart. The latitudes and
longitudes of the 1wo sites are entered in-
to lhe computer. along with the azi-
muthal bearings of the two receiving an-
tenna arrays. The software then calcu-
lates the x, y positions of & rectangular
gid (3 by 3 km) of points 10 the east of
the baseline joining the two sites—at
which current vectors will be plotted
from the radar data—after conversion
from the radar-oriented polar coordi-
nates (range and azimuthal bearing from
each site). Most of the measurements

were made on 25.4 or 25.6 Mhz, witha
128-second  coberenl integration time
providing a Doppler resolution of 1/128
hertz).

The output of a single FFT is a com-
plex random variahle, having Rayleigh
amplitude and uniform phase probability
densities. The desired first-order portion
of the sea echo s random because of the
statistical nature of the scattering sea
surface. The remaining portion of the
FFT cutput can be thought of as additive
random noixe with respect to its cffect on
the desired first-order signal_ In reality.
there are at least four types of noise,
originating from different sources: (i) ex-
termal aimospheric or man-made noise.
(i) internal receiver noise, (1) second-
order radar sea echu (/7). and {iv) proc-
essor noise due to limited system dynam-
Ic range, system nonlinearities, and
guantization noise. Finaily, the actual
current field beneath the waves, instead
of being uniform. is more hkely to be
somewhat turbulent within the spatial
resolution scales seen by the radar.
Hence, the total signal plus noise is ran-
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Fig. 5. Plot of FFT spectral power mnpat.
The black spectrum is the idealired test sea-
echo spectrum in the absence of a current.
The gray spectrem is the measured sca echo
at 375 km from Fort Lauderdale, as modified
by Gulf Stream current shear.
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dom. and from this we intend 1o extract
(i) an estimate of the azimuth angle of ar-
rival of the signal at cach Doppler fre-
quency outpul from the FFT. (ii) an esii-
mate of 1he radial current velocity at this
range and azimuth, and (iii) the sea-echo
signal amplitude.

Since exiraction of the ungle of arrival,
using the cguations given ahove, re-
quires the use of coherent simultaneous
sigrials from each of three {or four) re-
ceiving antennas for a given range cell,
we cannot average the individual outputs
of the FFT's in order 1o reduce the ef-
fects of random signal fluctuation and
noise. [nstead, we go through the follow-
ing process. Figure 5 is an example of the
right half of the amplitude-squared out-
put of the FFT processor for the 37 5-km
range gate for sea echo measured a1 Font
lLauderdale. A threshold level is estab-
lished for the usable portion of the signal
{for example. 20 db down from the mean
peak level). and the remainder of the
FFT output is discarded . The solid curve
shows the expected position of the echo
in the absence of any current over the
semicircular range cell: it occurs at a
Doppler shift fi (Eq. 1). All echo points
at Doppler shifis different from f; are
therefore due to currents. and a radial
current velocity scale centered on [, can
be given in terms of these Doppler shifts,
as shown in Fig. 5. The angle of amival of
the signal at each of these Doppler shifts
{or radial current vetocities) is then ob-
tained from the compuex signals V. Vi,
and V. at each of the three antennas. us-
ing Egs. 2to4d.

At this point. for a given I28-second
run and for each range gate. we have an
array of azimuth angles and signal echo
ampltudes as a function of radial current
velocity. We then interchange the roles
of the dependent and independent vari-
ables. considering radial velocHy as a
function of azrimuth angle. After accumu-
lating and storing radial velocity data
over severa consecutive 128-sccond
uns (typically 1en), we then average the
radial velocities that fail within preset
angular *"bins.”

This averaging is aclually done in a
manner that gives preference to higher-
quality points. First of all, gach sample
radial velocity point in a particular angu-
lar bins is weighted by the ratio of the sig-
nal (amphtude squared} to the average
noise power level for that same point:
higher signal amplitude vatues give more
accurale angle estimates. Second. other
guality factors are used to weight the ra-
dial velocity samples. For example, in
the abisence of noise. the amplitudes of

¥,z given in Eq. 4 will alwavy be unity,

Hence camples whose values of [x, ; de-
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past significantly from unity are weighted  optimized. The mathematical steps in- mating surface currents, we made a se-

lower. Finally, the signal-1o-noise ratios
for all of the samples in a particular angu-
lar bin are averaged; this is used in a finat
thresholding process 10 decide whether
the (weighted) averaged radial velocity
for that bin will uttimately be used. If it is
not used (because the signals are too
low) or if there were no values falling in
the bin, then a value for the radial veloci-
ty at that angle is caiculated by inter-
polation from the adjacent range-azi-
muth cells.

In the process of producing a map. the
data from both sites are combined (in our
case, cither by data 1elemetry between
the two sites or by physically trans-
porting the data tapcs from one site to
the other). Then the amrays of radial cur-
remt velocities from each radar site 10-
#ether with range and azimuth (in polar
coordinates) are entered for each rec-
tanguiar grid point; also. direclion co-
sines al the grid point are calculated for
the radial linet to 1he sites. This aliows
the 1otal current vector 1o be plotied a1
that grid point. The angular sectors very
near the shore are somelimes excluded
because the nearty parallel radial veloci-
ties seen from each site ar these grid
points give risc 1o large vector errors; in-
tegration technigues to improve the qual-
ity of the maps near shore are being in-
vesligatedh. Figure 6 is an example of a
map made in Florida by using these data
processing steps. The well-known hori-
zomtal shear of the Gulf Stream (outward
from the shore} is clearly visibie in these
maps.

The point to be emphasized is that al}
of the averaging. weighting, and thresh-
olding procedures described ahove are
done digitally tnot arbitrarily or subjec-
tively). according to rules that are being

volved, beginning with the angle extrac-
tion, are nonlinear in nature. Hence it is
not possible to obtain mathematical error
estimates in closed form. The opti-
mization of the processing algorithms
must therefore be based on two methaods
of quality assessment. First, simulations
are employed in which one begins with
known current palterns, randomizes the
first-order sca-echo spectrum, adds ran-
dom noise, canverts to a time serics, and
then processes this simulated echo sig-
nal to sec how well the original current
palterns are recovered. We have been
using such simulations for nearly 3 years
to amive al our present algorithms. Sec-
ond. independent measurements of sur-
face corrents are obiained during radar
operations, using drifiers and timed-re-
leased floats. Compansons of these
measurements with radar data are the
subject of the next section.

Compartson with Drifters

As an ultimate calibration standard,
one would like to employ independent
measurements of near-surface currents
as "'ground truth.”' However, since dif-
ferences of (ens of centimeters per sec-
ond have been documented in drifler
current measurements, there is consid-
erable doubt as (o whether dis-
agreements of this order between drifter-
and radardeduced curments are due to
radar ervors or drifter errors. Further-
more, the two techniques are so dis-
similar in nature that there are many rea-
sons why they should respond dif-
ferently to conditions near the surface.
Noretheless, since drifters are the only
established quantitative method of est-
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ries of radar measurements on 23 to 26
March 1977 in Florida in conjunction
with ship tracks of drifters in order 10 £s-
tablish some initial credibility for this
new remote-sensing technique. The
Nova University vesset Youngster fH—
supported by a Hi-Fix Navigation sys-
tem—tracked a drifter at several posi-
tions in the radar coverage area over B- to
12-hour pericds on 23 and 25 March.
This drifier was drogued with nigid verti-
cal aleminum baffle plates extending 46
cm below the surfuce foar. Each track
consisted of a 5- to 8-minme drifi whose
start and ¢nd points were marked navi-
gationally; from this a mean (Lagrangi-
an) drift velocity was calculated. In addi-
tion, the National Oceanic and Atmo-
spheric Adminstration vessel Virginia
Key—supporied by a miniranger naviga-
tion system—tracked a cork float on 23
and 24 March at other locations in the
coverage area. Again, each track lasted
about 5 minutes.

The velocities deduced from both radar
and drifter measurements, and the differ-
ences between them, were refatively simd-
lar in ail cases. Significantly, the drifter
velocities show considerable differences
from day to day. For comparison, we
show here our longest set of drifter meas-
urements, made eastward from shore {at
the midpoint between the two radar sites)
to a range of 50 km; these drifter meas-
urements, made with the VYoungster JIT
and the drogued buoy, required 12 hours
to complete. These measurements are
shown in Fig. 7 along with radardeduced
current velocities. The total currené-vec-
tor magnitudes are plotted for ¢ach tech-
nique.

The agreement is very reasonable, with-
in the range of expected drifter variances.



Both techniques recorded the current
shear with distance from shore quite acc.
utately, and observed the current? maxi-
mum oa this particular duy at approxi-
mately 20 km from shore. Most of the
disagreement beyond 27 km was due to
the fact that a sudden onset of high winds
and breaking waves caused the drifter to
tip over, so that it was not measuring sur-
facecurrent drift properly. Measuring
the average error,c (between straight-line
segments joining the two sets of points)
and its standard deviation over the path
out to 27 km, we obtain 10 cm/s for the
standard deviation. If we include the en-

- path, this standard deviation is 21.5

m/s.

The 10 cm/s difference may well be the
best obtainable agreement between these
two techniques because they are intrinsi-
cally observing different quantities, The
drifter measurement is Lagrangian in na-
ture, averaged over only a short line (400-
500 m); the radar measurement is Euleri-
an, averaged over an area of about 3 by 3
km.

Applications and Future Directions

The HF radar remote-sensing syslem
uppedrs to provide considerably ex-
panded observational capability for
coastal physical oceanographic research.
Since itis transportable and offers oulput
currenl maps on site in near real time,
the system has a great potential for oper-
ationzl coastal current monitoring and
for quick response to offshore accidents.
[nasmuch as surface currents are highly
variable, elusive, and expensive to mea-

sure by existing in situlechnigues, this in-
strument offers an attractive alternative.
Te duplicate the large areal volume of
data vectors oblained with only & 12-hour
radar operation would require many
ships ar aircraft iracking drifters simulta-
neously—an experiment that would cost
hundreds of thousands of deflars. Qur
discussion with commercial manufac-
turers kead us to beheve that streamlined
operational versions of our prototy pe ra-
dar could be avaitable for about $30_000
per complete radar pair,

The need 10 understand and belter de-
fine the structure of currentlike water
movement near the surface becomes
more evident as we uttempt to further in-
terpret and refine the accuracy of this
system, Both theoretical analyses and
carefully planned experiments should he
undertaken to quantify ihe effects of cur-
rent turbulence within the radar cell.
wave-wave interasctions. and current
shear with depth on the radar measure-
menls. Furthermore, the actuval finear
herizontal drift of particles at the surface
{for example, 0il) and its relation to mean
near-surfuce current velocity must be de-
termened, especially under conditions of
high winds and breaking waves. The sim-
tlarities and differences between Eule-
rian areal and Lagrangian linear mea-
surements peed to be better understood.
The prospect of having contlinuous sur-
face-current data should provide the im-
pelus to correlate currenls with their
short-term driving forces (such as winds,
waves, and tides). Such a correlation is
potentially a means of using the surface-
current datz to measure. indirectly,
those driving forces.
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Summary

A high-frequency radar remote-sens-
ing syslem for measuring and mapping
near-surface ocean currents in coastal
waters has been analyzed und described.
A transportable prototype version of the
system was designed. constructed, and
tested. With Iwo units operaling tens of
kilometers apart. the curents were
mapped in near real time ul a grid of
points 3 by 2 km covering areas exceed-
Ing 2000 km®, out 1o a distance of abou
70 km from the shore. Preliminary estj-
mates of the precision of currenr velocity
measurements show it to be about 10

cmy/sec.
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ABSTRACT

An important observational problem related to improving
coupled ocean-atmosphere models is the determination of the
vertical distribution of horizontal currents generated in
the upper mived layer of the ocean by the passage of a storm.
Mized layer shears might be as large as 0.04 sec™?.  Because
rectification of near-surface current measurements Dy mocring
line motions reduces the accuracy of near-surface circulation
studies, to what extent do moored current measurements rerre-
sent the near-surface horizontal velocity fteld? Results from
several intercomparison tests indicate that mooring-related
rectification of AMF vector-averaging current meter (VACM)
measurements made near the surface beneath a surface-following
float mocred in deep-water was small, approximately a few cm
see‘I, or 10-15 percent of the near—surface current generated
by a storm.

*Ajso affiliated with the Department of Oceanography, University of
Washington, Seattle, Washington 98195.
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INTRODUCTION

Reviews of intercomparison tests of moored current measurements and
of observations of upper ocean current shears have been discussed else-
where (Halpern, 1977; 1978). This paper will focus on the influence
produced by mooring iine motions on the Savonius vector-averaging current
meter (VACM). Attention is focused on the VACM because numerous previous
studies (e.g., Beardsley et al., 1977; Halpern and Pillsbury, 1976;
Saunders, 1976; SCOR Working Group 21, 1975; Gonella and Lamy, 1974)
have shown it to record near-surface currents more accurately than other
kinds of rotor/vane instruments. We restrict our discussion to deep-
water regions.

INTERCOMPARISON TESTS IN DEEP-WATER

For many years before the 1972 SCOR (Scientific Committee on Oceanic
Research) Working Group 21 Third Intercomparison Test, current measure-
ments were made beneath surface buays with the realization that the data
contained spurious currents produced by vertical motions of the instru-
ment, high-frequency surface wave motions and cable vibrations (e.g.,
Webster, 1967). Results from the 1972 SCOR Test {SCOR Working Group 21,
1975; Gould and Sambuco, 1975; Gould et al; 1974) indicated that current
measurements made at intermediate depths beneath surface buoys moored in
deep water were undoubtedly contaminated by mooring motion. Soon after-
wards, it was widely conjectured that erronepus current measurements
would be obtained at al) depths beneath a surface-following buoy.
Evidence contrary to this view has since been provided by Zenk et al.
(1978), Saunders (197¢), Halpern et ai. {1974) and Pollard (1974).

Previous intercomparison tests were made under conditions of
relatively low wind speeds, small sea heights and large current speeds,
and thus were not suitable for studying the in situ characteristics
of the Savonius rotor/vane VACM during conditions typical of storm-
generated mixed Jayer deepening. During the Mixed Layer Experiment
(MILE} which occurred in August and September 1977, in the northeast
Pacific at 0.W.S. PAPA (50°N, 145°W), several intercomparisons of VACM
data were made when 36-hour_ wind speeds and significant wave heights
were greater than 15 m sec-! and 3 m, respectively (Halpern and Davis,
in preparation). During the 19.5-day experimental period, the mean
surface current speed was about 5 cm sec-1. Comparison of VACM data
recorded at 8 m beneath a surface-following toroidal buoy and at 9 m
beneath a stable spar buoy indicated that speed measurements made near
the surface beneath a surface-following bucy will contain a large amount
of mooring motion {"noise"), as expected, and that the characteristics
of the VACM reduced the amount of mooring noise contained in the Cartesian
component data. During a 24-hour interval of the storm, the 8 m (TORQID)
and 9 m {SPAR) scalar speeds computed from the rotor counts measured at
1.875-min intervals were 77.5 « 3.9 cm sec™| and 36.4 + 5.1 cm sec‘l,
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respectively, but the rms difference between individually measured east
(or north) component speeds was about 5 cm sec—! (Figure 1). Because of
the vibrations of the mooring line and the vertical motion of the VACM
beneath the surface-foljowing buoy, large scalar speeds were recorded.
During the 5,25-day intercomparison test when wind speeds were 3 m sec”
to 21 m sec‘], the vector-mean speeds were Tess than 1 cm sec-1 different.
The fast response of the VACM vane and the high-frequency Cartesian
speed sampling scheme allow for a more representative measurement of
velocity despite the larger rotor-scalar speed caused in part by the
motion of the surface-following buoy. Kinetic energy density spectra
(Figure 2) of the 8 m (TOROID) and 9 m (SPAR) VACM records measured
during the 5.25-day test encompassing the passage of the intense low-
pressure system contained a 1:1 correspondence between energy levels for
frequencies below 4 cph. At freguencies above 4 cph, the 8 m (TOROID)
spectrum flattened. The change in slopes of both spectra at frequencies
between 1.5 and 3.5 cph might be an indication of the occurrence of
internal wave motions near the Brunt-Vaisala frequency.

CONCLUSION

The small number of intercomparison ftests conducted with VACMs
placed near the surface beneath surface-following buoys moored in deep
water, indicated that spuriocus currents produced by mooring line motions
were greatly reduced by the fast-response sensors and the internal
recording mechanism of the instrument. The effect of high-frequency
surface motions on VACM data was small during the large winds and wave
heights encountered during MILE (Davis and Weller, 1977)}. Reduction of
cable strumming (Softley et al., 1977} will probably also minimize the
amount of rotor-pumping produced by vibrations of the mooring cable.
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ABSTRACT

About half the physical oceanographic observations at the
University of Miami arve current profile measuremenis. These measure-
ments are gathered by two distinet methods: the Attended Profiling
Current Meter (APCM}, which has been primarily developed and used
by Dr. Walter Duing in his studies of intense ocean currents such
as the Gulf Stream, the Equatorial Current and the Somali Current
where near-surface current meter moorings are impractical or high
vertieal resolution velocity data are required; the second method
involves the use of an automatic unattended current profiler--the
Cyclesonde. The Cyclesonde, developed by Johm Van Leer, has been
used to study current profiles on continental shelves and in the
upper 300 meters where long time series of CTD/velocity profiles
are desired or where profile array datz with a single ship cre
available. Time series profiles are particularly useful in studving
inertial waves, mizing processes, bottom and surface boundary lavers
or eomplex mean flow patterns associated with fronts. About 20,000
veloeity profiles have been collected by APCM and Cyclesonde techniguza.

The principal source of error in the APCM is navigational uncer-
tainty in the ship's position, which is required to convert the
velocity profile relative to the ship into absolute velocity vrofiies.
Other errors include time lag, angle offset, rotor shading and surjace
wave pump up. The roller coupling used in both methods greatly
reduces the surface wave noise introduced in the speed sensor at ierthe
below the zone of direet wave orbital influence. Typical AFCM ervor:
are 3-5 cm and Cyclesonde errors ave 1-3 em/sec, compared to fixel
level current meters or other profiling technigues.

WORKING CONFEFRENCE OR CURRENT MEASUREMENTS, JANUARY 1978. SPONSCORED EY THE ”
TILESE DRSSRE.GM,

NOAA OFFICE OF OCEAN ENGINEERING AND_THE DELAWARE SEA GRANT CCLLEGE :
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INTRODUCTION

Two types of devices for abtaining vertical profiles of horizontal
ocean currents in the upper ocean (generally 500 m depth or less) are now
used at the University of Miami. The first of these is the Atpendgd
Profiling Current Meter, or APCM (Diiing and Johnson, 1972), which is
intended for use from a ship in regions of intense currents, when.near-
surface current meter moorings are impractical or velocity data with
high vertical resolution are required. This instrument has been used
successfully in the Gulf Stream, in the North Equatorial Current and in
the Somali Current.

The second device s the Cyclesonde (Van Leer, 1976). This is a
buoyancy-driven CTD/velocity profiler which makes repeated automatic
profiles on a taut wire mooring in the upper 300 m of the ocean, It has
been particularly useful for studying oceanographic phenomena such as
coastal upwelling, bottom boundary layers, inertial waves and tides. Such
data have been gathered in experiments off the coasts of Oregon and Peru
and on the West Florida continental shelves. Cyclesondes have also been
used in deep water to study the surface layers during the GATE Experiment.

Because of the different measurement techniques used with these
instruments, each device has its own characteristics that influence the
quality of data obtained. A brief description of each instrument will
first be given, followed by some examples of the types of data which can

be obtained. Finally, a discussion of data quality for both instruments
is given,

DESCRIPTION OF THE APCM AND ITS DATA

The APCM consists of three major parts. A roller block couples the
front of the instrument to a hydrowire, The roaller decouples the APCM
from the ship-forced vertical heaving motion of the wire, which would
contaminate velocity data if the profiler were fixed to the end of the
wire. The second part of the APCM is the hull, which consists of a PV
pipe filled with buoyancy balls to make the overail system almost
neutrally buoyant. The hull alsa acts as a direction vane by trailing
down-current from the wire. Its 3-meter length serves to damp out rapid
fluctuations in direction. The final component is a current (speed and
direction), temperature and depth recorder made by Aanderaa which is
inserted in the bottom of the hull. The magnetic compass within the
Agnderaa will indicate the orientation of the hull once per sampie period,
while speed is integrated between samples,

The complete APCM is ballasted slightly heavier than sea water so
that it sinks down the hydrowire. If the end of the hydrowire ig weighted
with 300-500 pounds of lead, and if the ship steams steadily on the wire
to reduce its angle relative to the vertical, a rather uniform descent
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rate of 10 to 15 cm/sec can be maintained. Using a sampling period of 30
seconds, this gives a 3 to 5 meter vertical resolution for the resulting
profile data.

An APCM can be seen in Figure 1 being Towered over the side of a
moored ship in the Gulf Stream during Project SYNOPS {Diiing and Johnson,
1972). A recent example of a time series of equatorial current surveys
made by a single ship is shown in Figure 2. The ship sequentially
occupied a series of stations spanning the equator. These data illus-
trate the high vertical resolution of current velocity attainable with
the APCM and the value of mobility in surveys of low frequency oceanic
phenomena.

DESCRIPTION OF THE CYCLESONDE AND ITS DATA

The Cyclesonde was designed to make long time series of vertical
profiles on moorings at fixed locations {Van Leer, 1976). It may be
thought of as replacing an anchored ship making repeated CTD and APCM
casts. Cyclesondes (Figure 3) have usually been used on moorings (Figure
4), with both internal recording and radio telemetry. They are often
deployed in groups of four or five to form a synoptic array over some
region. Profiles are made on a preset schedule {typically every one to
four hours), and can operate from weeks to months depending on the water
depth profiied and the frequency of profiling. The Cyclesonde logs up
to 15 channels of data with 12-bit resolution at present periecds from 2
to 60 seconds. The frequency of sampling makes the analysis of inertial,
tidal or mean motion possible without the usual vertical aliasing found
in fixed-level current meter arrays (Van Leer, 1978).

An example of Cyclesonde temperature and velocity data recorded in
June 1975 is shown in Figure 5. These contoured data are based on twice
hourly profiles over a 4-1/2 day period. They illustrate the complex
vertical structure of the tidal motion as well as the development of
the bottom boundary layer with time.

APCM DATA QUALITY

Since the APCM is used from aboard an anchored or drifting ship,
only relative velocity profiles are obtained. These relative profiles
are then made absolute by correcting for the ship's drift or motion on
the mooring. Thus, navigational uncertainty can be an important source
of error when measuring currents with this technique. Anchored radar
reference buoys are often used as navigational references. A method
using shore-based radar transponders is being developed to precisely
locate the ship's position. This method should be accurate to about

100 gm offshore and will appreciably improve the accuracy of absolute
profiles.
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Figure 2. Time series of cross-equatorial sections at 28% at roughly 2.5 day
intervals by Buing et al., 1975.
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nottom to within 15 meters below the sea surface.
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Something more can be said about the relative precision (or internal
consistency} of APCM profiles. Figure 6 shows two pairs of APCM profiles.
The first pair was obtained during the GATE experiment {1974 from R/V
Iselin, ship drifting}, while the second pair was obtained during the
INDEX experiment (1976, from R/V Atlantis II, ship steaming to maintain
a constant wire angte). For each pair, the time separation between pro-
files is about one hour. The r.m.s. difference between a profile pair
(for either pair) is about 5 cm/sec, Ignoring the possible influence
of high-frequency environmental signals ?internal waves, far example),
this can be taken as a reasonable estimate of the precision attainable
in APCM measurements under the controlled conditions which prevailed
during these observations. These controlled conditions are as follows:

) wire angle maintained at <5° if possible;

) instrument descent rate <15 cm/sec:

} relatively constant ship drift over the observation period;
} ambient relative currents >10 cm/sec.

Lo Y

CYCLESONDE DATA QUALITY

The Cyclesonde commonly records current (speed and direction), tem-
perature, pressure and conductivity. Nominal accuracies for these
quantities are given in Table 1.

TABLE 1
Least Count Calibration
Full Scale Resolution Accuracy

speed {15.58€)  5op 1 /cec

Sample + 067 cm/sec + 1/2 cm/sec
Direction 360° + ,178° + 1/2°
Temperature 20°C + .005°C + 0i°C
Pressure 200 dbar + .05 dbar + 10 dbar

- mmho mmho mmho
COTIdUCt‘V'It_V 30 o 0073 on .0 —n_

Recently, an effort to compare Cyclesondes with fixed-level current
meters has been made. Also the internal consistency of Cyclesonde data
has been evaluated by comparing the up and down traces of currents obtained
from a given instrument in a given experiment. Fiqures 7 to 10 show the
results of such a comparison from two separate instruments. The data were
obtained during a 1975 experiment on the West Florida continental shelf
in about 100 m of water. Table 2 summarizes the characteristics of these
two data sets and instrument moorings.
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TABLE 2
Tnst.” Fig. No. of Profile Approx. Depth  Type of Surface Wind
No. No. Pairs Range (m) Float Conditions
25/1 8&10 56 15-45 Surface <10 kts
2711 789 119 20-95 Subsurface <10 kts

Systematic and nonsystematic errors were resolved using the following
approximate {but, as it turned out, highly useful) technigue. For each
data set:

1) current data were interpolated to uniform depths (every 5 m);
2) these data were split into groups of all up and all down traces;

3) time-average currents were separately computed for the up and
down groups (Figures 7 and 8) and then subtracted from the
corresponding original data for each group;

4) a variance of the difference signal between the up and down groups
obtained in 3) was calculated. One-half of this value was taken
as an estimate of the uncorrelated "noise”" level in the data
(plotted in Figures 9 and 10}.

Note that the time differences between data points in a pair are -5
minutes near the surface, increasing to about 30 minutes at the bottom.

SYSTEMATIC ERRORS (Figures 7 and 8)

Clearly, systematic differences can exist bhetween the averaged up
and down traces. The algorithm used to compute horizontal speeds in
Figures 7 and 8 used the averaged speed during the 30 seconds between
the previous sample and the present sample and the direction observed
during the present sample. Thus, the computed speed values will lag the
true value by half the sample interval. In regions of strong vertical
shear, this will produce a hysteresis effect in speed. In 27/, for
example, with the Cyclesonde vertical speed of 10 ¢cm/sec, the horizonta.
speed values are spatially lagged by 150 cm and the vertical shear is

l%gﬁgiﬁﬁs- = 2.7 x ]0'35(30'1
in the bottom-most 55 meters. This gives an average 1ag gf about .4 cm/sec
on both up and down going profiles. This would nearly pr1ng the Vyp and
Vdn profiles in Figure 7 into coincidence. Clearly, this computational

91



VAN LEER/LEAMAN

error was responsible for about half (.8} of the difference between up and
down going profiles. We have corrected the algorithm for future computa-
tions, but the short time available did not permit recomputation and ‘
redrafting of all these figures., MWhere the average of up and down profiles
is used, the errors should nearly cancel out.

Plotted on the same figures are simultaneous average currents cbserved
by fixed-level Aanderaa current meters moored within one kilometer on
subsurface moorings. (The triangular symbols are average “u" and circles
are average "v" components.) These results show that comparable data
within 21 or 2 cm/sec can be obtained by either technique. HNote there
is some indication that the nearsurface Aanderaa may he over-registering
due to wave action in record 25/1. The remaining offsets between up and
down profiles are probably due in part to certain characteristics of the
sensors on the MKII version of the Cyclesonde (Van Leer, 1976). The two
current rators in these devices are each enclosed in a four-strut cage
(see Figure 3). As a result (Perkins and Van Leer, 1976) the rotor speed
calibration has a +10% variation with a functional form cos(4oA + “A]
where op is the true attack angle {angle of the fiow relative to the
falling or rising instrument cage). Thus, the speed calibration is
relatively sensitive to our estimate of op in certain ranges. The
quantity op has been determined by an iterative scheme with the assump-
tion that the instrument is Tevel. If a small (not unknown) pitch
angle of the instrument is present, this can cause a systematic offset
in up and down current traces. The instrument modifications described
below will substantially reduce this probiem.

NONSYSTEMATIC ERRORS {Figures 9 and 10)

In these fiqures, the variances of the difference signals for these
two data sets are shown. Note in particular that the variance of 25/1
{surface mooring) tends to increase toward the surface somewhat more
rapidly than does the variance of 27/1 {subsurface mooring at about 20 m
depth). Comparison of other data sets from surface and subsurface moorings
under conditions of higher winds shows that this effect will become more
pronounced with increasing wind. These elevated "noise" levels near the
surface are probably caused by a combination of mooring motion and "rotor
pumping,” although the Cyclesonde, because it is held to the wire by a
relatively friction-free rolier, is strongly decoupled from vertical
motions of the mooring line. The instrument modifications listed below
will also reduce this problem,

INSTRUMENT MODIFICATIONS

~ As a result of the analysis described above, the following modifi-
cations to the Cyclesonde are now planned or are being carried out:
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1) alteration of the rotor cage design to (a) reduce the number
of struts, or {(b) make the struts smaller. This will make
speed computations less sensitive to variations in attack angle
and thus reduce the "pitch angle” errors discussed above;

2) installation of pitch and roll sensors, also to reduce attack
angle uncertainties;

3) testing of vector-averaging current sensors as a means of
reducing near-surface velocity contamination;

4) redesign of Cyclesonde moorings {particularly in deep water)
to reduce horizontal motions of the mooring line near the
surface,
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ABSTRACT

This paper is concerned with the acquisition of infermation
on turbulent mixing in the boundary layers of the ccean, that 13,
near the seaq surface, near the sea bed, in coastal regions and in
estuaries. In such problems, natural fluctuations with periodls
ranging from a few tenths of a second to a few weeks are of
greatest comcern, with spectfic emphasie on eontinuous time
series over periods of at least 30 minutes. For ugeful measurc-
ments in this area, accuracies of 0.1 cm/sec often are required.
Presently, my group 18 using mechanical, geoustic and electro-
magnetic meters. Only the mechanical wunits meet the desired
specifications, and they have too high a threshold velocity
(1.0 em/sec), ave too large when deployed in groups of three,
and are too often contaminated by filaform seaweed to be con-
gidered satisfactory. However, it is not just the suttability
of the flow sensors themselves but also the nature of the
deviccs on which they are mounted and the care with which they
are deployed that determines the accuracy of current measure-
ments in general and turbulence data in pariicular. Pracise
flow meters located in the wake of a frame part or deployed
in the digturbed pressure field caused by a support arm produce
results that are just as inaceurate as judictously spaced
sensors with less desirable response characteristics. Further-
more, unresolved frame motion can render velocity fluctuation
measurements useless.

When deployed from a properly designed support device
and with a good wuierstanding of their assets and shortcomings,
instrwments such as our pulse output mechanical current melers
often can be used to obtain results cf the seientifieally
required acouracy. When used in this fashion, however, it is
essential that the investigator have a thorough understanding
of the instrumenis based on a comprehensive testing program.
Also he must have a good theoretical understanding of their
operation and of the flows to be examined in order to permit
exploitation of the test results and to aveid misinterpreting
their implications in regard to field deployment.

ORKING CONTERENCE OF CURRENT MEASUREMENTS, JANUARS
VOAL OFFICE OF OCEAN ENGINEERING AND THE CELAWAKE
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INTRODUCTION

The turbulent diffusion of heat, mass and momentum is of fundamental
concern in a wide variety of oceanographic problems and is of special
importance in problems involving ocean boundary layers. Yet knowledge
of the turbulent processes in the ocean is deficient to a degree that
makes reasonable models of exchange processes impossible. Historically,
such models have been based on simple eddy diffusion hypotheses, and the
constant or variable turbulent diffusion coefficients have been treated
more as adjustable parameters than as physically predictable variables.
However, this approach is clearly not satisfactory from a scientific
viewpoint, and spurred by recent advances in other areas of geophysical
fluid mechanics, the need to understand the specific processes respon-
sible for heat, mass and momentum transfer in both the boundary layers
of the ocean and its interior is now widely recognized, To accomplish
this important task, measurements of ocean turbulence fields and the
smali-scale motions that give rise to them are required.

Because of the complexity of the overall problem and because of the
author's primary interest in sediment transport mechanics, our early
investigations were oriented toward the nature of the turbulent flow in
the imnediate vicinity of solid boundaries. Furthermore, working with
turbulent flow in the neighborhood of the sea bed or an ice cover
provides a major logistical advantage in a field that otherwise has few;
that is, in this region, the flow meters can be mounted on fixed frames
or on relatively sturdy masts.

In addition to the specific studies of unsteady, nonuniform,
stratified and ratating bottom boundary layers under natural conditions
with which we have been concerned in the past, we now are involved with
investigations of turbulent mixing in the surface regions of highly
stratified estuaries. In the latter studies, the advantage of being
able to support a mast or frame on a solid boundary is }ost, but the
ability to determine position accurately at a high sampling rate is
retained. Furthermore, by making measurements from a moderate size
vessel during relatively calm periods, the disturbing effects of surface
waves can be reduced to an acceptable level. In the various bottom
boundary layer investigations, emphasis has been on measurement of all
six Reynolds stress components on a minimum of four levels, as well as
on accurate determination of the mean velocity field. In cantrast, the
estuarine turbulence studies are degraded by the loss of a stable
platform from which to deploy the flow sensors. Therefare, they involve
the occasional measurement of Reynolds stress components and turbulent
heat and salt fiuxes, but focus on the comprehensive determinaticn of
velocity, temperature and salinity fields produced by moderate to small-
scale, deterministic ocean motions. In the former case, the field
investigations are motivated by the difficulty of reproducing particular
ocean conditions at reasonable scale in the laboratory; whereas, the
surface layer studies in highly stratified estuaries are motivated by
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the need to understand what small-scale, deterministic motions are
responsible for the turbulence production and the need to obtain crude
turbulent kinetic energy estimates as constraints on turbulence modeis.

In this paper, some of the difficulties associated with obtaining
turbulence data from ocean boundary layers are outlined, along with a
few experimental technigues that we have found useful in coastal and
estuarine regions. The ocean turbulence measurement problem can be
divided into three parts. The first involves identifying the best
method for approaching a given problem, the second relates to the choice
of sensors and the third involves the design of frames on which the
sensors are to be deployed. The phrase "method of approach" is used
here to denote the scientific scheme that is to be used in the measure-
ment program. Unfortunately, ideal fiow meters and sensor support
devices do not now and probably never will exist, so all three of these
parts of the problem must be considered together and in light of the
characteristics of the given flow. Some general comments in regard to
each of these parts of the probiem are presented in the next secticn.
The final part of the paper is devoted to the particular flow sensors
and instrument frames that we use.

GENERAL CONSIDERATIONS

Methods of Approach. Before deciding what sensors and frames to
use in a particular ocean turbulence investigation, it is necessary to
determine exactly what flow variables are best 1o measure. Then the
time and space scales that must be resolved need to be identified and
the accuracy with which the measurements must be made needs to be
determined. Two substantially different approaches can be taken con-
cerning the first consideration. In cases for which available knowledge
about the physics of turbulence production from laboratory and theo-
retical studies is good and in which the basic geometry of the region of
interest is relatively simple, it usually is more accurate 0 elucidate
the small-scale deterministic motions responsible for producing the
turbulence and to calculate the resulting Reynolds stresses or turbulent
kinetic energies, than to measure the latter directly.

Under most, if not all, circumstances, much greater precision can
be obtained in the controlled environment of a laboratory than in the
field, and the former clearly is the place in which to carry out basic
research on the physics of turbulent flow. As long as a field situation
of interest is characterized properly by a set of laporatory data, and
these data agree with available theory, then there is 1ittle reason to
doubt the applicability of the results to the field situation. Under
these conditions, the major experimental task is to ensure that the
basic flows are indeed the same locally and to determine the relevant
characteristics of the natural one. No harm may be done by attempting
to confirm the prediction with actua) turbulence measurements, but
nothing is gained if the experimental study is not accurate enough to
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' initive statement. This is the case all too often. Further-
Es:gitii g§5;11y is much more difficult to obtain agcurate turbulence
data in the field and the entire design of an gxpgr1menta1 program, not
to speak of its cost, may depend on whether thys is necessary or not,

One way to study ocean turbulence, therefore, is to measure the mean
velocity field accurately, and then to calculate the Reynolds stresses,

However, in complicated flow situations, the available knowledge is
not sufficient, or at least not obviously sufficient for this purpose,
and not all field situations can be reproduced easily in the laboratory.
For example, it is difficult to make a horizontally uniform turbulent
Ekman layer in the laboratory, let alone one that is time-dependent,
stratified and disturbed by a wind-wave field. Also, there are occasions
when available flow sensors can be situated more closely to a natural
boundary relative to the scale of the fiow, than to the wall in a
laboratory case. In these instances, the loss of precision accrued by
making measurements in the field may be more than compensated by the
advantages gained from working there. However, this route will Tikely
raise the cost and difficulty of the experimental program.

I

To determine a Reynolds shear stress of one dyne/cm” to +20% by the
eddy correlation method, the flow sensors must be able to measure velocity
components to an accuracy of better than 0.1 em/sec at all frequencies
contributing significantly to the cospectrum. This means that both zero
drift and instrument instability must be less than this value, and that
the sensors must be calibrated to this accuracy. Data acquired by my
research group over the past cecade in a wide variety of environments
suggest that averaging times significantly shorter than 30 minutes are
insufficient to resolve important low frequency components in natural
boundary layers; whereas, comparable ervors {10 to 15%) are incurred if
the flow sensors do not respond to frequencies that are much higher than
U/az. Here U is the local mean velocity and Az is the distance of the
sensor from the sea bed. In natural turbulent boundary layers, this
requires a high frequency response of nearly 10 Hz, even when the
turbulence measurements are made a few tens of centimeters or more from
;he boundary. Of course, the wave number resolution of the flow sensing
instrument also must be small relative to the distance from the sea bed.

To obtain useful mean velocity data in natural boundary layers, the
necessary accuracy usually can be reduced by a factor of three or so and
the instrument need not be able to respond at high frequency as long as
it averages velocity components linearly. tikewise, the wavenumber
resolution 1imit is no longer relevant. However, it still is necessary
to average over 30 minutes or so because substantially greater accuracy
is required in resolving the near boundary shear. In ocean cases, time
averages Tonger than 30 minutes are impractical because of the inherent
unsteadiness of such flows induced by tides. This results in a limit to
the accuracy with which turbulent stresses can be measured by the eddy

correlation technique.in such problems, and thus a 1imit on the accuracy
needed in sensors designed only for that purpose,
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Generally, it is precision at relatively high frequencies that is
important for turbulence studies. For many boundary layer investigations,
the concern is with sensors or sensor arrays that are small in vertical
scale. In addition, in unsteady and nonuniform flow fields such as
occur in most patura1 situations of interest, stress profiles are neither
constant nor simply varying; thus, a field of sensors rather than just
one or two must be used. This can be done by most of us only if the
sensors are relatively inexpensive., Here it should be noted that high
accuracy measurements from a singie point are of value only if they are
representative of a region or can be generalized with an available
theory to that accuracy.

To emphasize the need for a dense set of turbulence sensors in
experiments on natural boundary layers, some typical stress profiles
from the upstream side of a gently sloping, nearly sinuscidal sand wave
2.1 m in height and 90 m in wavelength are shown in Figure 1. As is
typical in nonuniform flows (Smith and McLean, 1977a, 1977b), the shear
stress first increases with distance from the boundary, then reaches a
maximum and decreases. This structure clearly precludes using a "constant
stress layer" assumption in analyzing turbulence data from flows that
might be even slightly nonuniform. Figure 2 shows a series of Tow pass
filtered shear stress profiles made over successive 20-minute periods in
a partially mixed estuary. The stress field is quite complicated and
obviously does not follow that predicted by one-dimensional, homogenecus
density turbulence theory. Similarly, a single shear stress measurement
made at an arbitrary distance from the sea bed is of little scientific
value in such flows. Of course, it is to elucidate the reasons for
these complications that we are investigating the mechanics of natural
unsteady and nonuniform boundary layers.

For basic geophysical research, available sensors are not likely to
be ideal. This situation arises from a need to proceed with measurement
programs as soon as any method of obtaining the desired information, at
acceptable accuracy, has been found. Under these circumstances, the
investigator must understand thoroughly both the characteristics of his
sensors and those of the environment he 1is examining. Often such knowl-
edge, plus that concerning specific interactions between sensor and
environment, is gained in an iterative manner. This is the case whether
an off-the-shelf device is used as is, modified, or whether a new
instrument is designed.

In the field of geophysical fiuid mechanics in generaQ‘and in the
field of ocean turbulence studies in particular, a substantial effort 1s
required to test and evaluate flow meters and flow meter support systems
before results can be considered reliable. Furthermore, it 1s the’
obligation of every experimental ccientist to carry out a calibration
and testing program that is sufficient to guarantee results accurate to
the degree reguired by the scientific probtem.

To uncerstand the flow field being invesFigated, it is esseptiaﬁ
to have a good comprehension of related experimental and thecretical

99



2201

200

160

120

80

HEIGHT ABOVE BED {cm)

SPATIALLY AVERAGED
PROFILE

{ Disploced by 20 cm2/sec?)
| 1 1 i | )

Figure 1.

10 20 30 40 50 60
20 30 40

-U'W' (cm?/sec?)

Shear stress profiles for the upstream side of a
gent]y sloping, nearly sinusoidal sand wave 2.7 m
in height and 96 m long.

140



ELEVATION 1rm]

o 8 8 o 8 8 o 8 %8 . & %
L L L_/_,/" ”_:/:;
"“—\\//‘ A wi NS

| Z'\'/" g AR
A e
il I~ I L
;_5 T i_/,,-" _._/r"‘;]
I SRS N 2
PSP P T
w1 S N N
“-*\//.: L_'-/h"._. T_/—"’:‘ i_/’/;i
T P e
I T T L
T e o 1
:::J Z'.\/ I %
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structure of the near bottom stress field.
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to be able to use the tools of theoretical fluid mechanics to
;iiglgﬁngnghe applicability of these resulps to the case at hand. Even
Wwith the iterative approach methad above, it 1s necessary to be ab]g to
maximize the amount of information gained at each step apd to use it
effectively in anticipating the results of the next experiment,

Current Meters. A number of potentially useful flow measurement
technTques for bottom boundary layer studies exist, and sensors based
on many of these principles are available gither commercially or pri-
vately. Most have advantages and disadvantages that make them useful
for certain types of experiments and not for others. Just as there is
no best current meter for all flow measurement in the interior of the
ocean, no single flow sensor is best for all boundary layer investiga-
tions. For this reason, we now have available for use with our impellor-
type current meters two types of electromagnetic flow meters, one
travel-time acoustic current meter, three types of hot film sensors and
three other kinds of mechanical current meters. The relevant charac-
teristics are threshold velocity, zero drift, stability, frequency
response and susceptibility to contamination.

Electromagnetic current meters are convenient to use and they pro-
duced some of the earliest bottom turbulence measurements (Bowden and
Fairbairn, 1956; Bowden, Fairbairn and Hughes, 1959; Bowden, 1962).
However, high zero drift rates and relatively low frequency response
for a given level of precision still severely limit their utility in
many ocean turbulence studies. Also, we have found it necessary to make
three-component measurements in order to guarantee accurate results, and
these sensors are difficult to mount in pairs without having serious
flow interaction problems. Recently, Marsh-McBirney developed a three-
component electromagnetic current meter in a spherical housing, but the
prototype is too large to deploy in bottom boundary layer investigations;
also the zero drift rate is too high and the precision at 2 Hz is too low
for use in turbulence studies. Some of these problems probably can be
overcome with proper design, and further work on high precision, low

zero drift, three axis electromagnetic fiow meters definitely should be
encouraged.

Our travel-time acoustic current meter works very well at low flow
rates but suffers from a complicated calibration with angle of attack.
As tbe e]ectron1cs package is situated much toa close to the transducers,
the instrument is clumsy and very sensitive to flow direction. Also it

is somewhat larger than one would like f i i-
qations. or bottom boundary layer investi

. Thermal flow sensors are easily contaminat f
h1gh freguency and small-scale respﬁnse. Theseegfggﬁ ::g gggiblgeg in
ﬁ?ggunﬁzggndw1th an array of lower frequency turbulence measuring devices.
Also, he tg aprqbg31are most usefully deployed on a bottom mounted frame
aLt a r19idly moored yesse1,as they need considerable tending
as they must be oriented into the mean current. QDevices for cleaning
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the probes, of course, must be used with them. Such sensors are an
integral part of any careful turbulence investigation whether it be in
the ocean, in estuaries or in rivers, but for the present at least, they
must be considered auxiliary turbulence measuring devices and not the
primary ones.

Strain-gauge or drag-type mechanical current meters are sensitive
to flow acceleration as well as flow velocity, and thus are inconvenient
to use in turbulence and wave studies. Also, they are susceptible to
high drift rates unless carefully designed. Their main advantage is
that a three-axis sensor of relatively small dimensions can be con-
structed. Savonius rotor current meters do not have the frequency
response necessary for near-bottom and estuarine turbulence investi-
gations, and are neither small enough nor accurate enough to be used
near the sea bed as a primary mean velocity sensor,

Instrument Frames. Even when making measurements in relatively
shallow water from bottom-mounted frames, both the type of flow sensor
to be used and the type of frame on which it is to be mounted must te
considered carefully. When the sensors are subject to large zero drift
rates, there is little point in using a precision flow sensor in the
immediate neighborhood of an obstruction or designing an expensive
uncluttered frame that is difficult to deploy. It is also necessary to
remember that cables and instrument support brackets as well as the
basic instrument frame, can disturb the flow at the measurement site.
Even an open tripod can cause streamlines to slope upward and outward a
few degrees. The factors of primary concern here are: wake production,
pressure field distortion, frame stability, frame vibration and frame
orientation. The first two of these can be accounted for to some extent
and must be in an investigation of high precision, but such corrections
use idealized geometries and approximate expressions for velocity fields,
resulting in systematic residual errors.

Instrument frames usually are much too large to calibrate satjs-
factorily. Flume tests with scale models are not effective for this
purpose as they do not usually employ a realistic shear prof11e,_rare1y
include cables and sensors, and are not often examined for the dis-
turbance produced at specific instrument sites. Nevertheless, they are
useful for estimating distortions in general flow pattern caused by bulk
frame geometry.

Wakes from large obstacles are disastrous in any turbuleqce stgdy
and are difficult to handle from the flow measurement corrgct1on point=
of-view under ail circumstances. Nevertheless, wake theories are
reasonably accurate in their predictions of steady velocity fields, and
useful corrections can be made if turbulence data are not of direct
concern and if the mean flow is fixed in direction and magnitude.
Unfortunately, in many problems of geophysical interest, the latter
conditions are not fulfilled. When the frame orientation cannot be
adjusted as the flow direction changes, wake corrections are 1nev1tab1e.
in the long run, if the flow is from an unfavorable bearing relative
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me, one usually ends up throwing out the data or treating it
:gp:t:tzqi and recogniziﬁg that it is substantially degraded. The fact
that this must be done in cases where 1n§erna]ly_record@ng bottom- -
mounted systems are deployed, argues against their use in most situations
for which a wire-lowered ship-tended sysiem could be substituted.

When designing frames and masts to support flow sensors fqr precision
mean flow and turbulence studies, it is very important to consider the
hydrodynamic effect that they produce when located in the type of flow
to be examined. Flow blockage should be minimized in general and in the
vicinity of the sensors in particular. Frame parts that might cause
wakes to be produced in the neighborhood of the sensor should be avoided
when possible and always kept to a minimum diameter. Redundant sensors,
although expensive and clumsy, should be added to circumvent the wake
problem when high-quality flow data from all directions are required.

Finally, if the flow in the immediate vicinity of the boundary is
to be examined for sediment transport, geochemical or benthic ecological
purposes, then the lower part of the frame must be designed to prevent
the support structure from scouring into the sediment and moving,
rotating or tipping as it does so. In addition, flow sensors must be
Jjudiciously placed to prevent scour beneath them and a system to deter-
mine the exact elevation of the bed at the measurement site is desirable
if not mandatory. In investigations of this type, local bed topography
also should be measured with sufficient accuracy to guarantee that the
boundary is planar or to permit elucidation of the resulting nonuniform
flow effects. In most boundary layer investigations, it is desirable to
determine the density field in the immediate vicinity of the sea bed in
order to quarantee that flow stratification corrections are unnecessary
or that they can be made properly.

INSTRUMENTATION USED FOR NEAR-BOUNDARY TURBULENCE AND ESTUARINE
MIXING STUDIES AT THE UNIVERSITY OF WASHINGTON

Pulse Qutput Mechanical Current Meters. Soon after I began working
on near bottom flow probTems at the Woods Hole Oceanographic Institution
in 1963, it became clear that none of the commercially available current
meters was satisfactory for making turbulence measurements. The one
with the most potential was a smail impellor type unit made by a French
company (Neyrpic, Inc.). Both the rotor housing and the readout system
of this flow meter were poorly designed, but the rotors had a number of
desirable hydrodyqamic properties. Their major deficiency was a lack of
symmetry, making it impossible to use them in experiments in which the
flow could reverse direction. Subsequently a symmetrical rotor with
similar gharacter1§t1cs. but with smoother leading and trailing edges,
was fabricated. With the addition of a slightly modified bearing system
and a completely redesigned rotor housing, a basic flow sensor usable in
bottom boundary layer and turbulence studies was produced. This did not
differ in any critical way from the modern version shown in Figure 3,
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Figure 3. Pulse output mechanical current meter.
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The original Neyrpic flow meter had a pulse output. After every
half revoiut?on, theytﬁickneSS of a gap between the back of the rotor
and a pair of electrodes changed in a stepwise manner, causing a pulse-
like variation in resistance between each electrgde and the case ground.
The Neyrpic readout system was susceptible to dtjift2 and after trying
several more elaborate designs for the output circuitry, the entire
sensing system was replaced with an optical one. A few years later, two
phototransistors, wired in parallel such that they produced pulises of
opposite polarity, were mounted in the stem of the current meter. These
were illuminated alternately as the rotor turned; this was accomplished
via a beam from a 1ight source between them, reflected back to the
phototransistors from a strip of mylar tape mounted on the tip of the
rotor blade. Although this system worked quite well for currents of
moderate and high speed, low pulse rates from low velocity fiows combined
with cross-over distortion produced by the phototransistor pair to make
signal processing difficult and occasionally inaccurate. Also, it was
difficult to align the mirrors on the tips of the blades so that all
four pulses were equally spaced in time, at a constant flow speed; thus,
only one pulse per revolution usually could be extracted with the
desired accuracy. In 1972 the optical readout system was replaced with
one that used a Hall effect sensor and tiny magnets mounted near the
ends of the rotor blades. The Hall effect system reduced this problem,
but even with this passive magnetic field sensor, poorly aligned units
can miss pulses when magnets are used in the tips of more than two
blades.

From a fluid mechanical point-of-view, the current meters were
tested and retested until reasonable angle of attack properties were
obtained. At the onset, ducted meters were tried and it was found that
these produced a maximum output at an angle of attack between 30° and
45° relative to the axis of the current meter. A subsequent investiga-
tion indicated that this was a property of flow through a duct at an
angle of attack to a stream, and the original ducted current meter idea
was discarded. However, without a duct, the rotors were not reliable at
h1gh angles of attack, 50 & band or very short duct had to be added.
This was made shorter than the axial length of the impellor to minimize
its effect at low to moderate angles of attack, and it was found to
yield a satjsfactory response over the entire range. Also it satisfied
the constraint that the output vary monotonically with angle of attack
in a g1ven-quadrant. Were the cutput of the current meter not approxi-
mately cosine and were this variation with angle of attack not monotonic
1n a given quadrant, then it would be impossible to determine flow
q1rect!0n uniquely from three orthogonally mounted sensors using the
1terative technique described in the next paragraph.

A_heaq-on calibration for these pulse output current meters is
shown in Figure 4, whereas typical calibrations with angle of attack for
the most recent model are shown in Figures 5 and 6. These are given in
terms of functions of angle of attack that multiply the cosine of this
variable. Over the range for which we usually use the pulse mechanical
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current meters, this angle of attack correction varies eonly siightly
with flow speed. At zero angle of attack, the calibration equation is:

= 3 + bf, 1
Uy, =2 (1)
where u, is the flow speed, a and b are empirically determined constants
and f 13 the output frequency. If the current meter is rotated through
a yaw angle a, from head on, around the axis of its stem, then the cali-
bration equation becomes:

u = (a + bf} gu(a), (2)

where u is the measured velocity component and g (a) is an angle of
attack correction factor of order unity. Similarly if the current meter
is rotated through a pitch angle 6, from head on, in the plane of the
stem, then the calibration equation becomes:

u = (a+bf) g (e), (3)

where u 1is the measured velocity component and 94 (6) is the angle of
attack correction.

Due to the pressure forces that arise on the stem when it is at an
angle of attack to the flow gg{x) # g, (x) where i is any angle, Thus
the general calibration equation for a single current meter is:

= {a + bf} gl«, 8). (4)
Denoting the total angle of attack as g, we see that:
tanzﬁ = tan’s + tan’a. (5)
If g{s, a} is defined as a function of tan ¢ and tan o, g{6, a) is

determined by linearly interpolating, with arc angle ¢, between 9y (g)
and g, (8) and this yields:

glo, o) = 9 (8) + 2 [g_(g) - g,(8)], (6a)
g = an'] (tanze + tan a)‘fz, {6b)
¢ = tan”| %%%—% . {6c)

The most accurate data processing procedure is to assume that the
current meters respond in a cosine manner, then to calculate the flow
direction relative to the triplet orientation. From this, angle of
attack corrections for each meter are determined, and then a new flow
direction is calculated. With a few iterations, convergence to better
than =1.0% of the actual flow is attained. Use of on-board, NOVA
1200 computer eliminates the need for a perfect cosine response in the
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current meters, in our case, and even in internally recording systems,
microprocessers can be used to make the required corrections. Faster
computational methods for making the angle of attack corrections are
available for specific triplet geometries, but this iterative one always
can be used and can be carried to whatever accuracy is attainable or
desirable.

The accuracy of a specially calibrated single current meter is
better than 0.1 cm/sec or :0.5% of the actual reading, whichever is
larger. Even as a group, the head-on calibration is linear and yields a
precision of 0.3 cm/sec or +1.2% of the actual reading, whichever is
larger. For flow speeds above 7 cm/sec, the angle of attack correction
is good to +0.3 cm/sec or +2% of the actual value, whichever is larger,
If desirable, this could be impreoved somewhat, but we have not done so
because it has not been necessary in the cases that we have examined.
The single current meter accuracy is a fair but slightly pessimistic
representation of the precision, and certainly the precision is not
better than z0.05 c¢cm/sec. 1In spite of their somewhat archaic design,
these pulse output mechanical current meters can be used to provide
measurements of high accuracy and these data are not degraded substan-
tially until frequencies in excess of 5 Hz are encountered. Frequencies
up to about 10 Hz can be resolved, but the transfer function for the
region between 5 and 10 Hz is not known very well, and because of the
wave number cutoff of the flow sensors, this band is not usually of
interest.

In addition to the vertical scale of each velocity sensing unit and
its frequency response, the wave number resolution of the turbulence
measuring array must be taken inte account. The distance constant for
the 4.0 cm diameter impellor used in the pulse-output mechanical current
meters is approximately 7.2 cm. Thus, with two magnets per rotor,
eddies with downstream wave lengths of less than 7.2 cm cannot be re-
solved. Similarly, the cross-stream extent of the triplet in its
ordinary boundary layer configuration is about 20 ¢m so only turbulent
eddies with cross-stream scales significantly larger than this are
resoived accurately. Nevertheless, this configuration stil] provides a
reascnably good evaluation of the velocity fluctuation field associated
with the most energetic turbulent eddies and provides a moderately
matched frequency and wave number response, in addition to a precise
determination of vertical shear. The lack of sensitivity to horizontal
disptacement of the component sensors when mounted in a triplet results
from the substantial anisotrepy of near boundary turbulence and from the
decrease in spactral density with increasing wave number,

High accuracy can be attained only if the threshold velocity for
the current meter is not crossed. In the mass produced units, the
mechanical threshold is somewhat below 1.0 cm/sec. With the optical
readout system, the crossover distortion problem alluded to above
required an electranic threshold of nearly 2.0 cm/sec, but this problen
was eliminated when the Hall effect readout method was introduced. To
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avoid threshold problems, the current meters typically are oriented such
that each senses a substantial component of the mean flow. After the
angle of attack corrections have been made, the velocity and Reynolds
stress components are rotated back into the most desirable geographically
oriented coordinate system. In turbulent flow investigations over non-
uniform boundaries, we usually rotate the components of the Reynolds
stress tensor into a mean streamline coordinate system, but as the frame
orientation is measured and the angles of rotation are recorded no
information is lost.

In our Arctic experiments to measure the boundary layer under sea
ice, the masts were configured 50 that they could be rotated in the
horizontal plane. The same scheme is used on bottom-mounted frames,
except in this case the frame is designed to rotate itself into the mean
flow direction when it is lifted off the sea bed. Only when deployed on
the continental shelf in an internally recording mode does the problem
of threshold crossing arise in flows of moderate mean speed. Then it is
necessary to accept that certain data will have to be discarded or at
least recognized as inferior,

The pulse output mechanical current meters have the advantage of
being relatively small but quite rugged and are anly seriously disturbed
by seaweed if it is of the filaform type. When a triplet is used. it
can be configured such that all meters are in the same plane or nearly
s0; thus, the small size means that they can be stacked quite ciose
together in the vertical and still permit acceptable resolution of the
turbulent structure within the overall constraints produced by the
finite size of the array and the finite wave number resolution of the
impellor,

In summary, the specific advantages of an array of pulse output
mechanical current meters are {1} their ability to resolve mean shear
with high accuracy, (2} their good freguency and wave number response at
this accuracy, (3) their near cosine response with angle of attack,

{4) their capability of being used singly, in pairs or in triplets, and
{5) their low cost per unit. Their greatest disadvantage is a suscep-
tibility to fouling by filamentous green algae or grass. Moreover,
their frequency and wave number response is toc limited for many tur-
bulent flow applications, while their size is too large for some types
of bottom boundary layer and sediment transport measurements.

Support Brackets. In most cases the support frames for the pulse
output mechantcal current meters are constructed of 3/4" (19.05 mm) 0.D.
stainless steel tubing. This has the advantage of being both non-
corrosive and nonmagnetic, thus aveoiding both chemica) and physical
interference with any sensors mounted thereon. Support blocks con-
structed of polyvinyl chloride {PVC) attach to both the current meter
triplets and the stainless steel tubing. In the most commonly used
design, the support blocks have two parts. These slide together and
can be fastened with machine screws. One part of this bracket fits
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around the stainless steel tubing and bolts to it with two screws; the
second part of the bracket fits around two of the three current meters,
clamping them in the desired position. The third current meter is
attached to the other two using small diameter laboratory clamps. The
advantage of this sytem is that an entire current meter triplet can be
taken off the frame and replaced after removing the two machine screws
and three Electro-Oceanics connectors. Individual flow meters are
oriented to within a fraction of a degree in each triplet, so a template
must be used and this set-up operation cannot be done accurately while
the triplet is attached to the frame, With the two-part brackets, this
alignment can be accomplished precisely in the laboratory, and triplets
can be set up and stored well ahead of a cruise.

Deployment Systems. Earlier it was noted that the specific frames
and masts from which Tlow sensors are deployed are as important as the
sensors themselves. This being the case, a review of the primary systems
from which the pulse output mechanical current meters currently are
being deployed and a brief discussion of the salient characteristics of
each frame are presented in this section. The specific scientific
projects under which these instrument frames have been deployed in the
past are listed in Table 1. Table 2 tists the frames now in use.

Specific resulie from the nonuniform flow investigation in the
Columbia River are presented by Smith and McLean (1977), MclLean {1976),
and McLean and Smith (in preparation) and Smith, MclLean, Chubb and
Begley {in preparation). Specific results of the Arctic Ekman layer
investigation are presented by Smith (1974), McPhee (1974) and McPhee
and Smith {1976). Results obtained using the Arctic profiling fish in
the spring of 1976 are presented by Morison anrd Smith {in press).
Results pertaining to turbulent mixing in the Duwamish River are pre-
sented by Partch and Smith (1977) and Gardner and Smith {in press}.
Preliminary results of the Knight Inlet investigation are presented by
Farmer and Smith (1978).

The support device that has yielded the highest quality turbulence
data is the bottom boundary layer (BLF) frame shown in Figure 7. The
basic frame design is that of an open tower comprised of 3/4” {19.05 nm)
0.D. stainless steel tubing supported on four ski-like stainiess steel
feet. Fifteen centimeter-long spikes are bolted to the feet and pene-
trate the sediment beneath to keep the frame from sliding downstream.
These feet also are weighted with lead to provide high stability when
the frame is sitting on the bottom or suspended in the flow. To
guarantee this stability, a scale model was constructed and tested in a
tow tank before the prototype was built. One of the design goals was to
produce a frame that would remain more or less vertical when hanging in
a uniform flow so that some interior flow measurements could be made if
necessary. Also, it was desigrad to have a damped response to all but
the lowest freguency fluctuations in flow direction so that it would
orient the sensors into the flow direction if held above the sea bed for
a short period before being set down.
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TABLE 1

Ocean Boundary Layer and Turbulence Measurements Carried Qut
in Recent Years at the University of Washington

1. Flow over large amplitude quasi two-dimensional sand waves

Location: Columbia River

Expepiments: June 1968, 1969, 1971, 1972

Instrument frames: BLF, IFF

Meaaurements: MWean velocity {all years)
Reynolds stress (1972 only)
Bottom topography
Suspended sediment concentration

2. Arctic Ocean surface mixed layer investigations

Location: Beaufort Sea

Erperiments: March-April 1970, 1971, 1972, 1974, 1976

Imatrument frames: UIM, IFF or APS

Meaourements: Mean velocity (all years)
Reynolds stress (all years)
Salinity and temperature profiles (1972, 1974, 1976)
Under ice topography (1970, 1971, 1972)

3. Near bottom flow on inner continental shelves

Location: Oregon continental shelf

Experiments: December 1975

Instrument frames: SUDS

Measurements: Mean velocity
Wave height and wave induced velocity
Turbulent kinetic energy

Abbreviations:
BLF Boundary Tayer frame APS Arctic profiling fish
I[FF  Interior flow frame SUDS Self-contained underwater data system
UIM Under ice mast SMM  Ship mounted mast

IPF  Interior profiling frame ITF Interior turbulence frame
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TABLE 2

Fstuarine Turbulence Investigations Currently in Progress
at the University of Washington

1. Mechanics of mixing in a salt wedge estuary

Location: Duwamish River (Seattle)
Experiments: August 1974, January 1975, October 1976, March 1977
Instrument frames: BLF, SMM, ITF, IPF
Measurements: Mean velocity
Reynolds stress
Turbulent salt flux
Turbulent heat flux
Turbulent kinetic energy
Salinity and temperature profiles

2. Mixing in the surface layers of fjords

Location: Knight Inlet (British Columbia}
Frperiments: November 1976, August 1977
Tnstrument frames: IFF, APS, SMM
Measurements: Mean velocity
Internal wave velocity and salinity field
Turbulent kinetic energy
Interface topography
Salinity and temperature profiles

3. Mechanics of unsteady turbulent boundary layers

Location: Puget Sound
Experiments: June 1973, October 1973, Septerber 1974, October 1974
Instrument frames: BLF, IFF, 1TF
Measurements: Mean velocity
Reynolds stress
Turbulent kinetic energy
Small scale, high frequency flow structures
Bottom topography
Salinity and temperature

Abbreviations:
BLF Boundary layer frame APS Arctic profiling fish
IFF Interior flow frame SUDS Self-contained underwater data system
UIM  Under jce mast SMM  Ship mounted mast

IPF Interior profiling frame ITF Interior turbulence frame
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The bearing of the frame and its attitude are recorded using a
compass and two tilt meters, respectively. The mast to which current
meters are attached is situated forward of the frame in order to reduce
disturbances caused by wakes from the support arms and particularly from
the pressure field induced in the flow by the presence of the frame and
the other gear that it supports. The latter may include current meter
junction boxes, cables, a compass, tilt meters, conductivity cells,
pressure sensors and a precision echo sounder. A photograph of the
instrument frame with a set of current meter triplets mounted on it is
shown in Figure 8. The spheres on the two front feet are the lead
weights used in balancing the frame.

The masts that we used in five Arctic mixed layer investigations
were comprised of three meter long sections of 3/4" (19.05 mm) 0.D.
stainless steel tubing with flanges on each end so that the section
could be bolted together. Several hundred pounds of Tead were suspended
at the base of the mast; the exact amount was determined by the drag on
the mast which depended, in turn, on its length and the number of current
meters attached to it. Flow-induced deflections of more than 3° were
considered unacceptable. Figure 9 shows a photograph of the instrument
frame as deployed under the ice in March 1972.

When concerned with currents and turbulence in the interior of the
water column, wire-lowered rather than botiom-mounted instrument support
systems must be used. No matter how well the motions of these frames
are moni tored, the turbulence measurements are substantially degraded
compared with those obtained with bottom-mounted frames. When the
research vessel is moored with three anchors in a shallow and calm
estuary and when yawing of a well designed frame is measured with a
compass accurate to 1° or better, Reynolds stress, turbulent salt flux
and turbulent heat flux measurements can be made with itolerable accuracy.
However, even with inertial reference gear, such measurements become
questionable when wind waves are present or when the research vessel
begins to yaw. If the ship is moored with a single anchor, about all
that can be determined with any accuracy using a wire-lowered system
(even when precision microwave navigation shows the vessel to be essen-
tially stationary), are mean velocity and turbulent kinetic energy. In
contrast, using a ship-mounted mast system such as the one described
below, some Reynclds stress and turbulent heat and salt flux information
can be obtained when the vessel is moored with one anchor, as long as a
high frequency response precision navigation system shows that the
vessel is relatively stationary over periods of time sufficient to yield
usable time series {at least 5 minutes). When the ship s steaming with
a ship-mounted mast, navigation inaccuracies and the broad spectrum of
vessel motions make it difficult to determine anything but mean velocity
and turbulent kinetic energy profiles. Nevertheless, the use of velocity
profiling systems and ship-mounted masts provides a means of elucidating
spatial structure that cannot be resolved in highly stratified estuarine
systems by any other presently availabte oceanographic technigue.
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The basic interior flow frame (IFF} that we use is sketched in
Figure 10. Like most of our other frames, it is constructed primarily
of 374" (19.05 mm) 0.D. stainless steel tubing. From the front, the
test section is an open 60 x 120 cm rectangle. Current meters mounted
on the sides and top are oriented so that their centers can be located
on the axis of frame rotation. As shown in Figure 11, twe pairs of
pulse-output mechanical current meters, not quite on the axis of rota-
tion, are situated to yield downstream and vertical velocity components,
whereas the electromagnetic current meter at the top, the puise current
meters and the acoustic current meter at the bottom provide measurements
of any cross-stream flow component. Orientation of the frame is caused
by the drag on the open network of tubing and through the drag on the
pipe at the top. The latter is oriented perpendicular to the basic
frame and has a large sphere on its downstream end. Orientation of the
1FF is determined with tilimeters and a compass.

A second type of wire-lowered frame called the interior turbulence
frame (ITF) has been used to measure turbulent heat and salt fluxes.
This device is based on an Arctic model Guildline CTD oriented to fiush
horizontally as shown in Figure 11. A Jarge PVC fin attached to the
downstream end orients it into the current. Brackets supporting masts
of 374" (19.05 mm) 0.D. stainless steel tubing in the vertical direction
above and below the CTD provide support for current meter triplets of
the type used on the boundary layer frame and Arctic masts. Also, this
frame supports a special triplet configured to provide measurements of
the three velocity components in the immediate vicinity of the Guildline
temperature and conductivity sensors. This unit has the advantage of
permitting turbulent heat and salt flux measurements, but it is not
quite as stable as the standard interior flow frame.

The Arctic Profiling Fish (Figure 12) is basically a Guildline CTD
with a triplet of pulse mechanical current meters configured symmetrically
and mounted at its head, and an additional pressure case containing
inertial reference equipment. This profiling system is described in
detail by Morison and Smith (in press). The system is attached to the
vessel by an armored electrical cable that leads to a large diameter
block and then to a winch. The hydraulic winch has a 1.8 m diameter
drum, so the lowering rate does not change much over the upper 100 to
200 m of the water column. Moreover, it is controlled automatically so
that the Arctic Profiling System can run unattended for many days.
Typically, the cycle time is about 5 minutes, yielding approximately 12
downcasts per hour. Due to the fish geometry, data from upcasts are
degraded. Therefore, they are not always recorded. As is the case with
data from all other frames, the measurements are logged on a NOVA 1200
computer.

The ship-mounted mast (SMM} is shown in Figures 13, 14 and 15 and a
complete description of it is given by Gardner and Smith {1978). The
mast is a 13 m long piece of 2 1/2" 0.0. (63.5 nm) thick wall steel
tubing strengthened and fared with a 3" x 1/4" (76.2 x 6.35 mm) steel
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rib welded to the downstream side., This is attached to an I-beam by a
special clamp that holds the mast torsionally rigid but permits it to
pivot in the fore-aft direction {Figure 13a). Stays support the mast
laterally. Junction boxes and instrument cables attach to the rib on
the back of the mast, and the current meter triplets attach to special
brackets on the side so that they are centered 20 ¢m in front of the
mast (Figure 13b).

The bracket between the mast and the I-beam also permits the base
of the mast to be rotated onto the research vessel after it has been
raised approximately to the elevation of the pivoting bracket (Figure
14). To deploy it, the base of the mast is rotated out and then down
until it is at a 30° angle with the vertical. Then the mast is lowered
along its axis to the desired depth through the special pivoting bracket,
and the stays are tightened. The latter operation is accomplished while
the mast remains at the 30° angle. Once in the water at the desired
extension (Figure 15), the special pivoting bracket that holds the mast
to the I-beam is tightened. When underway, 230 kgms of lead at the base
of the mast keep the base support wire under tensicn as long as the
research vessel does not exceed about 4 knots.

The mast can be raised to service the current meters and lowered
again in about 5 minutes. When in positien, it enters the water 1.5 m
aft of the point where the bow intersects the sea surface and is 2.3 m
{or 1.7 ship hull widths) lateral to the hull at this point. Motion of
the mast is monitored with the same inertial reference umit that is used
with the Arctic profiling fish or with three accelerometers when both
systems are being deployed at once.

The last support frame available in our inventory of equipment is
the seijf-contained underwater data system (SUDS). The instruments de-
nloyed on all of the previously mentioned support devices are attached
to a research vessel via an electronics cable. However, it occasionalily
is necessary to deploy a bottom current measuring system that is self-
contained. Two types of frames have been used with SUDS. The first is
a giant tripod shown in Figure 16 and the second a short, squat tower
with a Y-shaped base. The former is required when sediment transport
jnvestigations are of concern, whereas the latter is sufficient when
the general properties of the bottom boundary layer are of interest for
physical oceanographic purpeses. The large tripod is designed to mini-
mize disturbance of the flow in the immediate vicinity of the sea bed
and thereby to permit accurate measurements in this region. The data
recording gear, SUDS proper, is housed in the sphere at the top of the
tripod. An acoustic release and a cannister of rope attached to a
cubmarine net float are situated above the tripod when it is deployed
on the bottom. It is retrieved via the line from the cannister after
the release has been fired and the net float has gone to the surface.
This system is difficult to deploy and retrieve because of the large
vertical extent of the tripod plus the additional gear that must be
suspended above it,
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SHALLOW CURRENT MEASUREMENTS

¢. D. Winant, R. E. Davis, and R. Weller
Seripps Institution of Oceanography
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Ia Jolla, Califormia 92083

ABSTRACTY

The dynamics of mized layers and the variability of coastal
current systems are two important problems that require the measurs—
ment of near-surface currents. Near the surface, the wave field
generates currents of higher frequency than the current field of
interest, leading to the requirements for a current meter which
properly averages motion at frequenctes higher than the sampling
frequency. A mechanical meter, dubbed the vector-measuring current
meter (VMCM), which measures two orthogonal components cf the
current, has been developed, tegted and compaved with other current
meteps., Results show the meter Lo perform well under conditions in
which it is expected to be used. Two versions haye been developed--
one for use in shallow water, on d mooring which does not rotate
with respect to the bottom; another for deep cceanic measuremenis,
in which mooring rotation is aocounted for in the averaging schemec.

WORKING CONFERENCE ON CURRENT MEY SUREMERTS, JANDARY 1373,
NOA4 OFFICE OF OCEAN ENGINEERING A No TH: SELAWARE SEA GRANT O
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The current meter is configured in much the same way as other current
meter systems {Figure 1). The aluminum pressure cage and propeller
assembly reside inside a structural cage made of one-half inch titanium
rod. Two sets of propeliers are mounted perpendicular to each other.
Symmetrical response to flow fore and aft is insured by including a fan
on either side of each hub. Bearings are free flooded, and the shaft is
encoded such that four clock pulses accur with each full rotation of a
fan. The direction of rotation is detected and, along with clock pulses,
steps an up-down counter in the electronic package so that the contents
of this counter are proportional to the net flow in the direction of
the shaft between the two fans.

The performance of each fan assembly in terms of Tinearity of the
rotation rate is a function of current (Figure 2} and cosine response
to direction of the current {Figure 3) is deemed exceptional.

Extensive taboratory testing in tow tanks has been performed and
reported by Weller (1978). These experiments were designed to test the
response of the current meter to a mean tow speed on which a high
frequency oscillation of the instrument was superposed. The intent of
these tests is to determine how well high frequency motions, due for
instance to surface waves, are averaged. Generally, the test results
are encouraging, the worst performance occurring when the maximum
oscillatory velocity just equals the mean tow speed and the direction
of oscillation is either parallel or perpendicular to the tow direction.
Since such conditions are not expected to occur consistently or frequently
in the ocean, these problems are not considered to significantly affect
the instrument's performance.

Two sets of intercomparison tests were performed in the ocean. In
the first, the VMCM was compared to the Marsh McBirney cylindrical probe
electromagnetic (EM) current meter (Figure 4). Both instruments were
moored 17 meters apart in 20 meters of water. The meters were mounted
near the top of taut, subsurface moorings, 6 meters beneath the surface.
Measurements from both systems compare well, although the onshore cam-
ponent measured with the EM meter has a mean component which was found
to be caused by electronic drift. An intercomparison with a vector
averaging current meter (VACM), was performed during the MILE experi-
ment* (Figure 5) in the upper layer of the deep North Pacific. The
twO instruments were mounted two meters apart beneath a surface mooring.
Here again, the comparison is excellent. The differences observed are
of the same order as differences found between identical instruments
separated by the same length as the two instruments in the test,

REFERENCE
Ne]]er,.R., 1978, Ph.D. Dissertation, Scripps Institution of Oceanography,
University of California, San Diego.

*The VACM data were obtained by David Halpern, PMEL.
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DEEP OCEAN VELOCITY PROFILES FROM ELECTROMAGNETIC
AND ACOUSTIC DOPPLER MEASUREMENTS

Thomas B. Sanford, Robert G. Drever,
and John H. Dunlap

Woods Hole Oceanographic Institution
Woods Hole, Massachusetts 02543

ABSTRACT

An instrument is described for measuring profiles of hori-
zontal velocity as a funetion of depth in the deep ocean. The
method i a hybrid technique based on the prineiples of electro-
magnetic induction and acoustic Doppler and is mobile since not
dependent on bottom-installed equipment. The EM method measures
weak electric currents in the sea induced by the motion of the
water through the earth's magretic field. The resul ting veloeity
profile reveals the veloeity shears but is relative to arn unknown,
depth-independent reference velocity. The reference velocity is
determined by acoustic Doppler measurements of the absolute
velocity of the instrument as it nears the sea floor. The two
methods are incorporated into a single freely-falling probe which
measures and intermally records the electric and acoustic signals
and other variables such as temperature and vehicle orientation,
The method yields velocity determinations every 5-10 m with an
wncertainty of about +1 cm/s. A round trip in 6000 m of water
laste about 3 hours. Data from this method have been used to
study mid-ocean eddies, internal waves, and the Gulf Stream.

VORKING CONFERENCE ON CURRENT MEASUREMENTS, JANUARY 1978. SPONSORED BY THE
NOAA OFFICE OF OCEAN ENGINEERING AND THE DELAWARE SEA GRANT COLLEGE FROGRAM.
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INTRODUCTION

That the deep ocean is in constant motion is well known. Physical
oceanographers have, however, only recently established a crude idea of
the temporal and spatial energy spectra of the motion. The classical
jdea that the interior of the ocean is predominantly a sluggish and
broad mean circulation has been proved invalid. In fact, fluctuations
in the flow contain 10 to 100 times more kinetic energy than the mean
¢irculation of mid-ocean gyres. The temporal and/or spatial variability,
which we frequently denote as eddy variability, presents a formidable
measurement challenge. By its very nature, the eddy field undergoes
rapid temporal and spatial changes in momentum, kinetic and potential
energy, density, and morphology.

Numerous other phenomena besides eddy motion are studied by physical
oceanographers. The structure and dynamics of, for example, internal
and acoustic waves, surface mixed layers, heat transport and mixing, and
water mass tracing are areas of current research activity. We now, how-
ever, recognize that many oceanic phenomena are influenced if not
dominated by mid-ocean eddies and cannot be easily studied in isolation.

To understand the generation, structure, and evolution of open
ocean currents and waves requires extensive moored and mobile measure-
ments. The observational task is to measure currents and passive
quantities, such as temperature, at a number of levels between the sea
surface and bottom. Current meter moorings support such measurements
for long periods of time at discrete depths and geographical positions,
Yet moorings are not well suited for all investigations. For example,
conventional current meters and moorings are endangered when deployed in
the upper 300-500 m and in intense currents such as the Gulf Stream.

An alternative approach is to obtain velocity profiles from a
mobile platform rather than a stationary mooring. Velocity profilers
yield nearly continuous profiles of current throughout the water column.
Since the method is mobile, researchers can track a feature of interest
and respond in real-time to the observations. On the other hand, mobile
profilers are not easily operated at sea for more than several weeks;
hence they do not yield a long time series of observations.

It is difficult, however, to obtain velocity measurements in the
deep sea, especially from a mobile platform. The principal difficulty
in such measurements is establishing a known and sufficiently stable
reference or coordinate frame from which to make the observations. A
variety of current sensors is available, but the utility of most sensors
is lTimited by uncertainties in the reference frame through which the
motion of the water is sensed. To a lesser extent, profiles of tem-
perature, salinity, sound speed, oxygen, and other scalar variables are
influenced by the motion of the observing platform. However, velocity
measurements are just about useless when made at the end of a several
kilometer-long cable suspended from a drifting ship.
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Alternatives in Present Use. Two approaches to the problem of estab-
lishing a suitable reference or coordinate system for velocity profile
measurements have been developed. The methods sense the motion of a freely-
falling probe either through an array of bottom-moored hydrophones or
through the earth's magnetic field, The acoustic methods use bottom-mounted
hydrophones, connected to recorders ashore (Rossby, 1969, 1974} or bottom-
moored transponders with data recording aboard the ship or in the falling
probe (Pochapsky, 1976; Luyten and Swallow, 1976). As the probe falls
and is carried by the horizontal flow, the travel times to the fixed
hydrophones are used to compute the position of the probe. Velocity is
calculated as the time derivative of position., This method is not highly
mobile since it is restricted to operate within the previously established
hydrophone array. The alternative method, which will be discussed later,
uses the reference coordinate system provided by the lines of the earth's
magnetic field.

Velocity Profiles from Combined EM and Acoustic Doppler Measurements,
Qur approach to deep ocean velocity prefiling has been to develop a hybrid
system operating from a freely-falling probe. Our method, which we call
the Absolute Velocity Profiler (AVP), consists of instrumentation to
measure electric currents in the sea arising from the motion of sea water
through the earth's magnetic field. These measurements, which are made
from the sea surface to the bottom, are augmented by acoustic Doppler
measurements of the absolute motion of the probe as it nears the bottom.
The EM measurements yield a profile of the horizontal velocity, but the
profile is not of absolute velocity; rather, it is relative to a depth
independent or reference velocity. This unknown reference velocity must
be determined from an independent method, which in our case is based on
acoustic Doppler measurements. Perhaps an illustration of how we use
these two measurements would be helpful. In Figure 1, we show an EM-
derived or relative velocity profile throughout the water column and
the Doppler-derived absolute velocity of the vehicle near the sea floor.
To eliminate the velocity offset on the EM profile, we simply shift the
EM velocities to agree with the Doppler velocities over the operating
region of the Doppler system (~250 m},

The advantage of this method js that it is mobile, requiring no
bottom beacons or special shipboard systems. The data can be tele-
metered in real-time, although we rely on internal digital recording
with shipboard analysis. The round-trip travel time is about 3 hours
in 6000 m of water. It yields velocity measurements as frequently as
every 5 m in the vertical.

The disadvantages of the method are that it is not well suited
to the collaction of long time series since it must be operated from &
ship, The method depends on the magnitude and stability of the geo-
magnetic field. Hence, it cannot operate near the geomagnetic equator
where the vertical component of the magnetic field vanishes, and it is
subject to errors during periods of strong geomagnetic or magneto-
telluluric disturbances.
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AVP SYSTEM DESCRIPTION

_ Basic Functions. The AYP, shown in Figure 2, consists of a cylin-
dricaTly shaped vehicle from which several types of measurements are made.

Measurements are made of two, orthogonal components of the electric
current density in the water. These electric currents are produced by
the motion of the sea water through the earth’s magnetic field. The
measurement and interpretation of electric currents are discussed by
sanford, Drever, and Dunlap (1978). Thus, the surface-to-bottom velocity
profile shown in Figure 1 is derived from measurements of the naturally
occurring electric currents in the sea. The potential difference between
the electrode posts is sensed and recorded.

The second type of measurements are of acoustic back scatter from
the sea floor {Drever and Sanford, 1976). At the lower end, the AVP
has a two-beam ultrasonic projector and a hydrophone. Two narrow beams
of sound are directed toward the sea floor at an angle of 30° with
respect to the vertical as shown in Figure 3. Due to motion of the AVP,
the sea floor echoes undergo Doppler frequency shifts. The acoustic
signals are heterodyned with the original carrier signal, and the
resulting difference or Doppler shifted signal is recorded on an internal
analog tape recorder. Spectral analysis of the analog tape determines
the frequency shift and the corresponding velocity of the vehicle. The
acoustic Doppler system operates within 250 m above the sea floor. The
east and north velocity components are shown as the short bars on Figure 1.

The third class of measurements are of variables needed for the
analysis or interpretation of the EM or Doppler data, such as orientation,
pressure, temperature, and timing information.

DISCUSSION OF OBSERVATIONS

We would 1ike to present some of what we have learned about velocity
profiles in the deep ocean. Presently only a few profiles have been
obtained from the recently completed AVP. However, numerous profiles
have been collected with the EM technigue alone without the Doppler
capability.

Frequently, we collect several velocity profiles at the same ioca-
tion to reveal temporal changes. In Figure 4, we show two velocity
profiles, the east and north velocity components versus pressure, where
1 dbar is approximately equal to the pressure 1ncrease_due to 1-m depth
increment. The notable features of these pr9f11es, which were taken
about 12 hours apart, are that much of the highly depth-variable struc-
ture changes between samples. In fact, many features have reverged or
mirror-imaged between observations. The time variable part consists
principally of inertial period internal waves. Also, the average of
the two profiles is much smoother than either of the individual ones
and reveals the low-frequency velocity profile. These aspects are
common in our observations.
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Figure 4. Relative or EM velocity profiles taken 1/2 an inertial period
apart at the same location {from Sanford, 1975).
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A Jonger time series at one location {ca-28°N) is shown in Figure
5. Again the temporal variability is evident, as are the strong velocity
changes or shears between adjacent depth layers. A separation of the
structure into time-dependent and time-averaged motions is shown in
Figure 6. The average profile is simply the average at each 10-dbar
Tevel of the five profiles shown in Figure 5, while the other profiles
are the individual profiles minus the average. About two-thirds of the
time, variable kinetic energy is contributed by near-inertial period
motions.

A dramatic view of the time-depth behavior of the inertial motions
has been constructed by Leaman {1976). Leaman removed the mean from a
5-day time series of 20 profiles, just as was shown in Figure 6 for 5
profiles. Rather than presenting the data as we have in Figure 6, he
contoured the zones of positive and negative values for the east and
north components. His result is shown in Figure 7 for the east com-
ponent. The tendency for the zones of positive or negative values to
migrate upward in time demonstrates the presence of internal waves
having upward phase speeds. The alternating signs at any level every 12
hours shows that the dominant period is approximately diurnal-inertial
{24 hours).

Because of the mobility of the method, we can deploy two instru-
ments at any horizontal separation to study spatial variability. We
have several examples of profiles taken simultaneously at up to 15-km
separation. Figure 8 shows two profiles taken about 100-m apart. The
profiles are nearly identical; the differences between them are about
the expected 1 cm/s r.m.s. noise of the method. At a Jarger separation,
two simultaneous profiles will be more different, as shown in Figure 9.

CONCLUSION

The AVP is an operational hybrid acoustic Doppler and EM profiler
having a measurement uncertainty of about +1 cm/s r.m.s. It is com-
pletely mobile since it is not dependent on bottom moored beacons or
hydrophones or moorings. It requires 2 to 3 hours, depending on water
depth, to complete a round trip. Operation of the method is restricted
to regions of strong vertical magnetic field.
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Baltimore, Maryland 21218

Jon Scott
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Rockville, Marylor.! 20852

ABSTRACT

A current meter intercomparison experiment (called CMICE 76)
wag conducted about 6 km off the southerm coast of Long Teland near
40°47'N, 72°30'W during February and March, 1876. A total of 20
current meters were deployed on six moorings set in a roughly linear
array parallel to the local coastline and topography. The instru-
ments included the Aanderaa RCM-4, the AMF VACM, the Brookhaven
National Laboratory spar buoy system using cylindrical and spherical
Marsh-MeBirney electromagnetic sensors, the EC&G 850 and CT-3, and
the Chesapeake Bay Institute-modified ENDECO 105. Local mean water
depth was 27.8 m and current meters were clustered near four depth
levele (3.5 m, 7.4 m, 15.7 m, and 25.0 m). Wave data were also
obtained at the array site, and 10 m wind and tidal data were
cbtained from nearby coastal stations. Intercomparisons of one
hour vector average veloeities measured with similar instrments
deployed near the same depth level indicated sufficient hori-
zontal homogeneity that most differences in the observed current
data have been atrributed to real differences in instrument
and mooring performance. Detailed discussions of the observed
data, instrument and mooring characteristics and performance,
and the effect of surface wave and wave-induced mocring motion
on different measurement systems are presented.

WORKING CONFERENCE ON “URRENT MEASUREMENTS, JANUARY 1978, spomsg§m BJ’;HE
NOAL OFFICE OF OCEAN LNGINEERING AND THE DELAWARE SEA GRANT COLLEGE PROGRAM.
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gefore the recent series of current meter intercomparison experiments,
physical oceanographers held a common jmpresgion that syrface wave motion
and mooring motion could generate spurious signals in current metef records,
A group of coastal oceanographers at the November 1975 ASLO/MESA Mid-
Atlantic Bight Symposium in New York felt, hawever, that there were
insufficient details known on the performance of instruments under varying
wave and mooring conditions. This Jack of knowledge hampered not only
the development of improved instrumentation, but also the informed choice
of available instruments and mooring systems for particular applications.
The CMICE 76 experiment was planned with the primary objectives to (1)
add to the knowledge of these performance details and (2) to satisfy the
scientific curiosity on the part of the participants as to how their
traditional instrumentation and mooring systems performed in comparison
to others.

The 20 current meters were deployed on six moorings in a Tine approxi-
mately parallel to local topography. The moorings were of three basic
types: buoyant tethered spar, taut-wire subsurface float, and siack or
compliant mooring with surface float (Figure 1). One of the taut-wire
moorings (No. 5) had a surface spar buoy attached to the subsurface fioat.
The moorings were in place in January and February 1976, during the
season when vertical shears were expected to be a minimum. The mooring
interval was sufficiently long to allow comparison of instrument per-
formance under a variety of conditions, both low contamination stress
(high mean currents, small surface waves) and high contamination stress
(Tow mean currents, large surface waves}.

The results have been collected in a report {WHOI-77 62) and will
be summarized in a forthcoming publication. The principal analytical
tools employed for comparison were (1) direct comparison via speed versus
time overlays, (2) speed-speed scatter plots, (3) velocity stick diagrams
for low-passed records, (4) velocity scatter diagrams, and (5) progressive
vector diagrams.

The intent in the report was to provide analysis to allow the reader
to extract relevant information on instrument and mooring perfermance and
apply it to his particular current measurement problem. On one hand, the
desire in the analysis was to avoid overspecifying criteria and needs and
to avoid the attendant biases of the shallow-water oceanographers who were
participating in the experiment. On the ather hand, there was a desire to
provide sufficient analysis to aliow the reader to ascribe the observed
performance differences to known sensor behavior.

REFERENCE

Beardsiey, R. C., W. Boicourt, L. C. Huff and J. Scott, 1977. CMICE 76:
A current meter intercomparison experiment conducted off Long Island
in February-March, 1976. W.H.0.1. Ref. 77-62, 123 pp.
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THE OCEANIC EDDY FIELD: COMMENTS ON
EXPLORATION AND TECHNOLOGY

William J. Schmitz, Jr.

Jerome P. [ean

Woods Hole Oceanographic Institution
Woods Hole, Massachusetts (2543

ABSTRACT

The past decade yielded a substantial improvement in our
perception of the oceanic eddy field, and some new ideas and
information on the gemeral ocean circulation. Eddies are
obsered to be most intemse in the vieinity of particular
strong currents, and eddy-resolving gyre-scale numerical models
unanimously "prediet™ a eimilar spatial coincidemnce of energetic
eddies and mean flow. These models are dominated by eddy-mean
flow interactions, in both directions, and if realistic, tmply
that joint investigations of eddies and the general etreulation
are warpanted. The observational segment of future programs in
this apea of research will probably be based on the use of
essentially the entire techmological spectram, including both
existing capabilities and likely new developments.

WORKING CONFERENCE ON CURRENT MEASUREMENTS, JANUARY 1378. SPONSCEED BY IFE
NOAA OFFICE OF OCEAN ENGINEERINC AND THE DELAWARE SEA GRANT COLLEGE PRCGRAM.
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In our opinion, the last ten years have witnessed a quantum jump in
both descriptive and theoretical insight into the properties of low
frequency variations (periods longer than a day or so, interchangeably
referred to as eddies) in ocean currents and temperatures. The eddy
field has been observed to be horizontally inhomegeneous in its funda-
mental properties such as energy level, Reynold's stresses, relative
vertical structure, and spectral shape. This geographical inhomogeneity,
involving for example orders of magnitude of variation in energy level
and qualitative changes in relative vertical structure, is connected
to the pattern of the general ocean circulation (Dantzler, 1976, 1977;
Schmitz, 1976, 1977, 1978; Wyrtki, Maagard, and Hager, 1976). Results
from numerical models have several similar general characteristics
{Bretherton and Karweit, 1975; Holland and Lin, 1975a,b; Holland, 31976,
1978; Owens, 1975; Rhines, 1977; Robinson, Mintz, Harrison, and Sempter,
1977). In particular, gyre-scale eddy-resolving numerical models
unanimously yield a spatial coincidence of energetic eddies and mean
currents characteristic of the most basic observations of the field,
Exploration of the distribution of the properties of the eddy field is
in its embryonic stages, and we hope that the next decade will see a
continued interest in this area of research,

These remarks are based on investigations at a variety of institu-
tions using essentially the entire spectrum of measuring techniques
available. With respect to our own experience using moored instrument
technology, emphasis on quality control has been decisive. Subsurface
moorings are now routinely deployed for a year or so with nearly 100%
likelihood of retrieval. Approximately 90% data return has been
achieved and maintained over the last four years, during which time
our data base has exceeded that acquired in the previous twelve. The
90% figure for "overall" data return is based on 95% return from
“broken-in" instruments and around 60% for first deployments. Equip-
ment and quality control budgets are typically a small fraction of
the total cost of published data.

We are also beginning to get reasonable direct estimates of the
properties of time-varying fields at very low frequencies {or the
general ocean circulation), although horizontal and temporal scales
are not sharply defined. Classical descriptions of the general circu-
lation (Worthington, 1976) focus on the baroclinic field, and the
depth-independent component of the general circulation is relatively
unexplored, although known to be important in the Gulf Stream and its
re-circulation {Schmitz, 1977, 1978). Given the observation that the
most energetic eddies are found where there is a significant mean
flow, and given models dominated by eddy-mean flow interactions, pre-
dictions of the demise of general circulation oceanography (Munk and
Worcester, 1976) seem cursory, and we hope that research in the next

decade will continue to see attention paid to both scales of variability
and their interaction.

Further exploration of the eddy field/general circulation will
probably not be dominated by any single observational method or one
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group of scientists or one oceanographic institution. Broadly based con-
tributions with respect to both personnel and methodology seem more
probable. Candidates would be: (i} An evolving sequence of large-scale
and Tong-term deployments of moored instruments (with continued emphasis
on quality control). The capabitity for making such measurements in
the upper ocean and in strong currents needs to be developed. The need
for long-term near-surface data requires the ability to work around the
fouling problem as well as average over surface gravity wave frequencies.
(ii) Deployments of SOFAR floats and satellite-tracked drifters on
general circulation scales. The major new development of the past
decade, in terms of impact on oceanic eddy investigations and perhaps
eneral circulation research as well, has been the SOFAR float system
?Rossby and Webb, 1970, 1971; Rossby, Voorhis, and Webb, 1975; Freeland,
Rhines, and Rossby, 1975}, The very nice recent development of autono-
mous listening stations by Bradley {1977) makes SOFAR float deployments
feasible on any scale in most aceans. (iii) We should berefit from
enhanced shipboard and airborne survey capabilities, which should be
oriented toward direct current measurements as well as conventional
hydrographic observations. ({iv) It seems appropriate to place a broad
general priority on remote sensing, using for example acoustic and/or
satellite techniques.

ACKNOWLEDGMENTS

This investigation was supported by the Qffice of Naval Research
under contract NOOO14-76-C-0197, NR 083-004 and by the International
Decade of Ocean Exploration Office of the National Science Foundation
under grant OCE 75-(3962.

REFERENCES

Bradiey, A1, 1977. Autonomous listening station status report. POLYMODE
News 40, 1, 4. Unpublished manuscript, Woods Hole Oceanographic
Institution.

Bretherton, F. P. and M. Karweit, 1975. Mid-ocean mesoscale modeling.
Proc. Durham Conf. Numer. Methods Oceanogry., Nat. Acad. Sci.

Dantzler, H. Lee, 1976. Geographic variations in intensity of the
North Atlantic and North Pacitic oceanic eddy fields. Deep-Sea
Res. 23, 783-794,

Dantzler, H. Lee, 1977. Potential energy maxima in the tropical and
subtropical North Atlantic. J. Phys. Oceanogr. 7, 512-519.

Freeland, H. J., P. B. Rhines, and T. Rossby, 1975. Statistical

observations of the trajectories of neutrally buoyant floats in
the North Atlantic. J. Mar. Res. 33, 383-404.

159



SCHMITZ/DEAN

Holland, W. R. and L. B. Lin, 1975a. On the generation of mescscale
eddies and their contribution to the aceanic general circulation,
I: A preliminary numerical experiment. J. Phys. Oceanogr. 5,
642-657.

Holland, W. R. and L. B. Lin, 1975b, On the generation of mesoscale
eddies and their contribution to the oceanic general circulation,
I1: A parameter study. J. Phys. Oceanogr. 5, 658-669.

Holland, W. R., 1976. Numerical models of ocean circulation with
mesoscale eddies. In: Theory and Modeling of Ocean Eddies.
Edited by Peter B. Rhines, Contribution of the U. S. Delegation
to the Yalta POLYMODL Theoretical Institute; August 1976. Pub-
lished by the U. S. POLYMODE Office, Mass. Inst. Tech., Cambridge,
MA .,

Holland, W. R., 1978. The role of mesoscale eddies in the general cir-
culation of the ocean-numerical experiments using a wind-driven
quasi-geostrophic model. Journ. Phys. Ocy., to appear.

Munk, Walter and Peter Worcester, 1976. Monitoring the ocean acoustically.
In: Science, Technology, and the Modern Navy, Thirtieth Anniversary,
1946-1976. Edited by Edward [. Salkovitz. Published by the Depart-
ment of the Navy, Office of Naval Research, Arlington, Virginia,
498-508.

Owens, William Brechner, 1975. A numerical study of mid-ccean mesoscale
eddies. Ph.D. dissertation, The Johns Hopkins University and the
Nat. Ctr. for Atmos. Res., NCAR Cooperative Thesis, No. 36, 105 pp.

Rhines, Peter B., 1977. The dynamics of unsteady currents. In: The
Sea, Vol. VI, E. D. Goldberg, Editor; John Wiley & Sens, Inc., NY,
189-318.

Robinson, A. R., Y. Mintz, D. E. Harrison, and A. J. Sempter, 1977.
Eddies and the general circulation of an idealized oceanic gyre:
A wind and thermally driven primitive equation numerical experi-
ment. J. Phys. Qceanogr. 7, 182-207.

Rossby, T. and D. Webb, 1970. Observing abyssal motions by tracking
Swallow floats in the SOFAR channel. Deep-Sea Res. 17, 359-365.

Rossby, T. and D. Webb, 1971. The four-month drift of a Swallow float.
Deep-Sea Res. 18, 1035-1039.

Rossby, T., A, D. Voorhis, and D. Webb, 1975. A quasi-Langrangian

study of mid-ocean variability using long-range SOFAR floats.
J. Mar. Res. 33, 355-382.

160



SCHMITZ/DEAR

Schmitz, William, Jr., 1976, Eddy kinetic energy in the deep western
North Atlantic. J. Geophys. Res. 81, 4981-4982.

Schmitz, William, Jr., 1977. On the deep general circulation in the
western North Atlantic, J. Mar. Res. 35, 21-28.

Schmitz, William, Jr., 1978. Observations of the vertical distribution
of low frequency kinetic energy in the western North Atlantic. Teo
appear in J. Mar. Res.

Worthington, L. V., 1976. On the North Atlantic circulation. Johns
Hopkins Oceanographic Studies, Vol., VI. The Johns Hopkins Univer-
sity Press, Baltimore and London, 110 pp.

Wyrtki, Klaus, Lorenz Magaard, and James Hager, 1976. tddy energy in
the oceans. J. Geophys. Res. 81, 2641-264¢.

161






OCEAN ENGINEERING/CONSTRUCTION

Session Chairman: Richard I. Scarlet
EGAG, Environmental Consultants
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ABSTRACT

Engineering and construction activities in the ocean require
information on currents over a wide range of speeds, depths, and
time scales. Many current measurement programs are hampered by
lack of complete integrated systems to acquire the necessary
data.  Measurement aceuracy i8 frequently degraded by mooring
motions. Mooring suspensions for near-surface and near-bottom
meagurements are difficult or incompatible with other require-
menta. Data recording techniques limit deployment periods or
undersample processes. Telemetry of data or system status is
rarely avatlable.

Unlike scientific studies, which may choose to focus on
some aspecte of the currents at the expense of others, engi-
neering studies must determine all those features of the
currente which will impact the intended activities or struc-
tures. Examples of the effects of all these ingtrument
limitations om particular studies have been encountered in
recent EGEC studies. Methods to surmount these difficulties
have been developed, but better current measurement cystems
eould provide considerable tmprovements.

WORKING CONFERENCE ON CURRENT MEASUREMENTS, JANUARY 1378. SPONSORED EY THE
NOAA OFFICE OF OCEAN ENGINEERING AND THE DELAWARE SEA GRANT COLLEGE PROGRAM,
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Engineering and construction activities in the ocean require informa-
tion on currents over a wide range of speeds, depths and time scales.
Many current measurement programs are hampered by the unavailability of
complete and flexible systems to acquire the necessary data. Typical
examples of these limitations are reviewed below. In almost all cases,
methods are available to circumvent the particular limitations, but they
are frequently costly and time-consuming. It is hoped that consideration
of these problems will lead to development of better measurement Systems.

At the outset, it is worthwhile to consider the accuracy require-
ments for the systems. Inaccurate measurements as input to engineering
plans can lead to expensive overdesign, or dangerous (and ultimately
even more costly) underdesign. But it is crucial to remember that it
is the total system accuracy that counts. A bi-axial sensor with cosine
response accuracy of 2% is fine, but it may have to be mounted in-line
on a mooring that tilts up to 20°, leading to actual 6% errors. A sensor
that is linear within 2% up to its peak reading of 200 cm/sec is likewise
fine, but it is dangerously deceptive if speeds exceed 200 cm/sec. And
data from excellent current meters, which can't be moored shallow enaugh,
near enough to the bottom, or long enough, will have to be extrapolated,
introducing new and unknown errvors. Thus, in most cases, the accuracy
of the actual sensors is not the 1imiting factor in the overall data
accuracy.

Errors caused by tilt and other mooring effects (vibration, hydro-
dynamic shielding) are often a significant and unknown problem, Typical
anchor, cable and float moorings will tilt, vibrate, and oscillate with
short-period current fluctuations (such as internal waves). Information
on these motions during a study is often unavaitable, and their effects
on the measurements are usually not known. Tilt sensing in the current
meters, pressure (depth) sensing somewhere on the moori ng, and various
schemes of decoupling the meter from at least some of the mooring
motions are partly helpful remedies. Instrument decoupling from tilt
and vibration is an area in which there is much confusion, many claims,
and few hard facts. Meters that are successfully tilt-decoupled may
be "better” on simple tilt moorings, but "werse" on a mooring subject
to vertical heave due to a surface float (such as tested for by NOIC).

Mooring dynamic response to internal waves is probably a more
frequent problem than we now realize in continental shelf areas. Studies
in several areas have shown internal wave currents well in excess of
1 knot. Mooring resilience at the relevant frequencies tends to cause
under-recording of these currents, and data sampling and averaging
schemes optimized for long deployments may average them out. This may
not be a problem for research focused on much lower frequencies, but it
can cause problems in engineering studies seeking to measure the largest
total current. In general, the trend toward long-period averaging can
lead to misleading results unless there is a solid data base to verify
the absence of energetic shorter-period events.
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Microprocessor control of data recording should lead to more power-
ful data sampling schemes to solve these problems. Similarly, they may
help to selve the over-range and zero-speed problems that occur in many
instruments. Undetected over-ranges can obviously cause an instrument
to miss the data most important for engineering use. Most current meters
can be set to handle fairly high speeds, but only at the cost of sig-
nificant degradation of resolution. A common zero-speed problem is that
recorded data frequently do not distinguish between true zeroes and
electrical or mechanical malfunctions.

Measurements near the surface, in the presence of waves, are a
difficult problem which will have to be addressed by significant further
research. Many current meters are also very difficult to use near the
bottom. Measurements less than a meter from the bottom are often
desirable, but the shapes of current meters and anchors keep this from
being a simple matter. This is a good example of a nuisance as oppased
to a real technological block, as it is usually possible to "rig up some-
thing." But the cost in time and dollars should not be ignored, and it
is typical of the problems that make it necessary for EG&G to maintain
six different types of current meters in order to respond to most of our
clients' needs.

As anyone who has worked with even two different types of current
meters will probably appreciate, intercompatibility of recording formats
is virtually non-existent. Even manufacturers who choose similar tape
recorders generally change word and record lengths so extensively that
tape readers and software have to be extensively modified to handle the
data from the different sources. Now that computer manufacturers are
beginning to achieve some 1imited degree of standardization, perhaps
the same trend may begin in ocean instrumentation.

In fact, from a user's point of view, it is probably not too soon
to appeal for the sort of measurement system approach to ocean instru-~
ments that is becoming common in the laboratory. A single "sequencer/
recorder” on a mooring could communicate with multiple current, tem-
perature, tilt, etc., sensor packages using an interface protocol
suitably designed for oceanographic cable. This could also solve
such problems as the difficulty of obtaining real-time data, or even
system status, from an array in the ocean. Presently available
electronic components make such a system approach feasible, but
although some special systems show the beginning of a trend in this
direction, considerable "push" will be needed to get our pceanographic
instruments up to this state of the art.
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HYDROCARBON EXPLORATION AND PRGDUCTION
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ABSTRACT

The exploration and production of hydrocarbons in offshore
areas are affected by both average and severe ocean currents.
Current measurements, for design information, are obtained either
through joint industry programs or individual company efforts.

The lengthe of the measurement programs vary according to the
specific application. Measurement programs typically use reliable,
state-of-the-art moorings and instruments,

This paper discusses industry's need for current data, the
required accuracy, and some typical examples of efforts. Also
discussed are the concepts of proprietary data and the necessity
for timely access to data obtained during goverrment and government-
sponsored measurement programs. C(ommente are presented as to how
this conference can aid in fulfilling the mutual as well as exclu-
sive goals of government, industry, and academia.

WORKING CONFERENCE ON CURRENT MEASUREMENTS, JANUARY 1978. SPONSORED BY THE
NOAA OFFICE OF OCEAN ENGINEERING AND THE DELAWARE SEA GRANT COLLEGE PROGRAM,
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Another use of current meters not directly related to currents is in
the estimation of directional wave spectra. If a measure of the instanta-
neous current speed and direction is known in conjunction with wave staff
data, the methods of Panicker and Borgman (1974), for example, may be used
to obtain directional spectra.

ACCURACY

Accuracy is related to the nature of the given problem. Typically,
accuracy requirements on current measurements for engineering applications
are on the order of plus or minus 5% for speed, and plus or minus 5° for
direction. Current speed values are important in the calculation of drag
forces or 1ift forces since both depend on the square of the velocity.
Therefore, an accuracy of 5% in the velocity measurements yields an
accuracy of 10% in the force determination, which is usually considered
adequate for engineering purposes.

Also, the accuracy requirement for currents is not very high because
these values are averages on which confidence 1imits are placed. In the
case of maximum extrapolated current values, confidence limits are placed
around these estimates so that the absolute value of the current used for
this purpose need not be known to within less than 5%. On the other hand,
there are special cases where the accuracy requirements are much higher.
In the determination of wave spectra or currents for wave force deter-
mination on a particular member, an accuracy on the order of 2% is
desirable. In addition, current meters must respond reasonably well to
flows which are not perpendicular to the axes of the meters.

HOW MEASUREMENTS ARE OBTAINED

Measurements are usually obtained through either a joint industry
program or through the efforts of an individual company. One of the
goals of this conference should be to enlist government-run, government-
sponsored activities in the common endeavor and thereby broaden the
overall data base. To date, the most notable industry effort has been
the Ocean Current Measurement Program (Forristal et al., 1977} operated by
Shell in the Gulf of Mexico for the past five years with funding from
Shell, Mobil, Amoco, Exxon, Seadock, Brown and Root, Chevron and Pennzoil.
In the North Sea, there has not been such a massive industry program.
However, through the Urited Kingdom Offshore Operators Association
(UKOOA), cooperation has been fostered among the oil industry, the
governmeat and the scientific community. UKOCA has set up & vehicle
through which information and data may pbe exchanged. Measurements
obtained by individual companies are thus accessible to other companies,
the government and the scientific community under mutually agreeable
terms. Exchange agreements typically cover access to reports of data

analyses.

171



STACY /SPRING

Mobil has developed three major measurement programs to date, two
in the North Sea [in the Statfjord {500 ft) and Beryl! {400 ft) fields],
and pne off the coast of Texas in the East Breaks {1100 ft) area. The
purpose of all three programs has been the determination of operational
and maximum design values for the construction and installation of plat-
forms and other facilities. An attempt was made during the installation
of the Beryl Condeep gravity platform to measure currents in real time
using a current meter and its acoustic transmitter. Acoustic noise in
the area prevented the transmitted signal from being received. As an
a7l ternative, meters were manually Towered over the side of the vessels
for the eventual determination of the force on the platform at any
instant in time during the installation. Current measurements at Beryl,
taken at least at three depths, spanned a period of approximately two
years, while measurements at Statfjord began in September 1977 and con-
sist of two strings of three current meters each. The current meter
string off the coast of Texas was operational for approximately a year
and consisted of measurements at four depths. Unfortunately, Hurricane
Anita passed very close to the station and subsequently, the string was
reported missing. Attempts at recovery are still being made,

INSTRUMENTS

Figures 1 and 2 show typical remote current meter installations as
well as an installation on a fixed platform. Remote instruments are
used 1f the platform is of sufficient size to seriously disturb the flow
or if no fixed structure is nearby. The remote string is Jeast desirable
because it is relatively unprotected, and thus subject to damage hy
fishing boats, supply boats, and other boat activity in the area. Also,
it does not provide real time information. At this time, a satisfactory,
economical system is not available for transferring real time current
information from remote strings to a fixed location.

A variety of types of instruments are used in current meter strings.
Out of the wave zone, Mobil typically uses Savonius rotor meters. At
Statfjord, two devices have been placed near the surface in an attempt
to eliminate transient contamination. One is a new meter, an acoustic
device, and the other is a specially modified meter with a Braystoke-
type 1impeller,

Mobil prefers to rely on electromagnetic meters in the wave zone
because of their faster response. In the fast Breaks area, a Savonius
rotor., & ducted meter, and two electromagnetic devices were placed near
the surface to gain reliability and to provide a basis for comparison of
the 1nstruments in the wave zone. Results of this deployment are being
analyZed and should be available soon,

A'major problem in loss of data stems from the reliability of the
recording systems and batteries within the current meters. The main
cause ©of lost data, however, is trawler and other boat activity in the
ared.
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A U-shaped mooring is used to provide three alternatives for recovery
of a current string. The acoustic release is the preferred method of
recovery since the instruments are separated from the mooring itself. The
anchor and balance of the mooring are then retrieved independently. If
the acoustic release fails, recovery is accomplished by retrieving the
entire string, starting with the surface marker buoy. The third mode of
recovery is to drag for the recovery line; this method is a last resort,
as there is a good chance of instrument damage or mooring loss.

RECOMMENDATIONS

A1l in all, we are pleased with the performance of instruments that
are presently available for use out of the wave zone, although a less
expensive, non-mechanical device would be preferred.

Telemetry of real time data is one of the problem areas left to
conquer. An efficient, relatively cheap telemetering meter that can be
used in the presence of acoustic noise and radio interference does not
exist to our knowledge. The most room for development in the current
meter realm is in the development of a three-dimensional current meter.
Such a meter would have a large variety of uses and would improve force
calculations greatly.

The greatest benefit that camn possibly come from this working con-
ference is for us to recognize each other's objectives. These objectives,
which sometimes overlap, vary from individual to individual, institution
to institution and company to company. We can all accomplish our objec-
fives with minimal investment through cooperative programs if we do not
Jose sight of the fact that current measurements are gathered for par-
ticular purposes. Cooperation among the interests represented here
should be encouraged so that valuable time and manpower are not wasted
trying to meet duplicate objectives through duplicate programs.

Perhaps the most important issue that requires further explanation
is the insistence on the part of the industry that data remain proprie-
tary. One reason for this policy is the improvement of a company's
competitive position. Another reason is to assure funding of joint
industry programs of a similar nature in the future, not to keep
information hidden. The practical incentive for joining these expen-
sive programs is access to the data. Untit a better means of funding
is devised, these two reasons will determine industry's attitude.

Joint funding schemes between government and industry would present
a strong case for making the data available to all.

Another point in need of clarification concerns the availability
of data from government- and university-funded programs. Such
data are sometimes invaluable to the industry, as they are often the
first such data in an area. Such efforts include the BLM programs in
the Bering Sea, Gulf of Alaska, Georges Bank, and the Baltimore Canyon.
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A problem arises since data are not released in a timely manner, because
of the number of offices that the information has to go through before it
finally reaches NODC, where it can be released. We find it difficult,
at best, to obtain data of this type in less than three to six months.
Our intention is not to deprive anyone of his legitimate claim to author-
ship or right of publication; we simply wish to obtain the information
vital to the estimation of safe, reliable design values.

SUMMARY AND COMMENTS

We conduct an evaluation in each new area to determine the level of
ocean current information needed. Based on this evaluation, a decision
is made as to the value of a measurement program. The measurement program
may be on a short-term {iess than one month) or long-term basis (full
year or longer}, depending upon the particular need for the data. If
data in a new area exist, the measurement program is geared to the con-
struction and installation of production facilities. To eliminate
duplicate efforts, cooperation among the three groups involved--government,
academia and the offshore industry--is needed. The key to effective
current measurements in determination of values for all purposes is
cooperation. Money, manpower and resources are limited, and cooperation
is essential to make optimum use of all of these.

REFERENCES

Bretschneider, C. L. {1967}: Estimating Wind-Driven Currents Over the
Continental Shelf. Ocean Industry, Vol. 2, No. 6, p. 45-48,

Forristal, G. Z. {1974): Three-Dimensional Structure of Storm-Generated

tzlt;ggents. J. of Geophysical Research, Vol. 79, No. 18, p. 2721-

Forristal, G. Z., R. C. Hamitton, V. J. Cardone (1977): Continental
Shelf Currents in Tropical Storm Delia: Observation Theory. Paper
presented 1977 Spring Meeting of the AGU, Washington, D.C.

Panicker, N. N., L. E. Borgman {1974): Enhancement of Directional Wave

Spectrum Es;imatgs. Proceedings, 14th International Conference on
Coastal Engineering, Copenhagen, p. 258-279.

176



CURRENT MEASUREMENT INSTRUMENTATION SENSORS FGR INDUSTRIAL
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ABSTRACT

Industry commonly uses current measurement data to properl)
design and safely install marine siructures. The ocean engineer's
information requirements emphasize maximum current peloetites
and durations, with less stringent requirements placed on the
data's absolute accuracy and resolution. While reduced accuracy
is acceptable, thé data acquired must truly represeni the ocean
dynamies. In this type of application, the reliability and system
cost, not sensor accuracy, become the trade-off constderations by
which the current sensor components of a system are selected. This
reliability is expressed not only in system design but also in
instrument ruggedness, ability to detect failures before instaila-
tion, component reliability and commonality, and ease of servicing
at sea. Our experiences have showm major deficiencies in the areas
of power supplies, tape transport reliability and commonality, and
ervors derived in the encoding and translation process. ALl of tke
deficiencies cause errors that may not be entirely evident without
rigid data processing controls.

WORKING CONFERENCE ON CURRENT MEAS: PEMENTS, JANUARY 1978. SPONSORED vy THE
NOAA OFFICE OF OCEAN FIGINEERING AND THE DELAWARE SEA GRANT COLLEGE PROGEAM.
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_DATA FOR INDUSTRIAL APPLICATIONS

Important in the design and installation of marine structures, such
as offshore platforms, pipelines, and storage devices, are the acknowl-
edgment of and allowance for the environmental conditions present at the
installation site. The designer, therefore, must have available, reliable
estimates of the magnitude of the most severe wind, wave and current
conditions 1ikely to be encountered by the structure during its design
1ife. This represents a critical area for the designer because of the
consequences associated with under- or over-estimation of these design
values. Over-estimation of these extreme values results in overdesign
and increased and unacceptable expense. Underdesign invites disaster in
the form of a damaged or lost structure and/or loss of life.

The estimation of the design values can be obtained by several
methods. These methods include literature reviews of historical data
from the site, hindcasting of wind, waves and surface currents from the
abundant synoptic weather maps, and extrapolation of observed data in
time and space. Often the designer will elect to use a combination of
methods .,

Wind and waves lend themselves well to hindcasting and extrapolation
methods. Currents, however, because of their great variability and
because of their dependence on water column characteristics, are not as
easy to hindcast. Additionally, historical data for a specific site are
few and often do not include the entire profile. Clearly, in applica-
tions where most or all of the structure lies below the wave zone,
measurement programs must be initiated.

The length of a current measuring program depends on the general
nature of the currents at the installation site. For example, if the
maximum currents are associated with the tides, then data from one Tunar
cycle may be sufficient; if a general circulation pattern is dominant,
then measurements representative of each season may be necessary. In
the case where great horizontal variability is observed, it may be
necessary to deploy several current-meter arrays to achieve adequate
coverage. As more data are acquired from an area, a more reliable
design estimate value can be derived.

To provide the designer with useful data, Interstate Electronics
Corporation uses a variety of statistical and data reduction routines
which produce the data in.a form tailored to the designer's needs.
Some examples of Interstate's presentation include tabulated raw data,
frequency-of-occurrence diagrams, current shear, daily minimum-mean-
maximum plols, spectral energy density plots, progressive vector
diagrams, and scatter diagrams. From these data presentations, it is

a sirgme matter to determine maximum current velocities and seasonal
trends.
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Before any of this can happen, however, a current measuring system
must be successfully deployed and recovered with the data intact. The
best way to ensure data recovery and reliability is by carefully selecting
the array components, especially the current meters themselves,

SELECTION CRITERIA

The single major criterion used in the selection of current meters
in industrial applications is reliability. Reliability is expressed as
the ability to:

+ Measure correctly in the installed environment.

- Withstand installation and retrieval.
Survive multiple servicing actions with reasonable maintenance.
Maintain calibration for reasonable periods.
Perform as expected and desired,

Installation Environment. ATl meters have drawbacks when exposed to
the operating environment. Savonius rotor sensors are sensitive to wave
or mooring-induced metions; electromagnetic, acoustic and optical sensors
are prone to mechanical degradation as are Savonius rotors; most meters
are vulnerable to physical damage of a varying degree.

The ultimate instrument to fit the varying environment throughout
the water column will most likely be a non-mechanical, bi-axial flow
sensor that is sampled at a rate allowing measurement of wave, tide and
mooring motions in addition to "steady state™ flow in order to quantify
and describe all the energy sources.

Mechanical Reliability Under Stress. The single most damaging
factor to current measurement systems is the vulnerability of meters
to physical abuse during installation and retrieval. A current meter
should not have sensors that protrude severely or attach to a string
in such a manner that invites mechanical overstress. Sensors, especially
mechanically coupled rotors, must be protected as much as possible; and
hangers, eyes, and connecting rods must be designed for installation with
minimal deck gear. As most damage is caused by the inability to control
instruments out of the water, size and weight should be kept as low as
possible. If a meter is light and has handles, it will be subject to
less damage during handling sequences.

Multiple Servicing Reliabjlity. The previous criteria can be
related to any ocean-current measurement system, but the need for reli-
ability of a meter under use in an industrial application may be somewhat
unique.

Economics usually do not allow the total replacement of meters
for each servicing period, which can be as short as monthly over a multi-
year program. A meter that can withstand these requirements of
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installation and recovery month after month, with minimal parts and
minutes of work to effect repairs and replace expendables, is an
absolute necessity.

Calibration Stability. Industry lacks the resources to determine
the stabiTity of a current sensor before purchase and instaliation. This
area is one that is lacking in information, that tends to be ignored, and
is a "seat-of-the-pants" feeling to most users. Generally, if a sensor
maintains mechanical integrity, does not get sloppy in operation, or
does not foul severely, it is expected to maintain calibration.

Performance to Specification. This i{s another area in which few
in industry have the capability to detect problems courrectly before use.
Manufacturers are assumed to deliver as advertised, and knowledgeable
users purchase from concerns with a good track record,

COST AS A BASIS FOR SELECTION

The cost of an instrument should not have a bearing on selection if
the end result is the highest quality data obtainable. In some cases,
this is a valid premise, but in industry, cost can drive an organization
out of the market. A properly designed system would preferably consist
of current meters by the same manufacturer to ease the data analysis
burden, If this were the case and a sensor is required in the wave
energy zone, all the meters would have to be electromagnetic or acoustic
meters that cost approximately twice that of a Savonius rotor meter. If
the persons reviewing the proposal for such a system do not appreciate
the data analysis problems, cost becomes a hurdle that will trip the
technically responsive company. Because industrial applications require
responsive attitudes in the cost to perform, the sensor cost becomes
nearly equal to reliability as a basis for selection.

DEFICIENCIES OF PRESENT SENSORS

State-of-the-art current meters have performance capabiiities far
beyond the past generations of equipment. This capability is not always
realized because of failures, ejther partial or total, of components
critical to proper data collection. Interstate Electronics Corporation's
experience has shown major deficiencies in the following areas:

. Power supply failures {total).

- Inadequate power supplies.

» Sensor damage due to inadequate protection.
» Tape transport reliability.

Power Supply Problems. In situ instruments require storage cells
for completely remote operation. Over the past 18 months, Interstate
has experienced some ten meter-months of data loss due to battery
failure; this from some B0 meter-months of installation. A failure
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rate of some 10% or greater cannot be considered acceptable when caused
by a single common component. Approximately five meter-months were lost
due to failure of battery totally at some point in the jnstalled period.
In one case, a battery had correct values at installation onboard, ran
for several cycles on deck, then failed at installation, 2 time period
of only 40-50 minutes. The remaining lost data were from an instrument
with an improperly designed power source that could not record for the
planned installation period.

Sensor Damage. A major number of failures caused by mechanical
damage can be forestalied by proper handling, but several of our
failures have been caused by inadequate protection and instrument
bulkiness that did not allow handling, under prevailing sea conditions,
with the required care to forestall damage.

Tape Transport Reliability. Data losses caused by tape tramspoert
failure have been a minor probiem, and are usually due to electronics
failures that cause stoppage of the transport or recordings that are
undecipherable or erratic. The last mode, erratic recording, can lead
to the use of invalid data. Unless a properly conceived data quality
program at the enceding level runs in conjunction with data analysis,
such errors as partial records, missing records, or bit shifts in the
data may not be readily apparent.

Suggested Solutions. Commonality is one approach to a solution to
lower failure rates of power supplies and tape tramsports. If the
majority of current-meter manufacturers could be convinced to use the
same power source and tape transport, their suppliers would invest to
provide the best batteries and transports for oceanographic applications
available at present state-of-the-art. Certainly if the desired product
is specified, the market area is large enough, with all ip situ instru-
ments included, to spur development.

Sensor damage is a more difficult area to cover in a commonality
approach, but if an instrument proves more reliable in a mechanical
nature and is reliable in other areas, the bulk of purchases will shift
to that instrument. Manufacturers should pay more attention to competing
instruments and should establish a user's forum for timely discussion
of problems that crop up.

ADDITIONAL PROBLEMS AND SOLUTIONS

Following are several problems related to translation of data
after recording that cause inaccuracies and difficulty in comparing
data.

Data Translation. From the raw data tape, a transcribing process
is usually required to format data to a computer-compatible form. A
company using the full range of meters needed for commercial work will
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most 1ikely need transcribers for: 1/4" reel-to-reel tapes; cassette
tapes (two or three versions); 8-track tapes; "Scotch" cassettes, and
probably others. In addition, recording densities, tracks and formats
vary within each type. We need to standardize on one or two data

storage device types so the transcription process is less complicated
and less costly.

The final problem we at Interstate have been faced with is in the
recording intervals available on different instruments. On a string
placed in the Gulf of Mexico, we used three types of current meters: an
electromagnetic, a propeller-type, and several Savonius rotor meters.

The EM recorded at 17.006-minute intervals {1024 seconds), the propeller-
type at 3.75 minutes, and the Savonius rotor meter at 10 minutes. The

ability t0 compare data at similar times at the same level of confidence
is lowered by this mismatch in recording intervals. Commonality, please.
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CURRENT MEASUREMENT: AN IMPORTANT CONSIDERATION IN THE DESIGN,
CONSTRUCTION, AND OPERATION OF OFFSHORE FACILITIES

Frank W. Rose
Continental 0il Company
E. 0. Box 21897
Houaton, Texcs 77001

ABSTRACT

The movement of the offshore industry into frontier areas end
hareher envirommente has givenm way to incregsing concern over current-
induced forces for design, construction and operation of offshore
facilities. The historical approach to design current determination
ig slowly being replaced by computational techniques which consider
all components of currents with their respective time of cccurrence
and direction. From a construction standpoint, there ie an increasing
requirement for near real time data that will be helpful for facility
ingtallation. For facility operation, the need is for a good atatis-
tical base as well as near real time data for critical operations.
This paper discusses industry's current data requirements as related
to the design, construction and operational phases of offehore
faeilities,

WORKING CONFERENCE ON CURRENT MEASUREMENTS, JANUARY 1878. SPONSCRED BY THE
NOAA OFFICE OF OCEAN ENGINEERING AND THE DELAWARE SEA GRANT COLLEGE PROGHRAM,
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INTRODUCTION

The advancing state of engineering technology has provided the oil
and gas industry the capability to safely develop hydrocarbon resources
tn many varied offshore environments. The capital investment, however,
has been tremendous. Because of this investment as well as the concern
for human safety, there is a continuing effort to better understand the
offshore physical enviromment. The movement into frontier areas with
harsh environments such as the Beaufort Sea or Gulf of Alaska provides
even more incentive for investigating the environment and defining the
results in terms of the effects on design, construction, and operation
of offshore facilities. No longer is there necessarily, a gradual move
to deeper and deeper depths within a specific area, as was the experi-
ence in the Gulf of Mexico. Offshore the U.S. East Coast, a frontier
area, initial exploratory drilling will begin in water depths from 200
to 400 feet. There will be no gradual Tearning of the environmental
conditions in this area; either sufficient measurement of environmental
parameters before development will be obtained or conservative estimates
of these parameters will be made. Though both approaches will yield
structurally safe facilities, the marginal increase in cost of facilities
based on conservative estimates of environmental criteria as compared to
environmental criteria based, in part, on measured data, can often
justify the cost of measurement programs, Basically, measured data
often allow a Jowering of various design, construction and operational
requirements without any increase in risk.

This philosophy is particularly applicable to current speed and
direction. Because of difficulty of accurate measurement, conservatism
is generally the rule for current specification, at least for the quasi-
steady components (components other than wave-induced currents). With
the advent and subsequent field development of new instrumentation, as
well as better understanding of mooring behavior, the current environment
can be better defined.

DATA REQUIREMENTS

The design, construction and operation of offshore facilities are
affected substantially by the current environment.

Design. Though those involved in design often speak of the design
wave heiggt, indirectly the inference is to water particle motions which
produce the force. Design of offshore facilities has ?istorica]]y been
based on forces as determined by the Morrison Equation! which considers
the wave-induced water particle velocity and superposition of other
forces caused by such current components as tide (astronomical, wind,

]with exception of large structures such as the Condeep platforms where

diffraction theory is used.
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pressure), density. wind, etc. effects. Since adequate theories exist to
describe the wave-induced currents throughout the water column for a par-
ticular wave profile, emphasis has commonly been placed on wave measurement.
Estimates for the components of current other than the wave-induced com-
ponent have followed from limited measurement programs or various hydro-
dynamic/numerical models. Further, the magnitudes of these components are
often conservatively overestimated and, in view of the lack of directional
and temporal information, have been assumed to act in the same direction

at the same time.

Given an acceptable level of risk--confidence that the force
produced by a certain combination of events (in the present case, simui-
taneously existing current components) will not be exceeded during a
particular time interval--what then actually constitutes the most severe
current-induced force? The most valid answer will be based on the joint
probability of occurrence for all possible components and the resultant
force produced by this joint occurrence. Additional difficulties are
introduced since these components are not necessarily independent of one
another, i.e. there could be a relationship between the extreme wave-
induced and extreme wind-driven current.

The adequate definition of the magnitude, direction, interrelation-
ship and thus the joint probability of occurrence of all these components
is the major requirement from a design standpoint. To meet these require-
ments, reliable, accurate instrumentation and subsequent measurement
programs to either empirically determine design current parameters or
verify theoretical and statistical models are needed.

Construction - Operation. Construction and subsequent operational
requirements for current data are classified together because of the
similar nature of information needed. Additionally, only the quasi-
steady current is treated here cince the oscillatory wave-induced
current is normally defined by the wave height/period environment.

The first requirement is for a statistical data base on which
decisions regarding the timing of various phases of construction or
operations can be based before the actual initiation of the tasks. In
such areas as offshore Brazil near the Amazon River mouth, or in Cook
Inlet, Alaska, tidal current velocities of greater than 3 m/sec are
not uncommon. Construction or operations such as platform launching,
pipeline laying, etc. can become critical in these situations. Ability
to predict potential problems before construction or operations begin

is most desirable.

A second requirement, real time current data, has recently become
a tool substantially benefiting offshore construction and operations.
puring the launching of the lower section of the Cognac "A" platform in
1030 feet of water (Gulf of Mexico), currents were monitored with a
profiling current measurement system. Continuous measurements aver the
water column were acquired every two hours and were monitored in real
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time aboard the construction barge. If adverse conditions had been
detected, then the launching and subsequent lowering would have been
delayed. Other construction/operational tasks such as laying pipeline,
running the BOP stack or riser, etc., often make use of real time
current data for input to on-site decisionmaking.

In summary, the basic data requirement is an accurate description
of the current environment for defined regions. Data must be adequate
to supply information for design, construction and operations. Instru-
mentation must be flexible enough to provide for accurate and reliable
real time as well as historical data.

INSTRUMENTATION/MEASUREMENT REQUIREMENTS

The requirements for water current instrumentation, deployment
intervals and sampling can be quite varied. Given the particular
current parameter desired, e.g. tidal, wave-induced, etc., and the
environment where this parameter is to be measured, the type of instru-
ment and appropriate mooring can be specified. If instruments can be
mounted on fixed, stable facilities with minimal interference from the
facility, so much the better. If moored arrays are to be used, then an
appropriate mooring must be specified, with subsequent mooring behavior
predictable. As a part of the mooring specification, the decision
between surface and subsurface flotation must be made, Surface flotation
will provide for instrument mounting nearer the water surface but the
ensuing wave-induced motions of the mooring can result in grossly in-
accurate data. Instruments attached to subsurface mooring arrangement
will experience less of the oscillatory wave effects, but will not be
capable of measuring currents very near the surface. Surface mooring
location will be easier to monitor and retrieve. Subsurface moorings
must depend on acoustic or timed release mechanism, but the chance of
outside interference with the mooring is substantially less. The use of
acoustic slant range interrogation of subsurface arrays has helped to
solve some of the problems associated with position monitoring, but the
range of these devices is limited and occasionally the existence of a
thermocline will cause problems with signal reception.

Instrument specification and associated sampling intervals will
depend on the depth of measurement with respect to total depth, the
particular current parameter to be measured, and the physical charac-
teristics of the environment where the measurements are to be made.
Beardsley, et al. (1977) give an excellent summary of current meter
intercomparison results in a water depth of 25 meters during the recent
CMICE project. In this study, Savonius rotor, impeiler and electro-
magnetic sensors with substantially different sampling techniques and
moorings were evaluated. Though there was no comparison with an
absolute standard, the work does provide significant information that
should be helpful in instrument selection.
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Data output from current sensors will be either some average or
jnstantaneous value of current speed and direction. Data averages will
pither be scalar or vector averages over a particular interval as deter-
mined from a continuous sampling mode or a burst sampling mode. The
Jatter mode computes averages by considering a predetermined number of
values of speed or direction sampled at or over specified intervals.
Average values of current speed and direction will give values of the
quasi-steady current over a defined time interval {e.g., five minute
current speed). The sampling intervals for either the continuous or
burst sampling modes must be carefully specified so as to eliminate
aliasing problems which might be encountered because of the presence of
wave-induced velocities. Continuous sampling instruments must have long
enough sampling intervals so as not to introduce an erroneous net wave-
induced velocity. To eliminate a similar error in the burst sampling
instruments, there must be a sufficient number of data points sampled at
adequately short intervals between points,

Instruments capable of supplying instantaneous values of current
speed and direction require a high response to changes in the physica)
environment. The electromagnetic current meter is presently the primary
instrument used for instantaneous current speed and direction measure-
ment. It operates on the principle that an electric field will be
induced in a medium that is moving relative to a magnetic field. Response
of electromagnetic instruments is typically less than 0.5 seconds.

Thus, there is sufficient response to measure wave-induced water particle
valocities. In some instruments, data can be internally processed to
yield average current values. If actual time history of current speed
and/or direction is desired for long intervals, then the amount of data
that must be collected requires transmission by RF link or hard wire to
data acquisition facilities.

In summary, then, current measuring instruments will gither provide
average or instantaneous values of current speed and or direction. The
instrument specification very much depends on measurement location and
what current component should be measured. This, in turn, will dictate
the appropriate sampling technique.

ECONOMIC IMPACT

The economic impact of currents on offshore facilities is commonly
related to wave-induced currents. However, even the quasi-steady current
forces can significantly influence project cost. Figure 1 ilJustrates
the change in concrete material cost due to an increase of design bottom
current for various depths and constant design wave height.

For offshore developments in deeper water depths, e.g. the Cognac

project, the quasi-steady current will be the major current force in the
deeper portion of the water column. The facility design and subsequent
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cost will be considerably more dependent on design values of the quasi-
steady current speed and direction than facilities in shallower depths.
In regions subject to severe currents, downtime of cons truction/opera-
tional activities can cost many thousands of dollars per day.

SUMMARY

The current environment is an important consideration in the safe
and economical design, construction and operation of offshore facilities.
Within each develjopment area, it is necessary to investigate this environ-
ment and assess the impact on facilities. Decisions can then be made as
to whether or not measurement programs should be jmplemented. If measure-
ment programs are undertaken, the primary considerations will be mooring
and instrument characteristics as well as data sampling and deployment
intervals. Generally, the increased confidence in the various current
criteria produced by measured data could provide for lowering of the
criteria with no appreciable increase in risk, Additionally, the temporal
and directional characteristics of various current components can be
better estimated, which in turn will allow the determination of more
realistic probability distributions.
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ABSTRACT

The stability of a marine pipeline which ig exposed to
lateral currents ie one of the major concerns of the pipeline
engineer. The design velocity in the bottom boundary layer
dictates the amount of conerete weight coating which rust be
applied to maintain stability during the worst lifetime current
conditions. As this submerged veight requirement has consider-
able effect on material cost and installation techniques, one
of the early steps in designing the pipeline isg caloulation of
the design currents. This value is traditionally derived from
steady current data obtained along the pipeline route. The
typical requivemente of this data base are discussed.
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INTRODUCTION

The proper design of a marine pipeline requires that the submerged
weight be sufficient to resist lateral sliding in the maximum expected
current during the 1ife of the pipeline. Additionally, stability must
be achieved during the entire period of installation, and in many cases,
this may be the more severe requirement because of the void and untrenched
status of the pipeline. Accordingly, one of the early elements in the
pipeline design sequence is assessment of the steady current flow patterns
along the pipeline route. Specifically, sufficient current data must be
obtained to determine the peak steady velocities to which the pipeline
will be exposed during the construction season and the entire design
life. To this end, an array of current meter moorings is deployed along
the pipeline route at certain intervals. The central objective of this
effort is to identify the peak monthly velocities caused by tidal,
density and wind forcing. Coincidental to this effort, the character-
istics of the construction period (say three months) and 1ifetime {100-
year} significant waves are derived using statistical techniques. The
measured steady current data are then combined with the design wave-
induced velocity to yield the final design current which dictates the
submerged weight requirement for the selected return period.

Another element in the pipeline design sequence is the analysis
of various types of installation methods and their associated risks.
In this scenario, the requirement exists for compiete velocity informa-
tion throughout the entire water column, and typically real-time data
are required during the actual installation. Atthough there is a
distinct requirement for these types of measurement programs by the
pipeline community, they are not viewed as unique to the construction
industry, and as such, the focus of this paper is on the measurement
of steady bottom currents by deployed recording instruments. The
primary objective in the following discussion is to acquaint the
reader with some of the techniques presently used, and to identify
areas of potential hardware enhancement.

DATA REQUIREMENTS

As noted in the preceding section, the main purpose for obtaining
current measurements is to assess the flow regime in the bottom boundary
layer over a large spatial scale. This type of measurement program is,
therefore, unique to the offshore industry in two ways. First, several
different types of flow regimes can be encountered along a single pipe-
line route. This does not ordinarily present any measurement difficulty,
but it does require that the spacing between moorings be made small
enough such that local flow variations can be identified. Selecting
an appropriate number of current meters to define the fiow regime along
the route is analogous to the vertical spacing reguirement for fixed
level current meters on a single mooring. The second feature unique
to measurement programs for pipeline design is that no attempt is made
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to measure wave-induced velocities. The presence of such signals can,
in fact, cause an overestimation of the true current unless they car be
filtered from the velocity record.

Characteristics of a hypothetical measurement program designed to
measure bottom boundary layer currents are compared with presentiy
available instruments in the following paragraphs. Comparison is made
in terms of the following considerations:

. physical characteristics
. sampling period
. sampling and recording rate
. accuracy
+ range of measurements
- data logging
. data format
- options
. reliability
- cost
The remarks are summarized and presented in Table 1.

Physical Characteristics. The general arrangement of a current
meter mooring designed for monitoring boundary layer currents consists
of a pair of recording instruments placed as close 1o the bottom as
physically possible, Usually this is 1 to 2 m, depending an whether or
not an acoustic release is used and the expected intensity of sediment
bedload. As upper ocean measurements are needed for correlation of
data, additional current meters are often included at the top and middie
of the mooring. This adds relatively little expense to the major costs
incurred for vessel support. The major requirements in terms of physical
characteristics are the ruggedness and compactness of the instrument.

As the deployment operation itself is often the proving ground for
instrument survivability, instrument designs enabling the use of small
sensors, vertical axial symmetry, and reduction in package dimensions
are desirable in terms of physical characteristics. This is especially
true for use in the offshore petrochemical industry.

Sampling Period, As noted earlier, the phenomena of interest are
due mainly to tidal, density and wind forcing. The length of the measure-
ment program, therefore, depends on the dominant forcing mechanism
expected. In areas where the regime is essentially tidal, a minimum
record length of 30 days is cansidered adequate. 1In order to quantify
a density signal, however, which may be significant in estuarine regimes,
several 30-day records obtained throughout the year are desirable. In
lieu of such a vessel-dependent program, 4 single 60-day record taken
during the construction season or peak fresh water discharge js sufficient,
The measurement of wind-induced bottom currents requires the most
ambi tious commitments, as in de:p water, a wind-induced signal may not
occur except in exi-eme atmospheric events. The approach taken here
is often to genera.e the theoretical wind-induced bottom current on the
basis of a sujtable model. Bottom current measurements in depths greater
than 50 m taken during storms are obtained largely by good fortung.
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TABLE |

DESIRABLE SPECIFICATIONS FOR CURRENT METERS
USED FOR MARINE PIPELINE DESIGN

CRITERIA PRESENTLY USED DESIRABLE REMARKS
31.57 x 247 smaller size, physical compact=-
PHYSICAL 42 1lbs. 1in air symmetry anout ness required
CHARACTERISTICS mooring axis for deployment
ease
practical limits
due to biofouling
SAMPLING PERIOD 30 days 30 to 90 days and mech. failure
15 min. to 1 sec
RECORDING RATE 15 min. burst sampling

controlled by
microprocessor

SAMPLING RATE

centinuocus speed
integration over
recording interval,
vane response-10s

capabj lity of 1/s
rate for speed &
direction

requires vane
length of 6"

+ or - B cm/s rel. |present accuracy
+ -
ACCURA or 8 cm/s to absolute std, satisfactory
CyY + or - 10° for dir.
3«120 ecm/s 3-120 cm/s
VELOCITY RANGE
film, pressure mag. tape or bubble|ruggedized tape
sensitive paper memory cassette is pre-
DATA LOGGING tapa sently most
suitable
DATA FORMAT various Rsoijz
8 bit binary
pressure record,
none acoustic transducer
OPTIONS for real time data
60 - 70% 7o - BO%
RELIABILITY data return acceptable
54,000 - 55000
COST per unit same
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Attesting to this is the lack of historical current data collected during
hurricanes. A potential solution to this measurement problem is to main-
tain very long-term (one year) moorings or simple, short-term arrays which
can be deployed when an extreme event is imminent. In most cases, long-
term deployments are not economically attractive, because the ratio of data
recovery to cost drops sharply after 30 days of deployment. This is due
chiefly to the following effects:

- biofouling, resulting in unreliable data

« premature battery drain

- corrosion of instrument or mooring resulting in flooding or

mooring 1oss

- failure of data logging transport mechanism
Improvements in instrument design directed at these problems are considered
prerequisite to practical deployment for periods in excess of 30 days.

Sampling and Recording Rate. In this discussion, sampling rate refers
to the frequency at which reliable velocity and direction data can be
obtained from the sensors. Recording rate refers to the frequency of data
logging. For purposes of establishing the 100-year design criteria,
measurements are generally made in depths greater than 60 m, and as such,
are free of wave-induced signals. In these areas, Savonius rotor current
meters have been used successfully with 15-minute recording rates. In this
case, the recorded speed is the time averaged scalar quantity, and the
recorded direction is the instantaneous value. Accordingly, the sampling
rate and the recording rate are identical. In areas where the oscillatory
motions are a significant fraction of the total energy, a sampling interval
of 1 second for both speed and direction is desirable. In this manner,
vector averaging can be achieved and the wave motions can be identified.

In either the steady or oscillatory current case, the proper recording
period is essentially a function of data storage and length of deployment,
Typically, 15-minute intervals allow 30 days of recording; however, a
wide range of recording intervals should be avajilable to allow optimizing
data recovery for a given deployment period. As one of the sources of
error in current measurement is the uncertainty of the fraction of orbita)
energy present, a desirable feature in recording current instruments is
the use of a microprocessor to permit burst sampling of speed and direction
at various intervals, depending on the velocity fluctuations. A 60-second
burst of data at 1-second intervals obtained even once every 12 hours
greatly reduces the uncertainty inherent in measurements in the wave 2one.

Accuracy. The instruments used for pipeline current surveys are
calibrated to the manufacturer's standard before each deployment. The
atlowable error is :8 cm/sec and +10° for the speed and direction sensors.
These somnwhat relaxed accuracy specifications stem from the built-in
conservatism in the methodology used to compute submerged weight. The
major problems associated with accuracy, however, have not been noted to
be related to calibration, or manufacturer's accuracy specifications,
but have instead been caused by the following:

- biofouling on speed sensor
* presence of wave signals when Savonius rotor is used without
vector averaging
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. tilt of instrument {when tilt sensor is not installed)

« influence of mooring 1ine motion

. lack of true cosine response to direction of flow in instruments
having fixed geodetic orientations

Biofouling of the speed sensor has been found to be particularly
severe on near-bottom installations. Biocides incorporated into exposed
components have greatly reduced the problem with microfouling, but
macrescopic free-drifting debris vremains a hazard.

The problem of wave noise has been virtually eliminated by vector
averaging, but because of the cost premium for this feature, several
manufacturers have introduced alternate methods of filtering the wave
data. For real time measurements in shallow (5-meter) water, a bi-
directional ducted propeller has been used in conjunction with a long
stabilizing vane. The intent is to keep the heading of the instrument
constant in the wave field, while a low pass filter removes the high
frequency signal from the propeller output. In one deployment, it was
found that the long tail vane presented a serious deployment difficulty,
and yet it was not long enough to stabilize the heading of the instrument,.
Subsequently in this operation, the speed filter was bypassed to allow
raw data to be recorded, thus partially overcoming the problem.

The remaining three sources of inaccuracy have been suitably
addressed by the manufacturing industry except in the case of mooring
Jine motion, which is not a particular problem associated with near-
bottom measurements.

Velocity Range. The velocity range typically encountered in the
bottom layer is 5-100 cm/sec, even in strong tidal flows. The max imum
velocity threshold which is desirable is 3 cm/sec and 1is achieved by
most presently available instrumentation.

Data Logging. Presently used film recording data loggers are con-
sidered jnadequate for effective reduction and analysis of data.
Considerable time and effort are wasted while films are scanned and
transposed to paper tape by the manufacturer. Although simple schemes
such as Rustrak impact recorders allow immediate review of the data upon
instrument retrieval, magnetic tape cassettes are considered to be the
most efficient storage medium, With the advent of low cost micro-
processors, the need to have the data reduced by the manufacturer is
essentially eliminated. Data playback can be achieved at sea if
necessary, using an audio tape deck, interfacing circuitry and an X-Y
plotter,

Data Format. A suitable format for recording on magnetic tape must
include, in addition to speed and direction data, time and reference
information. Due to the somewhat standard use of RS 232 as an interface
medium for minicomputers, this format is recommended. Additionally,
this format enables data to be transmitted directly via a standard
Telex terminal.
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As noted earlier, in situ filtering of current data has, in the
past, introduced errors which were not otherwise present. As data
filtered prior to recording can never be regained, it is recommended
that all raw data be recorded and filtering be implemented using com-
puter techniques which preserve original data.

Options. A parameter which has been useful when analyzing velocity
data is the pressure signal. A Tow pass filter allows the tida) elevation
to be determined, thus aiding in the determination of the velocity char-
acteristics. Another option which has been useful is the availability
of a real time data transmission link. This can be accomplished via
acoustic signals, inductive coupling through the mooring wire to a
surface transmitter or a hard wire connection. Real time data have
traditionally relied on the latter, which are subject to severe
handling, wave conditions at the interface and leaking connectors. The
results obtained from this arrangement have been fair at best.

Reliability. It has been found that the existing data return rate
for instruments carefully deployed is 60 to 70%. This figure represents
the rate of good data returned to the quantity of data expected according
to deployment length, sampling rate and battery life. Although the
ins trumentation community has responded well to most industry needs,
improvement is still required in the following specific areas:

- improve reliability of tape transport mechanisms in the presence
of vibration or sheck loading. This is especially true of
current meters which do not use cassettes;

« reduce the number of external moving parts to minimize the
effects of biofouling;

- reduce battery drain in both sampling and quiescent modes.

A minimum data return of 70 to 80% is considered acceptable in most
cases for pipeline design.

Cost. Generally, the cost per current meter which can be supported
on a current meter survey is about 34,000. Since a significant portion
of the survey cost is due to the provision for a means of recovery,
either acoustic release or surface line, it is anticipated that a small,
integrated package combining the anchor, flotation, acoustic release and
current meter would be readily suited for bottom current measurement
programs. A device such as this would presumably cffer significant
savings in hardware cost over the present cost of $10,000 for a single
meter moaring.

CONCLUSION

From the large selection of instrumentation, the requirements of
the pipeline engineer tend to dictate the use of the simpler, less
sophisticated equipment. Only with these instruments are the large-scale
current monitoring programs such as those requiring 10 to 2G current

157



MOVEEEAN

meters, econamicaliy tenable. At present, no instruments have been
identified which are uniquely suited for pipeline applications. Mypo-
thetically, such an instrument would have some or all of the following
features incorporated at various cost premiums:

solid-state recording medium consisting of addressable banks
of magnetic bubble memories capable of storing 100 bits;
electronic, as opposed to mechanical, sensing of current speed
and direction. This would reduce the effects of biofouling;
acoustic transducer which would serve as a telemetry link for
real time data;

acoustic release mechanism which could optionally be incorporated
into the instrument and would utilize the telemetry transducer;
microprocessor to allow the recording rate to be optimized

in situ depending on the time scales and magnitudes of the
velocities encountered;

self-contained diagnostics in Read Only Memary which may be
exercised by the technician just before deployment;

small, axially symmetric physical package; and

cost $5,000 to $6,000.
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CURRENT MEASUREMENTS IN SUPPORT OF FIXED
PLATFORM DESIGN AND CONSTRUCTION
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Shell Development Company
P. 0. Boxr 481

Houston, Texas 77001

R. C. Hamilton
Evans-Haemilton, Ine.
11316 Beachnut
Houston, Texas 77072

ABSTRACT

Storm-driven currents can be an important part of the design
hydrodynamic flow field for fired platforms. In addition, the
currents which exist during platform cometruction can significantly
affect the installurion. Planning for the installation of a large
platform off the Missiseippi Delta was facilitated by climatological
current data collected with electromagnetic and Aanderaa meters,
which were supported from a semisubmersible drilling rig and from a
subsurface mooring. In additiom, Cyclegomdes and electromagnetic
current meters were used to provide real time current data during
the imstallation of the base section of the structure.

Once a platform is in place, it provides an excellent site
for the study of near-surface, stom-driven currente and waves.

The fast response time of electromagnetic current meters makes
them geem ideally suited for this application, and their effec-
tiveness has been demonstrated through five yeare of experience
at three sites in the Gulf of Mexico. Early problems with
reliability of the meters during long-term, unattended operation
have now been mostly eliminated. During tropical storm Delia,
surface currents over 2 m/sec were measured. The electromagnetic
current meters alsoc provide information on the kinematice of storm
waves. Comparison of the measured particle velocities with wave
theories shows that the directiomal spread of the wave energy is
important. The measured particle velocity spectra agree with the
predictions of linear theory to within a few percent over the
energetic frequency range, increasing confidemce in the current
measuremente.

WORKING CONFERENCE ON CURRENT MEASUREMENTS, JANUARY 1878. SPONSORED BY THE
NO4A OFFICE OF OCEAN ENGINEERING AND THE DELAWARE SEA GRANT COLLEGE PROGRAM.
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INTRODUCTION

Offshore 0il operataors are jnterested in current measurements because
the design of oil production platfarms is governed by the hydrodynamic
forces which are expected to occur during their lifetimes. These forces
are dominated by the storm waves, but during the storms, there should also
be substantial wind-driven currents. Since the forces are roughly propor-
tional to the sguare of the water velocity, the additional effect of the
current is worse than additive.

Unfortunately, there is much less quantitative jnformation available
for wind-driven currents than for wave heights. Even very long time
series of current data would not be sufficient to reliably estimate for
design purposes a climatology of extreme currents. Thus the climatology
is usually produced by hindcasting the wind-driven currents that would
have been produced by historical starms. The role of current measurements
is then in the development and verification of wind-driven current models.

Once a platform is in place, it makes an excellent site from which
to make measurements of near-surface currents in storms. At the expense
of some interference with the free stream fliow, a mounting system can be
devised which is very rigid even in extreme waves. Fast response time,
solid state current sensors can then be used to accurately measure the
total flow. We began implementation of this measurement philosophy in
1971 with a pilot study at Station 1 {Buccaneer) shown in Figure 1. The
next year, the program was extended to an Ocean Current Measuring Program
(OCMP) at the three stations shown in the figure. The stations were
maintained nearly continuously through the 1977 hurricane season, making
measurements in the three storms shown in Figure 1 as well as in Anita
and Babe in 1977.

The currents measured in tropical storm Delia were discussed by
Forristall et al. {1977), and the wave kinematics and directional
spectra in that storm are described by Forristall et al. {1978). Reports
on measurements in the other storms will appear in the future. Here, we
give a reasonably detailed description of the taut wire mooring system
to be used for the current meters,and discuss the experience we have
gathered on the reliability and accuracy of the electromagnetic current
meters used in the project.

Information on currents is sometimes also needed during the con-
struction phase of an offshore engineering project. The Cognac platform
is being assembled from three shore-fabricated sections at a site off
the Mississippi Delta. The details of the installation are dependent
on the current profile at the site. To help plan for the installation,
climatological current data were collected using electromagnetic current
meters supported from a semisubmersible drilling rig and Savonius rotor
meters on a subsurface mooring. During the installation, profiling
current meters and near-surface electromagnetic meters were used to
provide real time data. A1l of the various types of instrumentation
worked well in the functions for which they were intended.
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TAUT WIRE SUPPORT SYSTEM

The support system for the platform-mounted current meters must hold
them as rigidly as possible with minimum interference to the flow, while
also providing access to the meters. The system designed to meet these
constraints is shown in Figure 2. It consists of a single wire rope
stretched over an upper and lower sheave to form a pair of taut wires,
The tension in the taut wire pair can be adjusted to a desired value
with the spring-loaded tensioning device on the upper sheave. The lower
sheave is mounted on the platform where an accessible work area is pro-
vided. The current meter prabe is clamped into a frame which supports
it midway between the taut wires. These frames are designed differently
at each station so that the probe is held in a vertical position and in
a north-south orientation. The current meter frame jtself slides freely
on the wire rope. It is held in place on one side only by cable clamps
above and below a cross member. When the upper sheave is rotated, the
frame is raised or lowered on the taut wire pair. In this fashion, the
meter array can be piaced at any desired depth. There would be nothing
more to the support system if the meters were self-recording. However,
they are not; therefore, their cables must be routed safely with small
tension loads while preserving the vertical mobility of the current meter
frames.

The conductor cables cannot be routed up one of the taut wires
because this results in asymmetrical wave forces on the wire pair. These
asymmetrical loads were observed in the pilot study where the cables were
all routed up one side of the taut wire pair, and they produced unaccept-
able torsional motions at the current meter frames. To overcome this
problem, the current meter cables are now routed up a central “messenger”
wire. This small-diameter wire rope is left very slack, and the conductor
cables are closely routed along it. The deliberate large catenary in the
messenger line causes the hydrodynamic loads on the cablie bundle to be
distributed as lateral loads in the braces that are placed every ten feet
along the messenger. This prevents the tension in the messenger from
exceeding a safe level, and the messenger prevents the conductor cables
from being tensioned under load. When the cable bundle must be routed
past one current probe in order to reach the lower ones, the cables are
routed outside the taut wire on a bridle constructed for this purpose.

Because of differences in platform structure at the three stations,
the configuration of the taut wire system is different at each station.
At Station 1, two platforms about 200 feet apart are connected by a
bridge which is used to support the taut wires (Forristall et al, 1977).
At the other two sites, the water depth is much greater and single
platforms are used. The taut wires must then be supported by the
platform itself, with the attendant problem of interference with the
flow. Figure 3 shows the configuration at Station 3, with the wave
staff and current meter taut wires mounted outboard of the south face
of the platform, the direction from which most storm-generated waves
and currents are expected to arrive. However, with calm seas and a
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two ft/sec current setting toward the east, we have observed eddies from
the southwest platform leg crossing the current meter string and causing
oscillations up to two ft/sec in the output. During more normal con-
ditions of wave-dominated flow, the same problems do not seem to exist,
but the possibility of such interference is still disturbing.

The taut wire system is complicated,and the installation of current
meters is time-comsuming and tedious. A hand crank is shown at the top
sheave in Figure 2, but it has been necessary to use a two-ton chain
hoist to move the wires at Station 3. Replacement of current meter
probes and their cables takes on the order of 10 man-days. tHowever,
the system has many advantages. As we shall see in the next section,
the taut wires provide a nearly rigid mooring system for the current
meters, even in extreme storm waves,while creating minimal interference
with the measured flow. Having the current meter probes hard-wired to
the surface signal conditioners and recarders means that the status of
the instruments may be easily monitored. Finally, the taut wires can
be used to pull the current meter probes to the surface, eliminating any
need for divers and greatly reducing the cost of maintenance.

MOTION ANALYSIS OF THE TAUT WIRE SYSTEM

Although the taut wires are far more rigid than any mooring system
that can be used away from a bottom-founded structure, they will still
have some motion in storm waves. Wave and current forces are consid-
erable even on so slender a structure, and the resulting motions will
cause errors in the recorded velocities. It is thus important to be
able to predict the magnitude of the motion and correct for it if
necessary.

To a reasonable approximation, the taut wire system shown in
Figure 2 may be considered as a single string with variable properties
along its length. If we take the x-axis running down the string and let
the vector y (x,t) represent displacement of the string in the plane
perpendiculdr to the x-axis, the equation of motion for the string is:

my = Ty" + T'y' + F, (1)
where T is the tension in the string, m is the mass per unit length,
F is the hydrodynamic force per unit length, and the primes and dots
represent differentiation in x and t, respectively. Equation (1) is
an approximation valid for small vibrations; that is, we neglect the
vertical compenent of the motion.

The hydrodynamic force is determined from Morrison's eguation,

Fx g Cphvlv] + Cpoba Q
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where C4 is the drag coefficient, o s the density of water, A is the cross
sectional area of the system, Cp is the added mass coefficient, D is the
volume of water displaced, and v and a are the velocity and acceleration

of the water relative to the system. “Since the system responds essentially
in a forced mode, arbitrarily determined initial conditions will only
affect the solution near time zero and we can assume:

y{x,0)=y"(x,0)=0. (3)

In practice, the effects of the arbitrary initial conditions disappear
in a few seconds, which is fortunate since there area priori means of
discovering the true initial conditions.

If we divide the cable into lengths ah and take time in steps at,
the variables can be written in the form:

y {x, t)
is=
Jj=

y (iah, jat) =y 9, (4)
1! LILIEIE n
1

With this notation, the usual finite difference approximations for the
derivatives are:

v ] h) J
' = mh Wier - o) -
5
w1 ioa
y' = (y9:0y - 2y7, + y?. )
ol (ﬁh)? 7 it} il | 7 i-1
- 1 J+) J J-1
= —— {y -2y y.oT)
(&t) = 1 i | -1

: (6)
T =7k T - Ty

To avoid numerical instability by round-off error amplification in
an explicit finite difference method, the maximum lTength of the time
step must be limited by:

st < min {sh /7T7} . (7)
1

Unfortunately, in the present problem there is another source of
instability which is more difficult to eliminate. In equation (2), the
hydrodynamic force is a function of the relative velocity between the
system and the water, which is exactly the information given by a current
meter suspended on the taut wires. This means, however, that the cal-
culated motion of the system has no effect on the hydrodynamic force so
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that there is no damping in the equations. Thus, the solution is unstable
in a very fundamental sense. What is to be done?

The measured relative velocity is v. If we let the true reference
frame water velocity be w and the velocity of the water be y', then clearly

. (8)

The solution of equation {1) can be written symbolically as a functional
of the relative water velocity so that:

y=F . (9)

As we have seen, this formulation leads to a lack of the physically
expected damping and thus numerical instability. But note that from
combining equations (8) and (9):

.2=F(t“.g)s “0)

and if w is given, this system can be solved by a finite difference
scheme. Unfortunately, we do not know w; indeed, it is to be the final
result of our calculations. However, if Y is small compared to vy, it is
reasonable to make the approximate w = v in (10), to get a first approxi-
mation of the motion:

w=yv+

e

¥y = Fv-y¥)
...1 - ..1 (I-I)
Wy =V ty -

- - ~

Successive approximations will then have the form:

Vi = Flwe g -3

We T YT Yy
For our purposes, numerical experiments have shown that y', is close
enough to y, so that the first approximation is sufficient. Forward
differencet ' for the velocity vector and backward differences for the
magnitude of the velocity in equation (2} were taken to prevent further
instabilities,

The original taut wire system at the pilot Buccaneer station was
rather simple, with the current meter frames clamped to one of the taut
wires and the cables to the meters routed up the same taut wire. Since
the hydrodynamic forces on the cable bundle are much greater than those
on a single cable, one side of the system deflected farther than the
other, thus twisting the meter away from its intended direction and
introducing a directional error into the measurements. The problem was
significant; at Buccaneer, we observed at least 20° of twist in 10-foot
seas.
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Analysis by the finite difference scheme showed that the twist
problem would become enormous during hurricanes, with over 60° of twist
in 40-foot waves. It would be very difficult to correct for such
deflections in the study of either currents or wave particlie motions.
Thus, the cable bundle was reluctantly moved to a position between the
taut wires, although this greatly complicated the design and installation.
Some random asymmetry could remain, particularly where the cables must be
routed around the meters, but it should be smail. To get an idea of how
a small symmetry would affect the system, we made a series of computer
runs in which the system was symmetrical except for five feet of con-
ductor cable on one taut wire next to the top meter. Figure 4 shows the
predicted deflection, additional tension, and rotation for such a model
of the taut wires at Station 1. The motions of the taut wires at the
deeper water stations were actually less, since it was possible to clamp
the taut wires to the platform near mean water level, where most of the
wave force occurs.

An example of the effect of the taut wire motion on the measurements
is shown in Figure 5, which shows the recorded and corrected velocity
vector history during a 10-foot wave at the pilot station. Since the
taut wire system was still unsymmetrical then, the figure actually repre-
sents a worst-case analysis for most of the OCMP data. The crosses and
solid dots show the tips of velocity vectors at 0.5-second intervals,
with the circled numbers the time in seconds since the start of the record.
The measurements are represented by the crosses and solid line and the
corrected measurements by the dots and dashed line. Although the wave
field is confused and twist effects were present in the taut wires, the
correction for the taut wire motion seems basically to produce a phase
shift in the record which is less than the digitization interval. Thus
the system seems to be rigid enough that the use of the correction program
i: not required, which is fortunate, since it is extravagant of computer
time.

RELIABILITY AND ACCURACY OF ELECTROMAGNETIC CURRENT METERS

From our viewpoint, the most desirable feature of the electro-
magnetic current meters has been their very fast response time which
permits accurate and explicit filtering to get the true current. Since
the meters have no moving parts and are not subject to biological fouling,
they also hold the promise of better reliability than meters using
mechanical rotors. However, the induced voltages measured by the elec-
trodes on the meter probes are very small, which means that the meters
are sensitive to the slightest seawater leakage or shifting contact
resistance. This type of problem usually produces a very noisy signal
and is easily diagnosed even with the meter in the water, but it is still
serious for any program that relies on long-term, unattended deployment.
Early in the OCMP, such problems occurred in cable splices, underwater
connectors, and in the probe electrodes. A1l of the fundamental design
problems now seem to be cured, but successful manufacture and deplioyment
of electromagnetic meters still require constant attention to detail.
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Figure 4. Motion of slightly asymmetrical taut wires at OCMP
station 1.
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Figure 5. Comparison of recorded and corrected velocity data from
OCMP station 1 in a ten-foot wave.
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Tank tests of cylindrical electromagnetic current meter probes have
shown that the meters do not have a perfect cosine response; that is, the
meter output for flow off the central axis is slightly less than it should
be. This is an example of & type of problem that really presents no
difficulty once the true response is accurately known. The measurements
can be easily corrected for the response during data processing, and this
has been done for all the OCMP storm data we have studied. The meters
also include an internal calibration circuit which is switched on auto-
matically once a day and which provides a check on the gain of most of
the amplifiers in the circuitry.

We have performed no laboratory tests on the meters to define their
accuracy, but some of our data provide a rare check on the total accuracy
of the current meter and taut wire system during storm conditions. The
simultaneous measurements by a wave staff and high frequency response
current meter can be used to estimate the directional wave spectrum as
discussed by Bowden and White (1966}. Forristall et al. {1978) show how
the calculations can be modified to take into account the Doppler shift
caused by strong currents, such as those in tropical storm Delia. An
example of such a directional spectral estimate is shown in Figure 6,
where the curves delineate a surface whose height is proporticnal to the
spectral density at a given freguency and direction of propagation.

Such measurements are important in the study of the generation and
propagation of wind waves.

One of the most important results of the spectral analysis is an
observed value of the transfer function between the surface elevation
and the subsurface velocity. A comparison of this measured value with
that predicted by linear wave theory sheds some light on current meter
performance. Figure 7 shows the ratio between the measured and theo-
retical transfer functions at Buccaneer at one time during tropical
storm Delia. CM] was at -13 feet, (M2 was at -33 feet, and CM3 was
at -58 feet. For the part of the spectrum that had energetic motions;
that is, below about 0.17 Hz, the measurements almost always agree with
linear theory to within 10 percent, which would be very high accuracy
for a current meter system operating under storm conditions. However,
it is far from certain that linear theory accurately predicts storm
wave kinematics. There are trends in the data which persist over various
depths, meters, and times which may be symptomatic of nonlinear phase
locking between harmonics. It would be interesting and important to
further study these nonlinear effects, but calibration tests which would
prg;e sufficient accuracy in the current meter system would be very
difficult.

CURRENT MEASUREMENTS FOR CONSTRUCTION PLANNING
The type of current data required to support a construction project

and the problems encountered in obtaining the data can be much different
than for a design project. The differences involve timing, accuracy
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Figure 6. Directional wave spectrum measured at OCMP station 1
during Delia at 1300 CDT, September 4, 1973.
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requirements, and sensor location. A construction project hqs a set time
schedule which can be delayed only at great cost. The rigidity of thg
schedule indicates that reliabtlity is an extremely impor;ant facto; in
the selection of any instrumentation. Absolute accuracy is not as impor-
tant as in many design studies, but repeatability between instruments is
very desirable. The construction engineer cannot readily calculate the
forces caused by a given current profile during 2 specific phase of the
operations. However, 1f a particular current speed causes problems, it
is important that the meters repeat that value when the same current
occurs so that proper plans may be made. As in design studies, con-
fident measurements of strong currents are much more important than
accuracy at low velocities, Construction activities usually take place
in locations where no fixed structures yet exist, so the taut wire
mounting system previously described cannot be used. Real time data

is imperative during construction, and this leads to additional diffi-
culties.

Current measurements are not always needed during offshore con-
struction. Ffor many projects, the currents which could occur at the
site present no problems to the construction activities. However, the
unique nature of the Cognac project, as well as its site near the mouth
of the Mississippi River, produced an impressive variety of current
measurements. When completed, the Cognac platform will be 1050 feet
tal) and support up to 66 oil wells. The platform is being constructed
from three prefabricated sections 12 miles south of the mouth of the
Mississippli. The bottom section or jacket base section (JBS) was in-
stalled in the summer of 1977, and the remaining two sections will be
attached to it in the summer of 1978.

Strong currents could adversely affect several phases of the con-
struction. The JBS is approximately 400 x 400 x 200 feet and had to
be Towered to a specific location and orientation. Then, 24 piles, each
eight feet in dlameter by 600 feet long, were lowered into pile guides
on the JBS and driven with an underwater hammer. Physical and model
studies indicated that moderate currents could cause vortex shedding
on the piles, making this phase of the work difficult if not impossible.
The middie and top sections will then be lowered and mated to sections
already in place. Positioning will be affected by whatever current
profile is present. The mooring system of the lowering barges must
also resist all environmental forces during the aperations, including
the forces due to surface currents.

Current measurements at Station 3 of the OCMP showed that currents
were strong enough to be of some concern in the general area of the
Cognac project. However, the current regime was unpredictable, with
large spatial and temporal variability. It thus seemed prudent to also
make measurements at the site and season planned for the actual opera-
tions. A preliminary measurement program was conducted from the
semisubmersible driiling vessel Pacesetter I1 while it was at the
site during the summer of 1975, The vesse] was rigged with a winch-
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operated Marsh-McBirney 555B electromagnetic current meter to obtain data
at various depths, and a Marsh-McBirney 724 to obtain near surface data
{Figure 8)}.

The winch-operated current meter was to obtain data from the 500,
700, 850, and 1000-foot water depths every hour and a profile at 100-
foot increments at least twice per day. All data were recorded from
visual readings of the meters. The near-surface (-15 feet) data were
obtained hourly from visual readings using a 30-second output filter
on the meter. An example of a current profile is shown in Figure 9.

Near-surface measurements were obtained without equipment problems
from July 21, 1975, until program termination on September 15, 1975.
The only data loss occurred during rig moves or when personnel were not
available to read the meter. Some erroneous data were obtained during
periods when the prop wash from supply boats affected the meter.

Deep measurements were much more difficult to obtain. The meter
was run down the guidelines to the Blcwout Preventer (BOP). This loca-
tion produced some conflict between rig operations and current measure-
ments, with the rig operations naturally taking precedence. In addition,
data were lost due to problems with the winch, electromechanical cable,
and the current meter power supply and preamplifier.

The measurements indicated that currents could possibly cause
prablems during the Cognac fnstallation. Most of the energy was sub-
inertial, uncorrelated with the local wind, and could not be predicted
with presently available techniques. Plans were thus made to make
further climatological measurements in the summer and fall of 1976.
Since no exploratory drilling vessel was at the site at that time, a
taut wire mooring with subsurface buoyancy and five Aanderaa current
meters was used ?Figure 10). The system was deployed in July 1976,
with monthly service visits. Data recovery from the system was excel-
tent until the mooring could not be found on the last monthly service
in January 1977.

The current measurements made during the summers of 1375 and 1976,
allowed the barge mooring system design to be finalized and gave the
construction engineers an idea of the strength and persistence of the
currents encountered at various depths. The measurements also gave the
engineers some insight into the rapidity of current changes in the area
so that they might be able to anticipate the advent of dangerous conditions
by monitoring real time current information. Plans for making real time
measurements during the installation were thus formulated.

REAL TIME CURRENT MEASUREMENTS DURING CONSTRUCTION ACTIVITIES

Real time acquisition of current data both near the surface and at
various depths was necessary. The system devised to meet these needs
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included two barge-mounted Marsh-McBirney 524 electromagnetic meters,
two buoy-mounted Cyclesondes, and & backup winch-mounted Cyclesonde
(Figure 11). The barge-mounted meters were hardwired into the barge
control room and the Cyclesonde data were telemetered from their buoys.
The near-surface meters provided continuous data, while the Cyclesondes
took a current profile every hour, alternating between moorings.

Since Cyclesondes had not previously profiled to a depth of 1000
feet nor been used in an area where current magnitudes up to 130 cm/sec
might occur, the manufacturer had to design essentially a new instrument.
The instruments were field tested in the Atlantic Ocean off Florida and
were then calibrated in the ONR tow tank at Bay St. Louis, Mississippi.
The tests showed that with individual calibration curves for each instru-
ment rotor, the accuracy in the tow tank was two ta three cm/sec rms.
Use of an average calibration curve for all rotors reduced the accuracy
to five percent of the reading for the planned measurements, which was
still sufficient for construction operations.

At the beginning of July 1977, the Cyclesondes were installed an
their moorings at the Cognac site and began obtaining current profiles.
Measurements were made until early October, when the 1977 phase of the
construction activities ended. There were some instrument failures,
but the redundant systems ensured that current profiles were aimost
always available. An example of a Cyclesonde current profile is shown
in Figure 12 to indicate the compliicated vertical structure often
observed.

During late August when the site was abandoned because of approaching
hurricanes, the Cyclesondes were left on their moorings. After the
storms, one of the instruments could not be located. The other was found
at the bottom of its mooring. Unfortunately, a mistake made during the
retrieval of the mooring resulted in the loss of this instrument also.

The surface meters performed well with no problems occurring with
the meters themselves. However, data were lost on several cccasions
when boats ran into the frames holding the weters, causing the cables
to be severed. These problems demonstrated the wisdom of choosing
independent moorings for the Cyclesondes.

The 1977 phase of the Cognac installation was completely success-
ful, and there is every reason to believe that the operations in 1978
will go just as smoothly. A similar real time current measuring system
is planned for the 1978 operations.

A wide variety of different meters were used in support of the
Cognac construction activities. Each of them worked well in the par-
ticular situation for which it was best suited, and no existing current
meter would have been appropriate for all situations. One of the most
important tasks of the instrumentation engineer is thus to choose the
proper instrument for the job at hand.
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ABSTRACT

Pollutants ejected into the ocean envirowment are dispersed
and transported by the water movemente tnduced by wind ferees,
tides, bottom topography and shoreline eonfiguration. Whether the
poliutants have an impact on the enviromment depends primarily
upon vhere they are carried and how much they are diluted along
the way. We expect currenl measurements to tell us not only the
trajectories followed by a given pollutant, but also the variations
in the trajectories and the variations in the currents that affect
the dilution of a pollutant. This information is provided by tech-
niques that follow the movement of water (Lagrangian) and ones
that measure water movement past a given point (Eulerian). This
paper focuses on the latter, primarily because instrumentation
measuring currents at fixed points can provide the required length
of records over many months. This yielde information on seasonal
changes in cireulation as well as detailed data on vartations
occurring over several seconds or minutes.

Current measurements must provide data on variations over
seconds to hours to properly assess the dilution characteristics
of eirculation. These must also be made under a wide range of
conditions to provide information on the changes in the character-
iaties from day-to-day and season-to-season.

Basic current regimes that govern transport and dispersion
of material repeat themselves at a given location. tmattended
current meters that record rapidly over periods of several months
are required to determine the frequency of occurrence as wvell as
the energy associated with such regimes.

WORKING CONFERENCE OF CURRENT MEASUREMENTS, JANUARY 1378. SPONSORED BY THE
NOAA OFFICE OF OCEAN ENGINEERING AND THE DELAWARE SEA GRANT COLLEGE PROGRAM,
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INTRODUCTION

Environmental impact assessment requires answers to three basic ques-
tions: (1) What are the chemical and physical characteristics of the
poilutants and what are their rates and locations of input?; (2) How are
the pollutants transported, and how are their concentrations changed from
point of input throughout their journey in the ocean environment?; and
(3) Wwhat are their effects on the environment, knowing the concentration
that a poliutant would have at a given time and place? Knowledge of
water circulation gained from actual measurements becomes crucial in
determining how far and where pollutants are carried and how much they
are diluted in the receiving waters. The answers to these questions
will change with the winds, tides, and seasons.

We will concentrate on the measurements of currents in nearshore
zones of the continental shelves and intand seas, including the Great
Lakes. The development of energy resources and the production of energy
in the coastal zones of the world affect other uses, such as recreation
and food production. The coastal zone environment and man's use of that
environment are strongly influenced by water circulation, thermal struc-
ture and the environment's capacity to disperse pollutants.

A variety of techniques areused to determine circulation regimes in
nearshore waters. The initial diffusion and spreading of wastes from
input laocations are governed by small-scale, turbulent processes occurring
over periods of several seconds to an hour or more. Lagrangian-type
measurements are particularly useful at this scale if experiments cover
a sufficient variety of environmental conditions. The larger-scale
dispersion and transport of pollutants are governed by processes that
are repeated over periods of hours to days. It is on these scales that
recording current measurements at fixed locations play a dominant role.
The weather cycles last several days and can completely change the
direction of coastal currents. More important, the structure of the
currents is likely to change during a weather cycle, a structure which
could govern whether or not a pollutant is trapped against the shoreline
or rapidly dispersed seaward. Determining the frequency of occurrence
of these and other coastal current regimes becomes a major factor in
assessing the 1ikelihood of environmental impact. Such information is
required to evaluate the output of hydrodynamic models of coastal
currents, that are alse an important tool in environment assessment.

CHARACTERISTICS OF COASTAL CIRCULATION

The coastal zone is unique in terms of circulation (Figure 1), The
outer shelf and slope regions are influenced by the open ocean circula-
tion. As distance to shore decreases, the ocean influence diminishes.

The inner-shelf regime contains a top and bottom friction layer, separated
by an interior zone. The interior is thought to attain some degree of
geostrophic equilibrium after initial impulses from wind stress and
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fluctuating boundary currents at the shelf's edge. The two friction Tayers
are merged in the shallow water close to shore. Here is a zone of fast,
shore-paralle] currents and strong tidal currents. The bottom can be
shallow enough to be stirred by large surface waves. The shoreline can be
rugged, strafght and smooth, or indented by estuaries.

A wide varfety of processes account for the structure of coastal
currents. The currents near the coast often have a jet-like structure
(Charney, 1955; Csanady, 1971). The lateral shear across these currents
plays an important role in dispersing material. Zones of maximum shear
should be defined if effective dispersion of material is required.

Coastal currents are confined to a relatively narrow band some 10 to 20
km wide. Within this band, currents must adjust to the presence of the
shoreline, where they are constrained to flow alongshore. Here, tidal
and inertial currents whose vectors rotate in near circular motions far
offshore are constrained to rotate in elongated ellipses. The inertial
oscillations in the Great Lakes are effectively filtered out within 10 km
from shore, where most of the kinetic enmergy in coastal currents occurs
at frequencies less than 0.5 cycles per day {Csanady, 1971; Blanton,
1974). By contrast, off open ocean coasts, tidal currents appear dominant
right up to the shoreline. The orientation of the major axis of the tidal
ellipse is probably alongshore off straight uninterrupted shorelines, but
the4?ajor ax{s can be perpendicular to shore near many tidal inlets (EG&G,
1974).

Reversals in shore-parallel currents within 10 to 20 km from the shore
can cause wide fluctuations in water temperature. Currents flowing with
the coast to the left in the Northern Hemisphere bring cold subsurface
water into the coastal zone (upwelling). When the current reverses
{coast to the right), the cold water is replaced by warm surface water
(downwelling). During the change from upwelling to downwelling and
vice versa, there may be large masses of inshore water exchanged with
offshore water (Csanady, 1974). Upwelling and downwelling events repre-
sent a major process affecting the use of the coastal zone. They affect
significantly the proper location of power plant and water intake lines,
as well as the location of waste water outfalls.

Turbid water off coasts with high runoff appears confined within the
same 10 to 20 km from shore {Manheim et al., 1970; Bigham, 1973; Blanton
and Atkinson, 1977; and Murray, 1977). Suspended material is transported
up and down the coast by the shore-parallel currents. Off estuaries and
inlets where the material {s injected and where the major axes of tidal
ellipses are most likely perpendicular to shore, tidal currents apparently
play a fundamental role in governing the magnitude of offshore displace-
ment (Figure 1). Under these conditions, the excursion of a water parcel
is predominantly offshore for a 1ittle more than six hours before its
motion turns shoreward. Root-mean-square tidal velocities between 30 to 60
cn/s in the offshore direction (representative of the east coast of the
United States) would cause excursions between 7 to 14 km over one-half a
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tidal cycle. It appears likely that tidal currents act to confine material
ejected into the coastal zone to distances on the order of 10 km.

CLIMATOLOGY OF COASTAL CURRENTS

Before credible assessments of envirommental impact can be made, we
must determine the characteristics of the nearshore currents and the
frequency of occurrence of those characteristics that lead to effective
dispersion and dilution, as well as those that lead to the opposite effect
(Murthy and Blanton, 1975). Some years of study requiring current measure-
ments at several locations are required before a current climatology for
a coastal region can be determined. Recent studies have indicated that
lateral velocity gradients can be large {Blanton, 1974; Blanton and Murthy,
1974). These gradients are as effective as turbulence as a dispersive
process {Kirwan, 1975). Current measuring programs must also attempt to
measure the magnitude of such gradients across the coastal zone.

A current climatology for a specified region is made up of three
basic elements (Murthy and Blanton, 1975): (1) periods of stagnation or
low currents, (2) periods of shore-parallel currents lasting 24 hours or
longer, and (3) current reversals occurring between periods of shore-
parallel currents of opposite direction. Each of these elements will be
discussed, using an actual time-series of currents measured from two
moored current meters only 1 km apart (Figure 2).

Stagnant Currents. The time period from 6 to 7 August was character-
ized by weak currents of less than 4 cm/s. Such siow, nearly stagnant
flow regimes may last for several hours up to several days. These episodes
may be thought of as interludes between well-defined longshore flow
episodes {Blanton, 1974). Weak or stagnant flow can produce severe con-
ditions which retard the dispersion of pollutants. Csanady (1970) and
Murthy (1972) have demonstrated that dye accumulates in the area of
injection. The effect was increased with slow onshore drift, whereby
the dye pool was transported to the shoreline and trapped there. Areas
where such conditions frequently occur are clearly undesirable for the
disposal of wastes or accidental spills.

Shore-Parallel Currents. Steady shore-parallel currents result in
regular effiuent plumes. The concentration distribution across the plume
is reasonably predicted by Gaussian diffusion models (Csanady, 1970).

The zone of contamination around the plume'’s source can be estimated by
knowing the average current speed, the current's persistence in a given
direction, and the turbulent fluctuations of the current. A 3 to 4 day
episode of steady currents appeared on 26-2% July (Figure 2). After
this, steadier currents followed {30 July-2 August) but from the opposite
direction.

These steady episodes are significant in defining upwelling and
downwelling cycles. The steady currents of 26 to 29 July were
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accompanied by an upwelling of cold water into the coastal zone (Figure 3a).
The alongshore (eastward) currents were accompanied by components offshore
near the surface and onshore near bottom. Surface effluents are likely
carried away from the coast, After the alongshore current reversed (30 July),
the thermocline downwelled {(Figure 3b) and the direction of the onshore-
offshore currents reversed. Surface effluents can be transported shoreward
during downwelling where they can contaminate a local area until the
situation changes. The degree of severity of such situations depends on

many factors. Unless the speeds and associated turbulent fluctuations of

the currents are high, the situation is basically unfavorable.

Shifting Currents. The transition between periods of shore-parallel
currents 1s usually accompanied by complete reversal of the direction of
currents. As discussed, we can expect a corresponding change of thermal
structure from upwelling and downwelling and vice versa {Blanton, 1975).
Five reversals may be seen in Figure 2. During times when currents are
reversing or accelerating and decelerating, large differences in shore
parallel currents can occur over 1 Kkm distanie. This is illustrated by
large values of lateral shear from 0.5 x 10° s-1 to greater than 10-4%s-1,
The slope of the bottom is thought to be an important parameter in creating
these large differences. Blanton and Murthy {1974) compared the latera]
shear and turbulence values between steady currents and shifting irregular
currents. The results are repeated in Table 1 for the alongshore current.
The current meter data contain turbulent and wave-like oscillations about
the smoothed curves in Figure 2. These are denoted as v°2, The smoothed
oscillations of current around the mean speed for an episode is denoted
V'2, The major result in Table 1 is the large increase in V-2 compared
to v°2 under stormy conditions. The lateral shear increased by more than
one order of magnitude.

The mixing and dispersing of effluents during shifting and reversing
currents are very efficient (Csanady, 1970; Murthy, 1972). Figure 4 shows
2 comparison of dye concentration across the same plume before and after
a current shift. The well-defined concentration peak present before the
shift has been skewed off center, and the dye has been dispersed more
uniformly across the mixing zone,

CONCLUSIONS

Fach particular coastal area experiences a complex system of coastal
currents whose effectiveness in mixing and diluting pollutants to accept-
able levels is highly time-dependent. Major changes in effectiveness
occur from day-to-day at a single location. Since the processes that
govern circulation vary not only from hour-to-hour but season-to-season,
fixed-point current measurements over long time periods are required to
assess the dilution potential of water receiving effluents. Three basic
current regimes can usually be identified from long records at a given
location. The frequezncy of occurrence of each regime is important
knowledge in environmantal assessment.
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Table 1. Turbulence parameters compared with lateral shear averaged
over the duration of the episodes marked in Figure 2. Steady
winds (3-4 m/s) were characteristic of the 25-27 July episode.
Stormy winds {< 6 m/s) were characteristic of the period
9-12 August. Parameters for the currents are tabulated using
units of cm/s at 1.5 and 2.5 km offshore (from Blanton and
Murthy, 1974).

Steady winds Stormy winds
{3-4 m/s) (< 6 m/s)

1.5 km 2.5 km 1.5 km 2.5 km
Mean alongshore {east) +2.1 +2.4 +2.5 +10.2
Mean offshore ~-1.0 -2.7 -0.2 - 1.5
Mean speed 4.2 4.8 6.9 14.0
v-2 2.4 4.5 8.0 21.4
V2 5.3 3.7 37.2 108.4
av/ax (107471 -0.045 +0.75
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Current monitoring systems are required that are less expensive yet
more reliable than presently available. The present systems are expensive
to service and operate. Most do not perform adequately in the shallow,
wave-contaminated environment. The amount of equipment a project can
afford to buy and maintain is limited. Most systems capable of measuring
currents in water less than 20-30 m deep are virtually homemade. The
situation is not likely to improve before a well-conceived system approach
is initiated. The team should be concerned not only with the current
measuring instrument itself, but also with the mooring platform, the data
logging devices and antifouling. GOne goal for such a team should be to
design a system which is simple to use, easy to maintain, and which can
attract large numbers of users to drive the cost per system down to a more
manageable level.
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%
ABSTRACT

The Ocean Thermal Energy Conversion (OTEC) Program of the
Department of Energy ie directed toward obtaining electrical power
from a heat engine driven by the temperature differential between
warm surface and colder subsurface waters. Preliminary design
concepts envigion a large surface plant, moored and/or actively
propelled, attached to a long (order of 100 m's) cold water pipe.
Water iz pumped into the plant at the surface and bottom of the
pipe, and discharged at some mid-depth. Ihe designer of an OTEC
plant must consider currente in order to minimize the effect of
the plant on the emviromment and the effect of the environment on
the plant. For instance, current data are required to evaluate
the effeot of the plant effluent on the enviromment. Also, the
dynamie Loading on the plant caused by ambient currents must be
computed to design a suitable mooring or propulsion system.
Current datq are necessary to design a cold wvater pipe which will
neither collapse nor bend. The observational programs developed
for obtaining current velocity data at potential OTEC sites are
presented.

WORKING CONFERENCE ON CURRENT MEASUREMENTS, JANUARY 1978. SPONSORED BY THE
NOAA OFFICE OF OCEAN ENGINEERING AND THE DELAWARE SEA GRANT COLLEGE PROGEAM.
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INTRODUCTION

The Ocean Thermal Energy Conversion (OTEC) Program is an alternative
solar energy program of the Department of Enerqy. The program's ultimate
goal is to extract energy from the sea fn order to generate electrical
power, The current measurement needs of this program are discussed in
the following presentation. '

Information on some initial plant design configurations is presented
first to provide background for the remainder of the report. The require-
ments for ocean current data in the design process and the types of data
which can satisfy these requirements will be discussed, Possible efficient
methods for obtaining these data are jdentified. Finally, a brief discussior
of the Timitations in this method is given.

BACKGROUND

The OTEC power plant can be considered simply as a heat engine driven
by the temperature differential between the warm surface waters and the
colder subsurface waters. The immediate output of the plant is the produc-
tion of electrical energy, the use of which is frequently discussed in
terms of two concepts. One concept calls for the electrical output of a
moored or grazing plant to be hard-wired to a land-based power grid
(Trimble et al., 1975; Douglas, 1975; and Goss et al., 1975, for example).
The other caTls for using the electrical output of a grazing plant to
power, at sea, an energy-intensive manufacturing process, such as ammonia
production (Dugger et al., 1975). However, in both cases, many of the
desfgn features of the plants are similar.

Tables 1 and 2 summarize some of the preliminary proposals relating
to OTEC platform and power pilant design. Some of these design concepts
are no longer under consideration, but al] are presented for completeness.
Also, the data in these tables May not represent the latest thinking of
the proponents.

The design concepts, although diverse, have important similarities.
A1l include a targe, Rear-surface vessel to house the power plant, which
will be attached to a long cold-water pipe. The warm water intakes are
within 150 ft (50 m) of the surface, and the cold-water intakes range
from 1100 feet to 4000 feet {370 m to 1300 m). A11 power plants require
large amounts of warm and cold water to operate. The vertical temperature
gradients driving the plants 4lso are similar.

Figure 1 presents a portion of a milestone chart for the OTEC
program. OTEC-1 and OTEC-5 are test platforms to be used to verify
ﬁeat exchanger concepts and other OTEC systems. The Demonstration Plant
is nominally a 100 megawatt output system for which the design c¢criteria
in Tables 1 and 2 have been developed. Several regions, shown on Figures
2 and 4, have been proposed as potential sites for moored OTEC plants,
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MOLINARI/LEWIS

The South Atlantic off Brazil (Figure 5} has been considered as one poten-
tial site for a grazing plant. Current measurements are required at these
sites for all stages of the program leading to the eventual commercialization
of OTEC.

If it is assumed that the final design of the demonstration plant will
be some variation of the concepts given in Tables 1 and 2, rather than a
totally different design, then the common properties of these proposals
allow for a generic specification for current data requirements. These
requirements should be valid for the most important design similarities and
are discussed next.

REQUIREMENTS FOR CURRENT DATA IN DESIGN AND IMPACT STUDIES

Current data are required in the design process and for impact studies
to minimize:

(1) the detrimental effect of the plant on the environment;
(2) the detrimental effect of the environment on the plant;
(3) the cost of plant construction; and

(4) the cost of daily plant operation.

The final design of an OTEC plant will require accurate site-specific data.
However, even at this early stage in plant development, the design require-
ments for current data should address these four items.

Ocean velocity fields will have an impact on many aspects of the
OTEC design process. Examples of these impacts are presented in Table 3.
Recirculation refers to the possibility of water discharged from the plant
returning to the intake port and thereby degrading the thermal resource.
A mixed discharge is one wherein cold and warm water are mixed internally
in the plant before discharge, or in the near field of the plant upon
discharge.

Before a sufficient data-set can be developed to address the impacts
given in Table 3, the mechanisms by which the data are actually input
into the design process are required. The American Petroleum Institute
(API, 1977), for example, gives a recommended practice for the design of
fixed offshore platforms, in which various data-dependent expressions are
presented to evaluate the effect of the envivonment on the platform. A
similar format will be followed for the OTEC ocean velocity data. However,
in contrast to the API report, the relations presented here are merely
examples of where ocean data are needed in the design effort. They are
not guidelines for use in design.

Surface Vessel

Velocity Profiles. Vertical profiles of the horizontal velocity
are necessary to compute the current loading on the plant. Current

245



o*
; - 7
S Brazil ) K
5 /

10" LA ¢

i,
15*
4a° 35* ap° 25* 20*
West longiwude

Figure 5. Possible trackline for a grazing OTEC plant
in tl)m South Atlantic (Francis and Seelinger,
1977).
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Table 3: [Impacts of Current Velocity on Design Process

1. Surface Yessel

a. Drag computations
b. Plant motions
¢. Streamlining requirements

2. Caold Water Pipe

a. Drag computations
b. Pipe buckling

¢. Bending moments
d. Vibrations

3. Positioning Method

a. Dynamic positioning propulsion requirements
b. Static mooring requirements

i. Strength of mooring

ji. Scouring around anchor

4, Recirculation

a. Potential for recirculation
b. Type and pasition of discharge - mixed or separate

5. Environmental Impact

a, Advection of havmful plant discharges
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loading can be separated into two components, drag and lift (AP{, 1977).
The drag component s caused by the frictional stress on the object, and
the 1ift component is due to the unsteady forces linked to vortex shedding.
Both forces are proportional to the current speed squared. Because of
this dependence, the total plant loading is very sensitive to the velocity
profile used. Streamlining to reduce coupling between the plant and
medium may be required ff the 1ift and drag forces are too large.

Near-surface current data also are necessary to detgrmine the poten-
tial for motion of a particular plant design. Plant motion is a factor
in evaluating worker safety and comfort.

{old-Water Pipe Design

Velocity Profiles. Ocean current velocity data are required to com-
pute the drag and 117t forces, as described above, on the cold-water pipe
{CWP). In addition, current velocity data are used to determine the
minimum wall thickness of a CWP to avoid pipe collapse due to nonuniform
external pressures generated by ocean currents. The minimum wall thick-
ness required to prevent collapse is proportional to the ocean velocity
raised to the two-thirds power (Wu, 1976). The minimum wall thickness
required for a CWP? to be free from local buckling is proportional to
the ocean current speed.

Current Accelerations. Acceleration data are required to determine
the possibility of CWP fatigue failure. Fatigue failure can occur if
significant internal wave energy exists at the shorter periods {order of
tens of minutes).

Positioning Requirements

Velocity Profiles. Current data are required to compute the total
drag on the plant, (WP, and mooring line system, and thus determine mooring
1ine and anchor requirements. If a drifting plant is used, current data
are needed to compute propulsion requirements, since the propulsion power
is proportional to the plant velocity cubed {Olsen and Pandolfini, 1975).

Bottom Currents. Data on bottom currents, particularly during
extreme events such as hurricanes, are necessary to determine the poten-
tial for scour around an anchor.

Recirculation

Velocity Profiles. Sundaram et al. (13977) find that the percent
recirculatfon is a function of several nondimensional parameters, one
of which is Q/d%u, where Q is the discharge flow rate, d is the separa-
tion between intake and discharge, and u is the current speed. Jirka
et al. (1977) find that recirculation potential is inversely proportional
to current speed. Therefore, site-specific current profiles are needed
to evaluate recirculation potentials,
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Distribution of Horizontal Currents. The identification of eddy
structures at an OTEC site is important because of their possible role in
increasing recirculation. Eddies (circular current structures) with
spatial scales ranging from 10's to 100's of kilometers have been observed
in the ocean, and the smaller ones in particular could quickly advect
parcels of discharged water back to the plant. Small ambient currents
(non-eddying} can be useful in advecting away plant discharges.

Envirormental Impact

Small-Scale Current Variability. Local turbulence data are required
to evaluate the effect of the momentum discharge of a plant on the local
ambient current field (ERDA, 1977a).

Regional Current Fields. The advective field in the vicinity of an
OTEC site determines the trajectories of harmful material which may be
discharged from the plant.

OCEAN DATA TQ MEET DESIGN REQUIREMENTS

Table 4 1ists the current velocity data requirements to address the
design issues discussed previously. Horizontal current distributions are
listed as requirements for several reasons in addition to those described
above. They are necessary to determine the validity of extrapolating data
from a point to the surrounding region, since even a moored plant will
experience some excursion around the mooring. The structure of current
features also will determine the most efficient trajectory of a grazing
plant.

Two types of data are necessary, those which address operational
conditions and those which address extreme conditions. Operational con-
ditions are those which occur regularly, following a seasonal cycle.
This cycle could be induced by the seasonal march of atmospheric vari-
ables. The seasonal cycle can vary from year-to-year due to yearly
differences in seasonal heating or cooling, for instance.

Extreme conditions occur at irreguiar time intervals and impose
severe stresses on the plant. In addition to determining their frequency
of occurrence and persistence at a site, it is important to be able to
determine precisely when an event will occur. Only then can appropriate
action be taken on the plant or ashore to reduce the impact of the event.

An extensive historical data-set is required to compute the variables
given in Table 4. The operational current velocity data are available
only from long-term, site-specific current meter arrays. Extreme condi-
tions can be extrapolated to the site from data collected in regions with
similar ocean conditions. The operational horizontal current distribution
can be estimated from geostrophic computations. These data can be used in
environmental impact studies and in determining power requirements for
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drifting plants. The extremes in horizontal velocity shears, which are
probably related to events such as hurricanes, can only be determined from
closely spaced current measurements. These measurements can be Eulerijan,
such as by current meter, or Lagrangian, such as by drifting buoy.

The designer of an OTEC plant must consider the survival environ-
mental state caused by a nonlinear combination of extreme wind and wave,
as well as current velocity events at a particular site. One method of
specifying an extreme condition is to determine the magnitude of the
individual conditions, independent of their direction, and add them
1inearly. A second approach is to determine statistically the joint
probability distribution of these events, considering both magnitude
and direction. The second approach is likely to provide a more realistic
estimate of the survival state and reduce the initial cost of the plant.

None of the sites proposed to date has sufficient data to meet the
requirements stated above {Atwood, 1976; Bathen, 1975; and Molinari and
Festa, 1977}). Therefore, a data acquisition effort is required to ensure
@ data-set for input to the design and impact process.

A1l available data and literature should be reviewed to desigmn an
efficient measurement program. The data and literature should be examined
for those conditions which could have significant impact on the OTEC
operation at a particular site. For instance, hurricanes have been
observed at the Puerto Rico and Gulf of Mexico sites (Atwood, 1976;
Molinari and Festa, 1977}, while Loop Current eddies have been observed
at the Gulf of Mexico site (Molinari and Festa, 1977).

However, if no or minimal data exist, a reconnaissance survey is
necessary to establish the backgrecund for a more detailed survey, Table
5 1ists the requirements for such an effort. Requirements for temperature
data are also listed, since these data can be obtained concurrently to
evaluate the thermal resource. Many of these specifications are trans-
ferable to the detailed study.

A number of current meters exist which can meet the specifications
in Table 5. Therefore, particular current meter types are not specified.
It is important that the mooring be properly designed. The procedure
for designing a mooring given by Walden and Silva (1976) is one means of
ensuring that a mooring will survive environmental conditions.

Present state-of-the-art current meter design and mooring tech-
nology prohibit the inexpensive collection of in situ current data at
depths less than 100 m. Therefore, this information must be approxi-
mated with current profile data from a ship servicing the deeper current
meter moorings, or from Lagrangian techniques.

These data needs will be updated as the plant design becomes more

refined. For instance, once the shape and draft of the platform are
known, 1t will be possible to rearrange the vertical placement of the
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current meters to sample more efficfently. When the depth and type of
discharges are determined, more detailed current data can be obtained to
evaluate recirculation potential.

LIMITATIONS IN PRESENT TECHNOLOGY IN REGARD TO OTEC

State-of-the-art current meter and mooring technology limit the
usefulness of near-surface measurement techniques for OTEC. Inexpensive
methods are required because of the need for measurements at many sites
for long periods of time to ensure that severe events are sampled. This
requirement for current measurements at depths shallower than 100 m,
particularly during extreme events, eliminates most systems presently
used.
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CURRENT METER MEASUREMENTS
FOR ENVIRONMENTAL STUDIES
Bruce A. Magnell

EG&G Envirormental Consultants
Waltham, Massachusetts (2154

ABSTRACT

Environmental impaet studies differ from seientific or engi-
neering studies in the uses to which the dataq are put, and because
they may become the object of legal proceedings. This imposes
unique requirements on the type and accuracy of current sensors,

An envirormental etudy must be dome by any company wishing to

build a major factlity. Data and impact analyses are turned over
to regulatory agencies, who in twurm review or enlarge the analyses
and issue their owm Envirommental Impact Statement. Typical
analysea for coastal facilities are concermed with dispersion of
thermal or effluent plumes; probability of adveetion of effluent

to inhgbited or otherwise critical areas; determination of mean
velocities, tidal velocities, and other "elimatological" parameters;
and establighment of predietive modeling capability, for use in
hindcast studies and for extrapolation to ewtreme conditions,
Issuance of construction permits follows public hearings, at which
opponents may attack the conclusions indirectly, by attacking the
aceuracy or adequacy of the data itself. Major current meter
considerations thue are: (1) There is a need to acaurately measure
low veloeities, which are important in dispersion studies; (2) There
is a need for commercially available Lagrangian sensors, for direct
measurement of probability of advective impact; and (3) There is a
need for traceability in curvent meter calibrations, to avoid need-
less exposure of data to wwarranted criticism. On a higher plane,
there ia also a need for a methodology for current measurements in
envivonmental studies, to establish achievable goals and assure
eredible results.

WORKING CONFERENCE ON CURRENT MEASUREMENTS, JANUARY 1878. SFONSORED BY THE
NOA\ OFFICE OF OCEAN ENGINEERING AND THE DELAWARE SEA GRANT COLLEGE PROGRAM.
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My company is a consulting firm which has done work for large utility
companies trying to obtain permits to build power plants in the coastal
zore. I'm going to talk from the point-of-view of someone who has to
collect and analyze oceanographic data for environmental impact assessment
studies. 1'm going to point out, in a very broad way, the distinction
between these studies and scientific or engineering studies, and the con-
sequent requirements for future current meter development.

The unique features of environmental assessment studies lie in the
uses to which the data are put, and the possibility of involvement in
lega) proceedings. By way of background, we first note that any company
wishing to do anything in the ocean that might affect the environment,
must get permits to do so. This usually requires an environmental study,
and the company would generally hire a consulting company, which special-
izes in such studies, to do the work. The data and the analyses produced
by the consultants then go to the regulatory agencies in the form of an
"Environmental Report." For a nuclear power plant, the Nuclear Regulatory
Commission is the principal agency; in other cases, EPA may be. The
regulatory agency may have guidelines for such studies; but for studies
Tnvolving physical oceanography there are, to my knowledge, no such
guidelines.

The regulatory agency reviews the data, adds its own analyses, and
summarizes it all in the Environmenta] Impact Statement (EIS), which
attempts to state whether or not the proposed facility would, on balance,
be beneficial to society. But before the permit can be granted, public
hearings are held, and at these hearings, the basis of the environmental
impact assessment can be questioned in a quasi-legal forum. Opponents
of a project might try to shake the EIS conclusions by attacking the
accuracy or adequacy of the data themselves; this possibility poses some
special requirements for current meter data.

So we must ask: What is current meter data used for, and what kind
of Instruments would we really like to have?

t. The first thing You want to construct in an environmental study
is a general description of the environment -- a "climatological® summary .
This might consist of mean velocity, tidal velocity amplitude, range or
variability, etc. A climatology is not particularly valuable in itself,
but if it covers a long enough time span, it can be valuable in deter-
mining the representativeness of events or of short data segments, and
for assessing the significance of changes.

Thg need for a lot of data for a useful climatology suggests a need
for an inexpensive current meter that can be deployed for long periods
gsay three months at a time) to keep the costs down. Absolute accuracy
15 2 secondary consideration, provided the instrument is capable of
resolving significant changes in major current constituents.
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2. The second major type of analysis concerns dispersion. Where
thermal or effluent plumes are present, it is necessary to predict the
shape and concentrations of the plume. Numerical and/or physical models
are often used, but these are typically local models which require the
ambient current to be specified as an external input. Or, larger ques-
tions of radiological or pollution hazard to the population may require
estimates of dispersion in an entire coastal region.

For such analyses, a key requirement for the ideal current meter is
the ability to reliably measure low current speeds. This is very different
from the requirements of the engineers, who are mainly interested in high
speeds. But for environmental impact studies, the worst-case buildup oa
heat or effluents is a major concern, and this requires good data under
low flow conditions. This suggests a need for current meters with Tow
threshold speeds and good direction accuracy at low speeds. Unfortunately,
these measurements must often be made in very shallow water, say 10 meters
or so, and this means that the current meter must measure low mean speeds
in the presence of wave velocities that may be one or two orders of mag-
nitude higher than the mean. This requires a current meter with a wide
dynamic range and good linearity. Avoidance of "rectification" effects
and systematic direction bias errors is particularly important.

The problem of direction errors is one that is often neglected.
But direction errors can be crucial, especially in open coastal lecations,
where the currents are strongly polarized into the shore-parallel direc-
tion. Smaill direction errors in the presence of strong longshore flows
can cause relatively large errors in the measured on-offshore component.
For example, suppose we have a 20 cm/sec longshore current, which is a
typical speed. A direction-sensing error of 20° will effectively inject
a spurious 2 cm/sec velocity into the on-offshore component; but 2 cm/sec
is the typical magnitude of on-offshore velocity near the coast, so the
20° error will result in 100% relative error in the on-offshore component.
The on-offshore component, of course, may actually be the most important
component for the analysis of shore impact.

Biaxial current meters, such as electromagnetic types (EMCMs) don't
sense direction per se. But the zero stability of EMCMs is important in
determining current direction, especially for net velocity over long
periods., Errors caused by zero offsets do accumulate, and this is one
of the main objections to the use of EMCMs for environmental impact studies,

3. A third application for current data is for estimation of the
probability that an effluent will be advected to populous or otherwise
critical areas. For example, if you want to build an offshore facility,
what is the 1ikelihood that the effluent will wind up in an ecologically
sensitive marsh on the coast? If current measurements can show that this
event would be unlikely, then that would be a strongly positive statement
for an environmental impact analysis, and this could avoid controversy
later.
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The question of recirculation also involves a similar analysis. In
trying to assess the impact of a discharge, the maximum effluent concen-
tration in the receiving water must be estimated, and this usually occurs
when some fraction of the discharge is recirculated into the intake.
However, recirculation can occcur only for certain current speeds and
directions, and therefore you want to estimate how frequently this type
of undesired advection can occur,

Estimating the probabitity of advective transport is a problem that
practically cries out for Lagrangian current sensors. What is needed
are expendable drogues that can follow near-surface currents, and can be
tracked from automated equipment on the shore over ranges of perhaps 50
km or less, with an accuracy of roughly 1 km at 10-km range, and most
{mportant, that are cheap enough to be used in large numbers. Only with
large numbers can a statistically valid estimate of the probability of
advection be built up. For example, a reasonable experiment might be
to release about ten drogues around the site of a proposed facility once
a week for a year, and track them continuously until they come ashore or
go beyond some pre-established range. This would be an expensive program,
but I feel confident that if a credible Lagrangian current measuring
system were available, it would be in demand for major environmental
studfes because of its ability to demonstrate, directly and graphically,
water transport patterns.

4. The fourth major type of analysis is the establishment of pre-
dictive modeling capability. This analysis is the closest to the kinds
of scientific research problems that were discussed at yesterday's
session of this conference, and the instrument requirements are gen-
erally similar. The principal use for predictive modeling capability
for currents is in hindcast studies of extreme currents, and for design-
basis studies of extreme conditions. These are not strictly environ-
mental impact analyses, but generally it is the oceanographer doing the
environmental study who must construct (or at least verify} the models
using the measured current data. The main requirement for the current
meters is that they neither overestimate nor underestimate current
speeds during storm conditions, because if they do, the models may be
wrong. Incidentally, this is why I1'm appalled to see some people using
Aanderaa-type instruments in very shallow water for these purposes,
because the sizable speed overestimation that these instruments produce
is by now well known.

Those are the most common applications of current data in environ-
mental impact analyses. The next question is what happens after the
environmental study is done and the Environmental Impact Statement is
written. Here we get into the problem of defending the data from attacks
during the hearing process, or worse yet, during court proceedings.

There are two main weak spots. One is the traceability of current
meter calibrations, or rather the lack thereof. If a client wants a
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temperature sensor that's traceable to the National Bureau of Standards,
that's easy because either the manufacturer or the user can provide trans-
fer standards against which the field instruments can be calibrated. But
just try approaching an oceanographer about traceable current meter cali-
brations. He'd fall out of his chair laughing. It's almost unheard of.
Oceanographers count themselves lucky if the manufacturer provides a
usable calibration of the sensor type. Recalibrations are rarely done
during the 1{fe of an instrument because of the expense of the necessary
tow tanks, etc. Also, we really don't have an acceptable transfer
standard for water velocity, nor a standard calibration methodology.
Provision by manufacturers of easier electronic readout and simulated-
current inputs would help greatly. The establishment of a user-oriented
national current meter calibration facility wouid be the real solution,

The second weakness js the customary lack of diagnostic data to
back up the current measurement. Tilt, direction varfability, maximum
current speed, variance, and other parameters would be very useful.

Now, we all know that from a scientific point-of-view, the exact
calibration of current sensors in tow tanks is a red herring. Errors
due to waves or mooring tilts can greatly exceed the uncertainty inherent
in tow-tank calibrations, for exampie; and the analyses that are done on
the data are really very crude in themselves. However, when you're on
the witness stand trying to defend your measurements, and you don't have
even a basic calibration report to show, it's too easy for the oppositian
to destroy the credibility of the data, needlessly so. The existence
of traceable calibrations, plus auxiliary information, would allow us
to get beyond these trivial concerns and elevate the discussions during
these hearings onto a more scientific plane.

It's obvious from this discussion that no single type of moored
current meter is ever likely to meet all the requirements. Thus, dif-
ferent current meters are going to be needed for different phases of
the study -- cheap ones that measure only current for the climatological
phase of the study, fully instrumented ones for shorter-length intensive
studies upon which major analyses can be based. This diversity shouldn't
be in conflict with the concept of a systems approach to current measure-
ment; in fact, a "building-block" systems approach is probably the only
feasible way to provide such diversity within reasonable acquisiticn and
operating cost limits.

I hope we can work some of these special requirements into the
recommendations of this conference for future current meter development.
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U.S. NAVY OCEAN CURRENT
SURVEY REQUIREMENTS

Robert A. Peloquin

Physical Oceanography Branch
U.S5. Raval Ceeanographic Cffice
Washington, D.C. 20340

ABSTRACT

Navy requirements for ocean current data extend over all depths
in both deep and shallow water. These requirements are global
because of the great range of applications, from ocean enginecering
to operational problems. The time scales of intereat typically
range from hours to months, and horizontal scalee are on the order
of several kilometers to hundrede of kilometers, and vertical scales
are as emall as a meter. The Navy's current measwrement capability
hap recently been emhanced by improved measurement accuracy and
data quality, and by increased record lengths. The Navy has an
intereat in the improvement of current measwrement technolegy,
particularly that which reduces costs and factilitates the handling

of equipment.

WORKING CONFERENCE ON CURRENT MEASUREMENTS, JANUARY 18784. SPONSORED BY THE
NOAA OFFICE OF OCEAN ENGINEERING AND THE DELAWARE SEA GRANT COLLEGE PROGRAM.
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INTRODUCTION

The Naval Oceanographic Office compiles surface current data, measures
ocean currents at all depths, and amalyzes current patterns. In 1842,
Lt. F. Maury initiated the preparation of surface current charts for the
Navy, using {nformation obtatned from ship's navigation logs. This data
set has grown to 4.3 million observations worldwide, and it continues to
grow at the rate of 15,000 observations per year. The data are presently
being compiled in the form of atlas-type graphical displays by season and
by month in the format of Figure 1. The observation of surface currents
is expected to remain an {ntegral part of the Navy program, which we
hope will receive additional impetus through the development of a two-
axis, towed EM log.

In recent years, the emphasis has changed to the measurement of
subsurface currents. In the mid 1950s, a program to measure currents
in relatively shallow ocean depths was inftiated. The locations of the
measurements (which continue and have been extended into deeper water)
are shown in Figure 2. Navy requirements now demand that a broader
perspective be taken. Accordingly, currents are being measured at all
water depths and with record durations of one year or more. Through
the assistance of other naval laboratories and facilities as well as
ONR contractors, we are in the process of establishing a sizable
capability for Eulerian measurements using mooring arrays. With the
shift in emphasis of our current measurements to deeper water, we have
adopted the mooring design that is the outcome of the Deep Ocean
Current Measurement System (DOCMS) Study, conducted by Woods Hole
Oceanographic Institution through the support of the Naval Facilities
Engineering Command. Fixed bottom-mounted platforms are frequently
used for shallow water measurements. ONR has recently funded develop-
mental work (Winget, 1977) for this purpose. A program to measure
vertical shear has been initiated. The instrument used is the Profiling
Current Meter (PCM), based on developments made at the University of
Miami. Future measurements will {nclude the use of unattended (moored)
profilers and free-fall instruments. We also need Lagrangian descrip-
tions of ocean circulation in 1imited areas. For this, we have
cooperated with other groups in the use of neutrally buoyant floats
to track eddies. The equipment demands for such measurements can be
quite extensive.

MEASUREMENT REQUIREMENTS

The current measurement requirements for Navy applications are
generally satisfied by accuracies of 5 cm/sec (0.1 knot) in speed and
+8° in direction. In many cases (particularly the near surface measure-
ments), these accuracies are not attainable because of the influence
of surface waves on the sensor or on the mooring. The improvement of
subsurface moorings by the DOCMS design effort is discussed briefly.
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DOCMS ARRAY DESIGN

The DOCMS uses an array consisting of a large subsurface buoy that
provides the main buoyancy (at least 2000 pounds? and associated glass
spheres which provide distributed tension throughout the mooring line.
It represents a combination of mooring technology (single large sub-
surface buoy) previously used by the Oceanographic Office and the
distributed buoyancy used by Woods Hole. The result is the Hybrid
DOCMS Array, which reduces mooring motion by as much as a factor of
three. Design details are provided by Walden (1975). A typical deep
water current array is shown in Figure 3. The line tension in this
type of array, however, may be increased considerably to reduce motion,
as is the case in Figure 4, where the maximum tension of 3200 pounds is
limited only by the breaking strength of the mooring line {the design
tension is not allowed to exceed 50% of breaking strength). The com-
puted horizontal excursion of the top of the array is, in this case,
10.3 meters, and the vertical excursion is 0.6 meters. The array design
model is of the finite element type and accepts individual components
and their characteristics {weight, length, drag coefficients, area,
etc.). The current profile used for the design is a constant speed of
12.5 em/sec from 100 to 1500 m depth. If, as an extreme case, we
assume that deep water currents exhibit rotary motions at semidiurnal
tidal frequencies, the speed of the uppermost meter through the water
would not exceed 1.5 cm/sec.

MEASUREMENT ERRORS

Most of our current measurements are made using subsurface current
arrays to avoid surface-induced errors. While a measurement accuracy
of +0.1 knot is sought, it is not known that this value is attained in
all cases. On the basis of the development work performed at Woods
Hole, we are confident that our measurements using subsurface moored
arrays are close to this value. It appears that array motions are
reasonably well predicted using existing array design models. The
relatively long-period, pendular motions can be controlled through
judicious use of buoyancy elements, while minimizing total drag on
the array. Although this usually is a trial and error procedure,
the design task is greatly facilitated by the use of computers.
Errors induced by cable or current meter oscillations do not appear
to be significant. The DOCMS study explored both the possibility of
occurrence of resonant excitations in the cable and current meter
motion resulting from vortex shedding. The first possibility was
eliminated as a potential problem since the cable lengths required
to support such motions are very much greater than the length of our
tongest mooring. The second possibility occurs when the Strouhal
frequency Hs(V? equals the natural frequency Wn(K) (see Figure 5)
of oscillation of the meter. Schott (1976} estimates that for a
typical DOCMS mooring {array stiffness coefficient K of 1.0), the two
frequencies are equal at a current speed of 5 cm/sec. At this speed,
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current measurementis conducted with Savonius rotor sensors would read

20% higher than the actual current, A1 cm/sec error at a measured speed
of 5 ¢m/sec is not of great significance from an applications point-of-
view.

Although the DOCMS work was performed for the AMF VACM current
meter, the many intercomparisons of other Savonius-type current meters
using subsurface moors have not revealed significant differences, We
therefore conclude that the DOCMS design is also appropriate for the
Aanderaa and Geodyne current meters.

BOTTOM CURRENTS

The Navy needs nearbottom current information, particulariy for
test ranges and sites. Normally, bottom-mounted current meters have
been used. Different types of arrangements have been used for this
purpose. The tripod has been a favorite when the mount is to be j.-ared
from a ship. The measurement of bottom currents requires at Teast +.
meters positioned within the bottom boundary layer to establish the
velocity profile. We have yet to determine whether or not our meters
are adequate for this prurnose. Conceivably, our measurement require-
ments will have to be mcdified, and new instruments will be required.

SHALLOW WATER AND NEARSURFACE MEASUREMENTS

A scaled version of the DOCMS array is being used to conduct
current measurements in shallow water. This restricts the measurements
to depths greater than 10 to 15 m and requires the use of rapid response
direction sensors, such as the VACM current meter. A mooring system
is needed. The spar buoy used in recent ydars hoilds promise, but
mooring motion studies have not yet been made. It is therefore difficult
Lo assess the quality of the measurements.

Shallow water surveys are often conducted aboard small ships having
limited deck facilities and weight handling equipment. The use of smail,
lightweight equipment is often mandatory. The instruments, as well as
the buoyancy components, anchors, acoustic releases, etc., must be small.
An array that can be easily handled by two men during deployment and
recovery is desired.

DATA ANALYSIS

The type of analyses performed on our measurements varies_depend1ng
on the application. For example, measurements were conducted in approxi-
mately 400 m of water east of Iceiand from 10 June to 8 October 1975.

The east-west componcats of two measurements made at 138 and 238 m depths
are shown in Figure 6. The spectral analyses of these components
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{(Figure 7) show strong, high coherent tidal signals that are 90° out of
phase. Hamonic analyses are being performed on the tidal components,
and the results will be published.

SUMMARY AND RECOMMENDATIONS

The subsurface array designs now being used for shipboard deploy-
ment of current meters are adequate for survey purposes. We can restrict
horizontal array motions to surprisingly small values by increasing
total buoyancy. The use of properly designed arrays allows us to meet
our accuracy requirements with mechanical sensors, such as those used
on the YACM and Aanderaa current meters. We continue, however, to be
faced with the problem of accurately measuring current within 10 m of
the surface. Spar buoys are potential survey tools for this purpose,
but they need to be optimized for this application.

As mentioned earlier, there is a requirement to measure vertical
current shear. The instrumentation must accurately resolve velocity
gradients over vertical scales of 1 m. There has been some development
work but more is required. The moored, unattended profiler {such as
the instrument developed at the University of Miamig is attractive
because it does not tie up ship time.

The cost of current measurements needs to be reduced. Qur most
recent estimates are about $8,000 per current meter per deployment,
including all costs (equipment, maintenance, data processing, personnel
and ship time, etc.). To reduce costs, smaller equipment which requires
less maintenance and preparation is needed. Design of such systems for
afrcraft deployment could reduce costs.
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CURRENT MEASUREMENT PROBLEMS
IN A CIRCULATION SURVEY
Bruce Parker and Lewis Walker

National Ocean Swurvey/NOAA
Rockville, Maryland 20832

ABSTRACT

"Operational” or "eireulation" surveys are carried out year-
round by the Naticonal Ocean Survey on both coasts of the Inited
States, including Alaska. Each survey completely covers a specific
area, usually an estuary, for a period ranging from two months to
several years, obtaining current measurements along with stmultaneous
tide, salinity, temperature, and weather data. These measurements
are made at selected locations and depths in order te obtain a
reasonably complete three-dimensional descripttion of the dynamic
properties of the body of water, that can be used for envirommental
purposes as well as for navigation. Analysis results of these data
are also included in the Tide and Tidal Current Tables and Tidal
Current Charte published by NOS.

Formerly the Coast and Geodetic Survey, the National Ocean
Survey has been taking current measurements on a regular basis
gince 1844 and haz used a number of current measuring devices,
from the early current pole to the present Aanderac and TICUS
current meters now being used on the West and East Coasts, respec-
tively. NOS is presently reviewing available and prototype current
sengorg in preparation for an upgrading of ite currenmt measurement
systems in the near future.

In addition to the wsual current measurement problems that
affect all users (e.g., the effects of moise, mooring motion and
drag, uncertain dynamic response characteristics of the sensors,
accuracy, etae.), NOS must also ecope with instrument errors that
interrupt the processing scheme eetup for the handling by tech-
nictans of the huge quamtity of data it receiveg year-round. For
example, in the past 1f a current sensor was not equipped with an
independent interval counter or howr marker, the loss of cne or
more data points in a current record would ereate additional hours
of work in order to accurately assign time to the data series.

Time determination is critical for NOS since accurate tidal current
predictions must be made based on these data. Also, frequent
errors in the recorded data values, due to bit drop or other
electronic or mechanical causes, though correctable using com-
puterized statistical editing techniques, require considerable
computer time to do so and occasionally hand editing as well.

These problems and others, as well as NOS's on-board and in-
house processing schemes, are deseribed.

WORKING CONFERENCE ON CURRENT MEASUREMENTS, JANUARY 1978. SPONSCORED BY THE
NOA4 OFFICE OF OCEAN ENGINEERING AND THE LDELAWARE SE4 GRANT COLLEGE PROGRAM.
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The National Ocean Survey (NOS), formerly the U.S. Coast and Geodetic
Survey, has been making current measurements on a requiar basis since 1844,
The charts in Figures 1 through 3 show the locations along both coasts of
the continental United States and Alaska, for which NOS has acquired current
observations since that time. These current measurements have been made
using a wide variety of devices, beginning with the early current pole and
log line. More recently, NOS has used a number of current meters, including
the tkman, the Petterson, the Price, the Roberts Radio Current Meter,
various Richardson-types, and the present Aanderaa and TICUS current meters
now being used on the West and East Coasts, respectively., NOS is now
reviewing available and prototype current sensors in preparation for up-
grading its current measurement systems.

The NOS 15 one of the largest collectors and processors of current
data in the United States today; over 560 meter-months of current data were
processed in 1977. Because of the large-scale nature of its operation,
NOS must cope with a few special current measurement problems in addition
to those faced by all users. These problems will be discussed later in
this paper. We will preface that discussion with some background remarks
about the nature of NDS' circulation surveys, the type of data obtained,
and the purposes for which it is used.

Some of the locations in Figures 1 through 3 are areas where the
current data may have been taken one or two stations dt a time over the
years by NOAA “ships of opportunity.” Most locations, however, represent
complete surveys with numerous current stations. Now, NOS obtains current
data exclusively from circulation surveys carried out year-round on both
coasts of the United States, including Alaska. Fach survey completely
covers a specific area, usually an estuary, for a period ranging from two
months to several years.

A “circulation” or "operational” survey consists of the acquisition
of varlous physicatl oceanographic and meteorologic data, from which an
accurate description of water movement can be deduced, along with a
theoretical appreciation of its causes. More specifically, it includes
the measurement of currents, tides, the temperature and salinity of the
water, and various atmospheric parameters such as wind speed and direc-
tion, sea level pressure, and air temperature. These measurements are
made at numerous selected locations and depths in order to obtain a
reasonably complete, three-dimensional description of these dynamic
properties. The resutting description of the water movement can then
be used to help solve or prevent environmental problems, as an aid to
navigation, in research, and in coastal Zone management and engineering.

Most of NOS' recent circulation surveys have come about because of
the concern over existing or potential environmental probiems. For
example, the completion of the Alaskan pipeline was responsible for NOS
carrying out two such surveys, one in Prince William Sound, where the
pipeline ends, and one in the Strait of Juan de Fuca . Puget Sound area,
which has a number of refineries to which the oil will be brought by

276



L]

EL e
' NATIONAL OCEAN SURVEY
. CURRENT OBSERVATIONS AND SURVEYS

~mst-- ATLANTIC COAST AND GULF COAST

PEMBSITY MY 985-70

ke e, (DAS] F WA 1750
. In LASCO MY 1Sl

v
2
3
u,  PATLNT NI

5. POATSMOLTM HARHR 1926, 194, 197%-T¢

E.  WTH - MOSTDM TO MERRIMAC ALVIK 197171
T

B

L)

SLOWCESTER HANBOR 1955, 197

NCSTON WAERON D -- LR, 6T L9TL
GETHIGE S BbAC - vAKIUS YEARS
NI S W

1. MITIARDS &Y 1W---0915, [§51

17, VINVAND SCHRED 1@ ---10%, 915

L. .
Ny o

.

W ! 13 WARMGARSETT BAY 1930, I83-33, 1877
by 19, BLOCK 15UMD SOMD 1M ---13% 19%5. 1957, 195
e Wy 1 LW DS SO G-l 1997 S 1S 6
. : 16, RN TIME RABODR AT 01920, 19T, 19N, 436, B
L el 1952-€5. 19505
i O LA MY ARD RIVER TR LS, R
Lt 16, CHESTER WVER 1977
|
|

18, OFF 05T ¥ MRLaD 1593
L (HESAMLARL BT ARD TRIBUTARIES )Mk~ -1927, 1T, |%51-52,

e
=2

i

.- 1984, 1975
2. VININIA GMST 19935
o . RGW DRFT M
Co- 1. EAFORT MET 19
IS N W FEAR 1950, M

T NINYML B 195

2. RARLESTIM WARBOR  193-3a. |Omi, 195151, 19R:, 1971
3. dTH CAB (e WATFRMYS 10T 196N-FS, 19711

26 SAVARRM RIVER 18M) 198 1973

2. WFONGIw WATFRMAT: 1955, 19, 1977

o W 5. e EfER 19%3-%, 1065, 1954

Tl BAST COAST OF FLOMEDR 1%, IR0, 9M, 195

i WPPROACHES TO MEY MEST N9E5, 1937, 1¥e-Sh. 19G0L 1S
ki)

»

TR BT [9M8-SE, 1958, 193-Ba
o . GAF (VST OF FLDRIMA J930-51, 1960, 1950-5%, 19855
i 195861, 1963
MISS[IESIFPL RIVER - GIWF NTLET (HAMAEL 1368
TOMETAL READAA, MISHISSTPPI LOLISIMG 1972, 19%-36 IW7.

L]
%,
e 196183
- . COASTAL TEXAS 1933-57, J463, D31-65, 1965, 1964
o . h. WPESS L0 PERIDD GRSLRVATLORS AT LIGHTSAIRS ALDMG
]

THE ATLANIC COMET
PUENTE U180 AND ¥I%GIN ISLMES 1908, 1972

277



o

o

_. NATIONAL oc'EAN SURVEY |
__/CURRENT OBSERVATIONS AND SURVEYS

el e LY I R N

PACIFIC COAST

SAN DIEGD BAY 1317, 19%

LOS ANGELES APPROACKES AMD HARBOR 1935-3%

SAN FRANCISCO ENTRANCE AND SAY 18€2---1973, 1952-54

HMEBLDT BAY 1929

UFPQUA RIVER 197:

YAQHIINA BAY 1953

COLUMBEA RIVER 1932, 19u7-51

GRAYS HARBOR 1550

PUGET SOUND 1908-9, 1517, 1925, 1938, 13u7-u7, 1963,
1977-78

STRAIT OF JUAN Dt FuCA 1922, 1946, 1350, 1952, 1963-66
1973, 197576

SAN JUAN ARCHTPELAGD 193¢,
1363-66, 1973-75

STRAIT OF GEORSIA 1973-75

LIGHT SHIPS ALONG PACIFIC COAST VARIOUS YEARS

1950, 1953-57, 195850,

NS ey '

.

_.“T " :I'

.. -'i ey lﬁ‘

— %

- -

7

-

Figure 2.

National Qcean Survey current observations and

surveys on the Pacific Coast.

278



"BYSELY U} SABAUNS pUB SUDLJRAUBSGO JUIJUND KBAUNS URIDY |RUOLIEN

*g duanbLd

Lo B96T ONDOS MOLUON  °6 -
- 096T ‘25-5560 “TS6T ‘KT-CTBL ¥25s WHN '3
Vo ! 8S-/S61 "Ss6l ‘0S-9m6T J¥3 WISTHE 2
L PR | BG-SSET "£5-ZSHL ‘DS-GhGT ‘WHGT ‘OMBT SONVIS) VLMW 9

Lo ¢S5BT 'OSBT ‘ONBT ‘BEBT “4661 ‘STET VINSNINIA MVNSYW  °¢ T

MR L{6T "RAET “6h6T

: | . "THEL "Z5-TCRT ‘6261 ONWISI XWIQOX OMY LIYWIS JONITIHS 'k

52-64B1 "T/bU "SB6I 'T9-GI6T "TEET "T1-016T LTIN] %00 ¢
89461 /96T "£26T ONOWDS WiT1im 30Nld¢ 2

T » 120261
LR S "BI6T-ONBT “INGL ‘6561 “§E-TE6T *8Z-G26T WASYIY NUILSYAHINOS '
1 L ) B

.Y SAJANNS ANV SNOILVANISEO INIH3ND
AJAANS NYIDO TYNOILVYN

1

o o A -

i o N -

279



PARKER/WALKER

tanker. The chart in Figure 4 shows the current meter station Tocations
occupied in the Strait of Juan de Fuca - Strait of Georgia., This survey
began with a one-month preliminary survey in October 1973, and was followed
by six phases, done three months at a time in the s ring and fall of 1974-
1976. Phases 7 through 9 (not shown in this figure? were conducted south
of this area in Puget Sound. At the end of phase 9, a total of 188 current
meter stations wil) have been occupied, along with about 100 tide stations
and 200 57D stations (including transects and time-series).

Each coast has a NOAA ship dedicated to circulation surveys. On the
West Coast, 1t is the NOAA ship McARTHUR, a 175-foot long, 995-ton Class
[Il vessel, with a draft of 11 feet and a personnel complement of 40, In
the summer, she has generally worked in Alaska (presently Prince William
Sound, and previously Cook Inlet). In the spring and fall, she stays
south, which since 1973 has meant the Puget Sound area. On the Fast
Coast, surveys are carried out by the NOAA ship FERREL, a 133-foot long,
360-ton Class IV ship that has a personnel complement of 20. The FERREL
has a draft of only 5 feet of water, enabling her to work in the many
shallow estuaries on the East Coast. She also works north in the summer
(e.g., Narragansett Bay, Boston Harbor, Penobscot Bay) and south in the
spring (e.g., in the salt marsh estuaries of South Carolina and Georgia).

On the West Coast and in Alaska, NOS uses Aanderaa RCM4 current
meters suspended from taut wire moorings (Figure 5). The Aanderaa con-
verts a one-minute Savonius rotor count into current speed and takes one
instantaneous direction reading, at the end of the rotor count, using a
compass and large vane. All meters also measure temperature and many
have conductivity and pressure sensors. Sampling is usually set at six
samples per hour. The data are stored internally {(using a mechanical
encoder) on a three-inch reel of half mil, quarter-inch-wide magnetic
tape, which can hold 60 days of data, if necessary. This tape is
retrieved and copied to a five-inch reel of 1.5-mi] magnetic tape,
which is then sent to Rockville, Maryland for processing.

The data on the five-inch reel are transcribed ontoa seven-track
computer-compatible tape, and then a three-phase data processing scheme
is carried out using software written for a CDC 6600 computer. This
processing scheme accomplishes the following: {1} it takes care of
extra or missing Aanderaa words (there should be six words per data
point); (2) it converts Aanderaz units into engineering units, using
calibration results obtained annually from the Northwest Regional Cali-
bration Center in Vellevue, Washington; (3) it assigns correct times
to the data points of the time series, after a careful time-checking
procedure is carried out; and {4) it does a computerized statistical
editing to eliminate erroneous data values caused by mechanical or
electronic malfunctions.

On the East Coast, NOS uses the Tidal Current Survey (TICUS}

current measuring system. This system was designed in-house and uses
Richardson-type cylinders with Savonius rotors and small vanes. The
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meters are suspended from special boat-type buoys that have three tubs
(Figure 6). The data from all current meters suspended from a buoy are
sent up cables and stored on a large cartridge of magnetic tape con-
tained in one of the tubs. These data are also telemetered to the ship
via @ radio transmitter in a second tub. The power supply is in the
third tub. Each current station can be regularly interrogated by the
ship via telemetry or can be set on an independent recording mode. The
telemetering capability is especially useful for checking for meter ma]-
functions or excessive tilt (the meters have inclinometers), or simply
for the real-time study of currents.

Sampling is usually set at five samples per hour, each sample con-
sisting of five sets of rotor counts, directions, and tilts taken within
a 37.5 second period. Each rotor count lasts 5.8 seconds; 0.85 second
after the rotor count ends, an instantaneous direction is taken and an
instantaneous tilt reading is made. The five sets of values, plus
station number and times, are recorded.

As much data processing as possible is carried out onboard the ship
using a PDP8 mini-computer and peripheral equipment. The five pairs of
speeds and directions are averaged to obtain one pair of hourly values,
and a “weight" value is calculated and assigned as an indication of the
amount of noise contained in these values. Erroneous times are also
corrected on the ship, and the Julian day and the year for each data
point are added to the processed tape. Time series from different tape
cartridges for the same station are pieced together and missing data
points are flagged. The data recorded on the buoy cartridges are gen-
erally used for the processing, but the data telemetered to and stored
on the ship are also available as a backup if for some reason a buoy
cartridge malfunctions. The processed data are then sent to Rockville,
where they are checked, headings are added, some statistical editing is
done, if necessary, and they are stored more compactly.

Historically, the main reason for NOS obtaining current data has
been for use as an aid to navigation. NOS has been publishing tidal
current predictions since 1890. These predictions, which in 1923 became
of such quantity to warrant two separate publications, Current Tables,
Atlantic Coast and Current Tables, Pacific Coast, have been used by.both
the commercial and recreational boating communities. NOS also publishes
Tidal Current Charts for tmportant bays and estuaries in the L.5. These
usually consist of 12 charts showing the mean current speed and direc-
tion for each hour of the tidal cycle, for numerous Toca§1ons in the
area covered. Instructions are also provided for obtaining daily pre-
dictions at each location using the Current Tables.

In recent years, environmental concerns have played the major rale
in determining where NOS carried out its surveys. We have a]rea@y
mentioned the surveys that came about as & result of the gomplet1cn of
the Alaskan pipeline. Most other surveys have also been in response to
the need for detailed water movement information in a polluted or
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An unmonned buoy system for ablaining current ond oceanographic data for estuarine circulatory studies
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potentially polluted area. Thus, NOS surveys are planned in great detail,
and include the measurement of sea level, salinity and temperature, and
various atmospheric parameters, in addition to the measurement of currents,
in order to obtain a full hydrodynamic documentation of the area in ques-
tion. The results from such a survey lend themselves to oceanographic
research, coastal zone management and engineering, as well as to navigation.
The analysis results from such a survey are still used in the Current Tables
and Tidal Current Charts, but they also appear in more research-oriented
reports and papers and are sent 10 numerous users at universities, private
firms, and other government agencies, as are the actual data.

NOS has mainly surveyed inshore areas; i.e., estuaries, and thus its
current data have generally been characterized by a strong tidal signal
(and a high signal-to-noise ratie). There have been some recent exceptions.
Prince William Sound in Alaska, for example, can be considered inshore, but
it is so deep {up to 2,600 feet) that the tidal currents are extremely weak
over most of the area. NOS' increased involvement with offshore surveys,
such as the MESA New York Bight project and the upcoming Department of
Energy Louisfana coastal project, are increasing the amount of low signal-
to~noise data it must contend with.

Even with the increase in the amount of low signal-to-noise data
collected, NOS' main concern must still be considered the tidal signal
(including the higher harmonics). NOS is, however, also interested in
energy at the inertial frequency and in other lower frequency phenomena
(that can be correlated to wind, atmospheric pressure, river runoff, etc.}.
NOS' interest in higher frequency phenomena, such as waves, is limited to
an interest in how such high frequency phenomena contaminate NOS' measured
current data. In the past, this may not have been such a concern, but
with NOS surveying more low signal-to-noise areas, it will be an important
consideration in choosing new current measuring systems.

A typical NOS survey, though routine by now, is still a rather
involved project whose planning begins as much as a year before its start,
Once the current station locations have been selected {as well as the
locations for tide stations and STD casts), detailed project instructions
are written and sent through official channels to the ship for coments
and suggestions regarding potential problems from an operations point-
of-view (e.g., current stations in heavy traffic lanes or 1n fishing
areas). Advanced notice is also given to the local residents of the
survey area, especially fishermen, to avoid possible conflicts.

~ The selection of current station locations is always affected by
time and equipment (buoy and meter) restraints. There is always a
trade-of f made between obtaining full area coverage and obtaining long
time series. Long time series are needed to obtain more accurate
harmonic constants from the data, and thus to produce more accurate
tidal current predictions. A long time series aiso enables one to
better study low frequency and seasonal effects. On the other hand, full
coverage of an area with current stations enables one to collect data in
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laces of navigational and environmental importance, as well as at
;l; gross-sections, for making transport calculations, and at other points
of interest for hydrodynamic research.

Generally, a compromise is made. A few key locations may bg occupied
for the entire field season. Other important areas may be occupied for
month, while less important stations may be occupied for only 15 days (or
only 7 on the East Coast). Key groups of stations are occupied simulta-
neously, if possible. A minimum of 29 days of data is required for a
harmonic analysis that calculates the five most important constituents,
M2, S2, Nz, 07. and Ky. Fifteen days of data can also be used, but then
Nz must be in}erred. Data series from short stations are analyzed using
a nonharmonic comparison method that relates these data to the data (or
predictions) from a nearby long period station. A minimum of 15 days is
used tn this analysis for West Coast stations because of the diurnal
inequality. Various spectrum and correlation analyses are also performed
on the data.

Generally, three current meters are installed at a current station
if the water depth is great enough. Occasionally, a fourth meter is also
installed if the water column structure seems to warrant it. But then
one must cope with the added drag and the resulting excursion and tilt-
problems. On the West Coast, where tautiine moorings are used, the
standard depths are generally 20 feet below the surface at the mean
lower Tow water (MLLW), 70 feet below MLLW, and 50 feet above the bottom.
On the East Coast, the survey areas have generally shallower depths.,

The meters are usually suspended at 10 and 20 feet below the boat buoy,
with additional meters if the water depth allows and the currents are
not great enough to create drag problems.

Tide gages are also installed at key locations from a hydrodynamic
point-of-view, as well as at historical sites in order to redefine tidal
datums for land movement and shoreline boundary determinations. Between
installing and checking on the current and tide stations, the ship also
makes a number of STD casts (transects, time series stations, and all-
season stations) in order to describe the density structure.

A certain degree of anboard processing is carried out on both ships,
as mentioned before. When the data reach K0S headquarters in Rockville,
they are rapidly processed and checked so that any station with poor data
results can be reoccupied. Regular maintenance of the current meters is

carried out on the ships. FAILOGS are also completed to record any instru-
ment malfunctions.

NDS, of course, has the same problems in measuring currents that
other users have, and the same uncertainties as to how the data quality
has been affected by such things as noise, mooring problems, and the lack
of jnformatlnp on the true response of the current meter under field con-
d1t1oqs. Until recently, however, the study areas surveyed by NOS have
had high signal-to-noise ratios due to the strong tidal signal, so perhaps
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some of these problems have not been quite as serious for NOS. In addi-
tion, NOS has a few special problems caused by the size and nature of its
operation.

The large quantities of current data sent year-round to Rockville
for processing and analysis require a fast, efficient data processing
scheme. Any instrument malfunction that interrupts this smooth processing
scheme will cost NOS time and money. Ordinarily, technicians perform all
data processing functions. The computer software used is designed for
simple operation and as 1ittle manual intervention as possible. Processing
is carried out in stages with double checking after each stage. Instrument
malfunctions, however, may necessitate the intervention of an oceanographer
to solve special problems. Such malfunctions also require additional
programming so the software can handle as many problems as possible.

The kind of problems we confront are current meter malfunctions that
cause problems in the data that are solvable and do not greatly affect
the quality of the data if handled correctly, but they are problems that
require valuable extra time to handle in the special way required. This
extra processing time becomes guite an expense if additional man~hours
are required. We try to minimize the expense by programming around the
problems whenever possible. It sometimes seems that we are forever
modifying our software to try to handle special errors caused by current
meter hardware problems--hardware problems which we hope will not occur
in the current meter models now being developed. A few examples will help
to clarify.

As mentioned earlier, NOS' major concern has always been the tidal
signal, and one of the results of our current data acquisition, processing,
and analysis is the accurate forecast of tidal currents. This means that
time determination, i.e. the assigning of an accurate time to each data
point, is crucial. NOS has never had a current meter system that did not
occasionally lose (or sometimes even add) data points. This can be caused
by sticking mechanical encoders, faulty tape drives, electronic prob]ems,
or temporary power failures due to temperature effects on the battgr1es.
Such omissions or additions are found through a careful time-checking
procedure that uses "start and stop times" and “into and out-of water
times" to determine how many data intervals should be on the tape.

If data points are lost or added and we do not know where in the
data series this happened, erroneous times will be as§1gned to ;he rest
of the data points following this occurrence. This, in turn, will lead
to erroneous analysis results. Predictions made from the harmonic con-
stants obtained from these data will be in error. The harmonic constants,
both amplitudes and epochs, can be seriously affected by a time shift
inside the data series at some unknown point. There are enough }oc31'
effects that can affect tidal cur-ent harmonic constants, in a way which
most models cannot account for, without having to worry about what effect
2 time shift in the data may have had. NOS supplies current data to
Many users, and if perhaps a few erroneous values were left in the data
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series, the user could spot them fairly easily. But a user would have ne
way of knowing, or checking to see if all the times were correct.

The obvious solution to this problem of missing or extra data points
is to have as part of the current meter electronics saome type of hour
marker or interval counter, independent of the tape writing mechanism and
the sampling impulise, and independent of anything else that might cause
an interval loss, short of a complete power failure. Unfortunately, NOS
until very recently has had Aanderaa current meters without hour markers,
When one of these meters lost, for example, five data intervals, our
only hope was that all five intervals were lost at one place in the data
series, so that we might be able to Tocate it by studying tidal progres-
sions. Such a procedure is obviously quite time-consuming. If it is
unsuccessful, we cannot use the data.

Another problem common to all our current meter experience has been
“glitches" in the data caused by some meter malfunction; i.e., obvious
erroneous data values that could not be reasonably considered to have
resuited from normal physical processes. Even with the regular maintenance
our meters receive in the field and between surveys, this has always been
a problem. In the Aanderaa, it seems that the mechanical encoder may be
primarily responsible for such problems. When such glitches appear in the
data series from a particular meter, it is frequently found that most
erroneous values differ from the expected values by an amount equivalent
to a particular binary bit, as though one encoder pin occasionally sticks.
But similar problems have occurred in other kinds of current meters and
may also be due to tape drive problems or electronic malfunctions.

It is hoped that such problems will be less frequent in the newest
current meters taking advantage of the latest solid state circuitry and
non-mechanical encoders. In the meantime, NOS uses computerized statis-
tical editing to find and correct erroneous values caused by meter mal-
function, These corrected values are flagged so the user of these data
will know which data points are estimated.

Computerized statistical editing saves a tremendous amount of human
effort and standardizes the correction procedure. This procedure shouid
not be confused with smoothing or filtering. NOS uses a Wiener-type
predictor. The computer program is based on the original ERROR sub-
routine of Zetler and Groves {1964), but the matrix solution has been
modified to take less computer time. Even with this modification,
however, this editing program still uses a good deal of computer time,

a fact that becomes important when one processes a huge amount of data.
Thus, a significant expense will be eliminated if the probiem of data
glitches is solved in the newest current meters.

_O?her current meter problems, such as lack of durability in harsh
conditions, susceptibility to fouling, or limited data storage capa-
bility, can also add cost and man-hours, since a current meter must
often be reptaced every couple of weeks because of them. This means
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that the time series from each current meter that occupied a particular
station-depth must be pieced together after the usual processing. Then
there is also the possibility that these current meters were inadvertently
set to sample at different times after the hour, thus leading to problems
with all analyses requiring continuous data with constant time intervals.

As mentioned earlier, NOS must also cope with the same current measure-
ment problems that other users have--problems that directly affect the
quality of the data. ({Of course, the problems just discussed can affect
data quality if they are not handled correctly.) These problems have been
discussed to some extent by others at the Conference, so they will merely
be summarized here.

Probably the major concern of every user is the contamination of a
current data series with noise. By noise, we usually mean the unwanted
high frequency energy due to waves. MNoise contamination has become much
more of a problem for NOS since we began surveying such low signal-to-
noise areas as Prince William Sound and New York Bight. To truly eliminate
noise contamination, one must essentially be able to measure continuous,
instantaneous speeds and directions, so that the high-frequency energy
will vectorially average out over the sampling duration. The equivalent
of this, and a more realistic approach, is to measure the flow along each
orthogonal component. There is, of course, some disagreement about the
best method for accomplishing this.

In cases where one must use a current meter not meant for a noisy
environment, it seems that a tethered spar buoy, such as the EDL/MESA
tethered spar buoy mentioned in the talk by Beardsiey, Boicourt, Scott,
and Huff, can minimize the problem. It is essentially a wave follower,
and it does seem to reduce wave noise., However, it is only usable near
the surface, and there is often a good deal of noise deeper than we could
probably use the spar, This has been apparent in the MESA New York Bight
Project where current meters attached to a tethered spar buoy have shown
lower speeds and more distinct minimums {due to rotary tidal currents)
than deeper meters on a tautline mooring.

This brings us to mooring problems in general. We know that the
mooring itself can add noise to the data, but rarely can we accurately
describe it. MWe have used tautline moorings to get away from the noise
of the surface layer. Although this may be preferable to an ordinary
surface buoy, there can still be quite a 1ot of noise at these greater
depths. Using a tautline mooring, however, will also put in doubt any
correlations we try to make between our measured currents and simultaneous
wind measurements, since the rise and fall of the tide will change the
position of the current meter relative to the surface.

There is also the serious problem of mooring drag, especially in
deep areas with strong currents (e.g., in Haro Strait). Whether a
current meter is suspended from a surface buoy or attached to a tautline
mooring, the drag frem the mooring will cause the meter to change depth
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according to current speed. This can also cause the meter to tilt {depeng.
ing on gow much play the gimbals may allow), which will affect the measureq
values recorded by the meter.

To minimize mooring drag problems, EDL hqs supplied our survey ships
with "haired” Kevlar fairing (1/4-inch line with 3-inch-long nylon tufts,
20 hairs per tuft, every 3/4-inch). The nylon tufts, by reducing vortex
shedding, reduce the drag and thus reduce the vertical excursion of the
current meter (Taylor, 1977). (Another method for reducing current meter
excursion might be to use three-point tautline moorings, but these would
be difficult to deploy.) It is also obvious that some current meters, by
the nature of their shape, make the drag problem much worse.

Another problem sti1l facing most current meter users is the uncertain
dynamic response characteristics in the field. Tests in flow tanks may not
accurately cover all conditions possible in the field. Also, the accuracy
of some current meters is still a problem. Fouling was mentioned earlier,
In some areas, unless a meter is changed frequently, fouling can obviously
affect the measured current values.

The problems just discussed are outlined in Table 1. It does seem
that many of these problems are in the process of being solved, and ane
would hope that the Conference will in some way accelerate these soltutions.
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Table 1. Current Measurement Problems

Problems that slow up processing of current data, but do not serioust
affect data quality if handled correctly. ’ d

A,

Loss or addition of data intervals (if current meter has no
independent hour marker or interval counter}.

Bit failure problems, which create erroneous values {requires
computerized statistical editing).

Qurabi}ity and/or fouling (if cannot leave one current meter
in water for a long period, then must piece together time series
from different meters in-house).

Problems that affect the quality of data.

D.
E.

The problems in Section I if not handled correctly.

Effects of noise (especially in low signal-to-noise areas, with

current meters not having solid state instantaneous vector

averaging).

Mooring problems

1. Adding noise to signal

2. Drag in stronger currents (especially in great water
depths) causing a great change in the depth of the meter
and tilting the meter in some cases.

Uncertain dynamic response characteristics of the current meters
(especially under field conditions}.

Accuracy of the current meters.
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COMPARISON OF A FEW RECORDING CURRENT METERS
IN SAN FRANCISCO BAY, CALIFORNIA

Ralph Ta-shun Cheng

Water Resources Division

U.5. Geological Survey

Menlo Park, California 94025

ABSTRACT

A team of research scientists in the U.S. Geological Survey
uses San Franeisco Bay, Califormia, as an outdoor laboratory to
study complicated interactions of phyeical, chemical, and biological
proceases which take place in an estuarine environment. A current
meter comparison study wae conceived because of the need to select
a suitable current meter to meet field requirements for curvent
measurements in the Bay. The study took place in south San Franeisco
Bay, California, in the epring cof 1977.

An instrmment tower which was designed to support instruments
free from the conventional mooring line motions was constructed
and emplaced in south San Francisco Bay. During a period of two
montha, four types of recording current meters have been used in
the tests. [The four types were: (1) Aanderaa, (£) tethered
shroud-impeller, (3) drag-inclinometer, and {4) electromagmetic
current meters. With the exception of the electromagnetic current
meter, one of each type was mounted on the instrwnent tower, ad
one of each type was deployed on moorings near the instrument tower,
In addition, a wind anemometer and a recording tide gauge vere alsc
installed on the tower.

This paper discusses the characteristics of each instrument
and the accuracy that each instrument ean provide when used in an
estuarine environment. He pay special attention to owur erperiences
in the field operation with respect to handling of the ingtrwnents
and to our experiences working up the raw data in the post-deploy-
ment data analysis.

WORKING CONFERENCE ON CURRENT MEASUREMENTS, JANUARY 1978. SFONSORED BY THE
NOAA OFFICE OF OCEAN ENGINEERING AND THE DELAWARE SEA GRANT COLLEGE PROGRAM.
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INTRODUCTION

San Francisco Bay, California, serves as an outdoor laboratqry for
research scientists in the U.5. Geological Survey to study comp]1catgd
interactions between physical, chemical, and biological processes which
take ptace in an estuarine environment. We consider various aspects of
solute transport and establish methods of analyzing and predicting tempaorat
and spatial changes in solute concentrations. To improve our understanding
of the interactive processes, mathematical models are being developed and
used to assist quantification of the relative importance of delta outflow,
winds, tides, and other dynamic forces which act on the estuary system.

Nearly monthly surveys of hydrographic properties (temperature,
salinity, nutrients, oxygen, carbon, chiarophyll, suspended particles)
fn the main channels have pointed to the need for better understanding
of the water-circulation patterns and mixing characteristics of the San
Francisco Bay. This system consists of mostly shallow basins (<10 m)} with
relict river channels lying in their central parts. Large, exposed surface
areas are susceptible to diurnal winds which generate wind-fetched waves
up to 1 m amplitude, and the average tidal range is about 2 m.

A current-measurement program has been initiated to define both short-
and long~-term circulation patterns, and we envision a systematic, bay-wide
current-measurement program using a sizable number of in situ recording
current meters. A comparison of current meters was conceived as the first
step of our measurement program. The goals of this study were to gain
field experience working with in sity recording current meters and to
select a suitable current meter to meet the specific field reguirements
for the Bay. No prior studies are known to have been conducted in a
similar estuarine environment.

This report represents an extended summary of the comparison of
current meters in San francisco Bay. A brief description of our experi-
ments will be given, followed by discussion of samples of crrrent-meter
data from which the main conclusions are drawn,

FIELD EXPERIMENTS

The decision was made at the outset of the field experiment that for
future measurements, this research team wil) use the most suitable and
presently available current meters {that s, off-the-shelf instruments);
thus, we discounted several types of instruments which, though very
appealing, are considered in their final phase of development. Important
factors are accuracy for measurement of long-period mean current, ease
of handltng‘1n the field, with preference for instruments which can be
deployed using a small boat (5 to 6 m), and the procedures required for
Post~dep]oyment data processing,
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Cne common difficulty of wave zome current measurement which is
particuiarly pertinent to our applications is the contamination of data
by wave motions and mooring T1ine motions. To delineate various motions
in the current records, an instrument tower was designed to support
instruments free from the conventional mooring line motions. The
instrument tower consisted of a large tripod which supported a mast
{11.6 m), and at the top of the mast were three instrument arms. A
cable, pulley, and winch assembly was installed on each arm. When an
instrument was mounted on the cable, the cable was under tension and the
instrument could be positioned at a selected depth.

The instrument tower was emplaced near the geometric center of
South San Francisco Bay (37°39.5'N; 122°18.7'L), where mean water depth
was about 8 m. During a period of two months, early February to early
April 1977, four types of recording current meters were used in the
tests. The four types were: (1) Aanderaa, {2) tethered shroud impelfer,
(3) drag inclinometer, and (4) electromagnetic current meter., With the
exception of the electromagnetic current meter, one of each type wa:
mounted on the instrument tower, and one of each type was deployed or
subsurface mooring near the instrument tower. Initially, all the
current meters were set at a depth of 5m from the basin bed, In
addition, a wind anemacter and a recording tide gage were also installed
on the tower. Figure } depicts the relative position of each instrument
(not to scale); those instruments on moorings were anchored not more
than 30 m from the tower. Table 1 summarizes the general characteristics
of each instrument, its working principle, basic and additional sensors,
and the data-recording medium used by each.

SUMMARY OF RESULTS

Handling. Most of the field work was accomplished using a 17-foot
Boston WhaTer with a manual winch built on the bow. Because of the
working space on this boat and on other vessels suitable for use in this
work, occasional rough handling of the instruments sets a requirement
standard for the instruments. The preferred instrument, with respect to
handling, should be small and lightweight, and have no mechanical sensors.
Among the current meters used in this test (Table 1), GO-6011 is smallest
in overail dimension and lightest. It has no mechanical moving parts.
Rotating mechanical sensors are used by both Endeco and Aanderaa current
meters. The Aanderaa current meter is the heaviest and bulkiest among

all the meters used in this study.

Data Processing., Table 1 is a good example of the fact that there
is no industry standard of data-recording media for the current meters.
At the present time, we have no capability for raw data translation
(that is, for translating the rav data tapes to a computer-readable
form)., After the rai data tapes were recovered, they were sent back to
the respective instrument manufacturers for translation. Our experience
in working with each current-meter manufacturer showed that the data
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. ices vary widely in sophistication.. He requested that
E;gni;:téggasﬁgvtrans1atgd from the original rgcord1ng medium to half-
inch computer tapes, and that the characteristics of the raw data bg
preserved on computer tapes. Only Aanderaa current-meter data are in a
format that includes information concerning the possibility of erroneous
data code. From these raw data, we proceeded to the next step of data

reduction.

Because there is no industry standard on data format, and because
each instrument works on a different principle, the parameters recorded
on raw data tapes and subsequently translated to computer tapes were
coded in different word lengths and formats. Before further processing,
a set of new data tapes was produced; data on these tapes were edited
whenever possible and written in a standard format compatible with our
computing facility. These steps were followed so that the remaining data
processing could share a standard computer program.

In working up the current-meter data on hand, we encountered some
difficulties with each type of instrument. 1 have gone to great length
explaining the detailed steps of data processing only to stress that one
should not underestimate the data processing aspects of current measurements.

Accuracy. After field experiments, we evaluated these instruments
in the U.5. Geological Survey towing facility at the Gulf Coast Hydro-
science Center in Bay St. Louis, Miss. Each instrument was towed in a
speed range of 0 to 120 cm/s; in most cases, the instruments were towed
after two months of field deployment without extensive servicing. The
towing rating of the Aanderaa current meter was in excellent agreement
with manufacturer's recommendation. The Endeco 174 current meter was
towed twice: first, the old impeller bearings were used, then a pair
of new bearings was installed and the instrument was towed again. The
two rating results were consistent, but they both gave a reading 10
percent lower than the manufacturer's own rating.

Testing of the General Oceanics 6011 current meter reflected its
nonlinear nature. The S-shaped rating curve which related the tilt
angles of the current meter to speed readings had a very steep slope
in the speed range of 25 to 55 ¢m/s, whereas the rating curve became
very f]at for speeds exceeding 70 cm/s. The former gave a long response
time in that speed range, and the latter gave low sensitivity at high
current speed. Though the rating curve was a direct result of the wing
design, the general features would probably remain for other wing designs.

DATA SUMMARY

By mid-February 1977, when the weather was extremely calm, all the
current meters were deployed; soon thereafter, the San Francisco Bay
region experienced a storm which lasted about a week. The current-meter
records from the beginning of the test to the end of February 1977 thus
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covered a period when extreme weather conditions that one could expect
occurred in the Bay. We will not show all the results here, but give a
summary of the voluminous data.

During the calm period, the three current-meter pairs (the same
instrument on the tower and on mooring) gave comsistent readings. The
electromagnetic current meter gave intermittent readings which could be
attributed to the strumming motions of the instrument cable. Inclusion
of this current meter in the test was decided after the instrument tower
was built; actual evaluation of this current meter was deemed incomplete.
The current pattern at the experiment site was strongly bidirectional,
with prevailing flow directions approximately 330° and 150° from magnetic
north, and speeds ranging from slack up to 75 to 80 cm/s. Existence of
a slack periad provided an excellent opportunity to evaluate the per-
formance of each instrument with specific regard to possible contamination
of records due to mooring line motions. During this period, the Endeco
current meters and Aanderaa current meters recorded slack water and were
generally in good agreement with each other for other phases of the
tides. Current readings during sTlack were typically 5 to 10 c¢w/s or
Tess {30-minute averaged), and slightly higher speeds were shown on
records of current meters on moorings. The General Oceanics current
meters recorded slack water accurately, but the directional readings
were in apparent error. When the speed was in the range of 60 cm/s and
above, the General Oceanics current meter lost its sensitivity and
recorded much higher speeds than the other instruments.

Current meter data obtained during the staormy period, when winds
were up to 30 knots and waves approximately 1 m, were most interesting
and revealing. Substantial differences were recorded between the three
current-meter pairs; the current meters on the mooring all showed much
higher energy (speed squared). The Aanderaa current meter on mooring
failed to show slack periods over the tidal cycles, and instead recorded
30-minute averaged speeds up to 20 to 30 cm/s. On the other hand, the
measurements made by current meters on the tower did record slack water,
and the mean energy during slack was only siightly higher than the
energy level at slack when the weather was calm. This resuit was most
surprising, particularly for instruments using the rotor and 1qrge
directional fin. Figure 2 depicts the current-meter data obtained by
Aanderaa RCM on the tower and on mooring for the same period qf the 55th
through 58th Julian days. Clearly, the current meter on mooring showed
a much higher energy level, which is believed to be due tq mooring-line
motions driven by surface waves. Data obtained by the pair of Endeco
current meters showed similar behavior, though the d1ffgrence be tween
the two current meter records is not nearly as substantial. The_GO
current meter pair gave close agreement between themse]ves. I+ is
encouraging that the GO current meter on the mooring recarded slack )
water during the storm, but unfortunately, this meter a];o gave erronecus
direction readings and Tow sensitivity of speed in the high speed range.
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Figure 2. Comparison of the current-meter data obtained by two

Aanderaa current meters; the solid lines are data
measured by an Aanderaa current meter mounted on the
tower, and the solid lines with dots are data measured
by an Aanderaa current meter mounted on a subsurface
mooring.
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DISCUSSION

Through two months of field operations of several recording current
meters, we gained valuable field experience which is indispensable for
our planned program of current measurements in San Francisco Bay. Use
of an instrument tower has successfully separated mooring 1line motions
from the actual movements of water parcels. The current meter data
indicated that the types of current meters tested are, to some degree,
susceptible to mooring line motions. 3Since the waves in the Bay system
are wind-fetched short-period waves, the orbital motions due to waves do
not have substantial influence over current meter records. These results
suggest that none of the tested instruments is completely satisfactory
on a conventional subsurface mooring. WKhen rigid instrument supports
are used, both the Endeco and Aanderaa current meters can provide accurate
current readings in the San Francisco Bay system.
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REPORT OF THE WORKING SESSION

INTRODUCTION

Although the original intent of the conference working session was to
focus on preselected questions, some additional, important current measure-
ment technology issues emerged during the conference and assumed the
highest priority for discussion. The following were identified as needs
during the discussion:

A. A handbook or compendium that would assemble basic current
measurement technology information;

B. Community-sanctioned, standardized testing methods and procedures;

C. Govermment-sponsored facilities and services for test, evaluation
and calibration of current measurement systems;

D. Hardware and sot'tware standards:
- Laboratory measurement standard or class of standards
- In situ hardware standard(s) and/or calfbration facility
- Data recording standards: both technique and format;

E. An ad hoc committee to address the issue of current measurement
standards:

F. A reference library or "reading room" at which all pertinent
current measurement literature would be available;

G. Resolution of the question whether government or industry should
underwrite the cost of technical development.

DISCUSSION

4. 4 handbook or compendium which would assemble basic current measure-
ment ~technology information.

The suggestion for a summary handbook stems from 1.:he need for the
current measurement. community to understand the opera_\twna] caqu1ht1es.
performance characteristics and recommended applications of available ]
technology. Although some of this information exists, it may not be easily

WORKING CONFERENCE ON (URRENT MEASUREMENTS, JANUARY 1878. SPONSORED BY THE
NOAL OFFICE OF OCEAN ENGINEERING AND THE DELAWARE SEA GRANT COLLEGE PROGEAM.
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available and tends to be mon-standard in methods of data presentation.
The Testing and Evaluation Laboratory of NOAA/NOS has recently prepared
a current sensor technology matrix*. In general, the matrix contains
manufacturer-supplied information on the operational characteristics of
commercially available current measurement subsystems and is intended to
be an aid in assessing the state-of-the-art of this technology. A
handbook could be created by expanding this matrix to include results of
performance evaluations jndependent of the manufacturer and to include
subjective, yet credible, opinions from users based on experience with
particular system applications. The objective would be an easily
modified document that would assist the user in making decisions about
which techrology to use and its appropriate application.

B. Commnity-sanctioned, stendardized testing methods and procedures.

Again, the need of the community for technology performance infor-
mation motivates the request for some standardized testing methods and
procedures. In general, there are many useful procedures for testing
specific aspects of certain current measurement devices being implemented
throughout the community. Because these procedures invariably differ
among investigators, or at the very least are not well documented, a
comparison of test results on different (or even the same) instruments
can be ¢ifficult or even meaningless. Even more important, however,
these existing procedures are not complete enough to define the total
performance of the instrument.

Understanding the total performance implies having a testing capa-
bility that can subject the instrument to a full range of anticipated
natural variations and platform-induced motions, and determine its
response to them. The testing procedures and facilities needed do not
exist. Thus, the testing procedure problem involves two things: (1)
standardizing procedures that now exist and {2) performing the testing
research needed to develop a full testing capability that can ultimately
be standardized. The overall objective would be to establish a pro-
cedure or sets of procedures for testing various classes of current
measuring instruments. A vital consideration in developing “standard”
procedures is that they be generated from within and sanctioned by the
current measurement community.

C. Covernment-gponsored facilities and services for test, evaluation
and ealibration of current measurement systems.

The expense of building and operating the testing facilities
required to determine the response characteristics and overail per-
formance capabilities of a current measurement instrument is a basic
problem contributing to our lack of knowledge of how well we can
measure currents. The current measurement instrument market is

*Available from G. F. Appell, NOAA/NOS/T&EL, C651, Bldg. 160, WNY,
Rockville, Maryland 20852
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relatively small, yet it is supported by as many as 15 or 20 commercial
instrument manufacturers. By necessity, these companies tend to be
small and operate with a low overhead to remain competitive, This has
precluded capital investment by the manufacturers in large testing
facilities. Also, because no urgency for a "certified" qualification of
jnstrument performance before purchase has been communicated by the user
community, a minimum of "personalized" testing has generally sufficed.

Because the community's awareness of the difficulties of current
measurement is increasing, the need to document instrument performance
is greater. Accordingly, the burden for instrument qualification is
greater and should naturally fall to the manufacturer. But the manu-
facturer still has the small sales volume and low overhead problems.
Increasing the instrument cost to reflect additional testing may not
compromise his competitive position, but this presumes that a test
facility and test procedures are available.

Willingness by the user community to pay higher initial instrument
costs to reflect increased testing may solve part of the problem. But
the very large capital investment for the facilities needed to perform
the tests would stil) be a problem. At least in the near future the
manufacturing community will not be able to afford that cost. Besides,
the manufacturers have similar testing needs and a single manufacturer
may not be able to keep a test facility fully utilized.

The size of the market and the facility expense problems suggest
that some type of centralized testing capability would be 2 cost-effective
way to determine the response characteristics of current measurement
instruments. Because the federal dollar is directly or indirectly
associated with the purchase of the majority of current measurement
instruments, and because it is recognized that the manufacturers do not
have the resources for the facilities, it would be appropriate for the
government to support a centralized testing capability. This central
capability would ultimately save the taxpayers money by assuring that
good quality instruments are used to support current measurement
programs,

The suggestion is, therefore, that the best way for the instrument
user to pay for the costs of tests that will ensure quality instruments
is as a taxpayer, Access to these test facilities during the current
measurement development phase will reduce ultimate current measurement
costs to all parties concerned.

D, Bardware and softuware standards: laboratory measurement standard
or clase of standards, in situ harduare standard(s) and/or calibration
facility, data pecording standards: both technique and format.

A consensus evolved on the need for standards applicable to the
measurement of water current. It was apparent that the word standard is
interpreted differently and some definition is needed. A general dis-
cussion of the concept relative to the measurement of current is included
in the appendix and specific standards requirements are presented below.
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For laboratory measurements, there s a need for some type of current
measurement device of known accuracy capable of measuring the relatiye
water motion past an instrument undergoing tests: .Because_laborqtory
testing includes both steady and non-steady conditions, this device or
combination of devices must be responsive over a broad range of temporal
and spatial scales. The resuiting hardware with this capability could
be considered a current measurement laboratory standard or class of
standards.

Present techniques for field testing current meters allow for only
relative comparison of instrument capability and not absolute deter-
mination of performance. Thus, there is a need for a field device of
known accuracy, or perhaps a calibrated fiow field, for the determination
of absolute performance,

Another standards issue that was discussed vigorously throughout
the Conference was the problem of the lack of recording format and
technique standards for current meter data. The discussion centered
around magnetic tape recording techniques and pointed out the costly and
unnecessary duplicate magnetic tape processing facilities required
because of the myriad of recording methods available in existing current
measurement instrumentation. The problem, it was agreed, is not a
simple one, but certainly one that is solvable because standards now
exist which could be adopted through appropriate community action.

A most important consideration relative to all of the above discus-
sion s that the current measurement field is one that is continually
evolving. There are many different classes of instruments available.

As a result, it may not be technically feasible or correct to develop a
standard that would be applicable to all classes. Perhaps a class of
evolving standards would be appropriate. In the case of the field
standard, because of the variety of deployment and mooring systems,

classes of standard systems rather than a standard current meter might
be most appropriate.

E. An ad hoo committee to address the issue of eurrent measurement
standards.

Because of the general agreement regarding the need for standards
as discussed above in B, C, and D, it was proposed at the working session
that an ad hoc committee be formed at the Conference to be the initial
community mechanism responsible for addressing the issue of current
@easuremeny standards. Formation of the committee was agread upon and

from eqch segment of the community--scientific research, ocean engineering,
operational surveys, environmental impact assessment, and testing--under
the guidance of 2 single elected Chairman. Because representation of

the manufacturing comunity by two individuals was impossible at that

time (i.e., untfl further industry rapport developed), it was agreed

that the manufacturgrs would have no direct representation but would be
invited to all meetings as observers and have their ideas and opinions
solicited on all issyes raised by the committee. The committee is to
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have a lifetime of one year and during that time will pursue creating a
permanent committee to be affiliated with one or more professional 9
societies (such as, MTS, AGU, IEEE, etc.).

Among the 1ist of charges drafted for action, it was decided to
have the committee focus on the development of standardized testing
methods and procedures. A report of progress is planned for the
September 1978 MTS/IEEE Oceans 78 Conference. The committee has thus
been named, The Ad Hoc Committee on Current Measurement System Test
Procedures and Standards. The elected members are:

Chairman: William E. Woodward, NOAA/Office of Ocean Engineering

Scientific Research: James McCullough, Woods Hole Oceanographic Institution
Dr. J. D. Smith, Univ. of Washington

Ocean Engineering: Dr. George Forristall, Shell Development Co.
Dr. Robert Stacy, Mobil R&D Corp.

Operational Surveys: Robert Peloquin, U.S. Naval Oceanographic Office
Lewis Walker, NOAA/National Ocean Survey

Environmental Impact
Assessment: Dr. Richard Scarlet, EG&G, Environmental Consultants
Dr. Harold Palmer, Dames & Moore, Inc.

Testing: Gerald F. Appell, NOAA/National Ocean Survey
Dr. Lloyd Huff, NOAA/National Ccean Survey

F. 4 reference library or "reading room” at which all pertinent current
measurement literature would be available.

Because much of the information related to current measurement
technology is in the form of institutional reports {or is never pub-
lished in a report form), a library, “reading" room or rooms (perhaps
regional) would be useful. The library would have the charge to follow
the daily activities of the current measurement community anq be con-
stantly on the tookout for published or unpublished information or data
pertinent to current measurement technology. The material would then be
available for reference at one place and reduce the need for individual
1ibrary research, The 1ibrary could be an adjunct to or at least
patterned after the National Oceanographic Data Center.

G.  Resolution of the question whether govermment or industry should
wunderwrite the cost of technical development.

The question of whether government or industry should underwrite
the cost for research and development of new current measurement tech-
nology was raised and discussed briefly. In private enterprise, if a
manufacturer has a concept that, based on a market analysis, could be
transformed with some R&D activity, into a product which could be sold
in quantity and a profit realized, then the money required for R&D
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product engineering could profitably be invested by the company. In a
small volume market as with current meters, although the above principle
is the same, the market is not well defined, which makes commitment of
resources in the R&D phase more risky because of uncertain future profits.
In general, most current meter manufacturers do provide their own R&D
money, but because of the risky market try to keep the investment to a
minimum. This procedure often leads to the current meter user bearing
the brunt of development costs and delays during use.

The major issue is that if the R&D funding source is not consistent
and the government does fund some R&D, then the government may be charged
with supporting the development of technology that is in direct com-
petition with existing technology, the development of which was funded
by the manufacturers. This issue can be defused with use of appropriate
management procedures. For example, if it can be demonstrated that
existing technology cannot meet stated government specifications for a
particular project, then R&D may be necessary and government funding on
d competitive basis is appropriate. Following such a procedure would
alleviate the fear of unwarranted government initiatives in the develop-
ment of new current measurement technology.

In the case of current measurement technology, the demonstration of
an instrument's ability to meet certain specifications may be difficult,
if not impossible, because of the lack of testing methods and standards
as discussed earlier. The lack of testing capability complicates the
issue of R&D funding, making it difficult to Jjudge the appropriateness
of the govermment sponsored development,

RECOMMENDATIONS

1. Assemble existing basic current measurement technology information
into a handbook or compendium.

2.  Develop community-sanctioned standardized testing methods and
procedures,

3.  Develop a government-sponsored current measurement system test,
evaluation and calibration capability {including both laboratory
and field facilities and services).

4.  Investigate the feasibility of developing current measurement
hardware and software standards.

5. Create a Tibrary or "reading room" at which all pertinent current
Measurement literature, published or unpublished, would be available
for reference.

6. Have the Ad Hoc Committee on Current Measurement System Test Pro-

cedgrgs and Standards investigate creation of a permanent committee
affiliated with one or more professional societies.
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THE ARCTIC PROFILING SYSTEM

James H. Morison
Department of Oceanography
University of Washington
Seattle, Washington 898188

INSTRUMENT

The Arctic Profiling System (APS) is a wire-lowered device used for
making continuous vertical profiles of density and velocity. The sensor
package shown in Figure 1, consists of three basic units: the Inertial
Reference Unit (IRU?, the CTD, and the Current Meter Triplet. The IRU
js used to measure the orientation of the APS. It consists of a North-
seeking gyro compass, a three axis accelerometer package, and a two axis
rate gyro unit. The CTD is a standard Guildline model BI01A. The
electronics pressure case is mounted just below the IRU and the conduc-
tivity and temperature censors are mounted near the bottom of the
electronics pressure case. The Current Meter Triplet is used to measure
the complete velocity vector relative to the descending APS. It is
mounted at the bottom of the APS and consists of three ducted rotor
current meters in an orthogonal mount.

DEPLOYMENT AND DATA LOGGING

The Arctic Profiling System is cycled continuously to depths up to
140 m by an automatic winch at speeds from .5 m/sec {0 2 m/sec. Data
are recorded in digital form on magnetic tape using a Nova 1200 mini-
computer.

PROCESSING VELOCITY DATA

The processing of the APS velocity data proceeds along the following
lines. Current meter frequencies averaged over 1.2 sec are used to compute
initial estimates, UI‘ UZ’ U3, of velocity using "head on" calibration
coefficients,

3.601 cm/pulse

. = af. + b a
J J 1.089 cm/sec

WORKING CONFERENCE ON LUREENT MEASUREMENTS, JANUARY 1378.  SPON JSOREDN BY UHE
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Figure 1. The Arctic Profiling System
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HORISUH

The ratios Up/Uy and U3/Uy are used to calculate current m

attack gorrgctions G1, Gz, and G3. These corrections are §$s£n523]§ of
polynomial in Uz/Uy and U3/Uy. The polynomial has been derived as a
curve fit to the result of iterative determinations of angle of attack
corrections for a large ensemble of hypothetical data. Once Gy, Gp, and
63 are determined, true velocities, Vi = GjUj are calculated. Bata’from
the compass and accelerometers and g ﬂnow]edge of the triplet geometry
are used to trapsform the velocity vector into a reference frame carried
with the profiling device and oriented North, East, and down. Horizontal
velocities measured during each down profile are plotted (see Figure 2)
along with o4 (as calculated from the CTD data) as a function of depth
and recorded on tape for further analysis.

The measured horfzontal velocity is relative to the profiling device,
but comparison with fixed current meters indicates that under Arctic
conditions (low currents), the profiiing device is heavy encugh to make
any horizontal motions of the device negligible (see Figure 2). The
measured velocity can thus be assumed equal to the water velocity relative
to the ice. When used from an anchored ship, the ship motion is measured
with a microwave ranging system and accounted for. Over a one hour period,
horizontal motion of the profiler due to ship motion averages to a small
value. Because the descending motion of the profiler keeps the current
meters rotating continuously, the measurements of horizontal velocity
have zero threshoid. Groups of vertical profiles can be averaged together
to obtain long time sequences of velocity profiles. Such sequences are
shown for an Arctic experiment in Figure 3.

APPLICATIONS

The short cycle time (typically 5 minutes), high resolution with
depth, and the ability to simultaneously measure velocity and density
fields make the APS especially useful in studies of regions with strong
stratification and velocity shear, such as cceanic mixed layers and
estuaries.

The system has been used from an Arctic ice camp in the Beaufort
Sea in a study of the Arctic mixed layer. It has also been used on-
board a small research vessel in Knight Inlet, British Columbia,during 2
study of the dynamics of that fjord. Profiles have been made continuous’
for periods up to two weeks.
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CURRENT DATA FROM BREAKWATER HARBOR,
SOUTHEASTERN DELAWARE BAY

James M, Demarest
Department of Geology
University of Delawvare
Newark, Delaware 19711

ABSTRACT

In a study of tas present and paet processes of the breakuwater
Harbor-~Cape Henlopen area, currents were measured with a General
Ceeanics film recording current meter (Model 2010) in two locations
within Breakwater Harbor. An accurate representation of trends and
variabilities in the ecurrent regime of the harbor was produced.

The data ave presented in a "pose diagram" with the radius of
20° sectors representing the percentage of the readings that were
recorded flowing in the indicated direction. Different rose diagrams
were dram for veloeity groups at 10 cm/sec increments. The data in
each sector are divided according to whether the .readings were
recorded during times of predicted flood or predicted ebb tidal
currents. The data indieate that the Harbor is stromgly dominated
by ebb tidal currents, both as a vesult of higher ebb currents and
the longer duration of ebb tides.

Our system of deployment and retrieval of the current meter
requires no buoy on the surface, no meckamccfl or electronic release
mechanism, and no SCUBA diving. This makes it well suited for use
in coastal and estuarine waters where accurate navigation t8 easy.
These collection techniques and data presentaiion format are a
reasonable solution to some of the problems of cost effective,
reliable, and accurate current data collection and analysis.

TANUARY 1978. SPONSORED BY THE

WORKING CONE SUREURNTS
Nz CON- ERENCE ON ( RRENT I"EA‘JJHL"."F 2 COLLEGE EROGRAM.

BOAA OFFICE OF OCEAN EL INEERING AND THE DELAWARE SE4 GEANT
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DEMAREST —_—

INTRODUCTION

As part of a larger study of the shoaling history and sedimentation
patterns of the Breakwater Harbor-Cape Henlopen area (Demarest, 1378),
currents were measured in two Jocations within Breakwater Harbor (E1gure 1).
These stations were selected to characterize the tidal current environ-
ments of the Harbor. Station 1 was located in the 12-meter-deep channe]
between Cape Henlopen and the inner breakwater. In both cases, the center
of the current meter was about 40 cm above the bottom., The bottom sediment
patterns are shown in Figure 2.

Breakwater Harbor, located in southeastern Delaware Bay, is funnel
shaped with a wide opening to the west and a narrow opening to the east.
Cape Henlopen deflects ebb tidal currents northward as the water rounds
the eastern end of the inner breakwater. The Cape May-Lewes ferry termina)
Jetty, which extends northward from shore, south of the west end of the
inner breakwater, constricts flow somewhat in the western entrance to the
harbor (Figure 1), On the western side of the Cape, an extensive sandy
tidal flat extends into Breakwater Harbor along the shore (Figure 3).
Offshore of Cape Henlopen to the north, there is a 15-meter-deep channel
between the tip of the Cape and the outer breakwater (not shown).

First, a Tow-cost current measurement setup for long-duration
measurement will be described, including deployment and retrieval
techniques. Second, the data acquired will be presented.

DESCRIPTION OF INSTRUMENTATION

A General Oceanics film-recording current meter (Model 2010) was
used. This current meter was chosen because of its low cost ($800 in
1975} and self-contained, long-duration data recording mechanism. For
the purpose of this study, these factors more than offset the imprecision
of the instrument as compared to more sophisticated instruments.

One constraint was that the instrument had to be deployable and
retrievable from a small boat. This greatly restricted the amount of
weight that could be used in the tethering system., The instrument was,
therefore, tethered to a cement block approximately 10x30x60 cm and
weighing about 18 kgs, submerged (Figure 4). This also made it possible
for any other (non-authorized§ person to "retrieve" the instrument.

Therefore, it was desirable to have no surface markers or floats attached
to the instrument.

Danforth anchors, on the ends of 15 to 30 meter-long anchor lines,
were gsed-to prevent the current meter from dragging along the bottom.
Pgast1c Pipe was used to protect the anchor lines against chaffing on
the cement block. A grappling hook was made for retrieval with 5/8-inch
concrete reinforcing rods and lead weights (Figure 5). The tocation of

the current meter was determi ' . ?
ined
shore points, using a sextant for triangulation from
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DEMAREST

DEPLOYMENT AND RETRIEVAL

The string of anchors and current meter {illustrated in Figure 4) were
deployed from a 16-foot Boston Whaler. The first anchor was lowered and
aliowed to set on the bottom. As the boat was backed into the current,
the current meter and weight were carefully lowered over the side. The .
last anchor was lowered with a Toop of 3/8-inch nylon Tine attached. This
Tine was used to pull all the lines tight and then released. By pulling
hard enough to 1ift the current meter and weight off the bottom, it was
assured that the instrument was in an upright position. Before releasing
the last line, the location of the current meter was determined by tri-
angulation using a sextant. It was helpful to use a separate bugy to
mark the current meter locatfon during deployment. The anchors were
oriented in a known compass direction, approximately parallel to estimated
maximum current directions.

Retrieval was accomplished by finding the location using the sextant
and marking the spot with a buoy. The grappling hook was then dragged
perpendicular to the orientation of the anchor tines, adjacent to the_
buoy. When the tine was hooked, the instrument was puiled in. Sometimes
it was necessary to slide the grappling hook along the tether 1ine to one
of the anchors in order to pull the instrument up easily.

We have had 100 percent success in about 10 deployments. The maximum
number of passes with the grappling hook was about six while the typical
number is one or two, This technique has been used in water as deep as
15 meters and on sandy and muddy bottoms.

DATA PRESENTATION

Station 1 data were collected during October and November, 1976,
for 23 days. The data for Station 2 were collected during April and May,
1977 for 18 days. The General Oceanics current meter was set to measure
the currents every 15 minutes for the duration of the measurement period.
Thirty minute data intervals were used in the subsequent analysis. The
instrument had a power problem on these first two runs which caused them
to be shorter than desired. This problem was corrected so that data
collected subsequently measured the currents for an entire lunar cycle,
The large number of measurements over a long period of time allows the

data to accurately represent trends and variability in the current regimes
of the Harbor,

The data are presented using rose diagrams with the radius of 20°
sectors representing the percentage of readings that were recorded flowing
in the indicated direction (Figure 6). Different rose diagrams were
drawn for velocity groups at 10 cm/sec increments. A1l radii are repre-
sentative of the percentage of the tota) readings for that station that
flowed in the indicated direction with the indicated velocity, In addi-
tion, the data in each sector were divided according to whether the
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readings were recorded during times of predicted flood or ebb tidal currents
for surface waters taken from NOS Tide Tables. This was done to help show
the time relationship of the data in the rose diagram. The rose plots

can be contrasted with the visual representation given in Figure 7, which
are plots of three complete tidal cycles using times of predicted slack
water before the beginning of ebb tides as the cutoff between tidal cycles.
This 1s an arbitrary division in Tight of the inaccuracy of the slack

water predictions as seen in Figure 6. In addition, Figure 7 shows only

a small portion of the data. This makes the plot less reliable as a

basis for making generalizations about current flow in the area.

Large amounts of scatter in the data from point to point, coupled
with unstable configuration of the current, indicate when wave-induced,
high-frequency fluctuations in flow affected the current meter. Currents
at Station 2 were generally in the ebb direction for eight hours and the
flood direction for four hours. Station 1 data are difficult to evaluate
for duration of flood and ebb because of the shallow depth of the instru-
ment, resulting in wave-induced "noise," especially at Jow velocities.
This made dividing ebb duration from flood duration difficult.

PRELIMINARY FINDINGS

The data presented in Figures 6 and 7 show a strong dominance of ebb
tides in Breakwater Harbor. VYelocities were about 60 percent higher
during ebb tides than during flood for both stations. Both current meter
stations show an asymmetry between the duration of ebb tide and the
duration of flood tide. Figure 7 shows the great variability of flow
through a tidal cycle and from tidal cycle to tidal cycle. The rose
diagrams in Figure 6 show many readings recorded during predicted flood
flowing in the “ebb" direction. The reverse situation was not found
during predicted ebb. This indicates that a large eddy develops around
the western end of the inner breakwater on flooding tides producing
eastward flow in the Harbor. Flooding tides are always greatly reduced,
if not reversed, because of the geometry of the Harbor and its entrances.
Current data from north of the spit tip show a2 dominance of ebb tides,
but the dominance is not nearly as pronounced as in Breakwater Harbor.

Reduction in flood tides produces a longer duration of slack or
Jow-velocity flow than otherwise would be present. At Statiom 1, more
than 50 percent of the readings had velocities less than 20 cm/sec.
This creates a great potential for the sett1ing of suspended particles
within the Harbor, allowing for more de-watering and compaction. These
factors produce a large potential for sedimentation and reduce the
1ikelihood of resuspension during a tidal cycle.

With high current velocities pccurring mostly on ebb tides, coarse-
grained material is not transported into the Harbor from the largest
source of coarse sediment, Cape Henlopen. 5and is cafr1ed by littoral
processes around the tip of the Cape and across the tida)l flat. Velocities
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within the Harbor are generally not high enough to transport sand on
flooding tides. This accounts for the sharp transition from sand to
s11ts and clays adjacent to the tidal flat areas in the eastern harbor.
sediment which is transported off the tidal flat on flooding tide is not
carried into the Harbor, but rather is deposited adjacent to the tidal
flat. On ebbing tides,sand which is transported off the tidal flat is
carried out of the Harbor around the eastern end of the breakwater.

CONCLUSIONS

With long term data, general statements about the dominant flow
patterns within Breakwater Harbor can be made. Because of the large
variability, current measurements of one of two tidal cycles are not
1ikely to accurately represent the flow regime.

The data acquisition costs are well within the range of most
estuarine research budgets, and a great amount of data can be obtained
at low cost when the instrumentation and equipment are kept simple.
Data reduction from photographic film is time consuming, but in the

saturated labor market of a university graduate program, this may not
be a major problem.
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BASIC RESEARCH GOALS OF THE PHYSICAL OCEANOGRRPHIfll
COMMUNITY ENGAGED IN CURRENT MEASUREMENT

Christopher N. K. Mooers
College of Marine Studies
University of Delaware
Lewes, Delaware 19958

This is a short essay to place in perspective the oceanographic com-
minity's basic research aspivations vis-a-vis current measurement.

The scientific goal of the physical oceanographic community is predic-
tion of ocean circulation. The terms prediction and ocean circulation are
deliberately used in an imprecise fashion because prediction is an evolving
capability, and because ocean circulation encompasses a large range of
scales of motion. The term prediction covers both forecasts {prognostic
nodels) and hindcasts (diagnostic models). Forecasts are both more valuable
and more difficult than hindcasts because there is generally less empirical
information available for use in them. Hindcasts have intrinsic wvalue for
assessing environmental calamities, such as 0il spills. The prediction
capability depends upon supply and demand--the supply of predictive means,
and the demand for a certain quality and quantity of predictive infermation,
The predictive means are provided by theory, experiment, and obserwvation.
The theory provides a model. In the beginning, the model may be descrip-
tive, heuristic, and qualitative., Contemporary models are generally
quantitative and represented by a set of partial differential equations
and boundary and initial conditions. The set of equations must be solved
with inevitable restrictions on space and time scales or processes which
can be resolved. Processes on unresoived scales of motion must be approxi-
mated as a function of known variables (or "parameterized") for incorporation
into the model's system of equations. This requires understanding of the
processes, particularly their relationship to, and interaction with the
larger, resolved scales of motion. Specific process theories are inves-
tigated, and process experiments, in the field or laboratory, are conducted
to test hypotheses whose validity is essential to particular parameterization
schemes.

1Discussion at the Conference indicated a need to c¢larify to the nonoceano-
graphic community, the basic research objectives of physical oceanography.
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Much of the present and prospective basic oceaqic research is in this
area of process and parameterization studies, a topic to be returned to
below. Observations as distinct from experiments enter, too. Here obser-
vations include either of two extremes: exploratory studies to chart the
major features of the physical geography of some portion of the ocean,
or routine monitoring at some critical or representative points to develop
a statistical climatology of the state of the ocean, to provide boundary
and initial conditions for model operation, or to provide verification
data to test and modify models. {Sharp delineation of field experiments,
exploratory studies, or routine monitoring is not always possible.)

The demand for circulation predictions has been driven by the supply
of predictive means, a quite natural situation of interaction and iteration
between suppliers and an expanding market. In recent times, the demand
has begun to exceed the supply in certain topic areas; for example, the
storm-driven currents on continental shelves which are needed by the forces-
on-structures-and-beaches and the water guality communities. The U.S.
Navy seeks a global ocean circulation forecast capability by 2000; surely,
the USN must consider this important for effective and competitive naval
warfare operations in the future. As mankind has become conscious of the
delicate dependence of civilization on the tenuous global climate, and
of the natural and seciety-induced vagaries of the climate, a predictive
understanding of climate has begun to be sought. In the quest for a quan-
titative understanding of climatic variations, it was quickly realized
that, because of the ocean's large heat capacity compared to that of the
itmosphere, the ocean plays a major if not dominant role in the global
climate. This in turn means that high quality ocean circulation and
air-sea exchange models are necessary to predict the global climate.

Even traditional commodities have new value and increased requirements.
For example, the advent of supertankers and increased recreational boating
places more importance on accurate predictions of tides and tidal currents
in shallow seas and estuaries. With extended national jurisdiction to

200 nautical miles offshore, new and old resources come under management
pressure. For example, more quantitative methods for fisheries management
are priority items. These methods include improved circulation forecasts
to account for the year-to-year variability in coastal upwelling which

is so influential in fisheries production. At least from the ocean
scientists’ viewpoint, everywhere we look, we see growing demands for
circulation predictions and, hence, a mounting agenda of circulation
problems to be understood to some level of prediction.

Rather independent of particular applications, but with at least
a subconscious awareness of potential applications, the physical oceano-
graphic comunity has been striving to describe the kinematics and
understand the dynamics of the genera) {average, large-scale) circulation
of the ocean. In the open ocean, it has been recognized that synoptic
scale circulation (eddies and planetary (vorticity) waves) with scales
of approximately 100 km in the horizontal, 1 km in the vertical, and 100
days in time, strongly interact with the general circulation. This
synoptic scale circulation may or may not be resolved in future operational
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models of the oceanic general circuiation or air-sea models of the
climate. If not resolved, its effects will have to be parameterized

In any event, the synoptic scale circulation will have to be understéod
In the coastal ocean, there is a vigorous, storm-driven transient '
circulation, with scales of approximately 100 km in the horizontal, 100 m
in the vertical, and 10 days in time. This transient circulation, as well
as the general circulation in the coastal ocean, must also be understoond
for prediction. In the past decade, and for the foreseeable future, much
of the effort in current measurement has and will address the kinematics
and dynamics of the synoptic and transient circulations of the open and
coastal oceans, respectively., There is also an element of statistical
climatology in analyzing the gecographical variability of these circulation
components. For these purposes, the contemporary accuracy and sampling
rates of current measurements are adequate, but continuous record lengths
of the order of a few years are required. Both Eulerian and Lagrangian
systems play a role in these measurements. In both the open and coastal
ocean areas, important questions of momentum, heat, and mass exchange
across the ajr-sea boundary and their subsequent dispersion from the
surface boundary layer to the ocean interior remain open, Similarly,

the mixing of the water column and resuspension and advection of sediments
in the boundary layer near the sea bottom are not fully understood. For
the turbulence studies required in the surface and bottom boundary layers,
very precise and rapid current measurements are required for modest
record durations of a few days. There are other processes important to
circulation generation and dissipation, such as oceanic fronts and
internal waves, which are studied with other specialized current measure-
ment systems.

Results from the various process field experiments are incorporated
in process and circulation model development efforts as opportunity per-
mits. Physical oceanography is in an early stage of development, and an
operational forecast service does not exist in any comprehensive sense
as it does in meteorology. However, a few products of the cl1mato?og!ca1
and hindcast varieties are available on a regular basis. As the predic-
tion capability evolves in coming decades, increasingly useful glrculat1on
prediction products will become available through federal agencies as
applications people exploit the basic research findings.
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DISCUSSION OF THE CONCEPT OF STANDARDS RELATIVE
TO THE MEASUREMENT OF WATER VELOCITY

William Woodward

NOAA/Of fice of Ocean Engineering
Rockville, Maryland 20852

For the measurement of any variable, a knowledge of the accuracy of
a measuring device implies the existence of another device of greater Known
accuracy to which the performance of the first is compared. Underlying
such a sequence of devices, are absolute standards based on physical
constants and rational definitions. None of these "devices" exist for
the measurement of water velocity. The reasons for this include the
complexity of water velocity measurement {sometimes referred to as the
broadband nature of the signal}, the embryonic state of current measure-
ment, and the lack of effort dedicated to selving the problem.

A generally accepted "standard" for water speed is the measurement
of time and distance of a land-based carriage that tows a current meter
through still water. Because this approach considers only the steady
flow case, it is not worthy of the title "current measurement standard."
It does allow determination of the accuracy of an important aspect of
current measurement.

A difficulty with the towing carriage method is that additional
means are required to determine the "stilliness" of the water. This
implies the need for some type of current measuring device of known
accuracy which could be towed simultaneously with the instrument being
tested. Based on the above discussion of the concept of a standard,
this additional device could be called a “steady flow current measure-
ment laboratory standard."

The above briefly describes only one part of the problem. The
additional problems of how the tow carriage technique relates to motions
encountered in the field, and how you can determine the accuracy of
those instrument techniques that do not lend themselves to tow tank
testing, are beyond the scope of this writing.

Because the tow carriage considers only the steady flow portion of
the signal spectrum, there is a need for methods to address the non-steady
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(usually referred to as the dynamic) portion of the spectrum. While these
procedures do not exist generally, there are §evera1 groups attempting to
simulate dynamic ocean conditions with mechanical gsc111ating systems,
sometimes combined with tow carriage motions. Again, although the motion
of the mechanical system can be measured very accurately, the real need is
to accurately measure the relative water motion past the instrument being
tested. Hence, as before, there is a need for an additional device capable
of measuring the water motion, perhaps to be called a "dynamic current
measurement laboratory standard." This device must be responsive to a
broad range of time and spatial scales and may or may not be the same
piece of hardware as the steady flow standard above. The comparison
criteria for the dynamic response may involve the auto- and cross-spectra
of variables, as well as the regression of variables.

The previous discussion has centered around laboratory standards.
An additional area of concern is that of in situ or field standard hard-
ware or facilities. A popular method involves field deployment of two or
more current measurement systems in close proximity and the subsequent
comparison of results. This technique does not provide an absolute deter-
mination of performance. A device of known accuracy or a calibrated flow
field could be used to determine absolute performance. Either of these
might be considered a field standard.
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0845 GENERAL SESSION

Welcome/Opening Remarks
C. N. K. Mooers, University of Delaware
William Woodward, NOAA/Office of Ocean Engineering

“Capabilities of Some Existing Near-Surface Current Sensors”™
James McCullough, Woods Hole Oceanographic Institution

When current meters are used to measure mean horizontal currents in surface gravity waves,
immunity to the vertical component of flow is important, even though the net vertical flow aver-
ages to zero and is normal to the desired horizontal components. A technique for estimating the
magnitude of the errors introduced by imperfect rejection of the off-axis flows {cross-talk) from
measurements of the current meter vertical and horizontal “‘cosine’ response is presented. The pre-
dicted dynamic response is shown to compare favorably with laboratory measurements. The mea-
sured steady state vertical cosine response functions for several popular current sensors are then

summarized and used to estimate the magnitude of wave-induced errors in horizontal mean current
measurements,

“Review of the Performance of an Acoustic Current Meter"
Gerald Appell, NOAA/National Ocean Survey

The Test and Evaluation Laboratory of NOAA/NOS recently completed a limited performance
evaluation of three Neil Brown Instrument Systems Acoustic Current Meters (NBIS ACM-1) for the
NQAA Data Buoy Office, Steady flow calibrations were performed on the four cardinal measure-
ment axes as well as directivity response evaluation in both the horizonta! and vertical planes.
Calibrations were performed on the solid state compass, used for magnetic heading reference in the
cutrent meters. Environmental tests were conducted in accordance with mil-std 16 7B for vibration
testing and environmental temperatures tests were guided by milstd 810C, The methods and pro-
cedures for accomplishment of these tests are discussed and evaluation results are sraphicaily dis-
played.

Break

1100 SCIENTIFIC RESEARCH
Session Chairman: Nick Fofonoff, Woods Hole Oceanographic Institution

“Mooring Motion Influences on Current Measurements’’
David Halpern, NOAA/PMEL, and Dale Pillsbury, Oregon State University

145 Lunchin Room 1014

I330 Session Resumes in Room 128

“Physical Oceanographic Research using the Attended Profiling Current Me ter (APCM)
and the Cyclesonde”
John C. Van Leer, University of Miami

About half the physical oceanographic observations at the University of Miam; are current pro-
file measurements. These measurements are gathered by two distinct methods the Attendeqd
Frofiling Current Meter (APCM}, which has been primanly developed and used by Dr, Walrer
Duing in his studies of intense ocean currents such as the Gulf Stream, the Equatorial Current and
the Somali Current where near-surface current meter moorings are impractica] or high vertical
resolution velocity data are requited ; the second method involves the use of an antomatic up.
attended current profiler - the Cyclesonde. The Cyclesonde, developed by Iohp Van Leer, has been

Posters on display in Room 128 throughout the conference.
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used to study vurrent profiles on continental shelves and in the upper 300 meters where long lime
series of CTD/velocity profiles are desired of where profile array data with a single ship is available.
Time series profiles are particularly useful in studying inertial waves, mixing processes, bottom and
surface boundary layers or complex mean flow patterns associated with fronts. About 20,000
velocity profiles have been collected by APCM and Cyclesonde techniques.

The principal source of efrorin the APCM is navigational uncertajnty in the ship's position.
which is required to convert the velocity profile relative to the ship into absolute velocity profiles,
Other errars include time lag, angle offset, rater shading and surface wave pump up. Fhe roller
coupling used in both methods greatly reduce the surface wave noise introduced in the speed sensor
at depths below the zone of direct wave orbital influence. Typical APCM errors are 3-5 em and
Cyclesonde ertors are 1-3 cm/sec, compured to fixed level curtent meters or other profiling
techniques.

“Suitability of Presently Available Current Meters for Turbulent Mixing Studies”
J. Dungan Smith, University of Washington

This paper is concerned with the procurement of information on turbulent mixmg in the
boundary layers of the ocean, that is, near the sea surface, near the sea bed, in coastal regions and
in estuaries. In such problems naturat fluciuations with periods ranging from a few fenths ot a
second tu a few weeks arc of greatest concern with specific emphasis on continuous time SETies OVer
periods of at least 30 minutes in dutation. For useful measurements in this area, calibrated
accuracies of 0.1 cm per sccond usually are required. Presently my group is employing mechanical,
acoustic and electromagnetic current meters for our turbulence studies, none of which are entirely
satisfactory; however, the latier have yielded scientifically acceptable data under a wide variety of
geophysical situations, amd we have found them to be much more precise than commercial sensors
of the other two types. For flow problems in which furbulence measurements arc of primary con-
cern, the type of instrument frame on which the sensors are mounted often is as important as the
instruments themselves. Precise current meters located in the wake of an instrument support arm or
a cable or deployed in the disturbed pressure field caused by a section of the instrument frame
produce results that are just as inaccurate as judiciously spaced sensors with less desirable response
characteristics. When deployed with a proper understanding of their characterstics and short-
comings and from suitable support devices, instruments, such as our pulse current meters, often can
be used to procure results of the scientifically required accuracy. However, when empioyed in this
fashion, it is essential that the investigator have a thorough understanding of the instruments based
on a testing program oT his own design and carried out in his own laboratory, Moreover, he must
have a good theoretical understanding of the operation of his instrument in order to permit ex-
ploitation of the test results and to avoid misunderstanding them as well as their implications in
regard to ficld deployment. Furlher, interactions bet ween sensor. sensor support and flow fields
must be understood under the conditions that are to be faced in the field. It is one thing to know
how a current meter works when fixed 1o a rigid mount, and another to use it reliably from a
muovable frame even when the mations of the latter are monitored by precision pasition and
orientation measuring devices as is typical of the more innovative current oceanographic uses. Here,
ane must not only understand the deficiencies of both systems but alsa what additional errors can
be caused by coupling tlie two systems and how they can be minimized under the situations of par-
ticular interest. Thus, in the field of ocean turbulence, the situation is neithes particularly favorable
to the easy procurement of the desired scientific measurements nor entirely bleak.

“Shaflow Current Measuremenis’
C.D. Winant, R. E. Davis, and R. Weller, Scripps Institution of Oceanography

The dynamics of mixed layers and the variability of coastal current systems are two important
probiems which require the measurement of near surface currents. Near the surface, the wave
ficld_generates a current field of higher frequency than the cutrent field of interest, leading to the
requirements for a current meter which properly averages motion at frequencies higher than the
sampling frequency . A mechanical meter which measures two erthogonal components of the
current has been developed, tested and compared with ather current meters. Results show the
meter Lo perform well unsder conditions in which it is expected to be used. Two versions have been
developed, one for use in shallow water, on a mooring which does not rotate with respect to the
botton_l; another for deep ocean measurements, in which mooring rotation 13 accounted for in the
averaging scheme.

Break
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“Deep Ocean Velocity Profiles From EM and Acoustic Doppler Measurements'
Thomas B. Sanford, Robert G. Drever, and John H. Dunlap, Woods Hole Oceanographic
Institution

Aninstrument is described for measuring profiles of horizontal velovity as a funclion of depth
in the deep ocean. The method is a hybrid technique based on the principles of electromagnetic
induction and acoustic Deppler and is mobile since nol dependent on bot(onanstalled equipment.
The EM method measures weak ¢lecttic currents in the sea induced by the motion of the wates
through the carth’s magnetic field. The resulting velocily profile reveais the velocity shears but
is relative to an unknown, depth-independent reference velocity. The reference velocity is de-
termined by acoustic Doppler measurements of the ahsolute velocity of Lhe instrumnent as it nears
the seafloor. The two methods are incorporated into a single freely-falling prohe which measures
and internally records the electric and acoustic signals and other variables such as temperature and
vehicie orientation. The method yivlds velocity delerminations every 5 - 10 m with arn uncertainty
of zbout £ cm/s. A round trip in 6000 m of water lasts about 3 hours. Data from this method have
been used 1o study mid-ocean eddies, internal waves, and the Gulf Stream

“SOFAR Floats As Tracers of Ocean Currents”
Thomas Rossby and Donald Dorson, University of Rhode Island, and Douglas Webb and
Albert Bradley, Woods Hole Oceanographic Institution

"CMICE 76 —- A Current Meter Intercomparison’
Robert Beardsley, Woods Hole Oceanographic Institution, William Boicourt, The Johns
Hopkins University Chesapeake Bay Institute, and Jon Scott, SUNY/Albany.

A current meter intercomparison experiment (called CMICE 76) was conducted about 6 km off
the southern coast of Long Island near 40Y 47" N, 72" 30" W during February and March, 1976 A
total of 20 current meters were depioyed on 6 moorings set in a roughly linear array parallel to the
local coastline and topegraphy. The instruments included the Aandersa ROM-4 the AMF VACM,
the Brookhaven National Laboratory spar buoy system utilizing cylindrical and spherical Marsh-
McBimey electromagnetic sensors, the EG&G 850 and CT-3, and the Chesapeake Bay lnstitute
maodified ENDECO 105 Local mean wates depth was 7.8 m and current meters were clustered
near 4 depth leveis (3.5 m, 7.4 m,15.7 m, and 25.0 m). Wave data was also obtained at the array
site and 10 m wind and tidal data was obtained from nearby coastal stations. Intercomparisons of
| hr vector average velocities measured with similar instruments deployed near the same depth
level indicated sufficient horizontal homogeneity that most differences in the observed current
data have been attributed to real differences in instrument and mooring performance. Dertailed
discussions of the observed data, instrument and mooring characteristics znd performance, and
the effect of surface wave and wave-induced mooring molion on different measurement systems
are presented.

“Eddy fnergy Levels”
William J. Schmitz Jr. and Jerome P. Dean, Woods Hole Oceanographic Institution

Eddies, or fluctuations in ocean currents at frequencies fess than a cycle per day, have been
observed to be comparatively energetic, spatially inhomogeneous, and connected tathe general
acean circulation in the westesn North Atlantic. The development of reliable, long-term moored
instrument capabilities has played a significant role in establishing these results.

A continuing prority on quality contsol can have a significant effect on the success of 4 field
program designed to exploit an operational technique. Unfavorable transients in system performance
can be minimized by close liaison between manufacturer and user, in all stages of the production
process. Shortcuts in the quality control loop are probably false economy ;likely budgets are a
few percent of the cost of published data.

1760 Cocktails in the lobby
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0800 OCEAN ENGINEERING/CONSTRUCTION
Session Chairman: Richard I. Scarlet, EG&G, Environmental Consultants

"The Incompleat Current Meter"
Richard L. Scarlet

Engineering and construction activities in the ocean require information on currents over a wide range
of speeds, depths, and time scales. Many current measurement programs are hampered by lack of com-
plete integrated systems to acquire the necessary data. Measurement accuracy is {requently degraded
hy mooring motions. Mouring suspensions for nearsurface and near-botlom measurements are diffi-
cull or incompatible with ather requirements. Data recording techniques limit deployment periods or
undersample processes. Telemetry of data or system status is rarely available.

Unlike scientific studies, which may choose to focus on some aspects of the currents at the exXpense
of uthers, engineenng studies must determine all those features of the currents which will impact the
intended uctivities or structures. Examples of the effects of all these instrument timitations on parti-
cular studies have been encountered in recent EG&G studies. Methods to surmount these dilficullies
have been developed, hut briter current measurement systems could provide considerable improvements.

“Ocean Current Measurements in Support of Hydrocarbon Exploration and Production '
R.A. Stacy and W. Spring, Mobil Research & Development Corporation

The exploration and production of hydrocarbons in offshore areas is affected by buth average and
severc ovean curtents. Current measurements, for design information, are obtained either thraugh
Joint industry programs or individuat company efforts. The length of the measurement programs vary
according to the specific application. Measurement programs typically use reliable, state-of-the-art
moaorings and instruments,

This paper discusses industry's need for current data, the required accuracy, and some typical cx-
amples of efforts. Also discussed are the concepts of proprietary data and the necessity for timely
sctess to daty obtained during government and government-sponsored measurement programs. (omoents
are prescnted as to how this conference can aid in fulfilling the mutual as welt as exclusive goals of
aovernmend, industry, and academia.

“Deficiences In Current Meter Technology Used To Support Design and Installation of Marine
Strucrures™

C.F. McFarlane and Matthew Howard, Interstate Electronics Corporation

Industry commaonly uses current measurement data to properly design and safely install marine
structures. The peean engineer's infarmationa) Tequirements emphasize maximum current velocities
and duratiens with less stringent requirements placed vun the data's absolute accuracy and resolution.
While reduced accuracy is acceptabie, the data acquired must truly represent the ccean dynamics. In
this type of application, the religbility and SYStem cos!, aot sensor accuracy, hecome the trade-off con-
sideration by which the curremt sensor tomponents of a system are selected. This reliability is expressed
nut only in system design but also in instrument ruggedness, ability to detect Ffailures prior to installation,
component reliabitity and com monality, and ease of servicing at sea. Ouy ex periences have shown major
deficiencies in the areas of power supplies, tape transport reliability and commonality, and errors derived
i the encoding and translation process. All of the deficiencies cause errors that may nat he entirely
cvident without rigid data processing controls,

"()urrr'nr Measuremient. A Necessary Step in Offshore Facility Design, Construction and
Cperation”

Frank Rose, Continental Qil Company

_i he movenent of the offshore industry inte fronticr areas and harsher environments has given way
InICTEINg concern over current induced forces for design, construction and operation of offshore
Faciities. The histoncal approach to design current determination is slowly being reptaced hy compula-
tional techniguos which consider 11 companents of currents with their respective time of
occurrenve and direction. Frons a construction standpoint, there is an increasing requirement for near
real time dats that will be helpful for facility installation, For facility operation, the need is for a good
stutisticuf .husc as wel as near real time Jdata for critival operations. This paper di,scusscs indutry’s current
data requirements as related 1o the design . construction and operational phases of offshore facilities.
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“Cansideration of Current Measurement Techniques For Offshore Construction”
David McKeehan, R.J. Brown & Associates of America raetion

Techniques for obtaining reliable and accurate current measurements have become in-
creasingly available to the offshore construction comm unity, but in order to maintain cost
competitiveness, the duration of most programs is limited to periods of one month or less
Design velocities must therefore be derived from data void of seasonal signals. The culpn't'
responsible for high current survey cost is quite often the cost for the deployment and
recovery vessel and not instrumentation. Accordingly, the natural inclination is to curtail
the measurement program to suit available support. Although such compromises are often
justified, the irend to deep water construction has fathered the need for longer continuous
recording programs. The objective of this paper is to compare existing techniques with a
hypothetical data set required for the design of a typical offshore platform and associated
pipeline system, Technical weaknesses in several contemporary techniques are discussed
along with their economic tradeoffs.

Break

“Current Measurements In Support of Fixed Platform Design and Construction”
G.Z. Forristall, Shell Development Company, and R.C. Hamilton, Evans-Hamilton Inc.

Storm-driven currents can be an important part of the design hydrodynamics flow field for fixed
platfonns. In addition, the currents which exist during platform constructioncan significantly affect the
installation. Planning for the installation of a large platform off the Mississippi Delta was facilitated by
climatological current data collected with electromagnetic and Aanderra meters which were supported
from a semisubmersible drilling rig and from a subsurface mooring. Ir addition, Cyclesondes and efectro-
magnetic current meters were used to provide real time current data during the installation of the base
section of the structure.

Once a platform is in place, it provides an excellent site for the study of near surface storm-driven
currents and waves. The fast response time of electromagretic current meters makes them seem ideally
suited for this application and their effectiveness has been demonstrated through five years of experience
at three sites in the Gulf of Mexico. Early problems with reliability of the meters during long-term
unattended operation have now been mostly eliminated. During tropical storm Delia, surface currents
over two mjsec were measured. The electromagnetic current meters also provide information on the
kinematics of storm waves. Comparison of the measnred particle velocities with wave theories shows
that the directional spread of the wave energy is important. The measured particle velocity spectra
agree with the predictions of linear theory to within a few percent over the energetic frequency range,
increasing confidence in the current measurements.

“Ocean Currents As They Bear On Environmental Hazards and Offshore Platform Verification”
Paul Teleki, U.S. Geological Survey

130 Lunch in Room 101-4

"NOAA Coastal Current Mapping Radar” .
Donald L. Barrick, NOAA/Environmental Research Laboratories
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1300 Session Resumes in Room 128

ENVIRONMENTAL IMPACT ASSESSMENT
Session Chairman. J.0. Blanton, Skidaway Institute of Oceanography

“‘The Role of Current Measurements in the Assessment of Environmental Impact”’
J.O. Blanton

Poliutants cjected into the peeanic environment are dispersed and transported by the water movements
induced by wind forces and tides, which are two of the important factors, Whether the pollutants cause
an impact on the environment depends primarily upon where they are carried and how much they are
diluted alonp the way. We expect curment measurements to tell us not only something about the traject-
ories a given pollutand is likely to follow, but also something about the variations in the trajectories and
the variations in the currents that are likely to affect the dilution of a pollutant. This information is pro-
vided by technigues that follow the movernent of water {Lagrangian) and ones that measure water move-
ment pust & given point (Hulerian). This paper focuses attention on the laiter, primarily because instru-
mentation measuring currents at fixed points are amenable to providing the required length of records
ovet many months, This yields information on sezsanal changes in circulation as well as detailed data
on vanalions occuining over several seconds or minutes.

Curteni measusements must provide data on variations over seconds to hours to properly assess the
dilution characteristics of the current under a wide range of conditions. At the same tifme, we must
average these measurements to provide information on the response of the currents over many weather
cycles 1o obtrin the jong-term mean currents. This wide range of requirements dictates that current
meters must record rapidly and unattended over periods of several months.

“Shallow Water Current Measurement Techniques in Moderate and High Energy Wave
Environments"''

Frank Gremse and lan C. Macfarlane, Dames & Moore

'umrent measurements in areas offshore of open exposed coastlines can easily be biased to varying de-
grees by orhital wave motion. Because most coastal facilities are constructed in relatively shallow water,
environmental usewments require that special techniques be used to obtain accurate current information,

Such data have been collected for hoth short durations, and extended periods of time at many locations
throughott the world. These shallow water sites include Paint Conception, San Onofre, and San Fran-
<isvo Bay, California; Cook Inlet and the Gulf of Alaska; Kaneohe Bay, Hawaii:and focations in the
Persian Gulf and the Mediterranean coast of Spain.

{'urrent directions and speeds have been measured using both Eulerian and Lagrangian methods. Eulerian
{puint measurcments) data have been obtained by side cast measurements; that is, current meters have
teen loweted over the side of the survey boat at exch of several sumpling locations, and profiles of current
speed and direction have bren recorded.  Simultancously recorded in situ measurements enable predic-
tions of overall urient patterns to he made for relatively long periods of time using computer lechniques,
The sevomd method of current measurement is the iracking of parcels of water, or the Lagrangian method.
Dr(_’gucs hix_w: been placed at various depths in thy water column, and tracked using precision radionavi-
s,l“ nin t'L]uI-I"llt'“f.

In addition L obtasung environmental basehne information, the current measurements have been com-
bined with other physical, chemical, and marne hiological data to support studies of effluent dispersion,

th‘LLBi“F‘- effeuiy studies, and to develop mitigatlion measures which have been incorporated into engineer-
iy design.

“Currens Measurements for the Qcean Thermal Energy Conversion Program

Robert Mo.lin:lri. NOAA/Atlantic Oceanographic and Meteorological Laboratories. and
Lloyd Lewis, Department of Energy

The Qvean Thermal Energy Conversion (OTEC) Program of the Department of Energy is directed
toward \‘l"‘fl'llﬂ¥ electrical pawer from s heat engine driven by the temperature differential between
warm suttace and colder subsurface waters. Preliminary design concepts envision a large surface plant,

maored and;or actively propelled, sttached to a long {order of 100 m’'s) cold water pipe. Water is pumped
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into the plant at the surface and bottom of the pipe, and discharged at some mid-depth. The designer
of an OTEC plant must consider cument conditions in order to minimize both the effcct of the plant on
the environment, and the effect of the environment on the plant. For instance, current information is
required to evaluate the effect of the plant effluent o the environment. Similarly, the dynamic loading
on the plant caused by ambient currents must be computed in order to design a suitable mooring or pre-
pulsion system. Current data also are necessary to design a cold water pipe which will neither collapse
nor bend.

The ohservational programs developed for obtaining current velocity information at a site in the South
Atlantic and another in the Gull uf Mexico are presented. An actively propelled OTEC plant is pro-
poscd for the South Atlantic site, while a mopored plant is proposed for the Gulf of Mexico, so the data
requirements for each site are different. A mooring array is presented which will be used to gather pre-
liminary sitespecific current data below 100 m at both sites. Three moorings arranged in a (riangle are
desired, with three meters on two moorings, and five on the other. The vertical distribution of meters
is stch as to obtain maximum coverage in the upper layers (100 m - 300 m) where current loading on
the plant and plant loading on the environment are probably preatest. Satellite tracked drifting buoys
are to be used ta obtain surface current date in the South Atlantic, and current preofile stations obtained
during seevicing of the current meters ar¢ 10 be used in the Gulf of Mexico.

Break

“Current Meter Measurements for Environmental Studies’
Bruce Magnell, EG&G, Environmental Consultants

Environmental impact studies differ from scientific or engineering studies in the uses 10 which the
data ate put, and because they may become the object of legal proceedings. This imposes unigue requine-
ments on the type and accuracy of current sensors. An environmental study must be done by any
¢company wishing to build a major facility. Data and impact analyses arg turned over to regulatory
agencies, who in turn review or enlarge the analyses and issue their own Environmental Impact State-
ment. Typical analyses for coastal facilities are concerned with dispersion of thermal or effluent plumes;
probability of advection of effluent to inhabited or otherwise critical areas; determination of mean
velocities, tidal velogities, and other “climatological” parameters; and establishment of predictive
modeling capability, for use in hindcast studies and for extrapolation to extreme conditions. Issuance
of construction permits follows public hearings, at which opponents may attack the conclusions
indirectly, by attacking the accuracy or adequacy of the data itself. Major current meter considera-
tions thus are: (1} There is a need to accurately measure low velocities, which are important in
dispersion studies; (2) There is a need for commercialty available Lagrangian sensors, for direct maasure-
ment of probability of advective impact; and {3) There is a need for traceability in current meter
calibrations, {o avoid needless exposare of data to unwarranted criticism. On a higher piane, there
is also u need for a methodotogy for current measurements in environmental studies, to establish
achievable goals and assure credible results,

7445 OPERATIONAL SURVEYS
Session Chairman. Robert Peloquin, U.S. Naval Oceanographic Office

“Navy Requirements for Ocean Current Surveys”
Robert Peloquin

Navy requirements for acean current data extend through depths of the oceans in both deep anc
shallow water. The nature of these requirements impose a global pemspective on those requirerments
which have applicability tanging from ocean engineering to operational problems. The time scales of
interest typically range from hours to months and space scales are on the order of several kilometers to
hus.dreds of kilometers, The current measurement capability has recently been enhanced to improve
megsurement accuracy and to enlarge our measurement capability to improve data quality, and tc
increase the record length of our measurements. The Navy has an interest in the improvement of curresn:
measutenient technolegy, particularly that which reduces costs and facilitates the handling of eqguipment.
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“NOS Year-Round Circulatory Surveys’ _
Lewis Walker and Bruce Parker, NOAA /National Ocean Survey

*“Operational™ oF seirculatory ™ surveys sre carried out year-round by the Nationai Ocea_u‘! Survey,
on both coasts of the United States, including Alasks. Each survey completely covers a specific area,
wsually an estuary, for a pericd ranging from two months to several years, cbtaining current measurements
along with simuitaneous tide, salinity, temperature, and weatber data. These measurements are made at
selecied locations and depths in order to obtain a reasonably complete three-dimensional description of
the dynamic propertics of the body of water, that can be used for environmenta! purposes as well as
for navigation. Analysis resulta of these data are also included in the Tide and Tidal Current Tables and
Tidal Current Charts published by NOS.

Formerdy the Coast and Geadetic Survey, the National Ocean Survey has been taking current measure-
ments on & regular basis since 1844 and has used a number of current measuring devides, from the carly
cutrent pole to the present Aanderra and TICUS current meters now being used on the West and East
Coasts, respectively, NOS is presently reviewing available and prototype current sensors in preparation
for sn upgrading of its cufrent measurement systems in the near future.

In sddition to the usual current measurement problems that affect all users (e.g., the effects of noise,
mooring motion and drag, uncertain dynamic response characteristics of the sensors, accuracy, etc.), NOS
must alao cope with imstrument errors that interrupt the processing scheme setup for the handling by
technicians of the huge quantity of data it receives year-round. Far example, in the past if a current
sensor was nat equipped with an independent interval counter or hour marker, the loss of one or more data
polnts in a current record would create additional hours of work in order to accurately assign time to the
data series. Time determination is critical for NOS since accurute tidal current predicitions must be made
based on these data. Also, freguent errors in the recorded data values, due to bit drop or other tlectronic
ot mechanical causes, though correctable using computerized statistical editing techniques, require con-
siderable computer time to do so and occasionally hand editing as well.

These probiems and others, a3 well as NOS' on-board and in-house processing schemes, are described.

“Comparing A Few Recording Current Meters in San Francisco Bay, California’’
Ralph T. Cheng, U.S. Geological Survey

A 1eam of resesrch scientists in the U.S. Gealogical Survey uses San Francisco Bay, California, as an
ouidoor laboratory to study complicated interactions of physical, chemical, and biological processes
which take place in an estuarine environment. A current meter comparison study was conceived because
of the need to select a suitable current meter to meet field requirements for current measurements in
the Bay. The study took place in south San Francisco Bay, California, in the spring of 1977,

An instrument tower which was designed to support instruments free from the conventional mooring
line motions was constructed and emplaced in south San Francisco Bay. Duringa period of two months,
four types of recording current meters have been used in the tests. The four types were. (1) Savonious
rotor, { 2) Tethered shoud-impeller, (3) drag-inclinometer, and {4} electromagnetic current meters. With
the exception of the electro-magnetic current meter, one of each type was mounted on the instrument
tower, and one of exch type was deployed on moorings near the instrument tower. In addition, a wind
snemometer and a recording tide gauge were also installed on the tower.

This paper discusses the characteristics of each instrument and the accuracy that each instrument
can provide when used in an estuarine environment. We pay special attention to our experiences in the
field operation with respect to handling of the instruments and to our experiences working up the raw
data in the post deployment data analysis.

1700  Cocktaiis in the lobby
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FRIDAY, JANUARY 13
0830 WORKING SESSIONS

SURFACE/NEAR-SURFACE MEASUREMENTS in Room 128
Moderators: William Boicourt and Robert Beardsley

QOCEAN INTERIOR/BOTTOM MEASUREMENTS in Room 101-B
Moderator: Willizam Schmitz

Purpose of Warking Sessions
» To provide expert opinions on the effectiveness of and deficiencies in existing current measurement
technology relative to the needs of the community.

¢ To identify specific limitations in technology.
eTo recommend appropriate tasks that should be undertaken to address the limitations identified.

Panels

The panel membership has been selected to include individuals whose experience and capability make
them well qualified to speak authoritatively on various aspects of cumrent measurement technology.
[t is their job, under the puidance of the moderators, to stimulate discussion and to provide their
expert opinions in conjunction with the session members in response to the specific questions put
forth by the moderators.

The moderators will have the job of presenting the specific questions, provided to them by the
conference committee, to the session members and the panel, and assuring that the ensuing discussions
remain on track.

The panel moderators will sumrnarize the work sessions in a final plenary session. The work sessions
will be trecorded both by the participant rapportewrs and magnetic tape for subsequent workshop
documentation.

Questions for Working Sessions

I. What is the mechanism used to establish accuracy requirements for current measurement?
A. A review of existing technology to see what you can or are supposed to be able to get?
# s a lack of knowledge of a system’s operating characteristics a2 problem?
B. An analysis of measurements to be made
»Do we know enough about natural variability to be able to specify stringent
accuracies for current measurement? (This question is iniended to get at
the root of: Is technology driving the measurement needs or vice versa?})

II. What are the limitations of present current measurement technology in your current meter
applications and upon what is your answer based? (This question is to salicit subjective
judgments of technology and to determine the basis for these judgments).

III. What are the most important development efforts to be pursued?

= Sensing (transducer) techniques

= Data lopging techniques

sMooring design

e Lagrangian techniques

sincrease testing and evaluation of existing devices

* Build cheaper, less accurate instruments

*Standards (laboratory and field)

#Remote sensing techniques (satellite, aircraft, radar, etc.)

(This question is to define priorities of what best can we do with 3
smalt amount of resources)
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FRIDAY,  JANUARY 13 - continued

Questions for Working Sessions, continued
IV. Are there serious gaps in the typical existing current measuzement technotogy development
process outlined below?
& [n-house concept generation
o [n-house hardware developnient uf a few prototypes which are then used ar sold
as pperational systems

Examples of gaps:
» Pgor or nonexistent market analysis vausing unresponsive technology development
» Good technology going to waste because there is no mechaaism that exists to pro-
vide for transition engineering of technology that was funded and developed {likely
with government funds) for a special project. In other words, the community
never has general and full access ta this technelogy.
 Insufficient testing during the development process.

V. Are¢ the ongoing development activities, especially in industry, responsive te the needs of 3
broad user communily?

= Are the resulting instruments too expensive?
is reliability a problem?
« How do we quantify the economics of current roeter data acquisition?

(Questions IV and V are intended 10 find out whether technalogy
development should or can be more efficient and responsive)

Policy Lssues

I. s a comprehensive, coordinated devetopment program for current measurement technology needed?
«[s money all that is needed vs. a comprehensive plan and ceordinated activities?
» Are improved and accessible calibration (testing) facilities required?
= Are coordinated intercomparison experiments needed?

1. What is required to give investigatars confidence in off-the-shelf equipment?
« Will there always be a need for one-of the-kind equipment due to special requirements?

1. Would there be some benefit from trying to improve the coordination (at least the information
exchange) among those involved in current measurement technology development?

* Newsletters
* Symposia

1V. What should be the nature of a development program?
= Dollars to industry
* Dollars to institutions
» RFPs or individual initiative (free enterprise)

1145 Lunchin Room 101-A
1300 Closing Flenary Session in Room 128 Summary of Working Sessions.

1500 Conference Closes
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RESULTS OF THE
PRE-CONFERENCE QUESTIONNAIRE

People who registered for the Working Conference on Current Measurement
were asked to complete a questionnaire about their needs and problems in
making current measurements. The responses are summarized in the following
pages. The intent of this survey was to provide a general idea of current
measurement needs and applications, an estimate of the uncertainty of
measured data and a summary of problem areas.

A total of 108 questionnaires were answered.
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NUMBER OF RESPONSES
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NUMBER OF RESPONSES
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Question A: SPECIFIC MEASUREMENT APPLICATION

0 —
e —
25 —
g
C
+]
8 20 ————
o
‘5 [T 'I' : - [
5 195 — :
L
E i
3 | —
2 104 — —
e |
Siology- Ocean Pollution- Weather/ QOcean
Nutrient Engineering/ Sediment Climatoclogy  Dynamics
Distribution; Construction— and Pellution Forecasting, Research
Fish Qi Rigs; Distribution Gulf
Population Habitats Qi Spill Stream
Density Predictions Predictions

RESPONSE SUMMARY: The following were the specific answers most frequently
found in the main categories:

Ocean Dynamics Research: continental shelf and nearshore circutation
dynamics

Pollution/Sediment Distributions: 011 spill movement predictions;
environmental impact studies

Ocean Engineering/Construction: OQffshore construction of drilling
ptatforms and pipelines; ocean thermal energy conversion research
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Number of Responses

Number of Responses

Question B-1:

LEVEL OF UNCERTAINTY

Current Magnitude

G e

i a

11 cm/sec

+ 2 cm/sec *+ 3 em/sec + 4 cm/sec + 5 cm/sec

% Error of Current Magnitude

Number of Responses
— N WwWhH O~ DO O

+ 2% * 3% t 4% t 5%
] Direction Magnitude
+ 0-4° + 5.9° +10-14° > 15°

> 5%




Number of Responses

Question B-2:

DO YOU CONSIDER THIS A PRECISION ACCURACY
(ABILITY OF INSTRUMENT TO REPEAT A MEASURE-
MENT) OR ABSOLUTE ACCURACY (REFERENCED TG
A STANDARD?

27 said absolute accuracy (48 percent}
29 said precision accuracy (52 percent)

Question B-3:

UPON WHAT 1S YOUR ANSWER TQ B-2 BASED?

35
30 —
25 —
20 —
15 —
[¢]
5 e
Measurement | nstrument Error instrument Gut
Program  Manufacturer's  Analysis Tests Feeling
Requirement Specified
Accuracy
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