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INTRDDUCT ION

BACKGROUND AND CONFERENCE OBJECTIVES

There is concern wi thin the mari ne conmunity about the abi li ty of
existing current measurement systems to provide accurate and reliable flow
velocity information when subjected to the full range of mari ne envi ron-
mental conditions . Despite a significant amount of activi ty, instrument
development, testing and applications are not fully documented. There is
particular concern about the insufficient knowledge of the dynamic response
characteristics of many sensors and systems, and thus the uncertainty of
data collected wi th them.

The Office of Ocean Engineering �0E!, NOAA's initial response to
numerOuS external reconmlendatianS ci ti ng 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 ini tiative. The recently established office,
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. To stimulate a responsive approach to the
technology problems, a worki ng conference was convened for those i n the
community involved in the measurement of currents . The Worki ng Conference
on Current Measurement was sponsored by OOE in conjunction with the Univer-
sity of Delaware Sea Grant College Program and held in Newark, Delaware on
January ll, 12, and 13, 197B.

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 .
i t was hoped that solutions to specific technology problems could be
recommended.

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

VORZIlllG CO1l1FEREPCE O1F CURRENT gKASUREHZÃTS JAP UARY 2 978. SPO,'l~5'OR~D BY THE
ZOAA OFFICE OP OCEAN ERG18i'EERIlllG ASD THE DELAWARE SEA GRAVT COLLEGE,~ROG~".



CONFERENCE STRUCTURE

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

- Sc1entific Research
- Ocean Engineering
- Env1ronmental Impact Assessment
~ Operational Surveys

The 3 to 8 invited speakers in each session were chosen as represen-
tatives of the "user" comnunity as opposed to technologists ~er 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 w1th 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 worki ng
session designed to:

~ provide expert opinions on the effectiveness of and deficiencies
in existing current measurement technology relative to the needs
of t,he coamunity

~ identify specific limitations in technology

- recoaliend appropriate tasks that should be undertaken to addr ess
the identified limitations.

SU%CRY OF INVITED PRESENTATIONS

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

The scientific research corliiuni ty, in descri bi ng their studies
directed toward understanding ocean circulation, made it clear that their
technology needs are, in general, not being satisfied by the commercial
instrument manufacturers  understandable because of the limited and
varied market!. Driven 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 determi ne the performance

of their own devices to support thei r measurement activi ties.

The ocean engineering construction conmiuni ty, an 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 coimnunity. Schedule and resource constraints
impose real deadlines on their measurement programs and they cannot
afford, in time or money, the "luxury" af 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 assessment community
differ slightly. Although they. too, must rely on corlnercially 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
calibration procedures, techniques and facilities, thus become critical
issues.

The operational survey cornnunity typically uses coneercia]ly produced
technology and usually in large quantities. Although measurement accuracy
is a primary concern, ease of handling . reliability and overall life cycle
costs are of considerable importance when dealing with relatively 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 Hoods 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 signal 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 cormnunity 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 6ulf
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
acti vities 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 installation.



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 variatipns 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 var ied applications of sur veys  estuarine tidal current surveys
to large area surveys for AS' 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 conmunities, The need was voiced for commercially available
lagrangian sensors for measurement of the probability of impact of
pollutants expelled into the environment.

The future of cur rent measurement technology might best be sumned
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 merrery advances leading to flashlight-sized current meter.
- Development of current sensor strings or pods
~ Hore telemetry and real-time control of data acquisition
~ Roving moorings
~ Better funding.

An issue that was raised and discussed vigorously at the conference
was the apparent failure of the scientific coomaunity 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 Conmunity
Engaged in Current Measurement." The essay is included in the appendix
to these proceedings.

SUeggy OF bGRKING 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 is provided in these proceedings {p, 3O5! and a summary
di scussi on of the highlights is given below.

A handbook or com endium of current measuremen't would be useful
e an oo wou conte n a summary o manu acturer s >n or-

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.

Conmunit -sanctioned standardized testin methods and rocedures
are nee e . t oug t ere ex st many goo an use u test ng
~roce<rures throughout the comnunl ty. their lack of comnonal ity
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
comnunity would be that every current meter could be tested
against them with credible and comparable results.

Suggestions for an appropriate mechanism to implement the above
procedures and to fill the void created by the disestablishment
of the National Oceanographic Instrumentation Center stimulated
much discussion, The idea of some sort of overnment-s onsored
central testin ca a t er a s o en to a'l who have a need
was ro ose as a cost-e ect ve serv ce to t e nation. e
rat ona e e n t s ea s ased on t e arge cap tal invest-
ment needed for current meter testing facilities, which manu-
facturers in a small volume market cannot afford individually,
and because the federal dollar is directly 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.

It was a reed that there is a need for both hardware and soft-
ware stan ar s a cab e to t e measurement o current. The

iscuss on ocused on aboratory standards, n s>tu hardware
standards and data recording standards." both telic nique and

format.

Laboratory testing requires a knowledge of the relative water
motion past an instrument undergoing test. 4 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 fl ow fie ld al ong
with which or into which an instrument could be deployed and
its 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
nmasurement instrumentation.

An important consideration relative to the whole issue of
standards is 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 appropri ate.

E. It was ro osed and a reed that an ad hoc ccmmnittee be formed
at t e con erence. Come>ttee ers representing each segment

given the charge to be the initial comnunity mechani sm respon-
sible for addressing the issue of current measurement standards-
During its 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 conmnittee affi'Iiated with one or more
professional societies.

F. The establishment of a librar or "readin room" o en to ever one
at w c a ert nent current measurement terature wou d e
ava ab e for reference was reconInended. The library wou d main-
ta n c ose a son w t the commun ty and actively seek new
published or unpublished information or data pertinent to current
measurement tee hnol ogy,

6. Mho should undemrite the cost for research and develo nt of
new current measurement techno o ideas-industr or the federal
over nment. ecause the mar et s sma and uncertain, invest-

ment n current measurement R&D is risky. and industry typically
tries to maintain a low dollar level input. To industry. federal
government support of the risky RKD phase is appealing for
obvious reasons. The issue, however. is whether i t 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, RAD may be necessary and governnient
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 governinent-sponsored
development.
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NEAR-SURFACE OCEAN CURRENT SENSORS:

PROBLEMS AND PERFORMANCE

James R. McCul]ough
Voods Hole Oceanographic institution

Woods Hole, Massachusetts 02648

ABSTRACT

iVhen current meters are used to measure mean horisontal currents
in the presence of surface gravity eave motions, isznunity to the
vertical component of flow ia important, even though the net ver'tical
f7.crier averages to aero ana ia normaL to the desired horisontal
components. A technique is presented for estimating the magnituae
of the errors intzoduced by imperfect rejection of the off-axis
jVova  cross-talk! fr om laboratory measurementa of the current
meter "vertica2-cosine-response." The predicted dynamic zesponse
is shamus to compaz'e favorably tPith laboratory measurementa, The
measuzed steady state vertical-cosine-response functions for several
practical current sensors are summarized and used to estimate the
magnitude of mve induced errors in horizontal mean current measu~e-
merzta. A nm dye technique for evaluating near-surface current
metez per formance in eaves ia shame.

VORKlNG CONFERENCE OV CDRRENT MEASUREMENTS, JANUARY 2978. SPGNSORE' H3' THE
NOAA OFFICE OF OCEAN ENGINEERING AND THE DELAWARE SEA GRANT COLLEGE PROGP~>i.



INTROOUCT I OH

Ocean 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 �978!, Oavis and Weller �978!, Smith �974! 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 extraordinary
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-number spectra. Implicit then in the concept of fluid "velocity"
is knowledge of the averaging processes  time and s,pace! used in making
the measurement. The nature of errors introduced by improper averaging
in the presence of surface gravity ~aves and/or wave-driven mooring motion
is the subject of this paper .

THE SIGNAL

Figure 1 shows the nature of the near-surface f'low 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 traditionally 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 fn  d! give some feeling for the signal at 2 m
as seen from a rigid platform. In other records of this type, Shonting
�967! shows that even the approximate 90' phase relation between v and w
is 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 'left of the wave energy in Figure 2.

VECTOR AVERAGING

Figure 3 further illustrates the importance of low-pass velocity
component filtering  vector averaging! in the wave zone. Note that the

10
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Figure 1. Measured wave signals from stereoscopic photographic measurements  a!;
tower-mounted pressure gauges  b! and  c!; and di rect propeller speed
observ-.tions from a fixed tower at 2 m depth in small waves  d!. "Sea"
waves are seen to be highly irregular in space, time and speed.  Frames
 a-c! after Neumann and Person, 1 966; fr ame  d! after Shonti ng, 1967 !.
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rotor  sca]ar! speeds of the vector averaging current meter  YACC} are
large, whi]e 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 9eneraiiy not considered suitable for measuring mean velocity in the
wave zone.

SENSOR RESPONSE

Figure 4 illustrates 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 all 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 fl ows seen from moving moorings.

A KlhfKNATIC HODKL OF VERTICAL-COSINE-RESPONSE

The importance of curent meter "vertical-cosine-response" is illus-
trated in Figures 5 through 9. The term "vertical-cosi ne-response" is
used to describe a current meter's ab~ lity 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 e to the horizontal plane.
figure 5 introduces the simulation model concept. The model is used to
estilnate 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
as sensor wakes and response in turbulence.

At the top of the figure, the modeled circular wave orbit velocities
 a~! a«added to mean speeds  Yo}. The sspeeds 5 are then numerically
integrated to find the average velocity  V3 of meters with imperfect
vert' ca1-cosine-response. Since the direction errors introduced by
inaccurate vertical-cosine-response are generally small  ~ 5 or less!,
only the speed component of V is treated here.

Th< model results are parameterized by the response ratio V/V
 the ratio of measured to true mean speed!, and the "signal-to-noise
ratio" Vo/a<  the ratio of the steady to the oscillatory speeds!. The
three circ~lar diagrams at the top of' Figure 5 give example flows to
help visualize the ratio Vo/a>. The assumed departures from ideal
vertical-cosine-response are shown at the top right. The bottom graph
gives the mo«led mean response of the meters in single-frequency,
circular-o«tal waves which are coplanar with the mean velocity V .
for sign»-to-noise ratios less than one  V /a~ < 1!, reversing flows0
are indicated.



Figure 4. Dynamic tow tank data from an acoustic-travel-time-difference
current meter and a YACC, 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 YACC, 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 NcCullough,
1974 and more recent unpublished data. !
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current meter. The three circular figures at the top represent differentratios of steady flow V to the coplanar circular velocity a~. As shown inthe lower figure, the flow is reversing for the ratio V /a~ < 1. Threedifferent assumed values of vertical-cosine-response arP shown in the insegt upper right!. HigIi, correct. and low response values are indicated by cos ofor N = 0.5, 1 and 2, respectively. In the lower graph, the ratio of themodeled current meter mean-flow V to the true mean V is shown as a function Otthe signal-to-noise ratio, V /a, for each of the th% ee cases. In the revers izedflow region. the response raPio is constant at 1.12, 1 and 0.85, respective]yAs the signal-to-noise ratio increases beyond one, the response improves approaches V~'V = 1!, For ideal cosine response  N=l !, the response ratiois always unity.
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Critical values of the response ratio and signal-to-noise ratio exist
at values of ONE. The line V/Vo = 1 represents the locus of all correct
readings. As will be shown next, Vo/a~ = 1 separates regions of high and
low dependence on wave orbit characteristics.

Figure 6 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
ll 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 model to predict the error components due to improper vertical-cosine-
response. From the 12 curves labeled n, c and z  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 �977 and 1978! reviews such in situ inter-
comparisons. Note that low values of Vo/a~ do not necessarily imply small
  i ns igni f i cant ! mean speeds Vo

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.

50ME MEASURED DYNAMIC RESPONSE FUNCTIONS OF CURRENT SENSORS

Figure 10 compares the measured dynamic response of four popular
types of current sensors, plotted 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  botton! tend to underestimate
the mean.

ERRORS DUE TO MOORING NOTION

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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Figure 7a. Modeled dynamic response for the three as!umed analytic vertical-cosine-
response functions  cos'/ 0, case and cos 9! shown at  a!. The angle
y of the oscil latory flow a~ to the mean flaw V is shown at  b! . Effects
af reducing the size of the horizontal componen  of the osci 1Iatory flow
are shown at  c!. In the upper half of the figure, it is seen that the
particular nature of the osci ll atory flow i s of little importance to the
right af the vertical dashed-line through V /a~ = 1. The errors continue
to converge and dimini sh  approach the V/Vp = 1 horizontal line! as the0

signal-to-noise ratio improves. To the left of the vertical V /a~ = 1
daShed-li le, hawever, the reSpOnSe errOrS are larger and are Skrangly
dependent on the wave and mean-flow conditions.
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Figure 7b. 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 �-8 sec waves and mean cIIrrents 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 line! on rigid platforms are less
severe. {A quite different situation. modeled in Figure 11, exists,
however, on conventional surface-following moorings.! The insert tab1e
gives the assumed single-frequency wave parameters.  P = period,
h height. x * wavelength and S = orbital speed.

20



o
t e

t IS

IS

Stggtol Io Noae ttoao, SSI/otai

Figure 8. Modeled dynamic response calculated for four measured steady-state vertical-
cosine response functions. aaa 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  nirror type. The measured static response functions
are shown in the insert of each frame. The curves labeled n, c and a repre-
sent normal  iI = 90!, coplanar  y = 0! circular arbits, and 1inear  large e!
normaT sinusoidal motion respectively. As before. the vertical dashed lines
separate regions of high  left! and low  right! sensitivity to the orienta-
tion and shape of the oscillatory flow {a, b and c after HcCullough, 1974;
d after Appell, 1977a!.
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Figure 10. Measured dynamic response functions from four types of moored current sensors
used in wave-zone studies . Measurements are plotted in the coordi nates 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 �.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 �! flow sensors are shown for linear-sinusoidal
motion normal to the tow. In a! note that f' or y = 0, 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 exi st.  Data
in  a! after Kalvaitis, l977;  b! after Appell, 1977b;  c! after Davis, 1978a;
 d! is the same as shown i n the previous figure.!
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Figure ll. Schematic representation of mean errors caused by mooring
{ f in motion in waves . Perfect current meters   no error i n

measuring relative flow! are assumed. In the top left figure,{ acing

the magnitude of Stokes-drift and errors caused by vertical
mooring motion in the wave conditions i ndicated, 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 aN! 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 errors are shown for the modeled
wave spectra shown in the insert  after Kenyon, 1969!. The
curves at the left are for fully developed seas of 20 knot
�0 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 action and monochromatic waves are assumed in this case. The pre-
dicted mooring-induced errors are seen to be relatively sma'll. 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; Ianniello 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
model of u shown is patterned after one developed by NDBO.! The oscillatory
conponent of flow seen by current meters on the moving mooring is indicated
by hu and aw in the figure. Note that the relative orbi tal motion typically
increases, rather than decreases, with depth over the upper part of a
suaraace- ollowing 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.

ln the lower frame of Figure 1'I, 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 causedby mooring motion.
The actual errors encountered will depend on both the mooring motion and
its phase relation to the local wave flow. For this reason, error functions
can not be predicted, even if the motion of the current meter is accurately
know~nn 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
notions. To rei terate:

a. Current measurement er rors caused by mot'
exist even if ideal current sensors  
used.

b. Knowledge of the moori ng motion alone does not allow fir st-
order correction since the motion relative to the wave is
required.

Hok WELL CAN WE DO IN WAVES?

Figures 12 and 13 give some highlights of the CMICE-76 current meter
intercomparison described by Beardsley et al. �977!. Figure 12 gives a
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Igure 13. CMICK-75 hourly vector-mean-speed scatter plots  top! and progressive-vectorplots  bottom!. In the scatter plots, note the general agreement between electro-magnetic cylindrical and spherical sensors  A!, subsurface moored VACM and electr>magnetic meters  8!, surface and subsurface moored VACMs  C! and surface moored <~~and electromagnetic sphere  D!. With the exception of the 5-frames ' v lving thedata, the scatter plots show general speed agreement in the range of + 10 «~"e - rames invo ving

or better, in 1 to 4 m surface waves, for the six weeks of the comparison. Theprogressive vector plots at the bottom demonstrate that large mean directiondifferences can exist even in cases where the vector mean speeds generally agree. i.e., note PROYECs '12 and 62, and the corresponding scatter plot  A!.!  AfterBeardsley et al f a 1977.!
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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. Have 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 frames! 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

Noored intercomparisons of current meters at sea have been useful
in identifying unanticipated differences between ocean current meter

meter accurac . since the required in situ flow standards do not exist.
Only re atsve performance is directTy oaoserved. Doppler current sensors
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 HcCullough �977! 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 variability in a similar manner is being investigated.

Figure 15 shows sixteen pai rs of dye observations, starting at the
upper left of the figure and ending at the lower ri ght one hour later.
For each tr ace pai r, the mid-boom  station 1! signals are aligned ver-
tically. The delay to the end-boom  station 2! trace gives the Lagr angl;-~
speed estimate. A single hose with openings at stations one and two was
used wi th a pump and recording fluorometer on board the boat to detect the
dye passage. Absolute Lagrangian speed estimates accurate to perhaps
Q cm/sec may be possible with the technique. Boom motion. asynfnetric dye
injection, limited number of dye sensors and fini te boom 1 ength 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 15. Dye concentration records from 16 dye injections over a period of one hour
in small waves show the variation  wandering vertical line! in the mean tidal
flow in Buzzards Bay, >iass. Flow in the figure is from left to right. The
actual flow direction during the experiment is estimated by measuring the
bearing of th'e 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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may not be critical in many practical situations. Since observations of
currents from 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 periodical ly moving platforms.
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A REVIEW OF THE PERFORMANCE OF

AN ACOUSTIC CURRENT METER

Gerald F. Appell
NOAA/National Ocean Survey

Code C6s1

Rockville, Maryland 20852

ABSTRACT

The 2'est and Zvaluation ~oratory of NOAA/National Ocean
Survey  NOS! r ecently completed a limited performance evaluation
of three Neil Brown instrument Systems acoustic current meters
 NBZS ACM � 1's! for the NOAA Data Buoy Office. Steady floe cali-
brations a!ere per formed on the fouz' cardinal measurement axes,
as >sell as directivity response evaluation in both the horizontal
and vertical planes. Calibrations vere performed on the solid-
state compass used foz magnetic heading zeference in the current
meters. Znvizonmental tests vere conducted in accordance m,th
MIX STD-167B for vibration testing, and environmental temperature
tests Vere guided by M1L-STD-810C. The methods and procedures
for these tests are discussed, and evaluation results are
graphically displayed.

h'ORK1NG CONFERENCE ON CURRENT MEASURZMZNTS, JANUARY 1978. SPONSORED B!' . N"
NOAA OFF1CE OF OCEAN ENGINEERING AND TBZ DEWVARZ SEA GRANT CO-'rZGZ P.C;Z~.';.
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INTRODUCTION

The development of the acoustic phase shift velocimeter by Neil
Brown Instrument Systems  NSIS!, sponsored by the Office of Naval
Research  ONR!, has led to the production of the acoustic current meter
des1gned specifically for oceanographic in-situ applications. The NOAA
Data Buoy Office  NDBO! contracted development of three of these systems
for use in their Cont1nental Shelf Buoy Development Program, and
requested that NOAA's Test and Evaluation Laboratory  TAEL! perform a
series of limited evaluation tests to determine the performance and
suitability of the three instruments  S/N 10O, 200, and 300! for field
deployment.

NBIS ACN-1

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 velocity
components relative to the instrument. and the1r 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 ref lect1ng-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.!

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

TEST PROCEDURES

Test procedures, methods. facilities, equipment and analysis tech-
niques are cr1tical to the quality of performance data obtained from an
instrument evaluation. The purpose of this discussion is to highlight
the capab1lit1es of TAEL and describe the general considerations for
deriving quality test data.

Laboratory test pr ocedures 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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APPEAL

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 is 275 meters with a
water depth of 6 meters and basin width of 15 meters. The basinis
filled with fresh water from the Potomac River whose temperature follows
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 wi th potassium permanganate dye traces. A miniature
propeller meter that is calibrated as a secondary standard is tawed
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 propeller frequency, and the output of the
test instrument. Thirty samples are acquired to define each test po~nt.
A statistical analys~s is performed on the data for each test point, and
a determination of the data quality is made before pr oceeding on to the
next test speed  see Figure 1!.

TEST RESULTS

Tests were performed on the +X, tY, -X, and -Y �', 90', 180 , 27D
azimuth angles, +X max. output as 0 reference! for steady flow sensor
cali bration accuracy determinations. Three sensors 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 results are
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.

Directivi ty 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 N~+ Y" 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-l3
represent the error from the true present angle. These tests were
conducted at 13 and 51 cm/s. The vertical response residual errors
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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 'l3 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 wi th
l accuracy. The offset or bias uncertainty is in the order of +1 of
heading and the combined random uncer tainty is approximately +0.25'.
Figures 17-19 show the sensor heading error as a function of true
headi ng. Increments of 15' were performed in both clockwise and counter-
ctockwise rotational directions from magnetic north.

ENYI RONMENTAL 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 vi bration, 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 moori ng attachments at each
end of a meter while hydrostatic pressure was slowly 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 current meters provide an indication of the instru-
ments' accuracy and performance that can be expected under ideal
conditions. In-situ field cond! tions create a multitude of uncon-
trol1 1 abl e factors whi ch may produce resul ts wi th 1 arger errors than
indicated by laboratory tests. However, laboratory tests under
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controlled 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 f' or 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 ACH-I performance excels in two categories: �! fast time
response to fluid velocity fluctuations, and �! unlimited threshold
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
introduced by meter tilt and/or vertical velocities produced by mooring
or water particle dynamics. The tests that TEEL 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 reEiability, 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
information and establish a common data bank of knowledge to control the
accumulation of unqualified measurement data.
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Ocean Surface Currents

Mapped by Radar

Mobile coastal units can map variable surface currents

in real time to 70 kilometers, using ocean wave scatter.

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

Cttrrent lttiIeasnremen ts

Currents within I meter of the ocean
surface are highly variable, being driven
by geos rophic forces and tides, but are
strongly tnlluenced by the local surface
svind and wave fields. These current~
transport floating m«ner and thus are of
great irnportancc in coaital areas, where
considerable damage can be done hy sur-
face-borne pollutants and oil. In the case
of the large oil spill by the tanker Argo
Merchc<nt oK htevv England in December
 976, for example, caiastrophic environ-
mental damage was averted because
strong offshore winds counteracted the
normal surface-current drift toward
~hore. In a positive vein. the upper por-
tion of the sea carriei the zooplankton
and phyloplanklon, which are the dorni-
nant components at thc bottom of the
food chain and are responsible for pro-
duction of most of the world's oxygen.
Many types of fish eggs are borne by sur-
face currents. which arc therefore of
concern to the fisheries industry. The
tran~port of water with anOrnalOuS tem-

the authors sile 5eichrlsts with thc Scs S sie Stnd.
iei hrCS <tf ihe Wnve PrOpngnttOn Ltrbnrstnriet. En-
Virnnmenint RCSCSrrh Lie in<Stories, ttxtismd Oee.
anie tmd Attrtospttene Admiitistrstron, ttootder. Col-
orado 80302

per«ture differences  s now believed to
be responsible for unusual weather pat-
terns affecting entire c<intinents

Near-surface current patterns, and
how they respond locally io the relevant
prevailing forces are «subject that is
largely unknown. Yet the subject is a
cruci«I ingredient for the effective man-
agement of operations in co«ital watcri.
and an increasingly important input for
global resource monitoring and weather
predictions.

In conventional methods of measuring
currents moored meters are used; the
most recent types are referred lo as vec-
tor-averaging current meters and thc-
Aandera«me er I I l. These devices muit
be moored at depth~ exceeding I II m. and
thus provide little indication of the cur-
ren  at the surface. which is often dif-
ferent. Furthermore, dat«must be either
recorded aboard the buoy  lo be picked
up later for analysis! or telemetered to
~bore; the instrumentation for the latter
often restricts the operating range from

the receiver to tens of ki!ometers. Sur-
face currents have been me«sured by
trackirig  In«ting ob!ects. Quali ative es-
lirnates can be obtained by photograph-
ing  he dispersal of dye packages from an
aircraft, or by anal yzing iatellite infrared
and optical imagery ot suipcnded sedi-
ment lio a coarser area icale! �!. Quan-
ti ative measurements are made by pho-
tographic«lly recording,  he poiitions of
time-released Iloats dropped from the
air. as described by Rich«rdion er <rt. � !.
or by tracking a drif ling drogue buoy
from a ship  I !, In the lat ter' case. a high-
precision navigation iyitem ii required
on the ship to accur«tel! establish lhe
drift of the buoy. Operations with air-
craft or ship~ are both expensive and
time-consuming foi the meager amount
of current data obtained  <me vect<ir over
a period ol about I ' hoiir ! The vel<lcity
accuracy of theie fioai-l<icaiiiig tech-
niquCi «ppCarS  O be Of the <irdt-.r Of lu  O
ls centimeters per second in magnitude
and s' in angle �!. The l<ic«lion <if iuch
drogue s by  rrangu!a i<in. iiiing high-fre-
quency  HFl surf'«ce-v,ave emiiiioni
from the buoy. is deicnhed in  .I t: al-
though such dr<igues are inc x pen siv e
 $�.st. the positional accuracy deterio-
rate~ svith diit«nce frotn shore. making
 his an unaccept«blc «lternatiic ne«i the
edge of the continental ihelf

We discuss here a co«stalls located
HF radar Syctem that Can meaiurc rind
rn«p near-surface currenii to ranges
about 7t! kilometers from shore. l hii in-
strument deducci curreni velociiy fr,irn
the eChOeS Scattered c<snlinuouili fram
the ocean <saves; hutisi «nd drif eri «re
not required. The radar unili <sere built
to bc transportable and quick!5 deplov-
able on a beach. A minicompurci con-
trols the radar and proccisei the ~ignal~.
permitting a current-vector m«p to he
plotted in the field after I 2 htiur mt <rp< ri<-
«on. Tw<i spatially separa ed radar uniti
are presently employed. srmui «neouslt



httt independently, in order to yield the
total current vector at each map grid
point.

'Ae principles underlying the system
Iusve been studied theorctically and ex-
perirnentafly 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 thai. of the
transmitted signal: this frequency trans-
lation is called the echo Doppler shift.
The radar can thus resolve and measure
the component of scatter velocity along
the line between the scatterer and the ra-
dar, referral to as lhe radial velocity.
Crombie �! first showed experitnen al-
ly � «nd it was later confirmed theo-
retically � I � that to first order the
sca terers at high frequency are ocean
wave trains moving toward and away
from the radar. having spatial periods
precisely one-half the radar wavelength.
Thus the scat ering mechanism is the dtf-
fraction grating or Bragg effect used in
holography or in x-ray analysis of' crys-
 alline structures. The spectrum of the
continuous-wave transmitted sigriaf is a
narrow peak at the carrier frequency
location, «s shown in Fig. l. In the
absence of current. the received first-
order sea echo appears as two symmetri-
cally spaced peaks abou  the carrier.
whose Doppler shiAs are given by the
lowest-order dispersion relarion of the
scanering gravity waves; that is

� Jn 2reix =

'trtf./Zrr!"  h =  g/rrh tu' ll !

where x is  he radar wavelength,
L =- x/2 is the length of' the ocean waves
responsible f<ir the ftrst-order Bragg scat-
tering. i,� is the phase velori y of these
wavCS. and lt is the gravita innal COn-
slant.

A current beneath the surf'ace waves
represents a transport of  he water mass.
«nd can he thought of as a translation of
the en ire coordinate frame for the waves
4 ith respect to the observer at  he sta-
tionary radar on ~bore. Hence ihe two
spectral peaks scattered from the waves
vsifl be shifted twith respect to the posi-
tion of the carrier frequency! by a small
«mount proportional tii the radial coin-
ponenl of rurreni velocity. as shown at
the bottom ol' Fig. l. This amount is
rif = gc�'x. where i� is ihe mean ef-
fective current velocity radial to the ra-
dar. In tit i. radar-deduced radial current
<ibservatrt>ns were compared with drifter
measurements ol currents at San Cle-
mente Island; the nairriw radar beam and
short pulse kepi the iicean paich size un-
der cil servatain tii abi>ut 7 b> 7 km The
agreemeni v,as about lii cm sec ln

Concepts Behind the present System

Iiecause seawater is nearly a perfect
conductor at high frequency � lo 30
megahertz!. the "ground-wave" propa-
gittion mode ts employed  91. In this
miide, vertically polarized electric fields
are  ransrnitted and received. The propa-
gating fields at these frequencies folio~
lhe curvature of rhe earth and continue
weil intn the shadow region beyond the
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pig t sketch showing ihe principles of  irst-order Hl: Bragg natter from rhe sea. and resulting
signal ech» spectra without and «ith a.n under ying current

these Ittvestignlions fty, 7! the effect of a
nonuniform current on the transport of
the radarmhserved surface waves was
also analyzed as a function of depth.

Experitnen s such as those at San Ue-
tnenle Island �, 7!, resolving the sea
echO frOm narrow aZirnuthal sectors al
high frequency, require Iong permanent
phased-array antenna syslerns I! 300 ml
on the beach to form a narrow hearn.
rArhen one considers typical current pat-
terns and the various echo-signal Dop-
pler shifts they would produce at dif-
ferent «zimuths from the radar. one can
conceive of much smaller. simpler an-
tenna systems for determining the direc-
tion of arrival of lhe echo. For example.
by comparing lhe phase between two
nonin eracting aniennas separated by
less thais one-half wavelength, orle can
uniquely determine the direction of' ar-
rival over ltttt of space of a single signal

a gtiven Doppler sh A. Cromhie  8!
showed that this simple two-antenna sys-
tem was adequate  o aznnuthally resolve
sea-echo stgnals I'rom Florida. Iooktng
eastward across the south-to-north Ciulf
Stream current flow.

horizon. even in the absence of atnto-
spheric and ionospheric refractive index
anomalies. IVIathematical solutions for
the ground wave � correc ed to include
the effects of sea-surface roughness  9»
are available. Thr.y show that ii! near the
radiating source. thc field decays with
the expected inverse range dependence
of free space. and I ii! far into  he shadow
region, the field near the surface decay
exponentially v ith range. This exponers-
tial range dependence ultimately dictates
the maximum distance «l which currents
can be observed for a particular trans-
mitted power. f' or the hardware de-
scrihcd in the next section. the rnaximtsnt
range for thc system � allowing for a IO-
decibel signal-tir-noise ratio  S/hl! at the
receiver  Ill! � is about 70 km; this has
been vcnfied in iiur recent experiments.
which af'e disc'iissed below.

Although the system does not employ
ionospheric»r atmospheric retraction to
propagate beyond  he horizon, it is in-
correct to call il ii "line-of-sight" radar
tas is a microwave radar!. In fact, trying
lo increase the useful range of  he radar
hy elevating the antennas lin order to in-
crease the distance  o the horizon! is
counterproductive, because  here is a
discontinuity in the propagation path in
free space between  he antennas and the
highly cimducting seawater. We have es-
tablished this lac  theoretically and also
experimentally. hv trying to put the an-
tenn;is on roofs of buildings tbut hack
several hundrcil meters I'rom  he water!
to increase  he range We have found
that ihr. optimiil locations for lhe an-
tennas are;it seu level on the beach, as
close  o the waiei i«possible: in fact, it
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plitudes A, and A, from angles <x, and a,
 with respect to the perpendicular to the
coastline!, the three complex received
voltages V�, V�, and V<- can be solved in
closed form for the desired angles and
amplitudes, with the following results
 asterisks denote complex conjugates!

� tan-   -: � !Im x,,!
Re{x,,!

a<a=sin ' - . �!
ti/2

Axis i Vs
A<a =

 x<,I xi+!
�!

where

2  Vcvt< � vgvA!

In reality, since lhe sea-echo signal am-
plitudes A, and A, are random variables
to which random noise is added, the an-
gles of arrival deterinined from Eqs, '
lo 4 contain a random error that de-
creases with increasing S/%. Extensive
simulations and special experiments
have shown that for l0-db S/IV. such an-
gular errors are less than I ' for IaI < 70'.
We have recently changed to a four-
antenna configuration  arranged in
square! to resolve two signals from 360',
this permits us to operate the radar on a
peninstila or an island with ocean v ater
subtending more than I80' around lhe
sile.

Two sites are required to obtain two
radial current-vector componentS alOng
lines poirrting in different directions in
Order TO COnalruCt a tntaI Current veClOr
at a particular point on the sea. For a
straight coastline, the question arises as
tO hOW far apart lhe sites Should be.
Since a tOtal current vector can be COn-
structed only within the common over-
lapping ~s seen by both sires, it is de-
sirable to maximize this area  by moving
the sites closer together!. On the other
hand, as the sites becoine close  super-
pOSed in the limit!, they see most points
on the sea in the common area along
nearly the same radial direction, which
makes construction of the total vector in-
accurate. Consequently, we defined the
optimization criterion for site separation
as the product of the cotnmon 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 aboul 70 km. a site
spacing anywhere between 25 and CS km
is adequate.

Various  rade-offs were considered in
selecting the frequency range 25 lo 26

Hardware Description

The present two-unit radar s< stem w as
designed as a prototype of an operat iona!
version. with considerably more Aesibil-
ity than wil! ultimatelv be needed, in or-
der to facilitate changes as experience is
gained in the fiekl. Yet this system v as
built to be transported by vehicle <see
Fig. 2!, easily erected on a heacl.. and
capable of bebung operated from ' port-
able power supplv la 2.~-kilowatt gaso-

is best if the grounding system beneath
the antennas snakes electrical contact
with the seawater.

A separate antenna is used for
mitting, It produces a slightly directions
pattern, peaked out toward the sea, with
ahab-power beam width of ~ 90; its radi-
ation in the backward direction is � l0
db lower than that in the forward direc
lion, 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
time determines the range to the sea
echo. Our system transmits a 20-micro-
second unmodulated pulse and digitizes
the received echo signal every 20 tnicro-
seconds afler 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 lhe radar location. A total of 25 con-
secutive range-gated signals are thus re-
tained for every transmitted pulse. pro-
viding a total distance of about 75 km
from the radar. The transmitted pulse
repetition inlerval is I millisecond.

Since echo-signal Doppler shifts are to
be related lo current velocities, the time
seiies for each range gate is spectrally
processed. This is done digitally at the
radar site with a fast Fourier transform
 FFT! algorithm. Appropriate digital fil-
tering of the signals is performed before
the FFT to prevent spectral aliasing and
tO rnaXitniZe S/N. Since the sea surfaCe is
a random variable, the sea echo is also a
random variable. In fact. each spectral
power point output from the FFT is an
independent random variable. following
a chi-square distribution with two de-
grees of freedom  /I!.

In the first series of experiments, three
colinear independent receiving antennas
were employed. The received signal was
sampled on each antenna separately and
sequentially for each transmission every
millisecond, with the other two antennas
switched Open TO minimize mutual inter-
actions. Therefore the FFT outputs from
lhe three antennas {fOr a giVen range
gale! can be thought of as being rnea-
sured simultaneously; the only theoretica!
difference between the signals at the an-
tennas is due to the phase path dif-
ferences undergone by an echo, at a par-
licular Doppler frequency from a partic-
ular direction, arriving a  the different
positions of the three elements. Three
antenna elements. each separated for our
ftrat CXperimenls by One-quarter wave-
length � m at 25 Mhz!, aligned parallel to
a straight coastline, can unambiguously
resolve two sea-echo signals at a particu-
lar Doppler frequency from l80 of
space. For lwo signals with complex am-

 I vcl' IvAI > � i�Iv< vAs � vsv

Mhz for our first series of tests  lhe radar
wavelength of I2 m is, to first order,
scattered from ocean waves with a 6-m
WaVelength!. At lheSe frequencies atmO-
spheric and external tnan-made e!ectitcaI
noise are often low, being equal to inter-
nal electrical receiver noise, v hereas at
lower frequencies atmospheric noise
seen by the radar increases sharply. In
additlOn, antenna sizes also increase
with decreasing frequency. requiring
larger structures and more ground area.
On the other hand, ground-wave propa-
gation loss decreases with decreasing
frequency, offsetting lhe noise depen-
dence. There are additional reasons for
operating al higher frequencies, how-

ever. For one
�  iV<1' � IVAIs!'!u< thing, above 5

Mhz ionospheri-
call y pro pagaled

echoes are rarely encountered, «hereas
at lower frequencies such distant echoes
can be folded in v ith the desired short-
rarige sea return. Two othe< important
reasons for htgher frequencies are <icean-
ographic in nature. First. thc Hragg-scat-
tering 6-m ocean waves are relalively
short and are likely to be present more of
the lime than longer waves. v hich re-
quire stronger winds lo develop them. A
wind wilh a velocity greater than 3 misec,
blOwing IOnger than I hour. will develnp
6-m waves to their  equilibrium! roo
mean-square height of - 10 cm. Inas-
much as the ~ave~ are used onl> as a
"tracer" for the underlying cunents. it is
desirable that they be present av often as
possible. Second, lhe shorter the ocean
waves under observation. the more thev
are influenced hy currents ver> neiir the
surface. A rule of thumb td.," l is th.<i the
depth of' the layer whose curreiit v ill
affect a surface wave of length I. is i 2rr
 about I m I' or L = 6 ml. Hence. il one
v ants io observe currents in the upper-
most ocean layers by measuring the<i
effect on the phase speed< ot g ..< it>
waves. he <hould use as high:iidar
frequency as possible The e f:;.<.r. led
us tO SeleCt 2S TO 30 ~thZ foi .. initial

operations.
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Fig. 2  kit!. Sketch of the system as operated on the teach. Trans-
mitting antennas are on the left and receiving antenna on rhe
righr. Fig. 3  right!. Block diagram of radar system.

Fig. <. Photograph of complete radar radio-frequency and digital hardware.
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hare generator!. The c:satire radar is con-
trolled by a minicorasputer. which also
docs thc signal and data prcrcess ng in thc
lick  Thc end rcslslt is a ma~rawn
on a pen plotter � of the satrfacewurrent
vector SeM.

The system tadiates � 2,5-kw-peak
pulse power. as a stream of 20- rscc
pulses every milliseccrrsci; titus the aver-
age rttdiated po~er is only 50 watts, The
radar iS presCntly cagarkbie crf uansmit ting
any operator-selected frequency be-
tween 25 and 35 Itrghz fin 200-khz in-
crements!, bul so frar we have opcratcd
ptinaf0y between 2$ rarrcf 26 Mhz. The
transmitting antenna is a Iog-periodic
vertical monopole array crf three  or four!
ejcmcnts designed estseoially for this ap-
phcat rm at Lawrence I ivermore Labo
ratories  l2!. Both versicrns werc de
signed to hav» an srrgssrt impedance of
� 50ohms rca!! fram 2$ to 27 Mhz the
threec!cmcnt versic>rr bus a half-power
beam width of ~ 90 . wlsike the four-ele-
ment version has ~ 43-

The individual recessring elements are
readily avadable fibe rgias~sed citi-
ZenS-bLTKI whips Cut trs a Ireqtht of 1.575
m and each fed sagarrrst a quarter-
wavekngth, four-ele rrserst - radial ground
screen. The three  aracf errrTen"y four! re-
ceiving elements are alrfpred on the
beach with a tape nreasrrre and compass.
These elements are each conncc led
through one-half waveleWh of coaxial
cable lo a swjtchirtg network and prc
amplifier hox, which cy«es sequenlia ly
through each of the arsterr-rras at a ra,te of
I lnseC per antenna I rc m !n»witCh.
thc signa!s then pass tfrr~gh a single
preamp it!er and coax.ia! I several tens

of meters in length to the receiver hard-
ware in the van. From the antenna
svritch onward, thc signals from each an-
tenna pass through thc same hardware,
e irninating. mismatch problems through
separate channels. The entire antenna
syslcm can bc unfurled by two men in
about lt2 hour.

The heart of the radio-frequency sys-
tem is the receiver  Fig, 3!. designed by
Barry Research, Inc., especia  y for this
radar. In addition to its obvious function,
lhe receiver also synthesizes the desired

carrier frequency and the pulse stre am to
be transmitted. This stream is amp!ilied
in hardware designed and built is-house.
Every 20 !rsec, the receiver gain is
changed under computer control, called
a sensitivity time control FSTC!, in order
to compensate for the decrease of echo
strength with range. The echo is coher-
ent!y mixed down to zero-intcrrnediate-
frequency in-phase and quadrature  I
and Q! signa!s. These I and Q signals are
then digitized with a ten-bit analog-to-
digital  A/D! converter every 20 parsec
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and all subsequent signal processing is
done digitally. This inc tudes filtering
 called preaveraging, over I 2 or Ii4 sec-
ond! to reduce the signal bandwidth to
or 4 hertz. The filtered signals for each
range gate and each receiving antenna
are then collected for �g or 2 sti seconds
as the input to a s I -point coinplex FFT
thus, for the I g-second option. for ex-
ample, the displayed spei:trum has a
Doppler resolution of I '128 hertz ovi:I' ii
window from � ' to + hertz.  These
paraineters can be selected by Ihe oper-
ator.! The l~ 1gg-hertz I?<ippler resolution
translates into;i riidial current velocity
Iesolutlon ot - s ctrl sec.

The heart of thc digital system for ra-
dar control and data processmg is a Digi-
tal Equipment Corporation PDP I I/34
minicomputer. The operator cornrnuni-
cates v ith the system through a portable
keyboard terminal. Moving-head mag-
netic disk and nine-track magnetic tape
units arc availahtc for loading system
software inio 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 plots. Further description
ol' thc system hardware is found in  /0!; a
photograph of the complete digital and
radio-frequency hardware  excluding an-
tennasl for one site is shown in Fig. 4.

Experimental Results and Digital

Data Aasdysis

inttial field operations began with the
new radar system in southern f'lorida
during late 1976; there was an additional
final week of operations in I'lorida from
2G to ~A March 1977. during which fairly
extensive inde pe n dent me a sure me nts of
surface currents vere made for com-
parisons. '1'he Florida area was selected
for initial operations and system calibra-
tions because of the fairly regutar but
strong south-to-north Gulf Stream flow
east of Miami. The two sites vere lo-
cated at S out h Ivii am i Beach �0'
46'00"N,80'07'Sg"W> and Fort I auder-
dak �6'05'Ol "N,80'06'38"WI. «pproxi-
mately 36 km apart The latitudes and
longitudes of the two sites are entered in-
to the computer. along with the azi-
muthal bearing~ of the two receiving an-
tenna arrays. The software then calcu-
lates the x, 2 position~ of a rectangular
grid � by 3 km! of points to the east of
the baseline joining the two sites � a 
which current vectors will be plotted
from the radar data � after conversion
from the radaroriented polar coordi-
nates  range and azimuthal bearing from
each site!. Most of the measurements

were made on 2s.4 or 2s.6 Mhz. with a
I gt - second coherent integration time
! providing a Doppler resolution of I/�8
hertz!.

The output of a single FFT is a corn-
plex random variable. having Rayleigh
amplitude and uniform phase probability
densitie~. The desired first-order portion
of thc sea echo is random because of the
statisticat nature of the scattering sea
suiface. The remaining portion of the
FFT output can be thought of as additive
random noise with respect to its cft'ect on
the desired first-order signal In reality.
there are at least f'our t.ypes of noise,
originating from different sources:  i! ex-
ternal atmospheric or man-made noise,
 ii! internal receiver noise.  iii! second-
ordcr radar sea echo  /3!. and fiv! proc-
essor noise due to limited system dynam-
ic range, system no nlin cari t ies, and
quantization noise. I.inallv, the actual
current fiel beneath the waves, instead
of being uniform. is more likely to be
somewhat turbulent v ithin the spatial
resolution scales seen by the radar.
Hence. the total sign il plus noise is ran-

+ ~ ~ ~Cur rent velocity
I gf Meters Second

ea o e ts

Fig, s Plot of FFT spec:rai ts>wer output
The bIack spectrum is the ideatired iesi sea-
echo spectrum in the absence of a current.
The gray spectrum is the measured scs echo
at 37 s km from Fort Lauderdale. as modified
hy Gulf Stream current shear

dom, and from this we intend to extract
 i! an estimate of the azimuth angle of ar-
rival of the signal at earh Doppler fre-
quency output from the FFT.  ii! an esti-
mate of ihc radial current velocity a  this
range and aztmuth. and  iu! ihe sea-echo
signal amplitude,

Since extraction of the angle nf arrival,
using the equations given above. re-
quires the use of coherent simultaneous
signals froin each of three  or fourl re-
ceiving antenna~ for a given range cell,
we cannot average the individual outputs
of the FFT's in order io reduce thc ef-
fects of random signal fluctuation and
rloise. Instead, we go through the follow-
ing process. Figure s is an example of'the
right half ot' the amplitude-squared out-
put of the FFT processor for the 37.s-km
range gate for sea echo measured at Fort
I auderdaie. A threshold level is estab-
lished f'o r the usable portion of the signal
 for example, 20 dt dov n from the mean
peak level!. and the reinainder of the
FFT output is discarded The solid curve
shosx s the expected pos,ition of the echo
in the absence of' any current over the
semicircular range cell: it occiiis at a
Doppler shift fa  Eq. I!. AII echo points
at Doppler shifts different from fa are
therefore due to currents. and a radial
current velocity scale centered on fa can
be given in terms of these Doppler shifts,
as shown in Fig. 5. The angle of arrivai of
the signal at each of these Doppler shifts
 or radial current vetocitiest is then ob-
tained from the corn  iex signals V,. V�,
and V< at each of the ihree antennas, us-
ing Eqs. to 4.

At this pomt, for a given I28-second
run and for each range gate. v e have an
array of azimuth angle~ and signal echo
aniplitudes as a funchon of radial current
velocitv. %e then interchange the rotes
of the dependent and independent vari-
ables considering radial velocity as a
function of azimuth angle. After accumu-
lating and stonng radial velocity data
over several conserutive I g-second
runs  typically ien!, we then average the
radial velocities that fall within preset
angular "bins."

This averaging is actually done in a
manner that yves preference to higher-
qualhy point~. First of all. each ~ample
radial velocit> pcint in a particular angu-
lar bin is weighted hy the ratio of the sig-
nal  amplitude squared! to the average
noise pov,er level for that same point:
higher signal amplitude i aloes give more
ace uraie angle estitnates Second. other
quality factors are used to weight the ra-
dialvelo"it! samples. For exatnpte. in
the absence of noi~e. the amplnudes of
ri given in Eq 4 wilt always be unity.
Hence samples ~hose values of is,ai de-
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Fig, 6  !eft!. Computer-generated map of the Gulf Stream
current on 20 October 1976 as deduced by radar. Fig. 7
 tight!, Comparison of radardeduced surface velocity mag-
nitude with drifter measurements.

64

part aigsulcaatly from unity are weighted
lower, Finally, the signal-lo-noise ratios
for all of the samples in a particular angu-
lar bin ate averaged; ibis is used in a firud
thresholding process lo decide whether
the  vveighted! averaged radial velocity
for that bin will ultimately be used. If it is
not used  because th» signals are too
hvw! or if there werc no values falling in
the bin, then a value for the radial veloci-
ty at that angle is ctdcutatcd by inter-
pcgation from thc adjacent range-azi-
muth cells,

ln the process of producing a map, the
data from both sites are combined  in our
case, either by data telemetry between
the two sites or by physically uans-
porting the data tapes from one site to
the other!. Then the arrays of radial cur-
rem velocities from each radar site to-
gether with range and azimuth tin polar
coordinates! arc entered for each rec-
~ grid point; also, direction co-
~ inca at the grid point are calculated for
the radial lines to ihe sites, This allows
the total current vector to be plotted at
that grid point. Thc angular sectors very
near thc shore are someltrnes excluded
because the nearly parallel radial veloci-
ties seen from each site ai these gnd
potflts give rise 10 hlrge vector error s; in.
tegration techniques to improve the qual-
ity of ihe maps near shore are being in-
vestigatetk Figure 6 is an example of a
map made in Borida by using these data
processing steps. The well-known hori-
zontal shear of the Gulf Stream  out ward
from the shore! is clearly visible in these
fnaps.

The point to be emphasized is that all
of the averaging. wmghting, and thresh-
csMing procedures described above are
done digitaUy  not arbitrarily or subjec-
tively!. according to rules that are being

optinized, The mathematical steps in-
volved, beginning with the angle extrac-
tion, are nonlinear m 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 methods
of quality assesstnent. First, sitnulations
arc employed in which one begins with
known current patterns, randomizes the
ftrstmrder sca-echo spectrum, adds ran-
dotn noise, converts to a t'une series, and
then processes this simulated echo sig-
nal to see how weII the onginal current
pauerns are recovered. stye have been
using such simulations for nearly 3 years
to arrive at our present algorithms. Sec-
ond. independent measuremenls of sur-
face currents are obtained during radar
operations, using drifters and timed-re-
leased floats. Comparisons of thcsc
measurements with radar data are the
subject of the neat section.

As an ultimate calibration standard.
one would like to employ independent
measurements of near-surface currents
as "ground truth." However, since dif-
ferences of tens of centimeters per sec-
ond have been documented in drifter
current measurements, there is consid-
erable doubt as to whether dis-
agreements of' this order between drifter-
and radar-deduced cuments are due  o
radar errors or drifter errors. Further-
more, the two techtuques are so dis-
similar in nature that there are many rea-
sons wh y they should respond dif-
ferently to conditions near thc surface.
Nonetheless, since drifters are the only
esiabhshed quantitative method of esti-

mating surface currents, we made a se-
ries of radar measurements on 23 to 26
March f977 in Florid in conjuncrion
with ship tracks of drifters in order to es-
tablish some initial credibility for this
new remote-sensing technique. The
Nova University vessel Yotrngster ITI�
supported by a Hi-Fix Navigation sys-
tem � tracked a drifter at severd posi-
tions in the radar coverage area over g- to
l2-hour periods on 23 and 25 March.
This drifter was drogued with rigid verti-
cal aluminum bafle plates extending 46
cm below the surface float. Each track
consisted of a 5- to 8-minute drift whose
start and end points were marked navi-
gationalfy; from this a mean  Lagnsngi-
an! drift velocity was calculated. ln addi-
tion, the National Oceanic and Atmo-
spheric Adminstra ion vessel Virginia
Aey � supported by a miniranger naviga-
tion system � tracked a cork float ori 23
and 24 March at other locations in the
coverage area. Again, each track lasted
about 5 minutes.

The velocities deduced frotn both radar
and drifter measurements, and the differ-
ences between them, were relatively simi-
lar in all cases. Significantly, the drifter
velocities show considerable differences
from day to day, For comparison, we
show here uur 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 rneas-
urements, made with the Youngster IfI
and the drogued buoy, required l2 hours
to complete. These measurements are
shown in Fig. 7 along with tadardeduced
current velocities. The total current-vec-
tor magnitudes are plotted i'or each tech-
nique.

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



SummaryBo th techniques recorded th e current
shear with distance from shore quite arc.
uralely, and observed the current rnaxi-
murn on this particular day at approx>-
mately 20 km from shore. Most of thc
disagreenient beyond '7 km was due to
the fact that a sudden onset ot higli winds
and breaking waves caused the drifter to
tip over, so that it was not measuring sur-
facecu trent drilt properly. Measuring,
the average error,o  bet ween straight-line
segtnents joining the  wo sets of points!
and its standard deviation over the path
out to 27 km, we obtain IO cm/s for the
standard deviation. If we include the en-

.' path, this standard deviation is 2I 5
:11/s.
The 10 cm/s difference may well be the

best obtainable agreement between these
two techniques because they are intrinsi-
cagy observing different quantities, The
drifter measurement is Lagrangian in na-
ture, averaged over only a short line �00-
500 m!; the radar measurement is Fuleri-
an, averaged over an area ot about 3 by 3
km.

Applications and Future Directions

The l-IF radar remote-sensing system
appears to provide considerab > ex-
panded observational capability for
coastal physical oceaniigraphic research.
Since i  is transportable and offers output
current maps on site in near real  ime,
the syslem has a great pote nrial for oper-
ational coasral current monitoring and
for quick response to o Fshore accidents.
inasmuch as surface currents are highly
variable, elusive, and expensive to mea-

srtre by existing in situ techniques. this in-
strument Offers an attraC ive alterndtiVe
'I o duplicate thc large areal 'voilume of
da a vectors ohlaine.'d ss ilh imly a lr~-hour
radar operation would require many
ships or air craft  ra~king drifters simulta-
neously � an experiment that would cost
hundreds of thiiusands of dollar~. Our
discussion ss i  h commercial munufar.-
turers lead us to believe  ha  streamlined
operational versions of our' proto >pe rii-
dar could be avattatsle frir about SS k KX 
per complete radar pair.

The need to understand and better de.
hne the structure of currenilike water
movement ne,ir the surface becomes
nacre evident as we attempt to further in-
terpret and refine the accuracy of this
system. Both theoretical analyses and
carefully planned expenrnents should he
undertaken to quantify ihe effects of cur-
rent turbulence within the radar cell,
wave-wave interact tons. and current
shear with depth on the radar measure-
inenls. l.urthermore, the actual linear
horizontal drift of particles at lhe surface
 for example, Dill and its relation to mean
near-surface current velocity must be de-
terrntned, especially under conditions of
high winds and breaking waves. The sim-
ilari ies and differences between Eule-
rian areal and Lagrangian linear mea-
surements need to be better undersTood.
The prospect of having continuous sur-
face-current data should provide the im-
pel us to correlate currents wi th their
short-rerrn driving forces  such as winds,
waves. and tides! Such a correlation is
potentially a means of using ihe surface-
c urrent darn to measure. indirectly,
those driving f'orces.

A high-frequenc> radar remn e-sens-
ing system for mcasiiring;ind mapping
near-surface ocean currents in coiistal
v arers has been analyzed and descnhed
* transportable proto>> pe versi<in «f the
system was designed. con»rue ed. and
tested. With two units operating tens of
k ilsime ers apart. the currents 'A et c'
mapped in near real time,» a gnd of
points 3 hy .t km covering areas circeed-
ing 20 � kms, out io a drstance of ahou'I

70 km from the shore. Prelimirrary esti-
rna es of the precision of eurrenr veliicity
measurements show it to be abiiu', IO
em/sec.
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MOOR I NG NOTION INFLUENCES ON

CURRENT MEASUREMENTS
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ABSTRACT

An important obsez'vational pzoblem related to improving
coupled ocean-atmosphere mode2s is the determination of the
vertica2 distribution of horisontal currents generated in
the upper mixed layer of the ocean by the passage of a storm.
Mixed Layer shears might be as large as 0.04 sec 1. Because
rectification of near-surface cuz'rent measuzements by mocrin;
line motions reduces the accuzacy of near-surface circulation
studies, to ~hat extent. do moozed cuzz'ent measuz'ements re" re-
sent the near-surface hori3ontal velocity field? Result;,,rom
several intercomparison tests indica+e that mooring-re2a+ed
rectification of AMF vector-averaging current meter �ACM!
measuzements made near the surface beneath a suzface-follouirg
float moored in deep-uter was sma22, appzoximately a fe~~ cm
sec 1, oz' 10-15 percent of the near-surface cur rent ge;ierated
by a storm.

*Also affiliated with the Department of Oceanography, University of
Washington, Seattle, Washington 98195.
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IN TRODUCT ION

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 line 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; Hal pern 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 buoys 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 Zl,
1975; Gould and Sambuco, 1975; Gould et al; 1974! indicated that current
measurements made at intermediate deptKs Beneath surface buoys moored in
deep water were undoubtedly contaminated by mooring motion. Soon after-
wards, i t was widely conjectured that erroneous current measurements
would be obtained at a11 depths beneath a surface-following buoy.
Evidence contrary to this view has since been provided by lenk et al.
�978!, Saunders �976!, Halpern et al. �974! and Pollard �9747.

Previous i ntercomparison tests were made under condi tions of
relatively low wind speeds, small sea heights and large current speeds.
and thus were not suitable for studying the in si tu characteristics
of the Savonius rotor/vane VACM duri ng conditions typical of storm-
generated mixed layer deepening. During the Mi xed Layer Experiment
 MILE! which occurred in August and September 1977, in the northeast
Pacific at O.W.S. PAPA �0 N, 145'W!, several intercomparisons of VACM
data were made when 36-hour wind speeds and significant wave heights
were greater than 1 5 m sec 1 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-l. 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 buoy wi 1 1 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  TOROID!
and 9 m  SPARj 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 rm sec-l,
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respectively, but the rms difference between individually measured east
 or north! component speeds was about 5 cm sec 1  Figure 1!. Because of
the vibrations of the mooring line and the vertical motion of the VACM
beneath the surface-following buoy, large scalar speeds were recorded.
During the 5.25-day inter comparison test when wind speeds were 3 m sec
to 21 m sec 1, the vector-mean speeds were less than l 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 despi te the larger rotor-scalar speed caused i n 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 i ntense low-
pressure system contained a 1: 1 correspondence between energy levels for
frequencies below 4 cph. At frequencies above 4 cph, the 8 m  TOROID!
spectrum flattened. The change i n 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 i ntercomparison tests conducted with VACMs
placed near the surface beneath surface-following buoys moored in deep
water, indicated that spurious 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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PHYSICAL OCEANOGRAPHIC RESEARCH USING THE ATTENDED

PROFILING CURRENT METER  APCM! AND THE CYCLESONDE

John C. Van Leer and Kevin D. Legman
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4600 Rickenbacker Causey

Miami, F2or ida 88148

ABSTRACT

Abou.t half the physical oceanographic observations at the
University of Miami are current profi2e measurements. These measure-
me~ts are gathered by tao distinct 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 EquatoriaZ Current and the Somali Curren
vhere near-surface ~ent meter moorings are impractical or high
verticaZ r'esoZution ve2ocity data are required; the second method
invo2ves the use of an automatic unattended current profiler � the
Cycleaonde. The Cyclesonde, developed by John Van Sacr. haa been
used to study current profiZea on continental shelves and in the
upper 800 meters where long time aeries of' C~O/velocity profi2ea
are desired or vhere profi2e array data vith a single shiv .-�"'
avaiZab2e. Time seriea profiles are particu2ar Zy useful in stu,""iing
incr tia2 ~vea, mixing pr'ocesses, bottom and aur face boundary layer
or complex mean floe patterns associated with fronts. About Z0,000
velocity profiles have been coZZected by APCÃ and Cyclesonde techni'ues.

The principaZ source of err or in the APCM ia nav igational uncer-
tainty in the ship'a position, which is required to onvert
velocity profile relative to the ship into absolute velocity -:rcfi".es.
Other' errors include time lag, angle off'aet, rotor sbzaing ar'd aur -ac.
~ave pump up. The roZZer coupling used in both method- oreatly
reduces the sur face wave noise ntrodu ed in the speed ..«n or -. ''e, '.':.
be2ov the rove of direct eave orbital influen e. vyical APCM e'rr "-'
are 8-8 cm and Cycleaonde errors are 1-8 cm/aec .ompared to
ZeveZ current meters or other profiling techn-'ques.

ROM'1NG CONF', NCE ON CUPS'VT MEAS~, E'-r;-.NTS, JA!j'UAEcY 1979.."-.PONS0e '!;"..' ..~E
O'OAA OFFICE OF OCEAN EN TNEEFING AÃ0 7'H~ 1!ELKS SFA GiMiV' CG'~FOE
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INTRODUCTION

Two types of devices for obtaining vertical profiles of horizontal
ocean currents in the upper ocean  generally MO m depth or less! are now
used at the University of Miami. The first of these is the Attended
Profiling Current Meter, or APCN  Duing 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 is 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 i nstrument 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 i nstruments
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 roller 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 PVC
pipe filled with buoyancy balls to make the overall system almost
neutrally buoyant. The hull also 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 wi thin the
Aanderaa will i ndi cate the orientation of the hull once per sample period,
while speed is i ntegrated between samples,

The complete APCN is ballasted slightly heavier than sea water so
that it sinks down the hydrowire. If the end of the hydrowi re is weighted
wi th 300-500 pounds of 'lead, and if the ship steams steadily on the wi re
to reduce its angle relative to the vertical, a rather uniform descent



rate of 10 to 15 cm/sec can be maintained. Using a sampling period of 3D
seconds, this gives a 3 to 5 meter vertical resolution for the resulting
profile data.

An APCM can be seen in Figure 1 being lowered over the side of a
moored ship in the Gulf Stream during Project SYNOPS  Duing and Johnson,
1972!. A recent example of a time series of equatorial current surveys
made by a single ship is shown i n 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 mobi li ty in surveys of low frequency oceanic
phenomena.

DESCRIPTION OF TWE 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 profiled and the frequency of profiling. The Cyclesonde logs up
to 15 channels of data with 12-bit resolution at present periods 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  Pan 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 km offshore and will appreciably improve the accuracy of absolute
prof i les.
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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 �974 from R/V
Iselin, ship drifting!, while the second pair was obtained during ttte
IISI76X experiment �976, from R/V Atlantis II, ship steaming to maintain

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, for example!,
this can be taken as a reasonable estimate of the precision attainable
in APCM measurements under the controlled conditions which prevailed
duri ng these observations . These controlled conditions are as follows:

1! wire angle maintained at <5 if possible;
2! instrument descent rate <15 cm/sec;
3! relatively constant ship drift over the observation period;
4! ambient relative currents >10 cm/sec.

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

Calibration
Accurac

Least Count
ResolutionFull Scale

Speed 275 cm/sec�5 sec
Sample

Oirection 360'

Temperature 20'C

Pressure 200 dbar

. 0073�Conductivity 30 mmho ho
cm

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. Figures 7 to 10 show the
results of such a comparison from two separate instruments. The data were
obtained during a l975 experiment on the West Florida continental shelf
in about 100 m of water. Table 2 sumnarizes the characteristics of these
two da ta sets and i n s tr ument moori ngs .
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+ .067 cm/sec

+ .178

+ ,005'C

.05 dbar

+ 1/2 cm/sec

+ 1/2'

+ .Oi'C

+ .10 dbar
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VARIANCE  CM/S!

0

O Figure 9. Half the average variance between adjacent up and down profiles
for 27/l.
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VARIANCE  CM/S!

20 40

Figure 10. Half the average variance between adjacent up and down profiles
for 25/1.
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TABlE 2

No. o ro i e pprox. ept
Pairs Ran e m

nst. Fig.
No. No.

ype o ur ace in
F1oa't Conditions

15-45

20-95

Surface <10 kts

Subsurface <10 kts

5625/1 8 5 10

27/1 7 8I 9 119

Systematic and nonsystematic errors were resolved using the following
approximate  but, as i t turned out, highly useful! technique. 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 var~ance 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 pai r 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 between 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 27/1, for
example, with the Cyc] esonde vertical speed ot 10 cm/sec, the hori zonta'
speed values are spatially lagged by 150 cm and the ver tical shear is

= 2.7 x 10 sec
0 cm

in the bottom-most 55 meters. This gives an average 'lag of a~out .4 cm/sec
on both up and down going profiles. This would nearly bring the Vup and
Vdn profiles in Figure 7 into coincidence. Clearly, this computational
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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, Where the average of up and down profiles
is used, the errors should nearly cancel out.

Plotted on the same figures are simultaneous average currents observed
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 +1 or 2 cm/sec can be obtained by either technique. Note there
is some indication that the nearsurface Aanderaa may be 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 HKII version of the Cyclesonde  l/an Leer, 1976!. The two
current rotors 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 +105 variation with a functional form cos�oA + uA!
where aA is the true attack angle  angle of the flow relative to the
falling or rising instrument cage!. Thus, the speed calibration is
relatively sensitive to our estimate of oA in certain ranges. The
quantity aA has been determined by an iterative scheme with the assump-
tion that the instrument is level. 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 problem.

NONSYSTEMATIC ERRORS  Figures 9 and 10!

In these figures, 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/l  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 roller, is strongly decoupled from vertical
motions of the mooring line. The instrument modifications listed below
will also reduce this problem.

INSTRUMENT KDIFICATIONS

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! instal lation of pitch and roll sensors, also to reduce attack
angle uncertainties;

3! testing of vector-averaging current sensors as a means of
reducing nea r-surface vel oc i ty contamination;

4! redesign of Cyclesonde moorings  particularly in deep water!
to reduce horizontal motions of the mooring line near the
sur face.
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MEASUREMENT OF TURBULENCE IN

OCEAN BOUNDARY LAYERS

J. Dungan Smith
Department of Oceanography',.i

Jni v sr s i t u o f Vashi r:qt;,n
Seattle, Vc hington g929s

ABSTRACT

This paper is concerned vith the acquisition of infcz�,ation
on t«rbulent mixing in the boundar» layez's of the ocean, that is,
near the sea surfa.e, near the sea bed, in coastal regions and in
est'uazies. Tn such problems, natural flu tuctions >ith perio,.'s
zanging from a fez tenth" of a second to u few iaeel<s cre af
greatest concern, vith specific emphasis on continuous time
series over peri ods of a t l eas t 30 minutes. For use ful meas«z e-
ments in this area, ace«racies of 0.1 em/sec often are zequir ed.
Presently, my group i «sing mechanical acoustic und electro-
magnetic meters. Only the mechanical units meet the desired
speci fi< ations, and they have too high a thz'eshold veLocity
�.0 cm/sec!, are too Lazge u!hen deployed in groups of three,
und are too ofte~ < ontaminated by filaform seamed to be con-
sidez e d sat is fac tory . FFovev er, it i s not j us t the sui tab- li ty
of the floe sensors themselves but also the nature of the
devices on which they are mounted and the care uith»which they
are deployed tnat determines the accuracu of current measure-
ments in genera2 and t«rb«2ence data in par tie«lax'. Preci "e
floe metezs Locatei in the»zake of u frame part, or deployed
in the disturbed pcess«re field caused by a support arm produce
zesults that are �-ust a" inca. uzate cs j'udiciously spaces'
sensors ei th less desi z'ab le response chazac teristi cs. P«z ther-
more, unzeso2ved >rame motion can zendez' veLocity fluctuation
measurements u e l e s s.

»%en deployed from a proper ly designed support device
and with a good under tanding of theiz as ets and shor toom='ngs,
instr«ments such as our pulse output mechanical current meters
often can be used, to obtain results of the scientifically
required aec«racy. Hen used in this fashion ho~ever, it is
essential that the inve tigator have a thorough understanding
of the instruments based on a omprenensive testing progra"»
ALso he must have a goad theoretic"2 «ndersta~zding of the ir
operation and of the f2oz to be e"amined in order ta;.err.it
exploitation of the test re=«Zts and to avoid misinterpret:ng
their implications in regard to field dep2oyment.

WORKING CONF'Ff7KVCE OiV '7iFzc ZT '~ A.";:.'i''lr.""'5,;Ah'.",",Ri' l9 "8,:, O;;..'.;,=:
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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 nodels 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 specifi c 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
small-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 immediate vicini ty of solid boundaries. Furthermore, worki ng 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 rotating 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 lost, 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 contrast, the
estuarine turbulence studies are degraded by the loss of a stable
platform from which to deploy the flow sensors. Therefore, they involve
the occasional measurement of Reynolds stress components and turbulent
heat and salt fluxes, 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
ocea~ 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 models.

In this paper, some of the difficulties associated with obtai ning
turbulence data from ocean boundary layers are outlined, along with a
few experimental techniques 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 thi rd involves the desi gn 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 flow meters and sensor support
devices do not now and probably never wi'll exist, so all three of these
parts of the problem mus t be considered together and in light of the
characteristics of the given flow. Some general comments in regar d to
each of these parts of the problem are presented in the next section.
The final part of the paper is devoted to the particular flow sensors
and instrument frames that we use.

GENERAL CONSIDERATIONS

Methods of A roach . Before deciding what sensors and frames to
use in a particular ocean turbulence investigation, i t is necessary to
determine exactly what flow variables are best to 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 to 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 fatter directly.

tinder 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 i s the place i n whi ch to carry out basi c
research on the physics of turbulent flow. As long as a field situation
of i nterest is characterized properly by a set of 'laboratory data, and
these data agree with available theory, then there is little reason to
doubt the applicability of the results to the field si tuation. Under
these conditions, the major experimental task is to ensure that the
basic flows are indeed the same locally and to determine the relevant
characteristi cs of the natural one. No harm may be done by attempting
to confirm the prediction with actual turbulence measurements, but
nothing is gained if the experimental study is not accurate enough



permit a definitive statement. This is the case al1 too often. Further
more, it usually is much more difficult to obtain accurate turbulence
data in the field and the entire design of an experimental program, not
to speak of its cost, may depend on whether this 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 easi ly 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 si tuated more closely to a natural
boundary relative to the scale of the flow, 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, thi s route will likely
raise the cost and difficulty of the experimental program.

To determine a Reynolds shear stress of one dyne/cm to +ZDK by the
eddy correlation method, the flow sensors must be able to measure velocity
components to an accuracy of better than Q. 1 cm/sec at all frequencies
contributing significantly to the cospectrum. This means that both zero
drift and instrument instabi li ty must be less than this value, and that
the sensors must be calibrated to thi s accuracy. Data acquired by my
research group over the past decade in a wide variety of environments
suggest that averaging times significantly shorter than 30 minutes are
insuffi cient to resolve important low frequency components i n natural
boundary layers; whereas, comparable errors �0 to 15,".! are incurred if
the flow sensors do not respond to frequencies that are much hi gher than
0/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
the 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. Likewise, the wavenumber
resolution limit 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,
averages longer than 30 mi nutes are impractical because of the inherent
unsteadiness of such flows i nduced by tides . This results in a 1 i» t t
the accuracy with which turbulent str esses can be measured by the eddy
correlation techniechnique in such problems, and thus a limit on the accu~~~y
needed in sensors designed only f' or that purpose.



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 natural 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 single point are of value only if they are
repr esentati ve of a region or can be generalized wi th an available
theory to that accuracy.

To emphasi ze the need for a dense set of turbulence sensors i n
experiments on natural boundary layers, some typical stress profiles
from the upstream side of a gently sloping, nearly sinusoidal sand wave
Z.l m in hei ght and 90 m in wavelength are shown in Figure l. As is
typical in nonuniform flows  Smith and NcLean, 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" assumpti on in analyzing turbulence data from flows that
might be even s tightly nonuniform. Figure 2 shows a ser~es of low pass
filtered shear str ess profiles made over successive Zo-minute periods in
a partially mixed estuary. The stress field is qui te complicated and
obviously does not follow that predicted by one-dimensional, homogeneous
density turbulence theory. Similarly, a single shear stress measurement
made at an arbi trary 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 investigati ng the mechani cs of natural
unsteady and nonuniform boundary layers.

For basic geophysical research, available sensors are not likely to
be i deal. This si tuation arises from a need to proceed wi th measurement
programs as soon as any method of obtaining the desired information, at
acceptable accuracy, has been found. Under these circumstances, the
investi gator must understand thoroughly both the characteristics of his
sensors and those of the envi ronment he is exami ning. Often such knowl-
edge, plus that concerning specific interactions between sensor and
environment, is gained in an iterative manner. This is the casecase whether

an off-the-shelf device is used as is, modified, or whether a new
instrument is designed.

In the field of geophysical fluid mechanics in general ard in tne
field of ocean turbulence studies in particular, a substantial effort is
requi red to test and evaluate flow meters and flow meter support systems
before results can be considered reliable. Furthermore, it is the
obli gati on of every experimental scientist to carry outr out a calibration

and testi ng program that is sufficient to guarantee resnt e results accurate to

the degree required by the scientific problem.

To unoerstand the flow field being investigated, it is essential
to have a good comprehension of related experimental an 1 and theoretical
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Figure 2, Successive low pass filtered shear stress profiles taken every 33 sec
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structure of the near bottom stress field.
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results and to be able to use the tools of theoretical fluid mechanics to
determine the applicability of these results to the case at hand. Even
with the iterative approach method above, it is necessary to be able to
maximize the amount of information gained at each step and to use it
effectively in anticipating the results of the next. expel iment.

Current Meters. A number of potentially useful flow measurement
techniques for bottom boundary layer studies exist, and sensors based
on many of these principles are available either 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 wi th our impellor-
type current meters two types of electromagnetic flow meters, one
travel-time acoustic current meter, three types of hot fi lm sensors and
three other ki nds 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
Fai rbairn, 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 i n pairs without having serious
flow i nteraction problems. Recently, Marsh-McBi rney developed a three-
component electromagnetic current meter in a spherical housi ng, but the
prototype is too large to deploy i n bottom boundary layer investi ations'

'ft rate is too high and the precision at 2 Hz is too low
lg

overcome wi th ro er
for use in turbulence studies. Some of these problems probabl can be

zero dri f t, three axi
p per design, and further work on high precision low7

encouraged.
axis electromagnetic flow meters definitely hould beaxi ' s o

Our travel-time acou

A
rates but suffers from a corn

'me acoustic current meter works very well at. low flo w
a complicated calibration with angle of attack.

th
s the el ectroni cs acka e i

e instrument is clums
p ge is situated much too close to the transducers ~

is somewhat larger than one
sy and very sensitive to flow direction-

gations.
g e would like for bottom boundary layer i'nvest'

Thermal flow sensors are easil contamy o t p
an sma scale response. These often are bes used '"

ion wi an array o ower requency turbulence measuring

hd dl s they need considerable t 'grigi y moored vessel a
us e oriented into tho the mean current. Devices for c«ani g
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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 ve'locity sensor.

Instrument Frames. Even when making measurements in relatively

to be used and the type of frame an which it is to be mounted must be
considered carefully. When the sensors are subject to large zero dri ft
rates, there is little point in using a precision flow sensor in the
imnediate neighborhood of an obstruction or designing an expensi ve
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 si te.
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 fi rst two of these can be accounted for to some extent
and must be in an investigation of high precisi on, 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 satis-
factori ly. Flume tests with scale models are nat effecti ve for this
purpose as they do not usually employ a realistic shear profile, rarely
include cables and sensors, and are not often examined for the dis-
turbance produced at specific instrument sites� . Nevertheless, they are
useful for estimati ng distortions in general flow pattern caused by bulk
frame geometry.

Wakes from large obstacles are disastrous in any turbulence study
d d 'ff' lt to handle from the flow measurement correction point-

an are i icu o wake theories areof-view under all ci rcumstances. Nevertheless, wa e e
reasonably accurate in their predictions of stea y ' yd velocit fields, and

useful corrections can be made if turbulence datae ata are not of direct
concern and if the mean flow is fixed in direction and magnitude.
'Jnfortunately, in many problems of geophysical interest, the latter
conditions are not -u i e .t =ulfi lied. When the frame orientation cannot be

ke corrections are inevitable.adjusted as the flow direction changes, wake corrections are inevi a
in the long run, i e ow'f th fl is from an unfavorable bearing relative
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to the frame, one usually ends up throwing out the data or treating
separately and recognizing that it is substantially degraded .
that th1s must be done in cases where internally recording bottom-
mounted systems are deployed, argues against their use in most situations
for which a wire-lowered ship-tended system could be substituted.

When designing frames and masts to support flow sensors for precis, on
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 1n 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 c1rcumvent the wake
problem when high-quality flow data from all directions are required,

Finally, if the flow in the itmnediate vicinity of the boundary is
to be examined for sediment transport, geochemical or benthi c 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 i t does so. In addition, flow sensors must be
judiciously placed to prevent scour beneath them and a system to deter-
mine the exact elevation of the bed at the measurement si te i s desi rable
if not mandatory. In investigations of this type, local bed topography
also should be measured wi th sufficient accuracy to guarantee that the

fl
boundary is planar or to permit elucidation of the resulting nonuniform
low effects. In most boundary layer investigat1ons, it is desirable to

determine the density field in the immediate vicinity of the sea bed in
order to guarantee 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 Out ut MMechan1cal Current Meters. Soon after I began working
on near bottom low problems at the Woods Hole Oceanographic Institution
meters was satisfa

clear that none of the commercially available current
with the most otentia

ctory for making turbulence measurements. The one

company  Neyrpic, Inc.!. 6
p ntial was a smail impellor type unit made b a Frenchy a

o this flow meter were
y p, c.!. Both the rotor housing and the readout sy~t~~

e poorly designed, but the rotors had a number o
esi rable hydrod namic r

syttlietry, makin it i
ic properties. Their major deficienc was a lack of

' g ' 'mpossible to use them in experiments in which t"e
ow could reverse direction. Subsequentl a s

l h ' ' b ' h ther lead~kg a
ition of a slightly modified bearing sy

s~g~~d ~ot~r ho~~~~g a bas ic flow senso
om oun ary layer and turbulence studies was produced. This did "

i er in any critical way from the modern version shown in Fig~~~ 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
hal f r'evolution, the thickness 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 electrode and the case ground.
The Neyrpic readout system was susceptible to drift, 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 pulses of
opposite polarity, were mounted in the stem af the current meter. These
were illuminated alternately as the rotor turned; thi s was accomplished
via a beam from a light 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 flows combi ned
with cross-over distortion produced by the phototransistor pai r to make
signal processing difficult and occasionally inaccurate. Also, i t was
difficult to align the mi rrors on the tips of the blades so that all
four pulses were equally spaced in time, at a cons tant flow speed; thus,
only one pu'ise per r evolution usually could be extracted wi th the
desired accuracy. In 1972 the optical readout system was replaced wi th
one that used a Hall effect sensor and ti ny 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 uni ts
can miss pulses when magnets are used in the ti ps 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 tnat
these produced a maximum output at an angle of attack between 30"' and
45 relative to the axis of the current meter. A subsequent i nvestiga-
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
high angles of attack, so a band or very short duct had to be added.
This was made shorter than the axial length of the impellor to mi nimi ze
its effect at low to moderate angles of attack, and it was found to
yield a satisfactory response over the enti re range. Also it satisf~~d
the constraint that the output vary monotonically wi th angle of attack
in a given quadrant. Were the output of the current meter not approxi-
mately cosine and were this variation with angle of attack not monotonic
in a given quadrant, then it would be impossible to determi ne flow
direction uniquely from three orthogonally mounted sensors usi ng the
iterative technique described in the next paragraph.

A head-onead-on calibration for these pulse output current meters is
shown i n Figure 4, whereas typical calibrations wi th angle of attack
the most recent model are shown in Figures 5 and 6. These are given in

variable. Over the r
terms of functions of angle of attack that ~multi l the cosine of this

ver the range for which we usually use the p~use mechanical
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Figure 4. Calibration of several pulse output mechanical current
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Figure 5. Angle of attack correction, for all pulse current
meters considered together, when they are rotated
around the axes of their support rods.
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Figure 6. Angle of attack correction, for all pulse current
meters considered together, when they are rotated
in the upstream direction in the plane of thei r
support rods.
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current meters, this angle of attack correction varies only slightly
with flow speed. At zero angle of attack, the calibration equation is:

u =a+ bf, �!

where u is the flow speed. a and b are empirically determined constants
and f i f 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! g  e!, �!

=  bf! g  e!, �!

where u is the measured velocity component and g  e! 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 g> ! ! f g~ z! where t is any angle. Thus
the general calibration equation for a single current meter is:

 a + bf! 9  ~!. �!

Denoting the total angle of attack as 6, we see that:

tan 8 = tan e + tan ~.
2 2 2

If g », ~! is defined as a function of tan e and tan ~, g e, a! is
determined by linearly interpolating, with arc angle c, between g  8!
and g., r<! and this yields:

g e, ~! = ge B! + � �' I:g  s! - g, s!]2 E.

6 = tan  tan e + tan ~!-1 2
�b!

c = tan
-1 tan a

tan e' �c!

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
]ZOO comPuter eliminates the need for a perfect cosine response in the
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where u is the measured velocity component and g  ~! is an angle of
attack correction factor of order unity. Similar]y if the current meter
is rotated through a pitch angle e, from head on, in the plane of the
stem, then the calibration equation becomes:



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 cali brated single current meter is
better than 0.1 cm/sec or +0.5X 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 improved 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 +0.05 cm/sec. In spi te of thei r 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-
tiallyy until frequencies in excess of 5 Hz are encountered. Frequencies
up to about 10 Hz can be resolved, but the transfer function for the
regi on 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 addi tion to the vertical scale of each velocity sensing uni t and
its frequency response, the wave number resolution of the turbulence
measuring array must be taken i nto account. The distance constant for
the 4.0 cm diaroeter irnpellor used in the pulse-output mechanical current
meters i s approximately 7.2 cm. Thus, wi th two magnets per rotor,
eddies wi th downstream wave lengths of less than 7. 2 cm cannot be re-
solved. Similarly, the cross-stream extent of the triplet in its
ordi nary boundary layer confi guration i s about 20 cm so only turbulent
eddi es wi th cross-stream scales significantly larger than this are
resolved accurately. Nevertheless, this configuration still provides a
reasonably good evaluation of the velocity fluctuation field associated
wi th the most energetic turbulent eddies and provides a moderately
matched frequency and wave number response, in add~tion to a precise
determi nation of vertical shear. The lack of sensi tivity to horizontal
displacement of the component sensors when mounted in a triplet results
from the substantial anisotropy of near boundary turbulence and from the
decrease in spectral density with increasing wave number.

High accuracy can be attai ned only if the threshold velocity for
the current meter is not crossed. In the mass produced uni ts, the
mechanical threshold is somewhat below 1.0 cm/sec. >Jith the optical
readout system, the ;rossover distortion problem alluded to above
requi red an electronic threshold of nearly Z. 0 cm/sec, but this problem
was eliminated when the Hall effect readout method was introduced. To

111



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 i s 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 so that they could be rotated i n 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 inter~ally recordi ng 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 only 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
so; thus, the small size means that they can be stacked quite close
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  lj thei r ability to resolve mean shear
with high accuracy, �! their good frequency and wave number response at
this accuracy . �! their near cosine response wi th angle of attack,
�! thei r capability of being used singly, in pairs or in triplets, and
�! their low cost per uni t. Their greatest disadvantage is a suscep-
tibility to fouling by filamentous green algae or grass. I'moreover,
thei~ frequency and wave number response is too limited for many tur-
bulent flow applications, while thei r si ze is too 1 arge for some types
of bottom boundary layer and sediment transport measurements.

output meehan>cal current meters are constructed of 3/4" �9.05 mm! O.D.
stainless steel tubing. This has the advantage of being both non-
corrosive and nonmagnetic, thus avoiding both chemical and physical
interference with any sensors mounted thereon. Support blocks con-
structed of polyvinyl chloride  PVCj attach to both the current meter
triplets and the stainless steel tubi ng. ! n 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
roust be used and this set-up operation cannot be done accurately while
the trip'let is attached to the frame. kith 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.

De lo ent S stems. Earlier it was noted that the specific frames
and masts from which ow 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 characterisr.ics of
each frame are presented in this section. The specific scientific
projects under which these instrument frames have been deployed in zhe
past are listed in Table 1. Table 2 lists the frames now in use.

Specific resul" from the nonuniform flow investigation in the
Colunibia River are presented by Smith and McLean �977!, McLean �9/6!,
and McLean and Smith  in preparation! and Smith, McLean, Chubb and
Begley  in preparation!. Specific results of the Arctic Ekman layer
investigation are presented by Smith �974!, Mcphee �974! and McPhee
and Smith �976!. Results obtained using the Arctic profiling fish in
the spring of 1976 are presented by Morison and Smith  in press!.
Results pertaining to turbulent mixing in the Duwamish River are pre-
sented by Partch and Smi th �977! and Sardner and Smith  in press!.
Preliminary results of the Knight Inlet investigation are presented by
Farmer and Smith �978!.

The support devi ce 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" �9.05 rln!
O.D. stainless steel tubing. supported on four ski-like stainless steel
feet. Fifteen centimeter-long spikes are bol ted 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 stabi li ty, 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 rrere or less vertical when hangi ng in
a uniform flow so that some interior flow measurements could be made if
necessary. Also, it was desigr- d to have a damped response to all but
the lowest frequency fluctuations in flow di rection so that it wou'ld
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 Out
in Recent Years at the University of Washington

1. Flow over lar e am litude uas.i two-dimensional sand waves

Loeat~on: Columbia River
L'~pemments: June 1968. 1969, 1971, 1972
Ircatrumeet frames: BLF. IFF
Meaaurements: Mean velocity  all years!

Reynolds stress �972 only!
8ot tom topography
Suspended sediment concentration

Z. Arctic Ocean surface mixed la er investi ations

Lacat~an; Beaufort Sea
tripl &ments: March-Apri 1 1970, 1971, 1972, 1974, 1976
Im.atxument frames: UIM, IFF or APS
Rezaurements; Mean velocity  all years!

Reynolds stress  a'll years!
Salinity and temperature profiles �972, 1974, 1976!
Under ice topography �970, 1971, l972!

3. Near bottom flow on inner continental shelves

~r><~tiara: Oregon continental shel f
h~p ar~ments: December 1976
irate'~eat f'rames: SUDS
gea'-urement;: Mean vel oci ty

Wave height and wave induced velocity
Turbulent kinetic energy

Abbrevi a ti ons:

BI F Boundary layer frame
IFF Interior flow frame
UIH Under ice mast
IPF Interior profiling frame

APS Arctic profiling fish
SUDS Self-contained underwater data system
SMM Ship mounted mast
ITF Interior turbulence frame
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TABLE 2

Estuarine Turbu]ence Investigations Currently in Progress
at the University of l4ashington

1. Mechanics of mixin in a salt wed e estuar

Lo ation: Duwamish River  Seattl e!
Fzperime»ts: August 1974, January 1975, October 1976, March 1977
T»stree»t f' ames: BLF, SMM, ITF, IPF
Measur ements: Mean vel oci ty

Reynolds stress
Turbulent salt flux
Turbulent heat flux
Turbulent kinetic energy
Salinity and temperature profiles

2. Mixin in the surface la ers of f 'ords

!ocatio»: Knight Inlet  British Columbia!
Fxperiments. November 1976, August 1977
I»stree»t jrames: I FF, APS. SMM
~>i'easureme»ts: Mean vel oci ty

Internal wave velocity and salinity field
Turbulent kinetic energy
Interface topography
Salinity and temperature profiles

3. mechanics of unstead turbulent boundar la ers

Abbreviations:

APS Arctic profiling fish
SUDS Self-contained underwater data system
SMN Ship mounted mast
ITF Interior turbulence frame

BLF Boundary layer frame
IFF Interior flow frame
UIN Under ice mast
IPF Interior profiling frame

Ioeatio»: Puget Sound
Fxperimer.ts: June 1973, October l973, September 1974, October 1974
7»stree»t +ries: BLF, IFF, ITF
veasureme»ts; Mean vel oci ty

Reynolds stress
Turbulent kinetic energy
Small scale, high frequency flow structures
Bottoni topography
Salinity and temperature
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Figure 7. ttom boundary layer frame.



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 fi ve Arctic mixed layer investigations
were comprised of three meter long sections of 3/4" �9.05 mnj O.D.
stainless steel tubi ng with flanges on each end so that the section
could be bolted together. Several hundred pounds of lead 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 bottom-mounted instrument support
systems must be used. No matter how well the motions of these frames
are mani tored, the turbulence measurements are substantially degraded
compared with those obtai ned wi th 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 tolerable 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 Reynolds stress and turbulent heat and salt flux information
can be obtained when the vessel is moored wi th 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 is steaming with
a ship-mounted mast, navi gation inaccuracies and the broad spectrum of
vessel motions make it di fficult 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 available oceanographic technique.

117



  I
E

C
  I   I

0
r I >C

 9

 rI El!
E m

r   I
X

r cJ
I I
Q

foal
rI- & 0
ore

4I
r I 0  Q
ol  rr   I
os-r

  I
0

0
0

I
5- 3P QO
r l 0.     r rd
0M ~ IV

ro
0 L. C Ql

0   I 0 CP
  I M C7I S-

8 OM
Er EWW
0 0

S
r 0 o

0 Z   I
ClM L- K  rI

CL
4.
0 v w o

E ~ Or!
CL Ctl r5

S- VW 0
0

0I
ra  u e

 U<C  U
0+V Vr
cx~ RM o



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 3/4" �9.05 rln! O.D. stainless steel tubing. From the front, the
test section is an open 60 x 12O 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, two 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 pulse 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. Ori entation of the
IFF is determined with tiltmeters and a compass.

A second type of wire-lowered frame called the interior turbulence
frame  lTF! has been used to measure turbulent heat and salt fluxes.
This devi ce i s based on an Arctic model Gui ldline CTD oriented to flush
horizontally as shown in Figure 11. A large PVC fin attached to the
downstream end orients it into the current. Brackets supporting masts
of 3/4" �9.05 mn! O.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, thi s
frame supports a special tri piet configured to provide measurements of
the three velocity components in the immediate vicinity of the Gui ldli ne
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 synnnetrically
and mounted at its head, and an additional pressure case containing
inertial reference equipment. This profi ling 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 wi nch has a l. 8 m diameter
drum, so the lowering rate does not change much over the upper 1OO 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 12OO
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 �978'. The
mast is a 13 m long piece of 2 1/2" O.D. �3.5 nnnj thick wall steel
tubing strengthened and fared with a 3" x 1/4" �6.2 x 6.35 nrn! steel
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30 cm Figure I l. Interior turbulence neasuring frame.
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Figure 12. sketch of Arctic profiling fish attached to its
large diameter winch.
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rib welded to the downstream side. This is attached to an 1-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 cm 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 i s rotated out and then down
until it is at a 30" angle with the verti cal. 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 pi voti ng bracket that holds the mast
to the I-beam is tightened. When underway, 230 kgms of lead at the base
of the niast keep the base support wire under tension as long as the
research vessel does not exceed about 4 knots.

The mast can be raised to service the current meters and lowered
agai n in about 5 mi nutes . When i n position, i t enters the water l. 5 m
aft of the poi nt where the bow i ntersects the sea surface and is 2. 3 m
 or 1.7 ship hull widths! lateral to the hull at this point. Notion of
the mast is moni tored with the same inertial reference uni t that is used
wi th the Arctic profiling fish or wi th three accelerometers when both
systems are being deployed at once.

The last support frame available in our inventory of equipment is
the self-contained underwater data system  SODS!. The instruments de-
ployed on all of the previously ment~oned support devices are attached
to a research vessel via an electronics cable. However, i t occasionally
is necessary to deploy a bottom current measuring system that is self-
contained. Two types of franies 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
investigations are of concern, whereas the latter is sufficient when
the general properties of the bottom boundary layer are of interest for
physical oceanographic purposes. The large tripod is designed to mini-
mize disturbance of the flow in the immediate vicinity of the sea bed
and thereby to permi t accurate measurements i n this region. The data
recording gear, SIJDS proper, is housed in the sphere at the top of the
tripod. An acoustic release and a canni ster of rope attached to a
submarine 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 f~red 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 fr~pod plus the additional gear that must be
suspended above it.
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SHAI LDW CURRENT MEASUREMENTS
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ABSTRACT

The dynarrrics of v6xed layers and the variability of coasta'L
current systems are Wo important problems that require the measure-
ment of near-surface cuz'rents. Near the sur face, the mrve fie'Ed
generates cuzrents of higher frequency than the current field of
interest, leading to the zequirements for a current metez' which
properly averages motion at frequencies higher than the samplinq
fz equency. A mechanical meter, dubbed the vector-measurinp current
meter  VMCN, which measures Mo orthogonal components cf the
cuzrent has been developed, tested and compazed vith other curzent
meters. Res~its shoe the meter to perform nell under conditions
izhich it is expected to be used. Tbzo versions haVe been develope '--
one for use in shallov water, on a mooring which aoes not rotate
mth zespect to tne bottom; another foz deep oceanic measurements,
in which mooring rotation is accounted foz in the avez'aging scheme.

WORKING CONFERENCF. ON CURR:NT MZA: L'PFffE."'.."', "A7VL9Y 7973..'1- ..;;Or~."'
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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 propellers are mounted perpendicular to each other.
SynmM.trical 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 occur with each full rotation of a
fan. The direction of rotation is detected and, along with clock pulses,
s teps an up-down counter in the electronic package so that the contents
of this counter are proportional to the net flow in the di rection of
the shaft between the two fans.

The performance of each fan assembly in terms of linearity of the
rotation rate is a function of current   Figure 2! and cosi ne response
to direction of the current  Figure 3! is deemed exceptional.

Extensive laboratory testing in tow tanks has been performed and
reported by Weller �978!. These experiments were designed to test the
response of the current meter to a mean tow speed on which a hi gh
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 wors,t performance occurring when the maximum
osci'Ilatory velocity just equals the mean tow speed and the direction
of oscillation is either para'Ilel 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 amounted
near the top of taut, subsurface moorings, 6 meters beneath the surface.
Measurements from both systems compare well, al though the onshore com-
ponent measured with the EM meter has a mean component which was found
to be caused by electronic drift. An i ntercompari son 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
sep~~ated by the same length as the two instruments in the test,
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Figure 1. Vector Measuring Current Heter  YHCM!.
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D'EEP OCEAN VEI OCITY PROFILES FROM ELECTROMAGNETIC

AND ACOUSTIC DOPPLER MEASUREMENTS

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

Voods Hole Oceanographic Institution
Voods Hole, Massaehusett- 0254~

ABSTRACT

An instrument is described for measuring profiles of hori-
zontal velocity as a function of depth in the deep ocean. The
method is a hybrid technique based on the principLes of electro-
magnetic induction and acoustic Doppler and is mobile since not
dependent on bottom-installed equipment. The EM method measures
veak electrr',c currents in the sea induced by the motion of the
cater through the ear'th's magnetic field. The resulting velocity
profile reveals the velocity shears but is relative to an unkno~,
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 Mo
methods are incorporated into a single freely-falling probe vhi h
measures and internally records the electric and acoustic sicnals
and other variables such as temperature and vehicle orientation.
The method yields veLocity determinations every 5-10 m with an
uncertai.nty of about +2 cm/s. A round trr,p in 6'000 m of mter
lasts abo~t. 8 hours. Data from this method have been used to
"tudy mid-ocean eddies, internal mves, and the Gulf' Stream.

VORXING CONFERENCE ON CVRRE'NT MEASURE".EN'' JANVARY 7978. SPGN<O~yD BY HE
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IkTRODUCT I ON

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
idea 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
circulation 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 requi res extensive moored and mobi le measure-
ments. The observational task is to measure currents and passive
quanti ties, 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 posi tions,
Yet moorings are not well sui ted for all investigations. For example,
conventional current meters and moorings are endangered when dep'Ioyed 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
mobi'Ie 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
profi lers 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 difficul ty
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 limited by uncertainties in the reference frame through which the
motion of the water is sensed . To a lesser extent, profiles of tem-
peraturee, salinity, sound speed, oxygen, and other scalar variables are
influenced by the motion of the observing platform. However, veloci ty
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 ljse. Two approaches to the problem of estab-
lishing a suita e re erence 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.

Velocit Profiles from Combi ned EM and Acoustic Do ler Measurements
Our approach to eep ocean veloci ty profiling has been to develop a hybrid
system operati ng 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 veloci ty; 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-
deri ved or relative velocity profile throughout the water column and
the Qoppler-derived absolute velocity of the vehicle near the sea floor.
To eliminate the veloci ty offset on the EH profile, we simply shift the
EM velocities to agree with the Doppler veloci ties over the operating
region of the Doppler system  ~25G m!.

The advantage of this method is that it is mobile. requi ring no
bottom beacons or special shipboard systems. The data can be tele-
rnetered i n real-time, although we rely on interna'l digital recording
with shipboard analysis . The round-trip travel time is about 3 hours
in 6000 rn 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 coll ction of long time series since it must be operated from a
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-
telluluri c d'.sturbances .
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Figure 1. Re]ative velocity profile from the EM data for drop 91I  up!.
The absolute velocity components from the AD data are sho«
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AVP SYSTEM DESCRIPTION

Basic Functions. The AYP, sho~n in Figure 2, consists of a cylin-

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 �978!. 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 pro jector 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 ana'Lysis 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 l.

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 like 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 AYP. However, numerous profiles
have been collected with the EM technique alone without the Doppler
capabi 1 i ty.

Frequently, we collect several velocity profiles at the same loca-
tion to reveal temporal changes. In Figure 4, we show two velocityprofiles, the east and north velocity components versus pressure, where
1 dbar is approximately equa] to the pressure increase due to 1-m depth
increment. The notable features of these profiles, 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 reversed or
mirror-imaged between observations, The time variable part consistsprincipally of inertial period internal waves. Also, the average ofthe two profiles is much smoother than either of the individual ones
and reveals the low-frequency velocity profile. These aspects are
cocoon 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, 197'!.



A longer 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 'tayers. 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
level 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
moti ons.

A dramatic view of the time-depth behavior of the inertial motions
has been constructed by Leaman �976!. 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
�4 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 larger 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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CMICE 76: A CURRENT METER INTERCOMPARISQN EXPERIMENT
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ABSTRACT

A current meter intercomparison experiment  called CMICE 78!
ms conduc'ted about 8 km off the southern coast of Long Island near
40 47'N, 72 30'V during February and ~h, 2978. A totaL of 20
current metezs mre deployed on sm moorings set in a roughly linear
a~y paraLLeL to the local coastline and topography. The instru-
ments included the Aanderaa RCN-4, the ANF VACN, the Brookhaven
National Laboratory spaz buoy system using cylindricaL and spherical
Naz'sh-NcBirney electromagnetic sensors, the EC40 850 and C2'-3, and
the Chesapeake Bay Institute-modified ENDEC0 105. Local mean mter
depth Mas 27. 8 m and curzent meters vere clustered near four depth
LeveLs �.5 m, 7.4 m, 1$.7 m, and 25.0 m!. Rave data urere also
obtained at the array site, and 10 m ~nd and tidal data vere
obtained from nearby coastal stations. Intereomparisons of one
hour vector average velocities measured vith similar instruments
deployed near the same depth Level. indicated sufficient hori-
sontaL homogeneity that most differences in the observed cuzz'ent
data have been atrributed to real differences in instrument
and m»ring pez formance. Detai Led discussions of the observed

instrument and mooring characteristics and performance,
and the effect of surface mve and mve-induced moozing motion
on different measurement systems are presented.

VORXING CONFERENCE ON URRENT NEASURENENTS, JANUARY 2978. SPONSORE0 BY .' HE'
NOAA OFFICE OF OCEAN VGINEERING AN0 TPE 0ELAVARZ SEA GRANT COLLEGE PRO 8AM
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Before the recent series of current meter intercomparison experiments
physical oceanographers held a common impression that surface wave motion
and mooring motion could generate spurious signals in current meter record~
A group of coastal oceanographers at the November 1976 ASLO/MESA Micl-
Atlantic Bight Symposium in New York fel t, however, that there were
insufficient details known on the performance of instruments under varying
wave and mooring conditions. This lack 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 �!
add to the knowledge of these performance details and �! 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 line approxi-
mately parallel to local topography. The moorings were of three basic
types: buoyant tethered spar, taut-wire subsurface float, and slack or
compliant mooring with surface float  Figure 1!. Qne of the taut-wire
moorings  No. 5! had a surface spar buoy attached to the subsurface float.
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
 low 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 �! direct comparison via speed versus
time overlays,  Z! speed-speed scatter plots, �! velocity stick diagrams
for low-passed records, �! velocity scatter diagrams, and �! progressive
vector diagrams.

The intent in the report was to provide analysis to allow the reader
to extract relevant information on instrument and mooring performance and
apply it to his particular current measurement problem. Qn one hand, the
desi re in the analysis was to avoid overspecifying cri teria and needs and
to avoid the attendant biases of the shallow-water oceanographers who w«e
participating in the experiment. On the other hand, there was a desire to
provide sufficient analysis to allow the reader to ascribe the observed
performance differences to known sensor behavior.
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THE OCEANIC EDDY FIELD: COMMENTS ON

EXPLORATION AND TECHNOLOGY

Wi1 I iam J. Schmi tz, Jr.
Jerome P. Dean

Voods Ho Le Oceanographic Insti tutic .
lv'oods Ho le, Nassachuset ts O."S~5

ABSTRACT

The past decade yielded a substantial improvement in our
perception of the oceanic eddy fieLd, and some neo ideas and
info~ation on the generaL ocean circulation. Eddies are
observed to be most intense in the vicinity of particula.
strong currents, and eddy-r esolving gyre-scale numericaL models
unanimously "predict" a similar spatial coincidence of energetic
eddies and mean f lou. These models are dominated by eddy-mean
f los interactions, in both directions, and if realistic, imply
+hat Joint investigations of eddies and the generaL circulation
are <Jarranted. The observational segment of future programs in
this area of research still probably be based on the use of
essentially the entire technologicaL spectrum, including both
existing capabi lities and Likely net developments.

gORKISG CONFERENCE OH CURRENT hKASUREPKA'TS, JAillUARY l 978. ST'OVSORZO BY:;-''
ÃOAA OFFICE OF OCEAN E'SGISEERIlPG AI!D THE UEIAVAHE SFA GBAVT COLLEGE
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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 inhomogeneous 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 circu'lation  Dantzler, 1976, 1977;
Schmitz, 1976, 1977, 1978; Wyrtki, Maagard, and Hager, 1976!. Results
from numerical models have several similar general characteristics
 Brethertnn and Karweit, 1975; Holland and Lin, 1975a,b; Holland, 1976,
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
avai lable. 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 95K return from
"broken-in" instruments and around 60%%u 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  Hunk and
Worcester, 1976! seem cursory, and we hope that research in the next
decade wil I continue to see attention paid to both scales of variability
and their interaction.

Fur ther exploration of the eddy field/general circulation will
probably not be dominated by any single observational method or one

158



gr oup of sci enti sts or one oceanograph'i c 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 long-term deployments of moored instruments  with continued emphasis
on quality control!. The capability 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-
rnous listening stations by Bradley �977! makes SOFAR float deployments
feasible on any scale in most oceans.  iii! We should benefit, rom
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 browed
general priority on remote sensing, using for example acoustic and/or
satellite techniques.
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THE INCOMPLEAT CURRENT METER

R1chard I. Scarlet
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A8STRACT

Engineering and construction activities in the ocean require
information on currents over a elide 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 accuracy is frequently degraded by mooring
motions. Mooring suspensions for near-surface and near-bottom
measureme~ts are difficult or incompatible with other require-
ments. Data recording techniques 2&nit deployment periods oz.
under sample processes. Telemetry of data or system status is
rare ly available.

Unlike scientific studies, which may choose to focus on
some aspects of the currents at the expense of others, engi-
neering studies must determine al.l those features of the
cur r ents which vill impact the intended activities or struc-
tures. Examp2es of the effects of all these instrument
limitations on particular studies have been encountered in
recent EG8G studies. Methods to surmount these difficulties
have been developed, but. better current measurement systems
could provide considerab2e irrrprovements.

VORKING CONFERENCE ON CURRENT MEASUREMENTS, JANUARY 1978. SPONSORED 9Y 2'HE
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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 unavailabi1 i ty 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 2X is fine, but it may have to be mounted in-line
on a mooring that tilts up to 20', leading to actual 6X errors. A sensor
that is linear within 2X 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 errors. Thus, in most cases, the accuracy
of the actual sensors is not the limiting factor in the overall data
accuracy.

Errors caused by tilt and other mooring effects  vibration, hydro-
dynarnic 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 unavai fable, and their effects
on the measurements are usually not known. Tilt sensing in the current
meters, pressure  depth! sensing somewhere on the mooring, 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 canfusion, many claims,
and few hard facts. Meters that are successfully tilt-decoupled may
be "better" on simple tilt moorings, but "worse" on a rnaoring 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 resHience 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 so] id data base to verify
the absence of energetic shorter-period events.

166



Microprocessor control of data recording should lead to more power-
ful data sampling schemes to solve these problems. Similarly. they may
help to solve the over-range and zero-speed problems that occur in many
instruments. Undetected over-ranges can obviously cause an 1nstrument
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 cotnnon 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 s1gnificant further
research. Many current meters are also very difficult to use near the
bottom. Measurements less than a meter from the bottom are often
des1rable. but the shapes of current meters and anchors keep this from
being a simple matter. This is a good example of a nuisance as opposed
to a real technological block, as it is usually possi ble 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 i t necessary for EGKG 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 limited degree of standardization, perhaps
the same trend may begin in ocean instrumentation.

In fact, from a user's point of view, 1t is probably not too soon
to appeal for the sort of measurement system approach to ocean instru-
ments that is becoming carin 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" wi 11 be needed to get our oceanographic
i nstruments up to this state of the art.
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OCEAN CURRENT MEASUREMENTS IN SUPPORT OF

HYDROCARBON EXPLORATION AND PRODUCTION
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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, f' or design infozmation, are obtained either
through Joint industry programs or individuaL company efforts,
The lengths of the measurement programs vary according to the
specific application. Pleasurement programs typically use reliable,
state-o f-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 government and government-
sponsored measurement progrcmrs. Conrnents are presented as to h~
this conference can aid in fulfilling the mutuaL as ueLL as exc2u-
sive goals of government, industry, and academia.
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Another use of current meters not directly related to currents is in
the estimation of direct1onal 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 Gorgman �974!, 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 mi nus 5% for speed, and plus or minus 5' for
direction. Current speed values are 1mportant in the calculation of drag
forces or lift forces since both depend on the square of the velocity.
Therefore, an accuracy of 5% in the velocity measurements yields an
accuracy of 10K i n the force determinat1on, which i s usually considered
adequate for engineering purposes.

Also, the accuracy requirement for currents is not very high because
these values are averages on which confidence limits 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 w1thin less than M. 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 2X is
desirable. In addi tion, current meters must respond reasonably well to
flows which are not perpendicular to the axes of the meters.

HOW NEASUREMENTS 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 i ndustry effort has been
the Ocean Current Neasurement Program {Forristal et a1., 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 United Kingdom Offshore Operators Association
{UKOOA!, cooperation has been fostered among the oi 1 industry, the
governme,it and the scientific conIauni ty. UKOOA has set up a vehicle
through which information and data may be exchanged. Neasurements
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�.
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gobil has developed three major measurement programs to date, two
in the North Sea [in the Statfjord �00 ft! and Beryl �00 ft! f'ields],
and one off the coast of Texas in the East Breaks �100 ftj area. The
Purpose of all three programs has been the determination of operational
and ~aximum design values for the construction and installation of plat-
forins and other facilities. An attempt was made during the installation

the Beryl Condeep gravity platform to measure currents in real time
u s i n g a curren t meter and i ts acous ti c transmi t ter. Acous ti c no i s e i n
the area prevented the transmitted signal from being received. As an
al ternative, meters were manually lowered 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. Ijnfortunately, Hurricane
Ani ta passed very close to the station and subsequently, the string was
reported missing. Attempts at recovery are still being made.

I NS TRUMENTS

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

A variety of types of instruments are used in current meter strings.
Out o< the wave zone, Mobil typically uses Savonius rotor meters. At
Statf3ord, two devices have been placed near the surface in an attempt
to eliminate transient contamination. 0ne is a new meter, an acoustic
device. and the other is a specially modified meter with a l3raystoke-
type impel 1 er.

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

4 major problem in loss of data stems from the reliability of the
recor~ing systems and batteries within the current meters. The main
cause of lost data, however, is trawler and other boat activity in the
area-
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Figure 2. Typical Platform Instrumentation
Mounting Scheme.
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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

All in all, we are pleased wi th 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 acousti c 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 can 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. He can all accomplish our objec-
tives with minimal investment through cooperative programs if we do not
'lose 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 objecti ves 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. Until a better means of funding
is devised, these two reasons wi ll 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 BLN programs in
the Bering Sea, Gulf of Alaska, Georges Bank, and the Baltimore Canyon.
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A prpblem 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
vi tal to the estimation of safe, reliable design values.

SUNMARY AND CO&ENTS

We conduct an evaluation in each new area to determine the level of
ocean current information needed. 8ased on this evaluation. a decision
is made as to the value of a measurement program. The measurement progra~
tray be on a short-term  less 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.
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CURRENT MEASUREMENT INSTRUMENTATION SENSORS FOR INDUSTRIAL

APPLICATIONS: RE UIREMENTS. PROBLEMS, AND PROPOSED
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Matthew K. Howard and Charles F. McFarlane
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ABSTRACT

Industry commonly uses current measuzement data to proper 2!
design and safely install marine structures. The ocean engineer's
information requirements emphasize maximum current, e?i . iti.-
and durations, with less stringent requirements placed on the
data's absolute accuracy and resolution. Ai 2e reduced accuracy
is acceptable, the data acquired must truly represent th ocean
dynamics. In this type of application, the reZiabi lit y and .; >stem
cost not sensor ace~racy, become the trade-off consiaezation" by
which the current sensor components of a system are selected. This
re2iability is eJpr essed not only in sy-tern design but also in
instrument ruggedness, abi 2ity to detect failure before instal?a-
tion, component z'e2iability and commonality, and ease of ser vicing
at sea. Our experiences have sheen major deficiencies in the areas
of pcmr supplies, tape transport reliabi2ity and commonality, ani
errors derived in the encoding and trans2ation pzocess. All of the
deficiencies cause errozs that may not be entize2y evident ui bout
rigid data processing co~trois.

!>>ORZIllfG CO?I?FZREAlCE ON CURRY?>lT ?%AS;'PFÃE?!TS, cTZ~<UARY '>9>8. S; 0!'>'SOR!.",, .'I T!~'"'
POAA OFFICE OF OCFAR F. JGI?>?PERIWIG Ahl'D THE DNA!>>ARE SFA GRAHT, OI,?.! '�.;
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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 likely to be encountered by the structure during its design
life. 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
maximuni currents are associated with the tides, then data from one lunar
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-niean-
maximum plots. spectral energy density plots, progressive vector
diagrams, and scatter diagrams. From these data presentations, it is
a simp]e matter to determine maximum current velocities and seasonal
trends.
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Hefore any of this can happen, however, a current measuring system
must be successfully dep'loyed 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 appl i cations is reliability. Reliability i s 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. All meters have drawbacks when exposed to
the operating environment. avonius rotor sensors are sensitive to wave
or mooring-induced motions; electromagnetic, acoustic and optical sensors
are prone to mechanical degradation as are Savoni us rotors; most meters
are vulnerable to physical damage of a varying degree.

The ultimate i nstrument to fit the varyi ng 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 Reliabilit 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.

Multi le Servicin Reliabilit . The previous criteria can be
relate 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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1nstallation and recovery month after month, with minimal parts and
minutes of work to effect repairs and replace expendables, is an
absolute necess1ty.

Calibration Stabili t . Industry lacks the resources to determine
the sta ty o a current sensor before purchase and installation. This
area fs one that is lacking in 1nformation, that tends to be ignored, and
is a "seat-of-the-pants" feel1ng to most users. Generally, 1f a sensor
maintains mechanical integrity, does not get sloppy 1n operation, or
does not foul severely, it is expected to maintain calfbration.

Performance to S ecification. This is another area in which few
in in ustry ave t e capa ty to detect problems correctly 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 fs 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
respons1ve attitudes in the cost to perform, the sensor cost becomes
nearly equal to reliability as a basis for selection.

0EFICIENCIES OF PRESENT SENSORS

State-of-the-art current meters have performance capabil1ties far
beyond the past generations of equipment. This capability is not always
realized because of failures, ei ther partial or total, of components
critical to proper data collection. Interstate Electronics Corporation ' s
experience has shown major deficiencies in the following areas:

~ Po~er supply failures  total!.
~ Inadequate power supplies.
~ Sensor damage due to inadequate protection.

Tape transport relfability.

Power Su 1 Problems. In situ instruments require storage cells
for comp etely remote operation. Over the past 18 months, Interstate
has experienced some ten meter-months of data loss due to battery
failure; this from some 80 meter-months of installation, A fai lure
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rate of some 10K 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 installed period.
In one case, a battery had correct values at installation onboard, ran
for severa'l cycles on deck. then failed at installation, a 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 install ation period.

Sensor Dama e. A major number of failures caused by mechanical
damage can be orestalled by proper handling, but several of our
fai lures have been caused by inadequate protection and instrument
bulkiness that did not allow handling, under prevai ling sea conditions,
with the required care to forestall damage.

Ea e Trans ort Reliabilit . Data losses caused by tape transport
failure ave een a m nor pro em, 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 encoding level runs in conjunction with data analysis,
such errors as partial records, missing records, or bit shifts in the
data may not be readi ly apparent.

Su ested Solutions. Commonality is one approach to a solution to
lower ai ure rates o power supplies and tape transports. 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 desi red product
is specified, the market area is large enough, with all in 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 competi ng
instruments and should establish a user's forum for timely discussion
of problems that crop up.

ADDITIONAL PROBLEMS ANO SOLUTIONS

Fol':owing 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



most likely need transcribers for: 1/4" reel-to-reel tapes; cassette
tapes  two or three versions!; 8-track tapes; "Scotch" cassettes, and
P«bably Others. In addition, recording densities, tracks and formats
vary within each type. Me need to standardize on one or two data
storage device types so the transcription process is less complicated
and. 1 ess cos t Ty.

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 Nexico, 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 �024 seconds!. the propeller-
type at 3.75 minutes. and the Savonius rotor meter at 10 minutes. The
ability to compare data at similar times at the same level of confidence
is lowered by this mismatch in recording intervals. Comnonality, please.
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CURRENT MEASUREMENT: AN IMPORTANT CONSIDERATIDN IN THE DESIGN,

CONSTRUCTION, AND OPERATION OF OFFSHORE FACILITIES

Frank H. Rose
ContinentaL OiL Company

P. 0. 5oz 2197
Houston, Texas 77002

ABSTRACT

The movement of the offshore industry into frontier areas and
harsher enviz'onments has given my to increasing concern ovez current-
induced forces for design, construction and operation of offshore
facilities. The historicaL approach to design current determination
is s Zoos Zy being repZaced by computational techniques which consi der
aZZ components of currents raith their respective time of occurrence
and direction. From a construction standpoint, there is an increasing
requirement for neaz reaZ time data that- mZZ be heZpfuZ for faci Lity
instaZZation. Foz' faciZity operation, the need is for a good statis-
ticaZ base as ueZZ as near zeaL time data for eriticaZ operations.
This paper discusses industry's curzent data requirements as reLated
to the design, construction and operationaZ phases of offshore
faci Ziti es.

fe'ORZING CONFEREE'NCZ ON CURRENT HZASUREME'NTS, JANUARY 1978. SPONSOFZD BY THE
NOAA OFF1CE OP OCEAN ENGlNEERING AND THE DELAVARE SEA GRANT COLLEGE' PROC~~..
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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
in 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 continui ng effort to better understand the
offshore physical environment. The movement into frontier areas with
harsh envi ronments 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 gradua'1 learning 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 lowering of various design, construction and operational
requirements without any i ncrease in ri sk.

This philosophy is particularly applicable to current speed and
direction. Because of difficulty of accurate measurement. conservati sm
is generaily 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.

Desi n. Though those involved in design often speak of the design
wave he> g t, indirectly the inference is to water particle motions which
produce the force. Desi gn of offshore facilities has gi stori cally been
based on forces as determined by the Morrison Equation~ which considers
the wave-induced water particle veloci ty and superposition of other
forces caused by such current components as tide  astronomical, wind,

l 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 conmionly 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, i n 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, simul-
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 defini tion of the magnitude, direction, i nterrelation-
ship and thus the joint probabi lity of occurrence of all these components
is the major requirement from a design standpoi nt. To meet these requi re-
ments, reliable, accurate instrumentation and subsequent measurement
programs to ei ther empirically determine design current parameters or
verify theoretical and statistical models are needed.

Construction - 0 eration. Construction and subsequent operational
requirements or current data are classified together because of the
similar nature of information needed. Additionally, only the quasi-
steady current is treated here since 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 requi rement, real time current data, has recently become
a tool substantially benefi ting offshore construction and operations.
During the launching of the lower section of the Cognac "A" platform in
1030 feet of water  Gulf of Mexico!, currents were monitored with aprofiling current measurement system. Continuous measurements over the
water column were acquired every two hours and were monitored i n 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 SOP stack or riser, etc., often make use of real time
current data for input to on-site decisionmaking.

In sunInary, 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/MEASURENENT RE UIRENENTS

The requirements for water current instrumentation, deploytnent
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 wi th 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 exi stence of a
thermocline will cause problems with signal reception.

Instrument specification and associ ated sampling intervals wH 1
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.
Seardsley. et a' t. {1977! give an excellent summary of current ~eter
intercomparsson results in a water depth of ZS meters during the recent.
CNICE project. In this study, Savonius rotor, impeller 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 si gnifi cant information that
should be helpful in instrument selection.
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Data output from current sensors wi ll be either some average or
instantaneous value of current speed and direction. Data averages will
either be scalar or vector averages over a particular interval as deter-
mined from a continuous sampling mode or a burst sampling mode. The
latter 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
aliasi ng problems which might be encountered because of the presence of
wave-induced veloci ties. Continuous sampling instruments must have long
enough sampling intervals so as not to introduce an erroneous net wave-
induced velocity. To eliminate a similar err or 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 physical
environment. The electromagnetic current meter is presently the primary
instrument used for instantaneous current speed and di rection measure-
ment. It operates on the principle that an electric field will be
induced i n a medium that is moving relative to a magnetic field. Response
of electromagnetic instruments is typically less than O.5 seconds.
Thus, there is sufficient response to measure wave-induced water particle
velocities. 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 either 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 INPACT

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

For of f shore 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 construction/opera-
tional activities can cost many thousands of dollars per day.

SUMMARY

The current environment is an important consideration i n the safe
and economical design, construction and operation of offshore facilities.
Within each development area, i t is necessary to investi gate this environ-
ment and assess the impact on facilities. Decisions can then be made as
to whether or not measurement programs should be implemented. If measure-
ment programs are undertaken, the primary considerations wil 1 be mooring
and instrument characteristics as well as data sampling and deployment
intervals. Generally, the increased confidence in the various current
cri teria produced by measured data could provide for lowering of the
cri teria with no appreciable i ncrease in risk, Additional ly, the temporal
and directional characteristics of various current components can be
better estimated, which i n turn will allow the determination of more
real is tie probabi1 i ty di stributi ons.
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A8STRACT

The stability of a marine pipeline which is ax'posed to
lateral currents ie one of the major concerns of the pipeline
engineer. The design veLocity in the bottom boundarg lager
dictates the amount of concrete weight coating a7hich must be
applied to maintain stability during the hearst Li fetime current
conditions. As this submerged ueight requirement has consider-
able effect on material cost and installation techniques, one

' ache early steps in designing the pipeline is calculation of
the design currents. This ualue is traditionallg deriued from
steady current data obtained along the pipeline route. The
typical requirements of this data base are discussed.
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I NTRODUCT ION

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 life 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 f'low patterns
along the pipeline route . Specifically, suffici ent 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 veloci ti es caused by tidal,
density and wind forcing. Coincidental to this effort, the character-
istics of the construction period  say three months! and lifetime �00-
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 complete ve'loci ty informa-
tion throughout the entire water column, and typically real-time data
are required during the actuaI installation. Although there is a
distinct requirement for these types of measurement programs by the
pipe'line 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 wi th some of the techniques presently used, and to identify
areas of potential hardware enhancement.

DATA RE UIREMENTS

As noted in the precedi ng 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 flow regime a'long
the route is analogous to the vertical spacing requirement 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

192



to measure wave-induced veloci ties. The presence of suc.h signals can,
in fact, cause an overestimation of the true current unless they can be
filtered from the velocity record.

Characteristics of a hypothetical measurement program designed to
measure bottom boundary layer currents are compared wi th presently
available instruments in the fol'lowing paragraphs. Comparison is, made
in terms of the following considerations:

~ phys ical characteri s ti cs
sampling period

~ sampling and recording rate
- accuracy
~ range of measurements
~ data logging
- data format
~ options
~ rel i abi 1 i ty
~ cast

The remarks are summarized and presented in Table 'I.

Ph sical 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 to the bottom as
physically possible. Usually this is 1 to 2 m, depending on whether or
not an acoustic release is used and the expected intensi ty of sediment
bedload. As upper ocean measurements are needed for correlation of
data, addi tional current meters are often included at the top and middle
of the mooring. This adds relatively little expense to the major cos ts
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 synnetry, and reduction in package dimensions
are desirable in terms of physical characteristics� . This is especially
true for use in the offshore petrochemical industry.

Sam lin Period, As noted earlier, the phenomena of i nterest are
due main y to ti a , densi ty and wind forci ng . The 1 ength of the measure-
ment program, therefore, depends on the dominant forci ng mechanism
expected . In areas where the regime is essentially tidal, a minimum
record length of 30 days is consi dered adequate. In order to quantify
a densi ty signal, however, which may be significant in estuarine regimes,
several 30-day records obtai ned throughout the year are desir able. In
lieu of such a vessel-dependent program, a single 60-day record taken
during the cons truction season or peak fresh water discharge is s~fficient.
The measurement of wind-induced bottom currents requires the most
ambitious commitments, as in de p water, a wind-induced signal may rot
occur except in ex -erne atmospheric events. The approach taken here
is often to generate the theoretical wind-induced bottom current or the
basis af a suitable model. Bottom current measurements in depths greater
than ~0 m taken during storms are obtained largely by good fortune.
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TABLE I

DESIRABLE SPECIF1CATIONS FOR CURRENT METERS

USED FOR MARINE PIPELINE DESIGN

REMARKSDESIRABLEPRESENTI Y USEDCRITERIA

31.5 x 24'

42 lbs. in air

30 to 90 daysSAMPLING PERIOD 30 days

RECORDING RATE 15 min

requires vane
length o f 6"SAMPLING RATE

present accuracy
satisfactory

+ or � 8 cm/s

ACCURACY

3-120 cm/s 3-120 cm/s
VELOCITY RANGE

mag. tape or bubble
memory

DATA LOGGING

variousDATA FORMAT

none
OPT10NS

60 � 70/

da ta return
70 � 8QX

acceptable
R E L I A BILIT Y

$4 000 � $5,000
per unitCOST same
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PHYSICAL

CHARACTERISTICS

continuous speed
integration over
recording interval,
vane res onse-IGs

film, pressure
sensitive paper
tape

smaller size,
symmetrv a. out
mooring axis

15 min. to 1 sec
burs t sampling
controlled by
micro rocessor

capabi lity of 1/s
rate for speed
direction

+ or � 8 cm s rel.
to absolute std.
+ or � 10 for dir

0

Rs 232
or

8 bit binarv
pressure record,
acoustic transducer
for real time data

phys ical compact-
ness required
for deployment

ease
practical limits
due to b iof ou ling
and mech. failure

ruggedized tape
cassette is pre-
sently most
su i tab le



Attesting to this is the lack of historical current data col lected during
hurricanes. A potential solution to this measurement problem is to rnain-
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 loss
~ failure of data logging transport mechanism

Improvements in instrument design directed at t'hese problems are considered
prerequisi te to practical deployment for periods in excess of 30 days.

Sam li n and Recordin 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 cri teria,
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 di rection is the i nstantaneous 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 ei ther the steady or oscillatory current case, the proper recording
peri od 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 avai lable 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 orbital
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 zone.

Accurac . The instruments used for pipeline current surveys are
calibrate to the nianufacturer's standard before each deploynrent The
allowable error is +8 crn/sec and +10' for the speed and direction sensors.
These sornrwhat 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 line motion
~ lack of true cosine response to di rection of flow in instruments

having fixed geodetic orientations

Biofouling of the speed sensor has been found to be part1cularly
severe on near-bottom 1nstallations. Biocides incorporated into exposed
components have greatly reduced the problem w1th microfouling, but
macroscopic free-drifting debris remains a hazard.

The prob'tern 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 �-meter! water, a bi-
directiona 1 ducted propeller has been used in conjunction with a long
stabilizing vane. The intent is to keep the heading of the instrument
constant i n 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 1t 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
line motion, wh1ch is not a particular problem associated with near-
bottom measurements.

bottom layer is 5-100 cm/sec, even in strong tidal flows. The maximum
velocity threshold which is desirable is 3 cm/sec and is achieved by
most presently available instrumentation.

Data Lo in . Presently used film recording data loggers are con-
sidere inadequate 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 da ta 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 K-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 i nterface
medium for minicomputers, this format is recommended . Additionally,
this format enables data to be transmitted directly via a standard
Telex termina'I.
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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 reconmended
that all raw data be recorded and filtering be implemented using com-
puter techniques which preserve originaL data.

~0tions. A parameter which has been useful when analyzing velocity
data is the pressure signal. A low pass filter allows the tidal 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 moori ng 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 condi tions at the interface and leaking connectors. The
results obtained from this arrangement have been fair at best.

for instruments carefully deployed is 60 to 70%. This figure represents
the rate of good data returned to the quanti ty of data expected according
to deployment length, sampling rate and battery life. Although the
ins trumentation coaInunity has responded well to most industry needs,
improvement is still requi red in the following specific areas:

~ improve reliability of tape transport mechanisms in the presence
of vibration or shock 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 $4,000. 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,
i ntegrated 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 offer significant
sav ings in hardware cost over the present cost of $10,000 for a single
meter mooring.

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 wi th these instruments are the large-scale
current monitoring programs such as those requiring 10 to 20 current
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meters, economically tenable, At present, no instruments have been
identified which are uniquely suited for pipeline applications. Hypo-
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 106 bi ts;

~ 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 Memory which may be
exercised by the technician just before deployment;

~ small, axially symmetric physical package; and
~ cost $5,000 to $6,0GO.
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ABSTRACT

Sto»m-driven curzents can be an impoz tant part of the design
hydrodynamic flee field for f'ixed pLatforms. In additio~, the
currents which exist during platform construction can significantly
affect the installwrion. Planning for the installation of a Large
platform of f the iÃssiseippi Delta mrs faci Litated by climatoLogical
current data collec'ted vith electromagnetic and Aanderaa mete~s,
which vere suppozted from a semisubmersible drilling rig and f»om a
subsurface mooring. In addition, Cyclesondes and electromagnetic
curzent meters vere used to pz'ovide real time cur'rent data during
the installation of the base section of the structure.

Once a platfo~ is in place, it provides an excellent. site
for the study of near-sur face, storm-driven currents and mves.
The fast response time of electromagnetic current meters makes
them seem ideally suited for this applicatio~, and their effec-
tiveness has been demonstrated through five years of experience
at thzee sites in the Gulf of Mexico. Eaz Ly problems with
r eliability of' the meters during Long-term, unattended operation
have nor been mostly eliminated. During tropicaL storm Delia,
surface currents over 8 m/sec vere measured. The electromagnetic
current meters also provide information on the kinematics of storm
vaues. Comparison of the measured particle velocities vith eave
theories shoes that the directional spread of the rave energy is
impoz'tant. The measured particle velocity spectra agree vith the
predictions of Lineaz theozy to within a feM percent over the
enezgetic frequency zange, increasing confidence in the current
measurements.

VORKlNC CONFERENCE ON 'VRRENT MZASUREhKNTS, JANUARY 1978. SPONSORED BY T11E
NOAA OFFICE OF OCEAN ENCINEERING AND THE DEIAllARE SEA GRANT COliliEGE PROCRAK
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INTRODUCTION

Offshore oil operators are interested in current measurements because
the design of oi 1 production platforms 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 shou'ld also
be substantial wind-driven currents. Since the forces are roughly propor-
tional to the square of the water velocity, the additional effect of the
current is worse than additive.

Unfortunately, there is much less quanti tative information 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 storms. 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 flow, 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
 OCNP! 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 i n that storm are described by Forristall et al. �978! . 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 engi neeri ng project. The Cognac platform
is being assembled from three shore-fabricated sections at a si te off
the Mississippi Delta. The details of the ins tallation are dependent
on the current profile at the si te. To help plan for the installation,
c I ima tol ogi cal current data were col 1 ected using electromagnetic current
meters supported from a semisubmersible drilling rig and Savoni us rotor
meters on a subsurface mooring. During the installation, profi'Iing
current meters and near-surface electromagnetic meters were used to
provide real time data. All of the various types of i nstrumentati on
worked well in the functions for which they were i ntended.
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TAUT WIRE SUPPORT SYSTEM

The support system for the platform-mounted current meters must hold
them as rigidly as possible wi th 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 consi sts of a single wi re rope
stretched over an upper and tower sheave to form a pair of taut wires.
The tension in the taut wire pai r 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 probe is clamped into a frame which supports
i t midway between the taut wi res. These frames are designed differently
at each station so that the probe is held i n a vertical position and in
a north-south orientation. The current meter frame itself 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 t' he upper sheave is rotated, the
frame is raised or lowered on the taut wire pair. In this fashi on, the
meter array can be placed 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
tens ion 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 pi lot study where the cables were
all routed up one side of the taut wire pai r, 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"
wi re . This small-diameter wi re rope is 1 eft 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 cable 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 wi re on a bridle constructed for thi s purpose.

Because of differences in platform structure at the three stations,
the configuration of the taut wi re 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 wi res  Forri stall et al, 1977! .
At the other two si tes, 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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Figure 3. Taut wire and wave staff installation at OCNP station 3.

204

I
~ T I

I
I~



FORRjSTALI HAMPTON

two ft/sec current setting toward the east, we have observed eddies from
the southwest platform leg crossing the current meter string and causing
ascii lations up to two ft/sec in the output. During mare normal con-
ditions of wave-dominated flow, the same problems do not seem to exist,
but the possibility of such interference is still disturbing.

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 sti ll
have some motion in storm waves. Nave and current forces are consid-
erable even on so slender a structure, and the resulting motions wi ll
cause er rors in the recorded velocities. It is thus important to be
able to predict the magnitude of the motion and correct for i t if
necessary.

To a reasonable approximation the taut wi re system shown in
Figur e 2 may be considered as a single string wi th 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
perpendicular to the x-axis, the equation of motion for the string is.

my = Ty" + T'y' + F ,

where T is the tension in the string, mis the mass per unit length,
F is the hydrodynamic force per unit length, and the primes and dots
represent diffe~entiation in x and t, respectively. Equation �! is
an approximation valid for small vibrations; that is, we negtect the
vertical component of the motion.

The hydrodynamic force is determined from Morrison's equation,

1F = P CdPAv lv 1 + Cm Da �!
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The taut wire system is complicated,and the installation of current
meters is time-consuming 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. However,
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
wi th 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.
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y  x, o! = y'  x, o! = 0 . �!

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! = y  iah, jest! = y. �!

=1... n

j =1,

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

7

 y' , - 2y' + y ! ah! 1+1 i 1 � 1

=~ y -2y~ +y- !1 j+1 j j-1
 at! i i 1

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

zt < min  wh dm-/T.I
i 1 �!

Unfortunately, in the present problem there is another source of
instability which is more difficult to eliminate. In equation �!. 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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where Cd is the drag coefficient, p is the density of water, A is the cross
sectional area of the system, Cm 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:
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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

w=v+y  8!

The solution of equation �! can be written symbolically as a functional
of the relative water velocity so that:

y = F  v!  9!

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

y=F w-y! �O!

and if w is given, this system can be solved by a finite difference
scheme. Unfortunately, we do not know q; indeed. it is to be the final
result of our calculations. However, if g is small compared to y, it is
reasonable to make the approximate w = v qn �0!, to get a first approxi-
mation of the motion:

yl = F  v - yl!
wl = v

Successive approximations will then have the form..

w =v+y,

For our purposes, numerical experiments have shown that y'> is close
enough to yl so that the first approximation is sufficient. Forward
differences for the velocity vector and backward differences for the
magnitude of the velocity in equation �! were taken to prevent further
instabi lities,

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 particle motions.
Thus, the cab'le bundle was reluctantly moved to a position between the
taut wires. although this greatly complicated the design and installation.
Some random asynlnetry could remain, particularly where the cables must be
routed around the meters, but it should be small. To get an idea of how
a small synInetry would affect the system, we made a series of computer
runs in which the system was symnetrical except for five feet of con-
ductor cab'le 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 l. 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 unsymetrical then, the figure actually repre-
sents a worst-case analysis for most of the OCNP data. The crosses and
solid dots show the tips of velocity vectors at G,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
is not required, which is fortunate, since it is extravagant of computer
time.

RELIABILITY AND ACCURACY OF ELECTROMAGNETIC CURRENT METERS

From our viewpoint, the most desirab'le feature of the electro-
magnetic current meters has been thei r very fast response time which
pe@nits accurate and explici t 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 usi ng
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 OCNP, such problems occurred in cable splices, underwater
connectors, and in the probe electrodes . All of the fundamental design
problems now seem to be cured, but successful manufacture and deployment
of electromagnetic meters still require constant attention to detai l.
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Figure 4. Motion of slightly asymmetrical taut wires at Oc:MP
station l.
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Figure ~- Comparison of recorded and corrected velocity data from
OCNP station 1 in a ten-foot wave.

210



Tank tests of cylindrical electromagnetic current meter probes have
sho~n 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 a 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 OCHP 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 ampl i f i ers 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 �966!. Forristall et al. �978! show how
the calculations can be modified to take into account the Doppler shift
caused by strong currents, such as those in tropical storm Della. An
example of such a directional spectral estimate is shown in Figure 6,
where the curves delineate a surface whose height is proportional to the
spectral density at a given frequency 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. CNl was at -13 feet, CM2 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 accurate'Iy 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
prove sufficient accuracy in the current meter system would be very
difficult.

CURRENT NEASUREHENTS 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 OCNP station 1
during De1ia at 1300 CDT, September 4, 1973.
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requirements, and sensor location. A construction project has a set time
schedule which can be delayed only at great cost. The rigidity of the
schedule indicates that reliability is an extremely important factor in
the selection of any instrumentation. Absolute accuracy is not as impor-
tant as in many design studi es, but repeatability between instruments is
very desirable. The construction engineer cannot readily calculate the
forces caused by a given current profile during a specific phase of the
operations. However, if a particular current speed causes problems. i t
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 activi ti es usually take place
in locations where no fixed structures yet exist, so the taut wi re
mounting system previously described cannot be used. Real time data
is imperative during construction. and this leads to additional diffi-
cul ties.

Current measurements are not always needed during offshore con-
struction. For 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
tall and support up to 66 oi 1 wells. The platform is being constructed
from three prefabricated sections 12 miles south of the mouth of the
Mississippi. The bottom section or jacket base section  JBSj was in-
stalled in the surmer of 'l977, and the remaini ng two sections wi 11 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 lowered to a specific location and orientation. Then, 24 pi les, each
eight feet in diameter by 6GO 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 sheddi ng
on the piles, making this phase of the work difficult if not impossible.
The middle 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 operations, including
the forces due to surface currents.

Current measurements at Station 3 of the QCMP 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
sernisubmersible drilling vessel Pacesetter II while it was at the
site during the surmner of 1975. The vessel was rigged with a winch-
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operated Marsh-NcBirney 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 equi pment 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 Blowout 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
problems during the Cognac installation. 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-
lent until the mooring could not be found on the last monthly service
in January 1977.

The current measurements made duri ng the sumners of 1975 and 1976,
allowed the barge mooring system design to be finalized and gave the
construction engi neers an idea of the strength and persistence of the
currents encountered at various depths. The measurements also gave the
engineers some i nsi ght 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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Figure 8. Current measuring con@'guration on the Pacesetter IL.
7EI03flQJ

216



NORTH

-10

-20

-30

-70

-9

7$/035/2

217

-100
0.0 0.5 1.0 1.5 2,0 2.5

SPEED   FEET PER SECOND!

Figure 9. Current profile measured from the pacesetter II on
September 13, 1975.



5VR FACE

- 120'

- 200'

- 400'

- 800'

- 1000'

- 1018'

- 1050'

Figure 10- Aanderaa current meter mooring used in the Cognac site survey.
JPIUPgg P

218



FOP'Rl S2'ALL/HAMIL TOP

included two barge-mounted Marsh-Mc8irney 524 electromagnetic meters,
two buoy-mounted Cyclesondes, and a 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 100 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 i ndi vi dual calibration curves for each i nstru-
ment rotor, the accuracy in the tow tank was two to 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 on
their moorings at the Cognac si te and began obtaining current profiles.
Measurements were made unti 1 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 almost
always avai lable. An example of a Cyclesonde current profile is shown
in Figure 12 to indicate the complicated vertical structure often
observed.

During late August when the site was abandoned because of approaching
hurri canes, 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 i ts mooring. Unfortunately, a mistake made during the
retrieval of the moori ng resulted in the loss of thi s instrument also.

The surface meters performed well wi th no problems occurring wi th
the meters themselves. However, data were lost on several occasions
when boats ran into the frames holding the meters, causi ng 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 comp!etely success-
ful, and there is every reason to believe that the operations in 197B
will go just as smoothly. A simi lar 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 si tuation for which it was best suited, and no existing current
meter would have been appropriate for all si tuations . 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 egected into the ocean. environment are dispersed
and transported by the eater movements induced by un.nd forces,
tides, bottom topography and shoreline configuration. whether the
poLLutants have an impact on the environment depends primarily
upon vhere they are carried and hov much they are diluted along
the may. Ve expect current measurements to tell us not only the
trajectories followed by a given pollutant, but also the variations
in the rectories and the varz'.ations in the currents that affect
the dilution o f a pollutant. This information is provided by tech-
niques that follow the movement of mter  Lagrangian! and ones
that measuze ~ter movement past a given point  Eulerian!. This
paper focuses on the Latter, p~zri Ly because instrumentation
measuring currents at fixed points can pzovide the required Length
of zecords over many months. This yields information on seasonaL
changes in circulation as u!eLL as detailed data on variations
occurring over severaL seconds or minutes.

Current measurements must provide data on variations over
seconds to houzs to properly assess the dilution characteristics
of circulation. These must also be made under a aide range of
conditions to provide information on the changes in the character-
istics from aay-to-day and season-to-season.

Basic current zegimes that govern transpozt and dispersion
of material repeat themselves at a given Location. Unattended
current metezs that record zapidly over periods of severaL months
are required to determine the frequency of occurrence as ueLL as
the enezqy associated Ath such regimes.

VONKING CONFERENCE ON' CURRENT HZ'ASUREPGNTS, JANUARY 2978. SPONSORED B+ 7HZ
NOAA OFFICE OF OCEAN E'NGINEER jNG AND THE' DELAL'ARE SEA GRANT COLLEGE PFi'0 ,i77~Y,
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INTRODUCTION

Environmental impact assessment requires answers to three basic ques-
tions: �! What are the chemical and physical characteristics of the
pollutants and what are their rates and locations of input?; �! How are
the pollutants transported, and how are their concentrations changed from
point of input throughout their journey in the ocean environments; and
�! What are their effects on the environment, knowing the concentration
that a pollutant 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 inland 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 are used to determine circulation regimes in
nearshore waters. The i niti al diffusi on and spreading of wastes from
input locations 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 fi xed locations play a dominant role.
The weather cycles last several days and can completely change the
di rection of coastal currents. Nore important, the structure of the
currents is likely to change during a weather cycle, a structure whi ch
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 likelihood of environmental impact. Such information is
required to evaluate the output of hydrodynamic models of coastal
currents, that are also an important tool in environment assessment.

CHARACTERI STICS OF COASTAL C IRCULAT ION

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 thaught 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 layers
are merged in the shallow water close to shore. Here is a zone of fast,
shore-parallel currents and strong tidal currents. The bottom can be
shallow enough to be stirred by large surface waves. The shoreline can be
rugged, straight and smooth, or indented by estuaries.

A wide variety 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 inerti al
osci llations in the Great Lakes are effectively fi ltered out wi thin 10 km
from shore. where most of the kinetic energy in coastal currents occurs
at frequencies less than 0.5 cyc'les per day  Csanady, 1971; Blanton,
1974!. By contrast, off open ocean coasts, tidal currents appear domi nant
right up to the shoreline. The orientation of the major axi s of the tidal
ellipse is probably alongshore off straight uninterrupted shorelines, but
the major axis can be perpendicular to shore near many tidal inlets  EGSG,
1974!.

Reversals in shore-parallel currents within 10 to 20 km from the shore
can cause wide fluctuations in water temperature. Currents flowing wi th
the coast to the left in the Northern Hemisphere bring cold subsurface
water into the coastal zone  upwellingj. When the current reverses
 coast to the right!, the cold water is replaced by warm surface water
 downwel ling! . During the change from upwelling to downwel ling and
vice versa, there may be large masses of inshore water exchanged with
oOshore water  Csanady, 1974! . Upwel ling and downwelli ng 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 wi th high runoff appears confined wi thin the
same 10 to 20 km from shore  Nanheim et al., 1970; Bigham, 1973; Blanton
and Atkinson. 1977; and Nurray, 1977!. Suspended material is transported
up and down the coast by the shore-parallel currents. Off estuaries and
inlets where the material is i njected 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 condi tions, the excursion of a water parcel
is predominantly offshore for a little more than six hours before its
motion turns shoreward. Root-mean-square tidal velocities between 30 to 60
cm/s in the offshore direction  representative of the east coast of the
United States! would cause excursions between 7 to 14 km over one-ha'If a
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tidal cycle. It appears Iikely 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 environmental 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!: �! periods of stagnation or
low currents, �! periods of shore-parallel currents lasting 24 hours or
longer, and �! 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!.

Sta nant Currents. The time period from 6 to 7 August was character-
ized y wea currents of less than 4 cm/s. Such slow, 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 �970! and
Murthy �972! 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-paral 1 el currents resul t in
regular e uent p umes . 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 26-29 July  Figure 2!. After
this, steadier currents followed �0 July-2 August! but from the opposite
direction.

These steady episodes are significant i n defining upwelling and
downwelli ng cycles. The steady currents of Z6 to Zg July were
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BLAillTOS

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 botto~. Surface effluents are likely
carried away from the coast. After the alongshore current reversed �0 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 contami nate 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.

Shifti n Currents. The transi tion between periods of shore-parallel
currents s usua y accompanied by complete reversal of the direction of
currents. As discussed, we can expect a corresponding change of thermal
structure from upwel ling and downwelling and vice versa  81anton, 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 km distanqe. This is illustrated by
large values of lateral shear from 0.5 x 10-4s-1 to greater than 10-4s-l.
The slope of the bottom is thought to be an important parameter in creating
these large differences. 8lanton and Nurthy �974! compared the lateral
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 osci llations about
the smoothed curves in Figure 2. These are denoted as v . The smoothed
oscillations of current around the mean speed for an episode is denoted
V . The major result in Table 1 is the large increase in V compared
to v under stormy conditions. The lateral shear increased by more than
one order of magnitude.

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

CDNCLU5IONS

Each 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 frequ- ncy of occurrence of each regime is important
knowledge in environm ntal assessment.
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Figure 3. A vertical representation of temperature structure along the northshore of Lake Ontario from data obtained in 1972 by the Universityof Waterloo's Coasta1 Chain Project. The two dots  o! closest toshore mark the locations from which came the corresponding current
meter data in Figure 2.  a! upwelling, 24 July;  b! downwelling,8 August,  From Blanton, 1975!.
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Stormy winds
 < 6 m/s!

1. 5 km 2. 5 km

Steady winds
�-4 m/s!

'I.5 km 2.5 km

Mean alongshore  east!

Mean offshore

Mean speed

y pQ

+2.5 +10. 2

- E.5

+2.4+2.1

-0.2-2.7

14.06.94,84.2

21.44.52.4

108. 437.23.75.3

aV/ax �0 s ! +0.75-0.045
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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 �-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! .
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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 sha'liow,
wave-contaminated environment. The amount of equipment a project can
afford to buy and maintain is limi ted. Most systems capable of measuring
curr ents 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 wi th the current
measuring instrument itself, but also with the mooring platform. the data
logging devices and antifouling. One 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 1 evel .
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ABSTRACT

The Ocean Thermal Energy Conversion  OTEC! Program af the
Department of Energy ie directed toaxud obtaining electrical pcver
from a heat engine driven by the temperature differential between
mrs surface and colder subsurface mrters. Preliminary design
concepts envision a Large surface plant, moored andjor actively
propel,led, attached to a Long  order of l00 m's! cold eater pipe.
4'ater is pumped 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 currents in order to minimize the effect of
the pLant on t.he environment and the effect of the environment on
the plant. For instance, current data are required to evaluate
the effect of the plant effluent on the environment. ALso, the
dynamic Loading on the pLant caused by ambient currents must be
computed to design a suitable mooring or propulsion system.
Current data are necessary to design a cold mter pipe which avi ll
neither coLLapse nor bend. The observational programs developed
for ol taining current velocity data at potential OTIC sites are
pr esented.

VORXING' CONFERENCE ON CURRKÃT MEASVAKhKNTS, JANUARY 1979. SPONSORED BY TRE
NOAA OFFICE' OF OCEAN ENGZNEERINC AND TRE DELAWARE SEA GRANT COI,IEGE PAOCFA,<.
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INTRODUCTION

The Ocean Thermal Energy Conversion  OTEC! Program is an alternative
solar energy program of the Department of Energy. The program's ultimate
goal is to extract energy from the sea in 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
fi rst 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 di scussed. Possible efficient
methods for obtaining these data are identified . Finally, a brief di scussi or
of the limitations in thi s 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 imnedi ate 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 caTTs for using the electrical output of a grazing plant to
powe~, at sea, an energy-intensive manufacturing process, such as anlnonia
production  Ougger et al., 1975!. However, in both cases, many of the
design features of ttte plants are similar.

Tables 1 and 2 sumeri ze some of the preliminary proposals relatingto OTEC platform and power plant design. Some of these design concepts
are no longer under consideration, but all 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.All include a large. near-surface vessel to house the power plant. which
will be attached to a long co'Id-water pipe. The warm water intakes are
within 150 ft �0 m! of the surface, and the cold-water intakes range
from ll00 feet to 4000 feet {370 m to 1300 m!. All power plants require
large amounts of warm and cold water to operate. The vertical temperature
gradients driving the plants also are similar.

Figure 1 presents a portion of a milestone chart for the OTEC
program. OTEC-1 and OTEC-5 are test platform to be used to verify
heat exchanger concepts and other OTEC systems. The Demonstration Plant
is nominally a 100 megawatt output system for which the design criteria
in Tables 1 and 2 have been developed. Several regions, shown on Figures2 and 4, have been proposed as potential sites for moored OTEC plants,
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MOLINAP7/LEE'IS

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
si tes for all stages of the program leading to the eventual conInercialization
of OTEC.

If it is assumed that the final design of the demonstration plant will
be some vari ation of the concepts given in Tab'les 1 and 2, rather than a
totally different design, then the comen properties of these proposals
allow for a generic specification for current data requirements. These
requirements should be valid for the most 1mportant design similarities and
are d1scussed next.

REQUIREMENTS FOR CURRENT DATA IN DESIGN AND IMPACT STUDIES

Current data are required in the design process and for impact studies
to mi n1mize:

�! the detrimental effect of the plant on the environment;
�! the detrimental effect of the environment on the plant;
�! the cost of plant construct1on; and
�! 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 ot 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
1n the plant before discharge, or i n 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 recoltlnended practice for the des1gn of
fixed offshore platforms, in which various data-dependent express1ons are
presented to evaluate the effect of the environment on the platform. A
similar format w111 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

Yelocit Profiles. Vertical profiles of the horizontal veloc1ty
are necessary to compute the current loading on the plant. Current
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Figure 5. Possible trackline for a grazing OTEC plant
in the South Atlantic  Francis and Seelinger,
1977!.



Table 3: Impacts of Current Velocity on Design Process

1. Surface Vessel

a. Drag conputations

b. Pl ant motions

c. Streamlining requirements

2. a. Drag computations
b. Pipe buckling

c. Bending moments

d. Vibrations

3. Positionin Nethod

a. Dynamic positioning propulsion requirements

b. Static mooring requirements

i . Strength of mooring

ii, Scouring around anchor

4. Recirculation

a. Potential for recirculation

b. Type and position of discharge - mixed or separate

5. Environmental Im act

a. Advection of harmful plant discharges
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loading can be separated into two components, drag and lift  API, 1977!.
The drag component is caused by the frictional stress on the object, and
the lif't 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 if the lift and drag forces are too large.

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

Cold-Water Pi e Desi n

Velocit Profiles. Ocean current velocity data are required to com-
pute e rag an t forces, as described above, on the cold-water pipe
 CMP!. In addition, current velocity data are used to determine the
minimum wall thickness of a CMP 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  Nu, 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 poss ty o atigue failure. Fatigue failure can occur if
s'ignificant internal wave energy exists at the shorter periods  order of
tens of minutes!.

Positionfn Re uirements

Velocit Profiles. Current data are required to compute the total
drag on e p ant, , and mooring line system, and thus determine mooring
line 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 Pandolfi ni, 1975!.

Bottom Currents. Data on bottom currents, particularly during

tial for scour around an anchor.

Reci rcul a tion

Velocit Profiles. Sundaram et al. �977! find that the percent
recircu at on is a function of severaT nondimensional parameters, one
of which is g/d2u, where g 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 TEC sqte is important because of their possible role in
i ncreasing r ecirculation. 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 cauld quickly advect
parcels of discharged water back to the plant. Small ambient currents
 non-eddying! can be useful in advecting away plant discharges.

. Environmental Im act

Small-Scale Current Variabilit . Local turbulence data are required
to eva uate t e e ect of the momentum discharge of a plant on the local
ambient current field  ERDA, 1977a!.

The advecti ve field in the vicinity of an
jectories of harmful material which may beOTEC es th

discharged from the plant

OCEAN DATA TO MEET DESIGN REQUIREMENTS

Table 4 lists 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 irregular 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 occu~. 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 requi red 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 si te 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 Euleri an,
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
linearly. 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; Hathen, 1975; and Molinari and
Festa, 1977!. Therefore, a data acquisition effort is required to ensure
a data-set for input to the design and impact process.

All available data and literature should be reviewed to design 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;
Nolinari and Festa, 1977!, while Loop Current eddies have been observed
at the Gulf of Mexico si te  Nolinari and Festa, 1977!.

However. if no or minimal data exist. a reconnaissance survey is
necessary to establish the background for a more detailed survey. Table
5 lists 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 5i lva �976! 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 informaHon 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, it will be possible to rearrange the vertical placement of the
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current meters to sample more efficiently. 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 moor ing 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 sever e events are sampled. This
requirement for current measurements at depths shallower than 100 m,
particularly during extreme events, eliminates most systems presently
used.

REFERENCES

American Petroleum Insti tute �977!. API Reconwnended Practice for Planning,
Designing, and Constructing Fixed Offshore Platforms. API RP ZA,
Eighth Edition, April 1977. 46 pp.

Atwood, D. K. �976!. Ocean Thermal Energy Conversion: Resource assess-
ment and environmental impact for proposed Puerto Rico site. Final
Report NSF Grant No. AER 75-00145 Univ. of Puerto Rico, Dept. of
Marine Sciences, 104 pp.

Bathen. K. H .   1975!. Oceanographic aspects of ocean thermal energy con-
version pilot plant in subtropical Hawaiian waters . In: Proceedings
Third Workshop on Ocean Thermal Energy Conversion, G. L. Dugger, Ed.
APL/JHU SR 75-2, 162-173.

Douglas, R. H. �975!. Ocean Thermal Energy Conversion: An engineering
evaluation. In: Proceedings Third Workshop on Dcean Thermal Energy
Conversion, G. L. Dugger, Ed. APL/JHU SR 75-2, 22-38.

Dugger, G. L., H. L. Olsen, W. S. Shippen, E. J. Francis, and W. H. Avery
�975!. Tropical ocean thermal pilot plants producing ammonia or
other products . In: Proceedings Third Workshop on Ocean Thermal
Energy Conversion, G. L. Dugger, Ed. APL/JHU SR 75-2, 106-115.

ERDA �977!. Environmental Development Plan  EDP!. Ocean Thermal Energy
Conversion 1977. U.S. Environ. Res . and Dev . Admin., Office of
Assistant Administrator for Solar, Geothermal and Advanced Energy
Systems, 48 pp.

ERDA �977a!. Proceedings DTEC Resource and Envi ronmenta 1 Assessment
Workshop. McCluney and Lewis, Eds., Rep. No. RD-77-2, 36 pp.

253



Francis. E. J. and J. Seelinger �977!. Market definition, conwnercial
development plan and OTEC financing. In: Proceedings Fourth Annual
Conference on OTEC. G. E. Ioup, Ed., Univ. of New Orleans.

Goss, W. P., W. E. Heronemus, P. A. Nangarella, and J. C. NcGowan �975!.
SunInary of University of Massachusetts research on Gulf Stream based
ocean thermal power p'lants. In: Proceedings Third Workshop on OTEC,
G, L. Dugger, Ed., APL/JHU SR 75-2, 51-63.

Jirka, G. H,, D. J. Fry, R. P, Johnson and D. R. S. Harleman �977!.
Investigations of mixing and recirculation in the vicinity of
an ocean thermal ener gy conversion plant. In: Proceedings
Fourth Annual Conference on OTEC, G. E. Ioup, Ed., Univ. of New
Orleans, IY-35 to 41.

Nolinari, R. L. and J. F. Festa �977!. Ocean thermal properties in
relation to the biofouling and corrosion experiment in the Gulf of
Mexico. Presented at: Symposium on Biofouling and Corrosion in
OTEC, Seattle, Wash., R. H. Gray, Chairman.

Olsen. H. L. and P. P. Pandolfini �975!. Analytica'l study of two-phase-
flow heat exchangers for OTEC systems. Johns Hopkins Univ. Applied
physics Lab., APL/JHU AEO-75-37, 113 pp.

Sundaram, T. R., E. Sambuco, A. N. Sinnarivalla, and S. K. Kapur �977! .
The external flow induced by an OTEC power plant. In. Proceedings
Fourth Annual Conference on OTEC, G. E. Ioup, Ed., Univ, of New
Orleans.

Yrimble, L. C., B. L. Nessinger, H. G. Ulbrich. G. Smith, T. Y. Lin �975!.
Ocean thermal energy conversion system study report. In: Proceedings
Third Workshop on OTEC, G. L. Dugger, Ed., APL/JHU SR 75-2, 3-21.

Walden, R. G. «nd E. A. Silva �976!. Deep ocean current measurement
systems for obtaining construction design data. In: Proceedings
1976 Offshore Technology Conference, Houston, Texas, 495-505.

Wu, C. C. �976!. Design and modeling of solar sea power plants by
geometric progranIning. Tech, Report ERDA/SE/E �1-1!. 2895/TR/76/1,
147 pp.



CURRENT METER MEASUREMENTS

FOR ENVIRONMENTAL STUDIES

Bruce A. Magnell
ZGIG Environmental Consultants

Valtham, Massachuse tts 02154

ABSTRACT

Environmental impact studies di ffez from scientific or engi-
neering studies in the uses to which the data are put, and because
they may become the object of Legal proceedings. This &nposee
unique requirements on the type and accuracy of' current sensor's,
An environmental study must be done by any company wishing to
build a major facility. Data and impact ana'Lyses are turned over
to regulatory agencies who in turn reviewed or enlarge the analyses
and issue their cnan Environmental Impact Statement. Typical
analyses for coastal facilities are concerned mth dispersion of
thermaL or effluent plumes; probability of advection of effluent
to inhabited or othe~se critical az'eas; detezmzination of mean
velocities, tidal veLocities, and other "c Lirnatological" parameters;
and establishment of predictive modeling capability, for use in
hindcast studies and for extrapolation to extreme conditions.
Issuance of construction permits follcmrs public hearings, at which
opponents may attack the conclusions indirectly, by attacking the
accuracy oz adequacy of the data itse'Lf. Moor eurz'ent metez'
considerations thus are: �! Theze is a need to accurately measure
hm velocities, which are important in dispersion studies; �! There
is a need for commercially avai Lzble Lagrangian sensor s, for direct
measurement of pzobability of advective impact; and �! There is a
need for traceabi lity in current meter calibrations, to avoid need-
less exposure of data to unwarranted criticism. On a higher plane
there is also a need for a methodology foz' curzent measurements in
environmental studies, to establish achievable goals and assure
credible results.

HORSING CONFERENCE ON CURRENT MEASURE'MENTS, JANUARY l978. SPONSORED BY THE
NOAA OFFICE OF OCEAN ENGINEERING AND THE DELAiv'ARE SEA GRANT COLLEGE PROGRAM
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MA QUELL

Ny company is a consulting firm which has done work for large utility
companies trying to obtain permits to build power plants in the coastal
zone. 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. I'm going to point out, in a very broad way. the distinction
between these studies and scientifi c 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
legal proceedings. Hy 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 hi re a consulting company, which specia1-
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
Coamission is the principal agency; in other cases, EPA may be. The
regulatory agency may have guidelines for such studies; but for studies
involving 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 Environmental 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: khat is current meter data used for, and what kind
of instruments ~ould we really like to have?

'1. The first thing you want to construct in an environmental study
is a general description of the envi ronment -- 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-
miningg the representativeness of events or of short data segments, and
for assessing the significance of changes.

The 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
{say three months at a time! to keep the costs down. Absolute accuracy
is a secondary consideration, provided the i nstrument 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 hicCh
speeds . But for environmental impact studies, the worst-case bui ldup~o
heat or effluents is a major concern, and this requires good data under
low flow conditions. This suggests a need for current meters with low
threshold speeds and good di rection 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
dynami c 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 locations,
where the currents are strongly polarized into the shore-parallel di rec-
tion. Small 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 100K 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  EMCNs! don' t
sense direction per se. Hut the zero stability of EMCMs is important in
determining current 8i rection, 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 thi rd appli cation 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 likelihood 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 usual fy occurs
when some fraction of the discharge is recirculated into the intake.
However, recirculation can occur only for certain current speeds and
directions, and therefore you want to estimate how frequently this type
of undesired advection can occur.

Estimating the probability of advective transport is a problem that
practically cries out for Lagrangian current sensors . What i s 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
important, that are cheap enough to be used in large numbers . Only wi th
large numbers can a statistically valid estimate of the probabi li ty 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 unti 1 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
s stem were available, it would be in demand for major environmental
stu es 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 i s the closest to the ki nds
of scientific research problems that were discussed at yesterday 's
session of this conference. and the i nstrument requirements are gen-
erally similar. The principal use for predicti ve modeling capability
for currents is in hindcast studies of extreme currents, and for des ign-
basis studies of extreme conditions. These are not strictly envi ron-
mental impact analyses, but generally it is the oceanographer doi ng 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 I'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 cowmen applications of current data in environ-
mental impact analyses. The next question is what happens after the
environmental study is done and the Enviroreental 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 provfde trans-
fer standards against which the field instruments can be calibrated. But
just try approaching an oceanographer about traceable current meter cali-
brations. Ke'd fall out of his chair laughing. It's almost unheard of.
Oceanographers count themselves luclqr if the manufacturer provides a
usable calibration of the sensor type, Recalibrations are rarely done
during the life 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 sfmulated-
current inputs would help greatly. The establishment of a user-oriented
national current meter calibration facility would be the real solution.

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

Now. we all know that from a scfentific point-of-view. the exact
calibration of current sensors in tow tanks is a red herring, Errors
due to waves or moori ng ti its can greatly exceed the uncertainty inherent
in tow-tank calibrations, for example; 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 opposition
to destroy the credibility of the data, needlessly so. The existence
of traceable calibrations, plus auxi liary 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
studi es 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 i s probably the only
feasible way to provide such diversi ty withi n reasonable acquisition and
operating cost limits.

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

SURVEY REQUIREMENTS

Robert A. Peloquin
Physica L Oceanography Branch

U. S. Naval Oceanographic Office
washington, D. C. Z0890

ABSTRACT

Navy requirements for ocean current data extend over all depths
in both deep and shaLL~ uater. These recpcirements are globaL
because of the great. range of applications, from ocean engineering
to operational problems. The tune scales of interest typically
range from hours to months, and horisontaZ scales are on the order
of several kilometers to hundreds of kilometers ana verticaL scales
are as small as a meter. The Navy's current measurement capability
has recently been enhanced by improved measurement achy and
data quality, and by increased record Lengths. The Navy has an
interest in the impr'ovement of current measurement technology,
particularly that which raduces costs and facilitates the handling
o f' equipment.

MORKlNG CONFERENCE ON CURRENT MEASUREMENTS, JANUARY 1978. SPONSORED Bl' THE
NOAA OFFICE OF OCEAN ENGINEERING AND THE DELAWARE SEA GRANT COIZZGE PROGR4A',
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IHTROOUCTION

The Naval Oceanographic Office compiles surface current data, measures
ocean currents at all depths, and analyzes current patterns. In 1842,
Lt. F. Haury initiated the preparation of surface current charts for the
Navy. using information obtained 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 l. The observation of surface currents
is expected to remain an fntegral part of the Navy program, which we
hope will receive additional impetus through the development oi' a two-
axis, towed EN 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  whfch contfnue and have been extended into deeper water!
are shown in Figure 2. Navy requfrements 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 fn the process of establishing a sizable
capabilfty 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 fs the outcome of the Oeep Ocean
Current Measurement System  OOCNS! Study, conducted by Woods Kole
Oceanographic Institution through the support of the Naval Facilities
Engineerfng Conmand. Fixed bottom-mounted platforms are frequently
used for shallow water measurements. ONR has recently funded develop-
mental work  Minget, 1971! for this purpose. A program to measure
vertical shear has been initiated. The instrument used is the Profiling
Current Heter  PCN!, based on developments made at the University of
Miami. Future measurements wfll include the use of unattended  moored!
profilers and free-fali instruments. Me also need Lagrangian descrip-
tions of ocean circulation in lfmited 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.

NEASURENENT REQUIREHENTS

The current measurement requirements for Navy applications are
generally satisfied by accuracies of +5 cm/sec  O. 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 DOCNS 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 Wa'Iden �975!. 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 cm/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 thi s 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 osci llations do not appear
to be significant. The DOCKS study explored both the possibility of
occurrence of resonant excitations in the cable and current meter
moti on 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
longest mooring. The second possibility occurs when the Strouhal
frequency Ws V! equals the natural f'requency Wn K!  see Figure 5j
of oscillation of the meter. Schott �976} estimates that for a
typi cal 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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PERU v

current measurements conducted with Savonius rotor sensors would read
20K hi gher than the actual current. A 1 em/sec error at a measured speed
of 5 cm/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 i nformation, particularly for
test ranges and sites. Normally, bottom-mounted current meters ha.e
been used. Different types of arrangements have been used for this
purpose. The tripod has been a favorite when the mount is to be 1 --ared
from a ship. The measurement of bottom currents requires at least ".-
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 pc<nose. 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 requi res the use of rapid response
di rection sensors, such as the VACM current meter. A mooring system
is needed. The spar buoy used in recent years holds promise, but
mooring motion studies have not yet been made. It is therefore difficult
to assess the quality of the measurements.

Shallow pater surveys are often conducted aboard small ships having
1 imi ted deck facilities and weight handling equipment. The use of small,
»ghtweight equi pment is often mandatory. The i nstruments, as well as
the buoyancy conlponents, anchors, acoustic releases, etc., must be small.
An array that can be easily handled by two men during deployment and
recovery is desi red.

DATA ANALYSIS

The type of analyses performed on our measurements varies depending
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.
T"e east-west compon: nts of two measurements made at 138 and 238 m depths
««hown in Figure 6. The spectral analyses of these components
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 Figure 7! shaw strong, high coherent tidal signals that are 90 out of
phase. Harmonic 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
aur accuracy requirements with mechanical sensors, such as those used
on the VACM and Aander'aa 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 rn. There has been some development
work but more is required. The moored, unattended profiler  such as
the instrument developed at the University of Miami! is attractive
because it does not tie up ship time.

The cost of current measurements needs to be reduced, Our 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
aircraft deployment could reduce costs.
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CURRENT MEASUREMENT PR06LEMS

IN A CIRCULATION SURVEY

Bruce Parker and Lewis Walker
National Ocean Survey jNOAA
Rockville, Maryland 20882

ABSTRACT

"Operational" oz "circulation" surveys ar e carried out pear-
round by the National Ocean Survey on both coasts of the United
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 vith s&eultaneous
tide, salinity, temperature, and veather data. These measurements
are made at selected locations and depths in order to obtain a
reasonably complete three-dimensional description of the dynamic
propezties of the body of mrter, that can be used for environmental
purposes as mell as for navigation. Analysis results of these data
are also included in the Tide and Tidal Current Tables and Tidal
Current Chazts published by NOS.

Formerly the Coast and Geodetic Survey, the National Ocean
Survey has been taking current measurements on a regular basis
since 2844 and has used a number of current measuring devices,
from the early current pole to the present Aanderaa and TICUS
current meters rum being used on the Vest and East Coasts, respec-
tively. NOS is presently reviebzing available and prototype cur'rent
sensors in preparation for an upgrading of its current measurement
systems in the near future.

In addition to the usual current measurement problems that
affect all use~s  e.g., the effects of noise, mooring motion ana
drag, uncertain dynamic response characteristics of the sensors,
accuracy, etc. !, NOS must also cope vith instrument ezzors that
interrupt the processing scheme setup for the handling by te h-
nicians of the huge cpuzntity of data it receives year-round. For
example, in the past if a current sensoz aas not equipped mth an
independent interval counter or hour marker, the loss of one or
moze data points in a current record uould czeate additional hours
of work in oz'der to accurately assign time to the data series.
Time determination is critical foz NOS since accurate tidal current
predictions must be made based on these data. Also, frequent
erz'oz's in the recozded data values, due to bit drop oz other
electronic oz mechanical causes, though correctable using com-
putemzed statistical editing techniques, require considerable
computer' time to do so ard occasionally hand editing as ~sell.

These problemo and others, as sell as NOS's on-hoard and in-
house processing schemes, aze described.

VORKZNG CONIERENCE ON CURRENT hfEASURZÃZNTS, JANUARY 1978. PON'S '8FD BY ' H'
NOAA OFFICE OF OCEAN ENGINEERING AND THE O'EZAVARZ SEA GRANT COIIEGE PROGM'i'.
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The National Ocean Survey  NOS!, formerly the U.S. Coast and Geodetic
Survey, has been making current measurements on a regular 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 hlOS has acquired current
observations since that time, These current measurements have been made
using a 'wide variety of devi ces, beginning wi th the early current pol e and
log line, More recently, NOS has used a number of current meters, including
the Ekman, 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 is one of the largest collectors and processors of current
data in the United States today; over 500 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. He will preface that discussion wi th some background remarks
about the nature of NOS' circulation surveys, the type of data obtai ned,
and the purposes for which it is used.

Some of the locations i n Figures 1 through 3 are areas where the
current data may have been taken one or two stations at a time over the
years by NOAA "ships of opportunity ." Most locati ons, however, represent
complete surveys wi th numerous current stati ons. Now, NOS obtai ns current
data exclusively from circulation surveys carried out year-round on both
coasts of the United States, including Alaska. Each survey completely
covers a specific area, usual'ly an estuary, for a period rangi ng from two
months to several years.

A "circulation" or "operational" survey consists of the acquisition
of various physical oceanographic and meteorologic data, from which an
accurate description of water movement can be deduced, along wi th a
theoretical appreciation of its causes. Nore specifically, it includes
the measurement of currents, tides, the temperature and salinity of the
water. and various atmospheric parameters such as wind speed and di rec-
tion ~ sea level pressure, and air temperature. These measurements are
made at numerous selected locations and depths i n order to obtai n a
reasonably complete, three-dimensional description of these dynamic
pl op«ties. The resulting description of the water movement can then
be used to help solve or prevent environmental problems, as an aid to
navi9ation, 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 problems� . For
e'xample the completion of the Alaskan pipeline was responsible for NOS
carrying out two such surveys, one i n 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
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tanker. The chart in Figure 4 shows the current meter station locations
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 spring 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 will have been occupied, along with about 100 tide stations
and 200 STO stations  including transects and time-series!.

Each coast has a NOAA ship dedicated to circulation surveys. On the
Hest Coast, it is the NOAA ship NcARTMUR, a 175-foot long, 995-ton Class
III vessel, with a draft of 11 feet and a personnel complement of 40. In
the sunlner, 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 East
Coast, surveys are carried out by the MOAA 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 Bayj 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 RCN4 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. Al I 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 ho'Id 60 days of data, if necessary. This tape is
retrieved and copied to a five-inch reel of 1.5-mil magnetic tape,
which is then sent to Rockville, Mary]and for processing.

The data on the five-inch reel are transcribed onto a 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: �! it takes care of
extra or missing Aanderaa words  there should be six words per data
point!; �! it converts Aanderaa units into engineering units, using
calibration results obtained annually from the Northwest Regional Cali-
bration Center in Vellevue, Washington; �! it assigns correct times
to the data points of the time series, after a careful time-checking
procedure is carried out; and �! 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 a radio transmitter in a second tub. The power supply is in the

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 especialiy useful for checking for meter mal-
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
cart~idges 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 avai lab'le as a backup if for some reason a buoy
cartridge malfunctions. The processed data are then sent to Rockvi lie.
where they are checked, headings are added, some statistical edi ting is
done, if necessary, and they are stored more compactly.

Historica11y, 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 l890. These predictions, which in 1923 became
of such quantity to warrant two separate publications, Current Tables,

Tidal Current Charts for important bays and estuaries in the U.S. These
usually consist of 12 charts showing the mean current speed and direc-
tion for each hour of the tidal cycle, for numerous locations in the
«ea covered. Instructions are also provided for obtaining daily pre-
dictions at each location using the Current Tables.

» recent years, environmental concerns have played the major role
in determining where NO5 carried out its surveys. Ne have already
mentio ned the surveys that came about as a result of the completion of
"e "laskan pipeline. Most other surveys have also been in response to

t"e need for detailed water movement information in a polluted or
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Figure 6. T>CUS L-current meter system and moor ing.
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potenti al ly po l 1u ted area. Thus, NOS surveys are planned in great detai 1,
and include the measurement of sea level, salinity and temperature, and
various atmos pheri c parameters, in addi tion to the measurement of currents,

order to obtain a fu1 1 hydrodynami c documentation of the area in ques-
tion. The resul ts f rom such a survey 1 end themsel ves to oceanographi c
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 to numerous users at universities. private
firms, and other government agencies, as are the actual data.

NQS 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 ratio! . 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 Eight project and the upcoming Department of
Energy Louisiana coastal project, are increasing the amount of low signal-
to-noise data it must contend with.

Even wi th the increase in the amount of low signal-to-noise data
collected, NQS ' mai n concern must still be considered the tidal signal
 including the hi gher 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 NDS' 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 i n choosing new current measuring systems .

A typical NOS survey, though routi ne 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 instruction~
are written and sent through official channels to the ship for contents
and suggestions regardi ng potential problems from an operations point-
of-view  e.g., current stations in heavy traffic lanes or in fishi ng
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 yted b

time and "quipment  buoy and meter! restraints. There is always a
trade-off 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 accura e
tidal current predictions . A long time series also enables one to
better study 'low f'requency and seasonal effects. On the othhe o ther ha nd, f ul 1

coverage of' an area with current stations enables one to colleccollect data in
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all places of navigational and environmental importance, as well as at
key cross-sections, for making transport calculations, and at other points
of interest for hydrodynamic research.

Generally, a compromise is made. A few key locations may be 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,
N2, S2, N2, 01, and Kl. Fifteen days of data can also be used, but then
N2 must be inferred. 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
used in 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 ti lt-
problems. On the West Coast, where tautline moorings are used, the
standard depths are generally 20 feet below the surface at the mean
lower low water  NLLW!, 70 feet below NLLW, 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 hyd~odynam~c
point-of-view, as well as at historical sites i n order to redefi ne tidal
datums for land movement and shoreline boundary determinations . Betweeninstalling and checking on the current and tide stations, the ship also
seas
makes a number of STD casts  transects, time series statio d

on stations! in order to describe the density structure.ns, an

A certain degree of onboard processing is carried out on both ships
as mentioned before. When the data reach NOS headquarters in Ro«»lie
results can be reoccuthey are rapidly processed and checked so that any station with poo«a
carried out on the sh'eoccupied. Regular maintenance of the current meters '
ment malfunctions .he ships. FAILOGS are also completed to record any inst u

NOS, of course
other users have ande, has the same problems in measuring currents t»t
has been affected b su hd the same uncertainties as to how the data quality
o information on the true rf ' y such things as noise, mooring problems and the»c"
ditions. Vnti"l recentl howe true response of the current meter under field con

ver, the ~tidy ~~eas surveyed ba ig 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

Any instrument mal function that interrupts this smooth processing
scheme will cost NOS time and money. Ordinarily, technicians perform al 1
data processing functions. The computer software used is designed for
simple operation and as little manual intervention as possible. Processing
is carried out in stages with double checking after each stage. Instrument
malfunctions, however, may necessi tate the intervention of an oceanographer
to solve special problems. Such malfunctions also require additional
prograrmning 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. Th~s
extra processing time becomes quite 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
tinre determination, i.e. the assigning of an accurate time to each data
Po'int, 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 problems,
or temporary power failures due to temperature effects on the batteri es.
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.

>f data points are lost or added and we do not know where in the
data series this happened, erroneous times will be assigned to the rest
« the data poi nts following this occurrence. This, in turn, will lead
«rroneous analysis results. predictions made from the harmonic con-
stants obtained from these data will be in error. The harmonic constants,
b«h amplitudes and epochs, can be ser iously affected by a time shift
inside the data series at some unknown point. There are enough local
effects that can affect tidal cur. ent harmonic constants, in a way which
mos"dels cannot account for, without having to worry about what effect

'me s"ift in the data may have had. NOS supplies current data to
ma y 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 no
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 some type of hour
marker or interval counter, independent of the tape writing mechanism and
the sampling impulse, and independent of anything else that might cause
an interval loss, short of a complete power fai lure. 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 locate i t by studying tidal progres-
sions. Such a procedure is obviously quite time-consuming . If it i s
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
resulted from normal physical processes. Even wi th 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 ma l-
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 should
not be confused with smoothing or filtering. NOS uses a Wi ener-type
predictor. The computer program is based on the original ERROR sub-
routine of Zetler and Groves  ]964!, 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 signifirant expense will be eliminated if the problem of data
glitches is solved in the newest current meters .

Other current meter problems, such as lack of durabili ty in harsh
conditions, susceptibi lity to fouling, or limited data storage capa-
bility, can also add cost and man-hours, since a current meter must
often be replaced 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, N05 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 sullnarized 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 . Noise 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 Beardsley, Boicourt, Scott,
and Huff, can minimize the problem. It is essentially a wave fo'liower,
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 %SA New York Bight
Project where current meters attached to a tethered spar buoy have shown
lower speeds and more disti nct mi nimums  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. We have used tautli ne moorings to get away from the noise
of the surface layer. Although this may be preferable ta an ordinary
surface buoy, there can still be quite a lot of noise at these greater
depths. Using a tautline mooring, however, wi ll 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 cha~ge 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 from 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  depend
ing on how much play the gimbals may allow!, which wil l affect the meas
values recorded by the meter.

To minimize mooring drag problems, EDL has supplied our survey ships
with "haired" Kevlar fairing �/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 verti cal excursion o f the
current meter  Taylor, 1977!.  Another method f' or 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 still facing most current meter users is the uncertain
dynamic response characteristics in the field. Tests in flow tanks may npt
accurately cover all conditions possible in the fie'ld. 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 l. It does seem
that many of these problems are in the process of being solved, and one
would hope that the Conference will in some way accelerate these solutions.

REFERENCES

Taylor, Bob J. �977!. "Ocean Current Measurement System, Mooring Sub-
system Field Test," Engineering Development Lab, Office of MarineTechno'logy. National Ocean Survey  in-house report!.

Zetler and Groves �964!. "A program for Oetecti ng and Correcting
Errors in Long Series of Tidal Heights," International H dro ra hic
Review, Vol. 41, pp. 103-107.

290



Table l . Current Measurement Problems

problems that slow up processing of current data, but do not seriously
affect data quality if handled correct',y.

A. loss or addition of data intervals  if current meter has no
independent hour marker or interval counter!.

B. Bit failure problems. which create erroneous values  requi res
computerized statistical editing!.

C. Durability and/or fooling  if cannot leave one current meter
in water for a long period, then must piece together time series
from different meters in-house!,

II. Problems that affect the quality of data.

D. The problems in Section I if not handled correctly.

E. Effects of noise  especially in low signal-to-noise areas, with
current meters not having solid state instantaneous vector
averaging!.

F. Mooring problems

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!.

H. Accuracy of the current meters.
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COMPARI SON OF A FEM RECORDING CURRENT METERS

IN SAN FRANCISCO BAY, CALIFORNIA

Ralph Ta-shun Cheng
Vater Resources Division

U.S. Geo Logical Survey
Menlo Park, Cali fornia 9402$

ASSTRACT

A team of research scientists in the U.S. Geological Survey
uses San Francisco Bay, California, as an outdoor Laboratory to
study complicated interactions of physical, chemicaL, and biological
processes which take place in an estuarine environment. A cuzzent
meter comparz'.son study uzas conceived because of the need to select
a suit'able c~ent meter to meet field requirements for current
measurements in the Bay. The study took place in south San Francisco
Bay, Cali fornia, in the spring of L977.

An instrument tcver which ms designed to s~ppo~t instruments
free from the conventional mooring line motions axzs constructed
and emplaced in south San Francisco Bay. Durr.'ng a period of Mo
months, four types of recording current meters have been used in
the tests. The four types urerer �! Aanderaa,  B! tether ed
shroud-impeller, �! drag-inclinometer, and �! electromagnetic
current meters. Pith the exception of the electromagnetic current
meter, one of each type razs mounted on the instrument ter, and
one of each type mrs deployed on moorings near the instrumen tcver.
In additio~, a rind anemometer and a recording tide gauge a>ere also
instaLLed on the toe!er.

This papez discusses the characteristics of each instrument
and the accuracy that each instrument can provide vhen used in an
estuarine environment. Ve pay special attention to ouz e'er"'ences
in the field operation vith respect to handling of the instr ments
and to our experiences reworking up the raw data in the post-deploy-
ment data analysis.

WORJ IÃG CO/VFERZSCZ OE CURRENT HZASUREhKETS, O'AlllUARY 1978. SFOÃSORED BX TM'
NOAA OFFICE OF OCZAV ZNGINEZRIh'G AND THE DER-'!PARE SEA GRAA'T COLLEGE PROGRAM.
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INTRODUCTION

San Francisco Bay, California, serves as an outdoor laboratory for
research scientists in the U.S. Geological Survey to study complicated
interactions between physical. chemical, and biological processes which
take place in an estuarine environment. Me consider various aspects of
solute transport and establish methods of analyzing and predicting tempora1
and spatial changes in solute concentrations. To improve our understanding
of the interactive processes, mathematical models are bei ng developed and
used to assist quantification of the relative importance of delta outflow,
~inds, tides, and other dynamic forces which act on the estuary system.

Nearly monthly surveys of hydrographic properties  temperature,
salinity, nutr ients, oxygen, carbon, chlorophyll, suspended particles!
$n the main channels have poi nted 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 conceive as the first
step of our measurement program. The goals of this study were to gain
field experience working wi th in situ recordi ng current meters and to
select a suitable curr=nt meter to meet the specific field requirements
for the Bay. No prior studies are known to have been conducted i n a
s imilar estuarine environment.

This report represents an extended sunxnary of the comparison of
current meters in San Francisco Say. A bri ef description of' our experi-
ments will be given, followed by discussion of samples of c. rrent-meter
data from which the main conclusions are drawn.

F IELD E! PER?RENTS

The decision was made at the outset of the field experiment that for
future me measurements, this research team will use the most suitable and
presently available current meters  that js, off-the-shelf instruments!.
thus we~ we discounted several types of instruments which, though very
appeal inpp ing, are considered in their final phase of development. Importantfactors ar
of handline accuracy for measurement of long-period mean current, ease
diplo ed using in the field, wi th preference for instruments which can be

sing a small boat � to 6 m!, and the procedures required forPost-deployment data processing.
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One common difficulty of wave zone current measurement which is
particularly pertinent to our applications is the contamination of data
by wave motions and mooring line 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
�1.6 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 �7'39.5'N; 122'18.7'L!, where mean water depth
was about B 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: �! Aanderaa, �! tethered shroud impeller,
�! drag inclinometer, and �! 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, «11 the
current meters were set at a depth of 5 m from the basin bed. In
addition, a wi nd anemou cter and a recording tide gage were also installed
on the tower. Figure 1 depicts the relative posi tion 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 character~sties
of each instrument. its working principle, basic and additional sensors,
and the data-recording medium used by each.

SUMMARY OF RESULTS

Handlin . Nost of the field work was accomplished using a 17-foot
Boston W a er with a manual winch built an 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 overall 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 Processin . Table 1 is a good example of the fact that there
is no in ustry stan ard 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 ra' data tapes to a computer-readable
form!. After the ra.< data tapes were recovered, they were sent back to
the respective instr',ment manufacturers for translation. Our experience
in working wi th each current-meter manufacturer showed that the data
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CHENG

translation services vary widely in sophistication. hie requested that
the raw data be translated from the original recordin9 medium to half-
inch romputer tapes, and that the characteristics of the raw data be
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
processi ng cauld share a standard computer program.

Jn working up the current-meter data on hand, we encountered some
difficulties wi th each type of instrument. I 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.

Accurac . After field experiments, we evaluated these instruments
in the U. . 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 i nstrument was tawed 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 re'lated the tilt
angles of the current meter to speed readings had a very steep slope
in the speed range of 25 to 55 cm/s, whereas the rating curve became
very flat for speeds exceeding 7O cm/s. The former gave a long respo nse
time in that speed range, and the latter gave low sensitivi ty at h19h
current speed. Though the rating curve was a direct result of the w»9

9, general features wou'ld probably remain for other wing de»9«.

OATA SUMMARY

By mid-Februar
current meters were de

vary l977, when the weather was extremel calm

region experienced a st
eployed; soon thereafter, the San Francisco Bay

records from the be inn'
a storm which lasted about a week. The current-met "
g'nning of the test to the end of February 1977
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cover'ed a peri od when extreme weather condi tions that one could expect
occurred in the Bay. We wi 11 not show all the results here, but give a
summary o f the vo 1 umi nous data�.

During the calm period, the three current-meter pai rs  the same
instrument on the tower and on mooring! gave consistent readings. The
electromagnetic current meter gave intermittent readings which could be
attr'ibuted to the strumming motions of the instrument cable. Inclusion
of this current meter i n 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 si te was strongly bidirectional,
with prevailing flow directions approximately 330' and 1 50' from magnetic
north, and speeds rangi ng from slack up to 75 to 80 cm/s. Existence of
a slack period provided an excellent opportunity to evaluate the per-
formance of each instrument w'ith specific regard to possible contamination
of records due to moori ng 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 readi ngs duri ng slack were typically 5 to 10 cm/s or
less �0-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 sensi tivi ty and
recorded much hi-gher speeds than the other instruments.

Current meter data obtained during the stormy period, when wi nds
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 moori ng
failed to show slack periods over the tidal cycles, and instead recorded
30-minute averaged speeds up to 20 to 30 cm/s. Qn the other hand, the
measurements made by current meters on the tower did record slack water,
and the mean energy during slack was only slightly hi gher than the
energy level at slack when the weather was calm. This result «as most
surprising, particularly for instruments using the rotor and large
directional fin. Figure 2 depicts the current-meter data obtained yined b

Aanderaa RCM on the tower and on mooring for the same period of td of the 55th

through 58th Jul ian days. Clearly, the current meter on mooring showed
a much higher energy level, which is believed to be due to mooring- line
m«'ons driven by surface waves. Data obtained by the pairair of Endeco

current meters showed similar behavior, though the difference between
the two current. meter records is not nearly as substantial.ial. The GD

current meter pair gave close agreement between themselve .m elves. I i s

encouraging that the GO current meter on the mooring recordrecorded slack

water during the storm, but unfortunately, this meter also gave erroneous
direction readings and low sensitivity of speed in the h'g p
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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 fines with dots are data pleasured
by an Aanderaa current meter mounted on a subsurface
moorin9.
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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 line 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. Since 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 . Mhen 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 lCRKIHG SESSION

[hlTRODLJCT ION

Although the original intent of the conference working session was to
focus on preselected questions, some add1tional. important current measure-
ment technology issues emerged during the conference and assumed the
highest priority for discuss1on. The following were identified as needs
during the discussion:

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

8. Conmunity-sanctioned, standardized testing methods and procedures;

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

D. Hardware and software standards:
- Laboratory measurement standard or class of standards
- In s1tu hardware standard s! and/or calibration facility
- Uata recording standards: both technique and format;

E, An ad hoc cotmnittee to address the issue of current measurement
staWna~rs;

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

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

DrSCUSSION

< handbook or compendium uMoh mould assemble basic ~mf eeas~e-
<ent.technology in formztion.

The suggestion for a su+nary handbook stems from the need for the
current measurement. carmunity to understand the operational capabilities� .
performance characteristics and recomended applications of available

"nology Although some pf this information exists. it may not be easily

~NG CONFEREE~ ON CURRENT PP~PR~gZ'S, JANUARY 2978. SPONSORED BY T.'L~
OFFZCE OF O~~ gNC<gPFRZNG HAND TRg DF~P~~ SEA GRANT COLZZGE PROC.A'4.
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available and tends to be non-standard in methods of data presentation.
The Testing and Evaluation Laboratory of NCAA/NOS has recently prepared
a current sensor technology matrix . In general, the matrix contains
manufacturer-supplied information on the operational characteristics of
cNmnercially 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 independent 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 technology to use and its appropriate application,

B. Community-sanctioned, stanaiuMized testing methods and processes.
Again, the need of the coamunity 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 conInunity. 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 difficult or even meaningless. Even more important, however,
these existing procedures are not complete enough to defi ne 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 thi ngs:  I!
standardizing procedures that now exist and �! performing the testing
research needed to develop a full testi ng capabi li ty that can ultimately
be standardized. The overall objective would be to establish a pro-
cedure or sets of procedures for testi ng various classes of current
measuring instruments. A vital considerati on in developing "standard"
procedures is that they be generated from within and sanctioned by the
current measurement colnnuni ty.

C. Government-sponsored faci sties and services for teat, evaluation
cvuS caLibration of current measurement systems.

The expense of building and operating the testing facilities
required to determine the response characteristics and overall 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,
Roc kvi 1'le, Naryl and 20852
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relatively small, yet it is supported by as many as 15 or 20 corrmrercial
instrument manufacturers. By necessity, these companies tend to be
sraall 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
instrument performance before purchase has been coaIrrunicated by the user
corrlrunity, a minimum of "personalized" testing has general'ly sufficed.

Because the cornrrunity'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 problerrs.
Increasing the instrument cost to reflect additional testi~g may not,
compromise his competitive position, but this presumes that a test
facility and test procedures are available.

Nillingness by the user corrInunity 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 still be a problem. At least in the near future the
manufacturing corrnrunity will not be able to afford that cost. Besides.
the manufacturers have simi lar 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 a 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 mo~ey by assuring that
good quality instruments are used to support current nreasurement
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 wi 11 reduce ultimate current measurement
costs to all parties concerned.

D'. Htzrdhiere and so flare at mo~~M: 2aboratorp rrreaemernent e~rd~d
Or CMaa Of etanda~, in ainu ha~e standmmd 8! ardjar ca2ihratv.Opl
faci2itp, data r eoor&ng atandcxrdsr both technique cad format.

A consensus evolved on the need for standards applicable to the
reeasurement of water current. It was apparent that the word standard is
interpreted differently and some definition is needed. A seneera ess-
cussion of the concept relative to the measurement of current is included

the appendix and specific standards requirements are presented below.
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For laboratory measurements, there is a need f«some type of current
asu~ent device of kn~ accuracy cap ble of measuring the relative

Mter motion past an instrment undergoing tests. Because laboratory
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 resulting 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 conparison 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 flow 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 corrlrunity action.

A most important consideration relative to all of the above discus-
sion is 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 hoc eamrKttee to addmaa the ia8ue of current mea8~«~
s eami~m da.

Because of the general agreement regarding the need for standards
as discussed above in B, C, and D, it was proposed at the working sos»on
that an ad hoc cormnittee be formed at the Conference to be the initial
COnmunity meceraniSm respOnSible fOr addresSing the iSSue Of current
measurement standards. Format~on of the committee was agreed upon and
it was decided that the corrmrittee membership would be two elected memb«sfrom each segment of the community--scientific research, ocean engine«ing
the uioperational surveys, environmental impact assessment and testing--und«t e guidance of a single elected chairman, Because representation ofthe manufe manufacturing corlnunity by two individuals was impossible at that
that the mtime  i.e., until fur.ther industry rapport developed!, it was agreed

the manufacturers would have no direct. representation but wo~ldinvited to allto ali. meetings as observers and have their ideas and opinionssolicited on all issues raised by the conInittee. The corrInitt« is
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have a lifetime of one year and during that time will
permanent connnittee to be affiliated with one or more professional
societies  such as, MTS, AGU, IEEE, etc !

Among the list of charges drafted for action, it was decided to
have the connnittee focus on the development of standardized testing
methods and procedures. A report of progress is planned for the
September 1 978 MTS/I E EE Oceans 78 Conference. The clmni t tee has thus
been named, The Ad Hoc Comnittee on Current Measurement System Test
Procedures and Standards. The elected members are:

Chairman:

Scientific Research:

William E. Woodward, NOAA/Office of Ocean Engineering
James NcCul lough, Woods Hole Oceanographic Institution
Dr. J. D. Smith, Univ. of Washington

Ocean Engineering: Dr. George Forristall. Shell Development Co.
Dr. Robert Stacy, Mobil RSD Corp.

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

Environmental Impact
Assessment: Dr. Richard Scarlet, EG86, Environmental Consultants

Dr. Harold Palmer, Dames 5 Moore, Inc.

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

Hecause much of the information re'lated 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 dai'ly activities of the current measurement conmunity and be con-
stantly on the lookout 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
library research, The library could be an adjunct to or at least
patterned after the National Oceanographic Data Center.

Beeo2ution of the queetion whether government or indus~ ehou2d
~~te the poet of technioa2 deve2opment.

The question of whether government or industry should underwrite
th«ost for research and development of new current measurement tech-
»logy was raised and discussed briefly. In private enterprise, if a
manufacturer has a concept that, based on a market analysis, could be
.«nsfo~ed wi th some NLO activity, into a product which could be sold
in quantity and a profit realized, then the money required for RID
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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 RAD phase more risky because of uncertain future profits.
In general, most current meter manufacturers do provide their own RSD
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 RKD funding source is not consistent
and the government does fund some R&D, then the government may be char ged
with supporting the development of technology that is i n 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 RKD may be necessary and government funding on
a competitive basis is appropriate. Fo'llowing such a procedure would
alleviate the fear of unwarranted government initiatives in the develop-
ment of new current measurement techno'logy.

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 cornplicates the
issue of RSD funding, making it difficult to judge the appropriateness
of the government sponsored development.

RECONENDAT I ONS

1, Assemble existing basic current measurement technology information
into a handbook or compendium.

2. Develop corlrrunity-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.

Create a library or "reading room" at which all pertinent current
measurement literature, published or unpublished, would be available
for reference.

Have the Ad Hoc Corrmi ttee on Current Measurement System Test pro-
cedures anf Standards investigate creation of a permanent committee
affiliated wi th one or more professional societies.
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TKE ARCTIC PROFILING SYSTEM

James H. Morison
Department o f Oceanography

thrive>8i ty of Vaohington
Seattle, 4'ashington 98295

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 l, consists of three basic units: the Inertial
Reference Unit  IRU!, the CTD, and the Current Meter Triplet. The IRU
is 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 8101A. The
electronics pressure case is mounted just below the IRU and the conduc-
tivity and temperature sensors 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
14O m by an automatic winch at speeds from .5 m/sec to 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, Ul, U2, U3, of velocity using "head on" calibration
coef f i ci ents,

a = 3.601 crn/pulse
b = 1.089 cm/sec

U. =af +b
3 J
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The ratios U2/Ul and U3/Ul are used to calculate current meter angle of
attack corrections Gl, GZ, and G3. These corrections are given by a
polynomial in U2/Ul and U3/Ul. The polynomial has been derived
curve fit to the result of iterative determinations of angle of attack
corrections for a large ensemble of hypothetical data. Once Gl, G2, and
Q3 are determined, true vel oci ties, Vi = G>UJ are calculated. Data from
the compass and accelerometers and a knowledge of the triplet geometry
are used to transform the velocity vector into a reference frame carried
with the profiling device and oriented North, East, and down. Horizontal
velocities measured duri ng each down profile are plotted  see Figure 2!
along with at  as calculated from the CTD data! as a function of depth
and recorded on tape for further analysis.

The measured horizontal velocity is relative to the profiling device,
but comparison wi th fixed current meters indicates that under Arctic
conditions  low currents!, the profi ~ing device is heavy enough 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. Mhen 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 profi 1 er due to ship motion averages to a smaIl
value. Because the descending motion of the profiler keeps the current
meters rotati ng continuously, the measurements of horizontal velocity
have zero threshold. Groups of vertical profiles can be averaged together
to obtai n 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 surh as oceanic mixed layers and
estuaries.

The system has been used from an Arctic ice camp in the Beaufort
Sea in a study of the Arctic mi xed layer. It has also been used on-
board a small research vessel i n Knight Inlet, British Columbia, duri ng a
study of the dynamics of that fjord. Profiles have been made continuou
for periods up to two weeks.
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Figure 2. Velocity and profiles from a single down
tprofile made during Arctic Experiments.

+ denotes data from fixed current meters.
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CURRENT DATA FROM BREAKMATER HARBOR,
SOUTHEASTERN DELAWARE BAY

James M. Demarest
Department of Geology

Vniversity o,- Delavare
Nevaz'k, De l mare 19 711

ABSTRACT

Zn a study of t.«. present and past processes of the bzeakvatez
Harbor-C'ape Henlopen area, curzents vere measured vith a General
Oceanics film recording current meter  Model 8010! in tvo locations
vithin Breakwater Harbor. An accurate representation of trends and
variabi2ities in the current regime of the harbor vas produced,

The data are presented in a "rose diagram" vith the radius oJ
20 sectors representing the pezcentage of the readings that vere
recoz'ded floving in the indicated dire~tion. Different rose diagrams
«re dravn for velocity groups at 10 cm/sec increments. The data in
each sector' are divided according to vhethez the readings vere
recorded during times of predicted flood or predicted ebb tidal
curz'ento. The data indicate that the Harbor is strongly donnnated
by ebb tidal currents, both as a result of higher ebb currents and
the longer duration of ebb tides.

Our system of deployment and retrieva2 of the curr'ent meter
re>vires no buoy on the surface, no mechanica2 or electronic release
mechanisr;,, and no EO2!BA diving. This makes it veil suitea for use
in coasta! and estuarine vaters vhere accurate navigation is easy.

se co22ection technic!ues and data presentation format are a
reasonable solution to some o+' tte problems of cost effective,

and accurate current da a collect'ion and analysis.

~1iVG CON ERENOW ON .�,RRENT P~A�gi~g,~Vi~ .AA'UARY 1978. 5 ON ORESFO¹ORED BY THE

OFF jCE OE OC~AN E>' NEERZ'VG AVD THE DELLA;<ARE SEA GRAV COLLEGE ~ .
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INTRODUCTION

As part of a larger study of the shoaling history and sedimentation
patterns of the Breakwater Harbor-Cape Henlopen area  Demarest, lg7B!
currents were measured in two locations within Breakwater Harbor  Figure 1!
These stations were selected to characterize the tidal current environ
ments of the Harbor. Station 1 was located in the 12-meter-deep channel
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 terminal
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 low-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  $BOO 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 deplo able and
retrievable from
wei ht that could

e from a small boat. This greatly restricted the amount of
g t 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 pos»ble
Therefore, it was d

y   o -authorizedj person to "retrieve" the instrument.
to the instrument.

s desirable to have no surface markers or floats attached

Oanforth anchors
were used to prevent the c

ors, on the ends of 15 to 30 meter-long anchor lines
p t the current meter from dragging along the b«to .astic pipe was used to protect the anchor lines against chaffing o".

pp ng ook was made for retrieval with 5/B '"e e rein orcing rods and lead weights  Figure 5!. The location o
e current meter was determined using a sextant for triangu'lation from
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Index Nap. Current meter stations are shown, Station
1 in center of harbor and Station 2 in eastern channel
to harbor. The breakwater shown here is called the
inner breakwater and was constructed in 1831. The
jetty on the southern shore is the ferry terminal
jetty and was constructed in 1964. An outer break-
water is present to he north of Cape Henlopen off
this ma~.
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Figure 2. Bottom sediments in Breakwater Harbor. Sediments are
classified according to Folk �954!. Note the sharp tran-
sition between the sandy sediment and the finer grained
sediment in the southeastern part of the harbor.
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figure 5. p
photographs of the current meter, weight, and Danforth anchors {upper»4 «trieval system, including grappling hook and current meter  low
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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
allowed 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 loop of 3/8-inch nylon line attached. This
line was used to pull all the lines tight and then released. By pulling
hard enough to lift the current meter and weight off the bottom, it was
assured that the instrument was in an upright posi tion. 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 buoy to
mark the current meter location during deployment. The anchors were
oriented in a known compass di rection, approximately parallel to estimated
maximum current di rections.

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 lines, adjacent to the
buoy. When the line was hooked, the instrument was pulled in. Sometimes
it was necessary to slide the grappling hook along the tether line to one
of the anchors in order to pull the instrument up easi lv.

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. lhe 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 ta 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 readi ngs that were recorded flowing
in the indicated di rection  Figure 6!. Different rose diagrams were
drawn for velocity groups at 10 cm/sec increments . All radii are repre-
sentative of the percentage of the total readings for that stati on that
flowed i n the indicated direction with the i ndicated velocity . In addi-
tion, the data in each sector were divided according to whether the

328



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 is an arbitrary division in light 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 general'ly 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 low velocities.
This made dividi ng ebb duration from flood duration difficult.

PROWL IMINARY FINDINGS

The data presented in Figures 6 and 7 show a strong dominance of ebb
tides in Breakwater Harbor. Velocities were about 60 percent higher
during ebb tides than during flood for both stations. Both current meter
stations show an asymnetry 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 a dominance of ebb tides,
but the dominance is not near ly as pronounced as in Breakwater Harbor.

Reduction in flood tides produces a longer duration of slack or
low-velocity flow than otherwise would be present. At Station 1, more
than 50 percent of the readings had velocities less than 20 cm/sec.
This creates a great potential for the settling of suspended parti cles
within the Harbor, allowi ng for more de-watering and compaction. These
factors produce a large potential for sedimentation and reduce the
likelihood of resuspension during a tidal cycle.

With high current velocities occurring mostly on ebb tides, coarse
grained material is not transported into the Harbor from the largest
source of coarse sed.'ment, Cape Henlopen. Sand is carried by littoral
processes around the ti p of the Cape and across the ti da1 fl at. Vel oci ties
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within the Harbor are generally not high enough to transPort sand on
fl oodi ng ti des Thi s accounts for the sharp trans i ti on f rom sand to

and clays adjacent to the tidal flat areas in the eastern harbor.
Sediment which is transported off the tidal flat on flooding ti de is not
carried in'to the Harbor. but rather is deposited adjacent to the tidal

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

kith 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
likely 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 fi lm is time consumi ng, but in the
saturated labor market of a uni versity graduate program, this may not
be a major problem.
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BASIC RESEARCH MALS OF THE PHYSICAL OCEANOG~P"IC

COtSUNITY ENGAGED IN CURRENT MEASUREMENT

Christopher N. K, cooers
College of ha~~ne Studied'

Uniuez'si ty of De 7.autre
three, De Lcnmwe 19868

This is a short essay to place in perspective the oceanographic com-
munity's basic research aspirations vis-a-vis current measurement.

The scientific goal of the physical oceanographic community i s predic-
tion of ocean circulation. The terms prediction and ocean circulation are
deliberately used in an imprecise fash>on because pre tction is an eval ving
capability, and because ocean circulation encompasses a large range of
scales of motion. The term prediction covers both forecasts  pr ognostic
model s ! and hi ndca s ts  di ag nos t i c model s ! . Foreca s ts are bo th mo r e v a 1 u abl e
and more difficult than hindcasts because there is generally less empirical
information available for use in them. Hindcasts have intrinsic value for
assessing environmental calamities, such as oil spills. The predi ction
capability depends upon supply and demand--the supply of predictive means,
and the demand for a certain quality and quantity of predictive information.
The predictive means are provided by theory, experiment, and observation.
The theory provides a model. In the beginning, the model may be descrip-
tive, heuristic, and qualitative. Contemporary models are general ly
quantitative and represented by a set of partial differentia! 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 unresolved 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 wi th the
larger, resolved scales of motion. Specific process theories are inves-
tigated, and process experiments, in the field or laboratory, ar e conducted
to test hypotheses whose validity is essential to particular par arneterization
schemes.

1 Discussion at the Conference indicated a need to clarify to the non+ eano
graphic community, the basic research ob3ectives of physical oceanography.

VORXZlll'6 CONFERENCE 05 CURRENT ICE'ASURE74Fl/TSA JAlPUAsRi' ?979. CI"Ct"r' '.~, <y
NCAA OFFICE OF OCEAN Ea'GINEERING AND TRE DFLARARE SEA CFAYI GIC.
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Much of the present and prospective basic oceanic 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
ma!or features of the physical geography of some portion of the ocean,
or routine monitoring at some critical or representative points to develop
a statistical climato'logy of the state of the ocean, to provide boundary
and initial conditions for model operation, or to provide verifiration
data to test and modify models.  Sharp delineation of field experiments,
exploratory studies, or routine monitoring is not always passible.!

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 quality conmaunities, 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 society-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
atmosphere, 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 coemodities 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 !urisdiction to
200 nautical miles offshore, new and old resources come under managelnent
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 inf}uential 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 cowenity has been striving to describe the kinematics and
understand the dynaniics of the general  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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nmde]s of the oceanic general circulation or air-sea models of the
climate. If not resolved, its effects wi'fl have to be parameterized
In any event, the synoptic scale circulation will have to be understood
In the coastal ocean, there is a vigorous, storm-driven transient
circulation, wi th 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 understood
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 geographical 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. 8oth 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 air-sea boundary and their subsequent dispersion from the
surface boundary layer to the ocean interior remain open. Similarly,
the ~ixing 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 wi th 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 climatological
and hindcast varieties are available on a regular basis. As the predic-
tion capability evolves in coming decades, increasingly useful circulation
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 HEASURENENT QF MATER VELOCITY

gi 1 li am Hoodward
NOAA/'Offeree of gca~ ~ine~~ng

Rock@i lie, M~Zand 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 rat1onal definitions. None of these "devices" exist for
the measurement of water velocity. The reasons for th1s inclUde the
coIplexity 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 solving 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 addiCional
means are required to determine the "stillness" of the water. This
implies the need for some type of cu'rrent 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 por tjon pf
the signal spectrum, there is a need for methods to address the non-steady

4'ORKING CONFERENCE ON CURRENT MEAStJREAENTS, JANUARY 1878. SPOSSQRED PY T~
NOAA OFFICE OF OCEAN ENGINEERING AND THE DELAIv'ARE SEA GRCNT COKIE PROGMy
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 usually referred to as the d namic! portion of the spectrum. While these
procedures dp not exist genera y, there are several groups attempting to
simulate dynamic ocean conditions with mechanical oscillating systems,
sonetimes combined with tow carriage motions, Again, although the mptipn
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 tp 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 discussipn 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 invoTves 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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Working Conference on CURRENT MEASUREMENTS
Sponsored by the NOAA Office of Ocean Engineering

with the Delaware Sea Grant College Program
University of Delaware Conference Center, Newark, DE

January 11-13, 1978

iNEDNFSDA Y, JA NUA R Y 11 AN sessions in Room 128

0845 GENERAL SESSION

Welcome/Opening Remarks
C. N. K. Mooers, University of Delaware
William Wood ward, NOAA/Office of Ocean Engineering
"Capabilities of Some Existing Near-Surface Current Sensors"
James McCttllough, Woods Hole Oceanographic Institution

When current meters are used to measure mean horizontal currents in suzfzace gravity wa"~
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  crcass-tailc! from
measurements of the current meter vertical and horizontal "cosine" response is gzreseatted. The pre-
dicted dynamic response is shown to compare favorably with laboratory measurerrsoxats The mea-
sured steady state vertical cosine response functions for several popular current serxsozs are then
summarized and used to estimate the magnitude of wave-induced errors in horizorstal mean current
m easurements.

"Review of the Performance of an Acoustic Current Meter"
Gerald Appell, NOAA/National Ocean Survey

The Test and Evaluation Laboratory of hlOAA/NOS recently completed a Iimite:ct performance
evaluation of three Nell Brown Instrument Systems Acoustic Current Meters  yqBfS ACM-I! for the
NOAA Data Buoy Office, Steady flow calibrations were performed on the four carciinal measure-
ment axes as well as directivity response evaluation in both the horizontal and verticzat 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 milwtd 16'7B for vibration
testing and environmental temperatures tests were guided by milctd 8IOC, The rnerhocts and pro-
cedures f' or accomplishment of these tests are discussed and evaluation results are graphicaliy dis-
played.

Break

1 l00 SCIENTIFIC RESEARCH

Session Chairman. Nick Fofonoff, Woods Hole Oceanographic lnstittztion
"Mooring Motion Influences on Current Measurements"
David Halpern, NOAA/PMEL, and Dale Pillsbury, Oregon State Universaty

1 l45 Lunch in Room 101A

1330 Session Resumes in Room 128

"Physical Oceanographic Research using the Attended Profiling Current jlf<zer f'APC~!
and the Cyclesonde"
John C. Van Leer, University of Miami

About half the physical oceanographic observations al the University of Miami tare curre current pro-file measurements. These measurements are gathered hy two distinct methods: the ~tte
endedFroSing Currenl Meter  APCM!, which has been prhnanly developed and used by ~r

Duing in his studies of intense ocean currents such as the ulf Stream, the Rquatozl+I C aI rer
urzent andthe Som~i Current where ne~~urface current meter moonngs are impract c~ or h Rh vert- ~

verticalresolution velocity data are required; the second method involves the use of an»tcz~ >rrsnricattended current profiler - the Cyclesonde. The Cyclesonde, developed by John
nn Leer, has been

Posters on display in Room 128 throughout the conference.
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used to study current proliles on continental shelves and in the uPPer 300 inctcrs where long tiine
senes of CTJ!/velocity profiles are desired or where profile array data with a >angle ship is available.
Time series proi'iles are particularly useful in studying inertial wa"cs, mixing processes, hi>ttom and
surface boundary layers or complex mean floe patterns associated with fronts. About 20,000
velocity profiles have been collected by APCM and Cyclesonde techniques.

The principal source of error in the APCM is navigational uncertainty in the ship's position.
which is required to convert the velocity profile relative to the ship into absolute velocity profiles,
Other errors include time lag, ange offset, rotor shading and surface wave pump up. I'he 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 cm and
Cyclesonde errors are l-3 c<ntsec, compared to fixed level current meters or other psofliling
tee hniqu es.

"Suitrrbility «f Preserttly A vailrrble Current Meters for Turbulent hhxing Studies"
j. Dunltan Smith, University of Washington

Tlus paper is concerned with the procurement of information on turbulent mixing 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 natural fluctuations with periods ranging from a few tenths of a
second to a few weeks are of greatest concern with specific emphasis on continuous time series over
periods of at least 30 minutes in duration. l' or useful measurements in this area, caiibrated
accuracies of' 0.1 cm per sccund 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 llutter have yielded scientifically acceptable data under a wide variety of
geophysical situations, and we have found them to be much more precise than commercial sensors
of the other two types. For flow problems in which turbulence measurements are 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 roeters 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 chaiacteristics and short-
coinings 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 employed in this
fashion, it is essential that the investigator have a thorough understanding of the instruments based
on a testing, program of his own design and earned out in his own laboratory, Moreover, he must
have a good theoretic~i understanding of the operation of his instrument in order to permit ex-
ploitatuin <>f the test results and to avoid misunderstanding them as well as their implications in
regard to field deployment. Further, interactions between sensor. sensor support and flow fields
must be understood under the conditions that are to be faced in the field. lt is one thing To know
how a current meter wi!rkx when fixed to a rigid mount, and another to use it reliably from a
ioovable frame even when the motions of the latter are monitored by precision position and
onentation measuring devices as is typical of the more innovative current oceanographic uses. Here,
one must not only understand the deficiencies of both systems but also what additional errors can
he caused by coupling tlte two systeros and how they can be rniniinized under thc situations of par-
Ticular interest. Thus, in the field of ocean turbulence, the situation is neither particularly favorable
to the easy procurement of the desired scientific ineasurernents nor entirely bleak.

"Shrtf low C'urrertt Measurements"
C. D. Winant, R. E. Davis, and R. Weler, Scripps Institution of Oceanogrssphy

The dynainics ol' inixed layers and the variability of coastal current systems are two importaiit
probierrs which require the measurement of near surface currents. Near the surface, the wave
field generates a current field of higher frequency than the current field of interest, leading to the
requirements for a current meter which properly averages motion at frequencies higher than the
sampling frequency. A mechanical ineter which measures two orthogonal components of the
current has been developed, tested and compared with other current meters. Results show the
meter to perform well ursder conditions in which it is expected to be used. Two versions have b«n
developed, one for use in shallow water, on a mooring which does not rotate with. respect to the
bottom; another for deep ocean measurements, in which mooring rotatiori is accounted for in the
averatpng scheme.

Break
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i J"Deep Oct'art i elrrcit 1 I'rrrfi es I'rr»n I M and 3< oustic Dr>ppler hfettstcrentc'rrts
Thomas 8. Sanford, Robert G. Drever, and John H. Dunlap, Woods Hole Ocean g p»c
Institution

An instrument is described for nicasuring prof!!es of horizonta! velocity as a funct«>is
in the deep ocean. phc inethod is a hybrid technique based on the principles of electron>ag"ett
induction and acoustic Doppler and is niohile, since not dependent on botlontsnstcattest <quipm "-
The EM method measures weak elcctnc currents tn thc sea induced by thc mot>on o  the w
through thc earth's magnetic field. The resulting velocity profi!e reveals the vc!oct ty»ears bu
is relative to an unknown, depth-independent reference ve!ocity. Thc rei'erencc velocity ts d
termined by acoustic Doppler measureinents of the absolute velocity of th» >nstrursvertt » '
the seafloor. The two methods arc incorporated into a single freely-falling priihe whicts
and internally records the e!ectric and acoustic stgna!s and other variables iuch as temperature and
vehicle orientation. Th» method yields ve!ocity determinations every 5 � � ni with arl. ran««a'nty
of about + cm/s. A round trip in 6000 m of water lasts about 3 hours. lyata from this nsethod have
been used to study rnid-ocean eddies, internal waves, and the Ciulf Stream

"SOFAR Floats As Tracers of Ocean Currents"
Thomas Rossby and Donald Dorson, University o  Rhode Island, and Douglas Webb and
Albert 8radley, Woods Hole Oceanographic Institution

"CMICI. 76 � A Current Meter Intercomparisrin"
Robert Beardsley, Woods Hole Oceanographic Institution, William Boicourt, The Johns
Hopkins University Chesapeake Bay Institute, and Jon Scott, SViilY/Albany.

A current meter intercoinparison experiment  ca!!ed CMICE 76! was conducted about 6 km ol'f
the southern coast of Long Island near 40o 4>' N, 72o 30' W during February and March, l 976 A
total of 20 current meters were deployed on 6 moorings set in a roughly linear array parallel to the
local coastline and topography. The instruments included the Aanderaa Rf M-4, the AMF VACM,
the Brookhaven 'Natiorta! Laboratory spar buoy system uttltzing cylindrical and spherical Marsh-
McBirney electromagnetic sensors, the ECkC 850 and CT-3, and the   hesapeake Bay Institute
modified ENDECO �5 Local mean water depth was 27.8 m and current meters were clustered
near 4 depth levels �.5 rn, 7.4 rn,
.7 m, and 25.0 m!, Wave data was also obtained at the array
site and � m wind and tidal data was obtained from nearby coastal stations. Intercom parisons of
I hr vector average veloc!ties measured w>th simtlar instruments deployed near the same depth
level indicated sufficient horizontal homogeneity that inost differences tn the observed current
data have been attributed to real differences in instrument and mooring performance. Detailed
discussions of the observed data, instrument and mooring characteristics and perform artcc, and
the effect of surface wave and wave-tnduced mooring motton on different measurement systems
are presented.

"Eddy k;nergy Levels"
WilIam J. Schmitz Jr. and Jerome P. Dean, Woods Hole Oceanographic Jnstitattiots

Eddies, or f!uctuations in ocean currents at frequencies less than a cycle per day, have been
observed to be comparatively energetic, spatially inhomogeneous, and connected to the general
ocean circulation in the western hlorth At!antic. 'I'he development of rehahle, long-term moored
instrument capabilities has p!ayed a significant role in establishing these results.

A continuing priority on quality control can have a significant effect on the success of a field
program designed to exploit an operational technIque. Unfavorable transients in system per formance
can be minimized by c!ose !iaison between manufacturer and user, in al! stages of t he production
process. Shortcuts io the quality control loop are probably fa!sc economy .!tkely budgets are a
few percent of the cost of pubiished data.

I 700 Cocktails in the lobby
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0800 OCEAN ENGINEERING/CONSTRUCTION

Session Chairman.' Richard I. Scarlet. EGkG, Environtnental Consultants

'The Incont pleat Curren  Meter"
Richard I. Scarlet

Fngtneering and construction activities in the ocean require information on currents over a wide range
of speeds, depths, and time scales. Many current measurement prograins are hampered by lack of <i«
piete integrated systems to acquire the necessary data. Measurement accuracy is Irequently degraded
hy maoring motions, Mooring suspensions for nearwurface and near-bottom measurements are <lifft-
cult or incompatible with other requirements, Data recording techniques limit deployment periods or
undersample processes. Telemetry o data or system status ts rarely available.

Unlike scientific studies, which may choose to focus on some aspects of the currents at the i xpense
<if others. engineering studies must determine ail those features of the currents which will iinpact the
intended activities or structures Exa«plea of the effects of all these instrument limitations on parti-
iular studies have been encountered in recent t' id<<i studies. Methods to surmount these difficullies
have been developed, hut h <ter current measurement systems could provide considerable improvements.

"Ore an Current Itfeasurements in Support of IIydroearbon i.xptoration and I"ruduetion "
R.A. Stacy and W. Spring, Mobil Research k Development Corporation

Thc exploration and production of hydrocarbons in offshore areas is affected hy both average and
severe ocean currents. <'urrent measurements, for design information, are obtained either through
j<>int indus<ry programs or individual company efforts. The length of the measurement programs vary
according to the specific application. Measureinent programs typically use reliable, stateaf-the-art
moorings and instrurnenls.

This paper discusses industry's need for current data, the required accuracy, and sotne typical cx-
arnples of efforts. Also discussed are the concepts of proprietary data and the necessity for timely
access to data obtained during government and government<pans»red measureinent programs. <'om<»<'»ts
are presented as to how this conference can aid in fulfilling the mutual as well as exclusive goals of
gov< rnmenl, industry, and academia

"I!efirien< ra In Current Meter Te<hnoiogy Used Tr> Support Design and Instailation of Marin<'
iS trtt e tur ts

C.F. McFarlane and Matthew 1Ioward, Interstate Electronics Corporation
Iiiduit ry ciimm<inly iises current measurement data to properly design and safely install marine

structures. The ocean engineer's informational requirenlents emphasize maximum current velocities
anil du<at ious with less slringenl requtrcmcots placed im the data's absolute accuracy and resolu<i<«.
tNh<lc reduced accuracy is acceptable, the data acquired must truly represent the ocean dynamics
<hii type i!f applicati<m, the reliability and systein cost, not sensor accuracy, hecome the tradeoff«on
sideration by which thc current sensor components of a system are selected. This reliability is expressed
»<it only in systeni disign but also in instrument ruggedness, ability to detect failures prior to instailation
c<irnponenl reliability and comr»onali y, and ease of servicing at sea. Our experiences have shown»alar
deliiiencies in the areas <if power supplies, tape transport reliability and commonab y, and errors derived
in the encoding, and lranslali<>n process. All of the deficiencies cause errors that may not be entirely
ividenl w»h<iut rigid data processing controls,

'Currr nt M<ast<rement: 4 Xeeesrarp Step irr Offshore Iracility Design, Cctttstrueti<>«rt"
t!peratt<>n"

Frank Rose, Continental Oil Company
'the ni<ive<ileiit of th«iffih<>re industry into frontier areas and harsher environments has given wav

t<»i<creasing ~ iiiiierii over current i»due<id forces for design, construction and operation of offsli< re
!ai <lilies l hi hiit<iriial appr<ia, h to design current determination is slav ly heing replaced hy c<impu«
t iii<isl lcchniquci which c<msider all components of currents with their respective tii»e <if
iiccu<rence and direi'lion l <<i»i a construction standpoint. there is an increasing require»ient for "e
real t!<ne data <liat will h» liiipful for facility installatii!n, f: or fai'ility operatio», the need is «r a g<'"d
it JI <it lcdl hi<sc as well a'< <lear ri'al llBLc d,'<ta lor iritii-al opcrati<ins. This paper discusses ind«ry s curre»'
dais Ii quir< nienli as related to <lie deiign. construction and operational phases of offsh<i« facth '
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"'Consideration of Current 4'easurement Techniques For Offshore 0 pfgtructipn"
David McKeehan, R.J. Brown k, Associates pf America

Techniques for obtaining reliable and accurate current measurements have becoine in-
«casing!y available to the offshore construction community, but in order to maintain cost
competitiveness, the duration of most programs is liinited to periods of one month or less,
Design velocities must therefore be derived from data void of seasonal signals, Th ulason sign s, e c piit
responsible for high current survey cost is quite often the cost for the deployment and
recovery vessel and not instrumentation. Accordingly, the natural inchnation is to curtail
the measurement program to suit available support. Although such compromises are often
justified, the trend to deep water construction has fathered the need for longer continuous
recording prograins. The objective of this paper is to compare existing techniques with a
hypothetical data set required for the design of a typical offshore platform snd associated
pipeline system, Technical weaknesses in severs! contemporary techniques are discussed
along with their economic tradeoffs.

Break

"Current Measuretnents In Support of Fixed Platform Design and Construction"
G.Z, Forristall, Shell Development Company, and R.C. Ha!nilton, Evarts-Ham9ton inc.

Storm-driven currents can be an unportant part of the design hydrodynamics f!ow field for fixed
p!atforms !n addition, the currents which exist during platform construction can significantly affect the
instal!ation. Planning for the insta!!ation of a large platform off the hfississippi Delta was facilitated by
climatological current data co!!ected with electromagnetic and Aanderra meters which were supported
from a semisubmersible drilling rig and from a subsurface mooring. !n addition, Cyc!esondes and e!ectro-
magnetic current meters were used to provide real time current data during the installation of the base
section of the structure.

Once a p!atform is in place, it provides an exceoent site for the study of near surface storin-driven
currents and waves. The fast response time of electromagnetic current meters makes them seeio ideally
suited for this application and their effectiveness has been demonstrated through five years of experience
at three sites in the Gu!f of Mexico. Early problems with re!iabi!ity of the meters during !ong-term
unat tended operation have now been mostly eliminated. During tropical storm Delia, surface current~
over two m/sec were measured. The e!ectromagnetic current meters also provide information on the
kinematics of storm waves. Comparison of the ineasured particle ve!oclties with wave theories shows
that thc directions! spread of the wave energy is important. The measured partic!e velocity spectra
agr«with the predictions of linear theory to within a few percent over the energetic frequency range,
increasing confidence in the current measureioents.

Ocea«urrents As They Bear On Fnpironmental Hazards and Offshore Platform Verification"
Paul Teleki, U.S Geological Survey

ll30 Lunch in Room 10I-A

"ÃOAA Coastal Current Afapping Radar"
Donald L. Battick, go+A/Environrnerttal Research Laboratories
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l300 Session Resumes in Rr>om I2 >

ENyIIIOl<IMENTAL IMPACT ASSESSMENT
Session Chairman J.p IIianton, SkitIaway Ijtstjttste of Oceanography

"The Rale of Current Measuremenfsin the Assessment of I rtvironmental Impact"
J.o. SIss aston

P II d ' t th oceanic environment are dispersed and transported by the water movementsollutants ejecta into e oinduced by wind forces and tides, which are two of the iinportant factors, Whether the pollutants cause
an impact on the environment depends priinarily upon where they are carried and how much they are
diluted along the way. We expect cunent cneasurements to tell us not only something about the traject-
ories a given pollutant is likely to follow, but also something about the variations in the trajectories and
the vanati<ins in the currents that are likely to affect the dilution of a pollutant. This information is pro-
vided by le<.hniques that follow the movement of water  Lagrangian! and ones that measure water move-
rnent past a given point  Eulerianl, This paper focuses attention on the latter, primarily because instru-
mentati<m measunng currents at fixed points are amenable to providing the required length of records
<>vcr many in<mth». This yields information on seasonal changes in circulation as well as detailed data
on varia ti<ins <>ccurrmg over several seconds or minutes.

Current rneasurernents must provide data on variations over seconds to hours to properly assess thc
dilution characteristics of the current under a wide range of conditions. At the same time, we must
average these rncssurements to provide inforination on the response of the currents over many weather
cycles to obtain the long-term mean currents. This wide rarige of requirements dictates that current
meters must record rapidly and unattended over periods of' several months.

"Shrsllow Water Current Measurement Techniques in Moderate and High Energy Wave
Environmen s"
Frank Gremse arstj lass C. Macfarlane, Dames k Moore

Current measurements in areas offshore of open exposed coastlines can easily be biased to varying de-
grees by orhital wave niotion. Because most coastal facilities are constructed in relatively shallow water,
environmental assessments require that special techniques be used to obtain accurate current information,

Such dat» have been collected for both short durations, and extended periods of time at many locations
thniughoui the world. These shallow water sites include Point Conception, San Onofre, and San f ran-
iisco Bay. Caliioinia; Cook inhet and thc  >ulf of Alaska; Kaneohe Bay, Hawaii; and locations in the
Pera>an tiulf and  he lvted>terranean coast of Spain.
  'urreni dir< v <iona and speeds have been ineasured using both Eulerian and Lagrangian niethods. Eulerian

lp<iirit iiieasureii>ents! data have been obtained by side cast measurements; that is, current ineters have
iieen lowered <>ver the side of the survey boat ai eacli of reveral sampling locations, and profiles of current
vpeed and Jii<'cii<>n have been recorded. Simultaneously recorded in situ measurements enable pie«c-
i>ons of overall,iirieni patterns io he inade for relatively long periods of time using computer lechniques,
I'he sei:i>nd meili<>J <ii current measurement iv thc iracking of parcels of water, or the Lagrangian method.
Pre>gues have been placed at various depths in the w,iter column, and tracked using precision radionavi-
gai ion equip<neet.

ln a<lditiiin i«>biainmg environmental baselini inf<>rmation, the current measurements have been com-
biiied >v<ih <>lb<i physical, chemical, and <narine hn>l<>gical data to support studies of effluent dispersion,
dredgn>V «f« is siudi< v. and to develop mitigation measures which have been incorporated into engineer-
in g de via n

"Current hfc<Lsur<'rnc»ts for the Ocean Tiler nial Energy Conversion Program"
goberr MobnarL -">IOAA/Atlantic Oceanoyaphic and Meteorologjcal Laboratories. ansi
L!oycl Lewis. llepartinent of Energy

I he tlcean Ill< en'lal Energy Conversion  OTEl'! Prograin of the Department of Energy is directed
toward < bia>ii>nr «lect<ical power Irom a heal engine driven by the temperature differential between
warm su<laic ar d colder subsurface waters. Preliminary design concepts envision a large surface Plant ~
mi>o«d and,' >i ac<>vc',y propelled, attached io a long  order of I 00 m s! cold water pipe, Water is pump
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into the plant at the surface and bottom of the pipe, and discharged at some rnid-depth The designer
of an OTFC' plant must consider cunent conditions in order to mininiize both the «ffcct of the plant on
the environment, and the effect of the environment on the plant. For instance, current information is
required to evaluate the ef'feet of the plant effluent on the environtnent, Similarly, the dynamic loading
on the plant caused by anibient currents must be computed in order to design a suitable mooring or pro-
pulsion system. Current data also are necessary to design a cold water pipe which will neither collapse
nor bend.

The observational programs developed for obtaining current velocity information at a site in the South
Atlantic and another in the Gulf of Mexico are presented, An actively propelled OTEC plant is pro-
posed for the South Atlantic site, while a moored plant is proposed for the Gu!f of Mexico, so the data
requireinents for each site are different. A mooring array is presented which will be used to gather pre-
liminary site-specifii: current data below 100 m at both sites. Three moorings arranged in a triangle are
desired, with three meters on two moorings, and five on the other. The vertical distribution of tneters
is such as to obtain inaxiioum coverage in the upper !ayers  ! 00 m - 300 m! where current loading on
the plant and plant loading on the environment are probably greatest. Satellite tracked drifting buoys
are to be used to obtain surface current data in the So~th Atlantic, and current profile stations obtained
during servicing of the current meters are to be used in the Gulf of Mexico.

Break

"C.'urrent Meter Meastzrezztents fnr Environmental Studies"
Bruce Magnell, EG&G, Environmental Consultants

Environinental impact studies differ from scientific or engineering studies in the usa to which the
data are put, and because they may become the object of legal proceedings. This imposes unique require-
ments on the type and accuracy of current sensors. An environinenta! study must be done by any
coznpany wishing to build a major facility. I4ta and impact analyses are turned over to regulatory
agencies, who in turn review or enlarge the analyses and issue their own Environmental Impact State-
nient. Typical analyses for coastal facilities are concerned with dispersion of thermal or effluent p!umes;
probability of advection of effluen to inhabited or otherwise critical areas; determinatiost of incan
velocities, tidal velocities, and other 'climatological" paraineters; and establishment of predictive
inodeling capability, for use in hindcast studies and for extrapolation to extreme conditions. !ssuance
of construction permits follows public hearings, at which opponents may attack the concluidons
indirec !y, by attacking the accuracy or adequacy of the data itself. Major current meter considera-
tions thus are:   I ! There is a need to accurately measure low velocities, which are important in
dispersion studies; �! There is a need for coinmercialiy available Lagrangian sensors, ior direct measure-
ment of probability of advective impact: and �! There is a need for traceabi!ity in current ineter
calibrations, to avoid needless exposure of data to unwarranted criticism. On a higher piane, there
is also a need for a methodology for current measurements in environmenta! studies, to estab!ish
achievable goals and assure credible results,

I445 OPERATIONAL SURVEYS

Sessiori Chairman: Robert Peloquin, U.S. Naval Oceanographic Office

"li'avy Requirements for Ocean Ctzrrent Sun eys"
Robert Peloquin

h!avy requirements fot ocean current data extend through depths of thc oceans in both deep arc
shallow water. The nature of these requirements impose a global per pective on those requirements
which have applicability ranging from ocean engioeeririg to operations! ptoblerns. The tizne scale'. of
interest typical!y range from hours to months and space scales are on the order of several kilome ers to
hui dreds of kilometers, The current measurcinent capability hcvs recently been enhanced to improve
measurcinent accuracy and to enlarge our measuremcni capa!ii!ity to improve data quality, and tc
increase the record length of our measurements. The Navy has an interest in the itnprovement of curren:
measurement technology, particularly that which reduces costs and facilitates the handling of equipment.
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"lVOS Year-Round Circuktfory Surveys"
Lewis Walker and 8ruce Parker, NOAA/Natiotsal Ocean Sttrvey

"circulatory" surveys are carried out year-round by the National Ocean Survey,"operational or 'circon both coasts of thc United Sta'lcs, including Alaska. Each survey completely covers a specific area,
usually an estuary, of aalf t, for a period ranging from two months to several years, obtaining current measuremenis
along vrNth sitnultancous tide, salinity. lcrnpcrature, and weather data. These measurements are made at
selected locations and depths in ot'dcr to obtain a reasoriably comp etc three-dimensional description of

p parties of the body of water, that can he used for environmental purposes as well as
C ent Tabl .for navigation, Analysis results ol' these data arc also included in the Tide arid Tidal .urrent a es and

Tidal Current Charts published by NOS,
Formerly thc Coast and Geodetic Survey, the National Ocean Survey has been taking current measure

ments on a regular basis since 1844 and has used a number of current measuring devides, from ihe early
current pole to the present Aanderra and T CUS current meters now being used on the West and East
Coasts, respectively, NOS is presently reviewing avadable and prototype current sensors in preparation
for an upgrading of its current measuremcnt systems in thc near future.

ln addition 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 also cope with instrument errors thai inlcrrupt thc processing scheme setup for the handling by
technicians of the huge quantity of data it receives year~ound. For example, in the past if a current
sensor was not equipped with an independent interval counter or hour marker, the loss of one or more data
points in a current record woutd create additional hours of work in order to accurately assign time to the
data series. Time dctcrmination is critical for NOS since accurate tidal current predicitions must be made
based on these data. Abo, frequent errors in the recorded data values, due to bit drop or other electronic
or mechanical causes, though corrcctablc using coinputcrized statistical editing techniques, require con-
siderable corn putcr time to do so and occasionally hand editing as well.

These problems and olhers, as well as NOS's on-board and in*ouse processing schemes, are described,

"Comparfnff A Few Recordfng Current Netersin San Francisco 8ay, California"
Ralph T. Chettl, U,S. Geological Survey

A team of rcscarch scientists in the U.S. Geological Survey uses San Francisco Bay, California, as an
outdoor laboratory to study complicated interactions ol' physical, chemical, and biological processes
which take p4ce in an estuarine environment. A current meter comparison study was conceived because
of the need to select a suitabte current meter to meet field requirements for current measurements in
the Say. Thc study took place in south San Francisco Bay, California, in the spring of 1 977,

An instrument tower which was designed to support instruments free from the conventional mooring
line motions was constructed and emp4ced in south San Francisco !lay. During a period of two months,
four types of recording current meters have been used in the tests. The four types were,' �! Savonious
rotor, �! Tethered ahoudqmpcllcr, �! dragqncljnomcter, and �! e}ectromagnetic current meters. With
the cxccption of the electro-magnetic current meter, onc of each type was mounted on the instrument
to~er, and one of each type was deployed on moorings near the instrument tower. ln addition, a wind
anemometer and ~ recording tide gauge were also installed on the tower.

This paper discusses thc characteristics of each instrument and the accuracy that each instrumen't
can provide when used in an estuarine cnvironmcnt. 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.

l 700 C ocktails in the lobby
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0830 WORKING SESSIONS

SURFACE/NEAR-SURFACE MEASUREMENTS iri Room l 28
A1oderators: Williattt Boioourt and Robert Beardsley

OCEAN INTERIOR/BOTTOM MEASUREMENTS irs Room I 01-B
htoderator: William Schmitz

Purpose of Working 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 Bmitations in technology.

~ To 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 current measurement technology,
lt is their job, under the guidance of the inoderators, to stimulate discussion and to provide their
expert opinions in conjunction with the session members in response to the specific question~ 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 summarize the work sessions in a final plenary session The work sessions
will be recorded both by the participant rapporteurs 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?

« ls a lack of knowledge nf a system's operating characteristics a 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 intended to get at
thc roo  of. Is technology driving the measurement needs or vice versa".!

II, What are the llnittations of present cuirent measurement technology in your current meter
applications and upon what is your answer based?  This question is to solicit subjective
judgments of technology and to deterinine the basis for these judgments!.

III. What are the most important development efforts to be pursued".
«Sensing  transducer! techniques
«Data logging techniques
«Mooring design
«Lagrangian techniques
«Increase testing and eval~ation ol existing devices
~ Budd cheaper, less accurate instruments
~ Standards  laboratory and field!
«Remote sensing techniques  sateHite, aircrafi, radar, etc.!

 This question is to define pri<irities of what best can we do with a
smaH amount of resources!
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Questions foe Working Sessions, continued
IV. Are there serious gapa in the typical existing curreiit measureinent technology development

process outlined below?

~ In@ouse concept generation
e In*ouse hardware developnient ul' a I'ew prototypes which are then used or sold

as operational systems

Examples of gapa:
e Poor or nonexistent market analysis causing unresponsive technology developrncnt
+ Good technology going to waste because there is no mechanism 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 to this technology.
< Insufficient testing during the development process.

V. Are the ongoing develiipment activities, especially in industry. responsive to the needs of a
broad user community?

e Are the resulting instruments too expensive?
ls reliability a problem".

~ How do we quantify  he economics of current ineter data acquisition?

 Questions IV and V are intended to find out whether technology
development should or can be more efficient and responsive!

Policy Issues

ls a comprehensive, coordinated development program for current measurement technology needed'.
e Is money all that is needed vs. a comprehensive plan and coordinated activities?
~ Are improved and accessible calibration  testing! facilities required?
v Are coordinated intercomparison experiments needed?

ll. What is required io give investigators confidence in off-the-shelf equipment?

e Will there always be a need for oneof<he-kind equipment due to special requirements?

III. Would there be some benefit from trying to improve the coordination  at least the information
exchange! among those involved in current measurement technology development' !

e Newsletters
e Symposia

IV. What should be the nature of a development program?
e Dollars to industry
~ Dollars to institutions
e RFPs or individual initiative  free enterprise!

l J45 Lunch in Room 10/-4

l300 Closing P/enary Session in Room 128, Sirmntrary of IrPorking Sessions.

l5M Conference Closes



RESULTS OF THE

PRE-CONFERENCE QUESTIONNAIRE

People who registered for the Working Conference on Current Measurement
were asked ta 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 tota't of 108 questionnaires were answered.
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Question A: SPECIFIC MEASUREMENT APPLICATION

Ocean

E nginee ring/
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Ocean
Dynamics
Research

RESPONSE SUMMARY.' The following were the specific answers most frequently
found in the main categories:

Ocean O namics Research: continental shelf and nearshore circulation
dynamics

Pollution/Sediment Distributions: Oil spill moveroent predictions;
environmental impact studies

Offshore construction of drilling
an thermal ener gy co nve r s ton resea r ch
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DD YOU CONSIDER THIS A PRECISION ACCURACY
 ABILITY DF INSTRUMENT TQ REPEAT A MEASURE-
'MENT! OR ABSOLUTE ACCURACY  REFERENCED TQ
A STANDARD?

27 said absolute accuracy �8 percent!
29 said precision accuracy �2 percent!
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