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I Sunnary Introduction

Since the appearence of the 'irst report on the Gsomagnetlc Electro- | -~
kinetograph (von Arx 1947)% roscarch hes bsen directed toward an evaluation :
of the capacities and limitations of the inuvtirument. wfforl has been spent
in both the field and labvoratory toward improvement of its operation and ;
on direct measuremant of the effects of the physical environment on its j
i behavior. All of this work wag Iurthered by help from the Naval Ordnance
g Laboratory. Drs. Rumbaugh, ilaxwsll, and Greon and Kessrs Blell, Dobrin,

3 Haddad, and others of NOL were most cooperative in providing techuical in-
; formation of both verbal and written kinds. Through them and the Hydro-
graphic Office (Dcesanographic Division) temporary loan of two reports on
collateral researches (uchelvey 1944) and (Report 85 4.5.BuShlips) was se-
cured. During the summer the help of Messrs Osborn and Duys wss also se-
cured at Vi.H.0.I. for field and laboratory work. uMr,., Osborn reviewed the .
existing literature on the Faradic inffect, and also made progress toward a ]
mathenatical statement of the effect as it applies to the Elsctrokinetograph
(Osborn 1947). Mr. Duys was primarily concerned with the installation of

s gear, repairs and maintenance, and stood relief watch on most of the cruises
P at sea, Mr. Dobrin of NOL joined the observing staff on Cruise B-16 of the
Balanus and made indepsndent measuraments of propéller noise and other effects
with NOL equipment (DLobrin 1547).

[T
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3 Followlng this crulse materials bLacame available for the manufacture

k of NOL~type Silver-Silver Chloride electrodss. These electrodes are in many 3
i ways superior to the W.H.0.I. type but they ¥¥se have an unstable zero-point ]
; ,

in changing environments of temperature and salinity which complicates field %
procedures and hindsrgdirect applicetion of the Electrokinetograph principle {
S to navigational aids. Of the experiments conducted to measurs the forvard ]
i speed of the ship, and its set in a current,neither were wholly successful
3 because of gero~point drift, Studies of zero-point drift and ius depsndence
‘ on the temperature and salinity of the environment have been muide in the
laboratory. Future work in this d.rection faces the Law of Dlm .nishing Re-
3 turns and so it has beon decided t» abandon further experiments with slec-

: trode materials and phenomena unti. it can be arranged for a ccrnpetent

1 theoretical electrochemist to stud: the problem.

Approximately six weeks were .oent ab saa with the Electrckinetograph
(Balanus Cruises 6,9,14,16 & 17 ani Atlantis Cruise 149; see figure 0) to
gather data on the validity of the instrument as a current measuring device.
Half of this sea time was spent in water shoaler than 150 fathcimg to de-
termine the effects of depth and b “tom resistivity on the valuu of k the
correction coofficient in the func waental relationship

;.
i

s Shiial e

wat = {5 20°% = (¥ x 1,) 1078 = k(ix, (1)

TR O

-

4 (#) Reprinted and bound betwsen th se covers following the index. Thie
¢ report is essentially an announcem mt of early results and contuins a few
) representative voltage trutes toge her with Faraday's original statement
3 of the physical effects which he e pected would produce them.
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The valus of k was found to be unity everywhere oubslde the 50 fathom centour ;

3
regardless of bottom characleor, but to vary over wilde ranges within that e
depth for a number of reasons.

These ciulses also provided acquaintance wilth the "normal” voltage
trace. Hours on watch spent in followlng the trace as it was written on
the strip chart made it possible to discern characteristic voltage signa-
tures for various maneuvers of the ship and various kinds of water motions,
Sufficlent data were collected for a few tentative ideas to have been
developed concerning the water mobions themselves., Several experimental

B sailing plans were devised on these crulses deslgnsd to reveal further

3 detalls of the oceancgraphic foeatures through which the ehip made Lier way

3 and to gather these daba with the greatest economy of time and effort. Of
. the voltage signatures recorded a largs number were aseribable to sources
other than water motions, These are called artifacts and have been satis-
factorily explained and distinguished from the water motion signals. While
earth-current signals are discussed under this heading they are of natural
N origin and have received separate study along with the control observations
2 of earth~currents for the purpose of extraciing these background signals
from the Electrokinetcgraph recoids., An arbitrary scale of earth-current
intenslties has been developed and standardized in absolute units and the

changes of the absolute magnitude of these intensities betwsen the land and
e the cea have been measured a number of times.

AR

Instrumentation of the Electrokinetograph has been improved consider-
ably as has its general couvenience. Auxiliary circults have been dsvized
which will control the amplitude of the wave signal and thus reveal the
amplitudes and charactors of less obvious water motion signals, renew and
adjust the electrode surfaces for proper operation without having to haul
the electrodes aboard, -and also measure the electrode resistance without dis-
turbing their zero-point. A Magnesyn compess has been installed on the
instrument panel so that the course of the ship can be studied both as a
check on the helmsman during the execution of the "sailings" and as a guide
- to the accuracy of current direction messuremr ..s. The power supply section
s is now divorced fram the ship by a high grade isclation transformer and the -
input voltage and frequency are presented on the panel by appropriate meters,
., These indicators and controls increase the stability of performance and
3 time registration of the strip-chart recorder. The 8peed of response of
. the recorder has been increased fram 12 seconds full scale swaep to 1.7
seconds, This enables most wave si

gnals to bs recorded without appreciable
mechanical amplitude suppression as was formerly the case,

~
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The theory of the instrument has undergone further clarification from
: the standpolnte of both practical observation and mathematical analyais,

' Certain questions are too cumberscme or cbscure for effective mathematical
: treatment but most of these can be answered by means of experiments in the

field, While this approach lacks scademic elegance and to some extent
clouds the issues with uncertainty, it has been used in addition to the
mathematical treatment whenever possible. Same of the present knowledge of
the effects and capacities of the instrume

nt is wholly of experimental origin
and somo is desk work. The zone of overla te 8

p between the two 1s widening as
time goes on, and as theory and practice are reconciled.
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I1  Directional Errors, lMagnitude Lrrors

The determination of cwrrent diceciion by meens of the Electroliineto-
graph 1s theoretically as exact as the procision of voltage measuraments
and theory of errors will allow. But practically, there are othur errors
to be accounted for as follows: The directions along which voltage moas-
urensnts are made are measured by the ship's compass which is subject to
small systematic and accidental ervors. This conpass also acts as a guide
to the helmsman who does his best to curb its vanderings. In correcting
the course of the ship to make the compass reed the requested heading his
course yaws more or less from side to side of the heading depending on the
wind and sea state. Ordinarily the yaw is of the order of 2 or 3 degrees,
but in bad weather it may reach 15 or evon 20 degrees in small ships. The
interelectrode portion of the csble is gbout 2,5 times the ship’'e length
away and consequontly yaws samewhat less than the ship does. But it must
yaw, For thie reason a course must be held for a sufficient length of time
for the yawing process to pass through several cycles so that the voltage
changes fram the turn slgnals generated can be averaged out. The turn sig-
nals are negligible but the sinusoidel path of the ship may be terminsted at
any point in which case the average direction of the ship's course from the
initial point to the end point may be different from the requested heading.

Tha amount of thils difference has bwen studied during observations of currents
atl sea.

For this siudy a remote indicating Magnesyn compass was installed
separately from the ship's compess and the indicator placed on the pansl
of the Electrokinetograph. In this way the voltage signals and the .behavior
of the ship's head could be followed together. It was found that the turn
8ignals were inconsequential but that the yawing ranged between the values
given above. In general the helmsman "worked the wheel! about twice each
minute so that the period of the sinusoidal track in time is faeirly uniformly
of the order of 1 minute. In one minute the ship travels 600 feet at 6
knots and if the half-angle of yaw is 2.5 degrees the maximum distance off
the intended track is roughly 13 fest. Taken over & period of 4 minutes on
& jog this amounte to an uncertainty of only 17 minutes of arc on either
slde of the heading, closer than the accuracy of the compass. But for yaws
having a half angle of 7.5 degrees the groatest departure iy about 40 feet
on elther side of the course, which again over a 4 minute course smounts to
an uncertainty of about 1 degree on either side of the steered heading. Thus

the probable error of heading for both courses is less than = 2 degrees under
the most adverse conditions., On lo

nger legs or in better weathur or in big-
ger ships the probable error of heading becomss negligibls, provided the
ship's compass 15 in good adjustment

Accampanying the directional error there is an error in magnitude of
the resultant voltage and the current calculated fram esch pair of camponent
measurements, If the camponents are at right angles, as 1s etandard prac-
tice, the greatest magnitude error eccurs vhen the resultant bisects this
angle and when the angular errors are in opposite directions from the resul-
tant, To calculate the magnitude error, it is the angular difference between
the lines connecting the true initial point with the true ond point and the
intended end point of a component course that must be considered. In good
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weather, 88 explained sbove, this angle totels 34 minutes and rises to 2
degrees in bad weather. If the bad weathsr error is made in opposite direc-
tions on two camponent coursas at 90° to esch othsr and the resultant
bisects this angle the grentest megnitude error is under 5%. A number of
experiments in deep water iu pboth good and bad weather with control measure-
maats of current speed show that magnitude errors seldom exceed 5%.

The forward motdon of the observing ship hus no effoct upon the racep-
tion of signals from the water, neither does it produce an error in the
direction bestween the compass heading of tho ship and that of the interelec-
trode line, Ths basis of this assortion is glmply that the ship and the
electrode line in & current are acted upon by the same forces and relative
to the ourrent there is no motlicn aucept the forward metion of the ship and
the towed electrodes. Taking the bottam and the magnetic fisld of the earth
as the irertial system, however, there is more to conelder. In this case
the progress of the ship and electrodes lies along the resultant camposed
of the ship's forward motlon vector and the current vector. This still does
not alter the alignment of the ship's kesl and the slectrode line, but does
produce a lateral component of motion wihich is greatest when the ship is
sailing abt right angles to the current. In this case the cable connecting
the electrodes sweeps out an area per unit time which has the shape of a
square if the ship ls hove-to across the current and the shape of a pargl~
lelogram if the ship is underway, The area of the square (ab) is exactly
the same as that of the parallelogrsm (ab) no matter how fast the ship may
g0 since the lateral set of the ship (8) is not altered and neither ig the
interelectrode distance (b), The product of these two quantities define the
area swept by the interelectrode line psr unit time,

If the ship is not salling ab right angles to the current but at sars
arbitrary angle © the arca of sweep is determined by the product of the
set of the current per unit time and the interelectrode distance corrected
for tiie cosine of @ ., Agaln the forward speed of the 3hip doss not enter
and is of no conssquenca to the measurements.,

This reasoning has omitted the effects of wind on the ship for the
good reason that wind causes trouvble. Wind from any direction except dead
ahead and dead astern sets the ship without setting the electrodes. This
produces an error in aligrment between the hoading of the ship and the
aalzmuth of vhe interclectrode line. The magnitude of this angular error
dopends upon the ast the wind gives the ship rather than on the strength
of the wind itself. It ocan be defined easily as the ratio

Ship's leeway (knots)

= tana_ (2}
Ship's speed forward  (knots)

whers o~ is the alignment error betwoen the ship's keel end the electrode
cablc, In the numerator it is the sideways motion (lesway) of the ship
that is important and unot the total windage for the reason that the com-
ponent of windage parallel to the keel mersly alters the ship's forward
speed, Formard speed is measurable by the log even though it is not enw
tirely imparted by the enginss or ssils. The greater the ship's speed
through the water the amaller both tanad_and 3\ itself become. This error
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is quite large during rough weather in smoll ships like the Balanus whioch
muakes leeway in beam winds and waves of force 4 as rapidly as 1 knot. Her
forward apsed under such conditlons must be recuced to 5 knots which brings
the value of . to a little more than 1l cegrses. Much rougher weather
was experienced on the Atlentis, a bigger ship, deeper and heavlier in all
respects yet even her leeway wius betwoen half and three-quarters of a knot,
Her forward spesd however, could be held at 7 knots without discoafort. In
this instance the value of &. was 5 degrees; still not inconsiderable,
Fortunately this error is systematlc, and if the ship's windage can be
measured by chip or current meter its components can be allowed for on all
headings and the current measuraments corrected accordingly.

A similar alignment error will arise when the Zlectrokinetogreph is
usod for the measurement of deep currents. The observing ship flosting in
the surface current will be set by that current while the electircdes in a
despar current or another portion of the surface current will expsrience
a different sct. Thus the azimuth of the keel of the ship will not coin-
¢lde with that of the interelectrode line because that will be sligned with
a resultant which is the "effective current' produced by the ship's geo-
graphlic motion and the deep current. This resultant iz calculsble only when
both vectors are known, consequently it will be necessary to observe the
resultant directly by incorporating & directlon indicator on the interelec~
trode portion of the electrode cable. This expedient would also cure the
difficulty of windage errors in the measurement of surface curroents and
mske the observation procadure wholly independent of winds, curreants, lesway
and ship's speed. Such an installation (Magnesyn remote indicating compass
system s contemplated) is relatively simple and can be eccomplishod.at any
time., It hes been delayed because it more than doubles the number of con-
ductors require. in the outboard caeble and increasss the stiffness and cost
of the cable many fold, IV would also increase the bulk and drag of the
outboard gear to a point beyond the ability of one man to handle it without
machanical aid, This camplication has to be met, however, if the greatest
reclsion and usefulness is to be gained from the instrument as a whole.
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11T Validity Studlen

Tho validity of cwrent muasurancnts mede with the blectrokinetograph
has been under scrutiny fram thwe vory beglining, Four methods hsve been
employed thvs far:

e . ik

a) Comparison of meusured currento with predicted currents near
lightshipe listed in the Curront Tables, Atlantic Coest, 1947.

T T

1- b) Comparison of measured currente with other measurementa made
from an anchored ship with "von Arx Moter" Model 2,

¢) Comparison of measured currents with cwrrent determined from
repea'fed Loran fixes on.a drifting ship whose drift is corrected for
windage. .

UG AN i o, AR

f"' d) Comparison of messured currents with ourrente dotermined from

. current poles released near a temperary buoy and fixed on by angles to 1
shore polnts or measured by sailing at constant spead fraom the end of the
pole field to its origin.

Congerning (o) remarkable coincidence of direction has besn cbtained
by this method in rotary currents on the continental shelf. The magnitude 3
of the current is usually in error by a constant amount due to the effects ;
ol the k factor. Thewmo comparisons were made in excellent weather during
tne sumner when wind cdrift errors were small. The absence of wind drift
offects 4s altested Lo by the fact that the rabio (k) of the observed and

prodicted currents remained nearly constant for a large variety of current %
directimna,

Copcorndng (b), this method wes largely innonclusive for the reason : ;
that no experisnced observers were available to man the propeller type
current meter suspended from the anchored ship. It i¢ very diffioult for 3
an inexpsricnced observer to detsct and exclude the signals generated by
Lhe yewlng and riding of shiip on her anchor from thoee of the trus cur- s
rent, The Model 2 meter provides the deck observer with continuous indi-
cetiens of the relutive curpent composed of the motions of the ship on her
anchor end the true current., By etudying the rhythu of the ship's motions
tn observer can extract the trus currerd with reamsonable certainty, but due
to the effects of rather large waves on the small boat and on the digestive ;
tracte of the observers not much wao accomplished in thds way, ‘

Soncerning (o) o number of prolonged (3 to 5 hours) drift stations were
ocoupled both inshore snd at cea during which the Loran was used at 20 min-
uls intervals, In addition the ohigs windige was memsured repoatedly by
moans of the Modsl 2 meter overboard and the average of that motion sub-
tracted vecturielly froam the geographlic drift, The result gave the current
. component which showed excelleud sgreement with Lthe surrents indicated by
the Electrokinstograph, Curronts ss sWlft a3 5.5 knots were verified by
4 this method in the Gulf Stream,

Conserning (d), widch is melf wxplusnatory, disappointing results were
secured until a sufficient number of observetions were made in different
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depths of water to indicate the «xistence of the i factor. The data cone-
cerning the k factor, to be discissed later, wers cccumulated by this F
method only at first and later by methods {a) and (¢). r

The problam of measuring currents is inherently so difficult that
one is put to it to devise satisfactory mathods for checking an instrument
that nrobably measurses currerts more certsainly than any of its checks. To
e no camparison has been made between currents measured with the Elec-
i trokinetograph and those deduced fram Dynamlc Computations. This is an
extremely interesting axperiment {rom many peints of view and may be exe-

REUTIIRLY-.-F S A,

cuted very soon,

All reliable measurements mnade vith the mothods Just catlined have 3
been campared with current measurements made at the same times and stations :
with the Electrokinetograph. As it is difficult to say "which is correct” !

the directionzl differences betwcen the two measuremeats are tabulated ' ]
3 as follows: ]
Table 1 V'
: i
Kethod (a) (b) (e) (d)
L 5
; Total tests . L5 28 37 28 (131) %
i No. Agreemente within I 2° 18(40%) o(0%) 20(27%4) 4(195)
4 . o :
tf No. Agrecments within - 5 27(60%) 3(11%) 26(70%) 9(43%) 3
2 o ]
Average angular disparity 4 35° 5° 120 y

The poor results from method (b) are slmost certainly due to improper inter-
pretation of the indications from the propeller type meter. It is interesting
to note that the average angular disparity for method (d) lies within the
values for the angular divergence of a fleld of poles, which at Bikini was

3 found to vary fram 8° to 14° and at Woods Hole to rangs betwesn 11° and 15°.
Dye trails show a similar angular divergence and when run with current poles
there is a strict correlsation of the boundaries of the dye trail and the ]
i greatest width of a field of current poles released from the same point at 3
- the same time, It is reasonable %o axpect that the angular resolving power
of the Electrokinetograph is low in terms of small angular variations in the
direction of water motion which can be encompassed batween the electrodes and
that it 1s sensitive to something approaching the mean motion between these
limits, Therefore, if the Electrokinetograph messures the average direction of :
water motion between the electrodes and the signal is read as the average over ;
several minutes run, it is ressonable to canclude that the angular disparity

of each pair of cauparative measurements results f{rom the difference between the
average direstion of water motion and the detailed motion of any small parcel
shown by the current pole, The improved correlations existing between the

it il ST bl
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Electrolcinetograph measurements and those by msthods (&) and (c) bear out
this argument sincs both of these latter methods involve the average
directlion of water motlon accuwnulated from & large number of observatlons
in the case of (a), and a reletively long time span in the caze of (¢).

k factor

The correlation of current magnitude as showa by the Eloctrokineto?raph
measurements with measurements made by other methods (a), (b), (¢) and (d)

reveals a systematic difference which apparently depends upon the totel depth
of water, More thau half of the cumparative tests were made in water shoaler
than 150 fathoms., In figure 1 the rosults of theses observetions ars plotted
against station depth. The coordinates are logarithmic in both dirsctions

8o that the details are less crowded necar the origin.

The factor k was originally defined

k = _E_ the "axpected voltage"
e the observed voltage

(3)

This choice of possible definitions is admittedly a poor one but it serves
to reveal the relationship between the voltage expected from Faraday's
Equation for a given magneto-mschanical situation and the voltages actuslly
observed. Aa ¢ is commonly less than or equal to E the value of k is core
respondingly equal to or greater than unity. Of the 98 values of k plotted
in figure 1 all but 6 are equal to or greater than unity. The 6 less than
unity are plotted as thelr reciprocals and denoted by small squares so as
to compress the ordinates within the campass of two logarithmic cycles,

It appears from the points on this graph that beyond 50 fathoms the
assurance of unit k is extremsly high; but why 50 fathoms? The whole matter
will be explained in Chapter VII on Theory but let it be hinted here that
the total depth is far less important than the ratio of the depth of the sur-
face current to the %otal depth. Within the 50 fathiom curve rotary tides
dominate the current systems, These tides cause water motions which extend
almost to the surface of the continental shelf. For this reason the "sur-
face" current thickness and the total depth of water are very nearly the
same and &s & result the value of k rises sbruptly. At tho edge of the shelf
the tidal motions are less significant and the surface water motions are
underlain by relatively thick layers of water which do not necessarily par.
ticipate in the surface motion. These layers produce the natural short cir-
cuit required to lower the value of k to something approaching unity.

Superficial features ia the weter such as turbulence structures, waves
and thin layers of water driven by the wind are probably recorded at very

nearly vnit k values even though the thicker currsent in which they occur may
have a high k value,

Measurements of sea bottom resistivity (McKelvey 1944) show that the

electrical depth is very little greater than the physical depth. That is the
total conductivity of the sea bottom when converted to a priap; of sea water
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of equal conduchtivity, adds little to the effecilve conducting prism offered
by the seoa water alona. Wwork on this proslem conducted aslong the Eastern
and Gulf seaboards of the Unltaed OStaltoee shows that & prism of sea water
ranging fram O to 15 or @5 feet thick need be added to the local depth to
give the same total conauctivily as the comblned conduetivity of the sea
water and water saturated bottem maturial. Thus the kx faclor rises in

shoal water when the current extends vo the bottom even though there is a
stationary conducting path in the gedimontary rfloor. If the sea floor

were composed of a thick carpet of coppor, K would nol rise in the zone of
rotary tidal cwrrents.

k-C_Background

A1l measurements of potentlal in the sea made with the Electrckineto-
graph have a certain background or "nolse level" derived from the ambient
potentisls and currents in the lithosphere and hydrosphore. It is not fully
known to what socurces these currents owe their origin but they are associa~
ted in thelr times of occurrence and magnitude, with fluctuations in the
magnetic envelope of the earth, the occurrence of solar flares, and perhaps
the interaction of streams of charged partlcles fram these flares with the
magnetic field of the earth. The arrival of such streams may be ths cause
of aurorae which are also associated in time and magnitude with earth cur-
rents, Whatever their origin, earth-currente are rescorded by the Electro-
kinetograph at sea. The intensity of the earth current background varies
fram day to day and reaches "etorm" intenalty on the average of fram «bout
3 to 6 days per month, During "storm" conditions the earth-current signal
is larger than tho signal received even from very swift water motions, con-
sequently such periods are unsuitable for current measurements, At other
times during each month there are "disturbed" days when the earth-gurrent
background has roughly 3 to 5 times its "quiet"™ amplitude. This rise in
the background noise level raises the threshold velocity sensitivity of the
Electrokinetograph from 1 am/sec to about 5 am/sec but does not influence
its directionsl sensitivity apprecisbly. Oceanographic measuremente to the
nearest 5 am/sec is sufficient accuracy for many purposes, consequently only
1C tq 20 per cent of each month is completely lost through background inter-
forence. These estimates are based on present conditions and those of the
past year, a year of exteptional solar activity., For this reason they may
be somewhat pessimistic compared with estimates for juiet solar years.
Nevertheless, even the present estimate of time lost through geophysical
interference is not discouraging and if the threshold valuss of sensitivity
of the instrument are recognized as being variable, reliable work should be
capable of accomplishment on more days per month than are usually avedlall
when only meteorological interference is considered. The ocourrence o,
meteorolegical and gecphysical disturbances are campletely unrelated at any
given point 8o that it is entirely possible for a day of excellent weather
to be lost through excessive background. On the other hand very bad weatlier
mebeorologinally may bs idsal geophysically in which cese obsarvaticus of
water motions during heavy storms can be made with perfect coni'idence. Such
observations are of great value to oceanography.

As yet it is impossible to determine from the Electrokinetograph record
itself just how much of the signal is due to water motion and hog mﬁih cames
from the earth-current background. For this yeason it is necessary to maintain
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& control which records earth-ourrents alons and to operdte Loiv corhral,
station throughout every cruise. The present technique enploys the well
astablished fact that earth~currents are of a worldewide natwre (Rocnuy
1947; Fleming 1941) and thot observations made at one station may be
assumed to indicate ths conditions at a distant station quite weoll. [his
, assumption is thought to be especially valid in the sea becauss of the

; electrical homogenaity of the medium in which the earthecurrents flow.
Stations on the lithosphere ars subjoct to local interfersnce fran the
chameling of earth-currents in portions of the orust which have lower
resistivity than the surrounding region (iwoney 1947). This changes ihe

- abaolute magnitude of the earth~current potentials and may also alter the

3 character of their fluctuations somewhat Ly chenging the direction of f{low.
The sea is close to having perfectly isotrople resistlvity and consequently
the direction and magnitude of carth currents in deep water are very nearly
the sams over areas tens of degrees square. Near shore same influence of
the increasing proportion of bottom resistivity is probably tc be felt but
the superficial layer of electrolyte undoubtedly has the effect of amoothing
out variations of the bottom rssistivity when the entire prism of sediment
and electrolyte is taken into account. There is a further effect at the
shore line pointed out by Barber (A.R.L.) that arms of the sea tend to col-
lact earth-currante as they offer a path of lower resistence than is found
in the land., This effect would tend to exaggerate the magnituce of earth-
currents measured in embayments of all kinds, and diminish them around
prowentories., There is no apparent reason to expact cither effect to alter
tho relative amplitude changes and general character of recorded earth-
current fluctuations except to change their direction in some degree.
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The present method of extruction of background fram the Electrokineto-
graph records is quite crude. Observations at sea and at the shore station
are made simultaneously. At the end of the crulse the shore station record
is studled and the periods of "storm", "disturbed" and "quiet" are determined
on the basis of 3-hour indices beginning at CO00 GMT. The trace amplitudes
. are measured against an arbitrary scale from O to 9 and the average charac-

i ter of each 3-hour period given an index number., In this way each day's

" earth~current activity is reduced Vo an eight digit number which can be

‘ tabuleted and read with comnsiderable efficiency. The scale corresponds to
potentials in miilivolts per kilometer as follows:

Table 2

0. L 3 3§ 5 & g 8 3

1.0 2.0 3.5 6.0 11.5 18.0 26.5 35.0 38,5 40.0 mv/km and over
{_iquiet") (_ fdisturbed s ( "stoxm , )] -

The ranges of indices corresponding to "storm", “disturbed" and "quiet"
classificatlions are different for each of the periods which have been dis-
criminated thus ar as shown in table 3. But taken as a whole the trace
can be cglassified as shown above. Portions of the voltage trace from the
Electrokinetograph having a background index of O or 1 are considered to
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have an accuracy of ma,nitude of 1 em/vec, for indlces 2, 3, and 4 an ac-
curacy of 5 om/sec is aesumed, and for 5 or more the records are rejected

as unreliable, These limits are derived from ths background voltage picked
up at sea along an interelectrodes distance of 38 meters, which in local
magnetic latitudes gives a sensitivity of 1 mv/knot on the Electrckineto-
graph tape. This tape is graduated to O.1 mv divisions which can be read

to the width of the ink line 0.0l mv which is also the valus of the minimum
discriminable signal. This corresponds to a water motion of 0.5 cm/sec.: It
has been found that records of tho same background disturbance at gea and
ashore differ in itensity by a factor of from 4 to 10, the records taken at
sea being the smaller, This is understanduble because of the lower resis-
tivity of the sea.* Allowlng a factor of 5 botween the records ashore and at
sea a shore-recorded background of 2,6 mv/kim can be tolerated without invali-
dating an assumed accuracy of 1 em/sec. An accuracy of 5 cm/sec corresponda
to a background voltage disturbance within the compass of 0.1 mv on the Elsc-
trokinetograph and a maximum tolerable earthe-current variation of 13.0 mv/km
as measured by the shore based recorder. Backgrounds larger than this are so
irreguler and contain large amplituds variations in the 1 to 60 minute rangs

which badly confuse the records of current boundaries, eddies and currants
themselves,

It has been necessary to make a careful study of the scharacterisbic
traces of earth~curren. records in order to distinguish them fram the signals
originating in the sea. In character both kinds of signals are periodic or
seni-periodic but those generated by water motions are smoother and more
nearly sinusoidsl than the spiked and sharply variable short weriod signals
fran earth-currents., This aubjective difference is confused by a zc¢ne of
uncertainty which is particularly broad for the long period varistions. Sig-

nals having periods under 20 ssconds are easily verifled as they are princi-
pally caused by waves.

The earth-current variations which have been discerned in the Woods
Hole records are the dirunal variations, varieiions of the ordsr of an
tour's duration possibly related to the “range effect" of Guelcke and
Schoute-Vanneck (1947) end still other very short period veriations raquir-
ing ihe order of 10 minutes, 1 minute and fractions of a second to exscute

a cycls, The amplitudas of these variations change with the total signal
eznlitvde in the manner shown in table 3,

(%) It has been found that the amplitudes of earth-current signals of "storm"
intensity measured at sea are less than those measured during the same storm
at Woods Hole, Simultaneous measurements in the same azimuth yielded voliages

which 200 miles at ‘sea were on the average only 1/5 as larye as the correspond-
ing signals picked up aoross Woods Hole. This mey be the result of intensifi~
cation of earth-currents in embayments s

uggested by Barber in his recent
to the Royal Astronamical Society (Geop 4 ent paper

hys. Sect'n) or result f
in total resistivity re:ulting from the replaceme ) oF may rao Lhe change

nt of water for earth in a
prism of given depth as the currents mske their way seaward.
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Table 3

14
J
;'?I

Values in millivolts per kilometer of the several kinds cf perlodic earth-
currert disturbances recognized in ¥ .H.0.I, data,

3 i

Storm Disturbed Quiet Mniaus
(max.) '
Diurmnal Greater ;
than 26.5 3.5 - 11,5 3.0 = 4.0 3.0 = 440
>6 (2) - () (2) (@ g
Rangs Effect  |11.5 = 26,5 | 11,5 - 26,5 1.0 = 3.5 | less than 1.0 :
(30-60 min,) | (43 - (6) (1) - (6) (0) - 12) (0)
3 10-30 minate  |LL.5 - 40,0 3.5 - 18,0 1.0 = 3.5 |less than 1.0 - .
, (&) - (9) (2) - (5 (0) - 12 (0) ;
C 1-10 minute  [11.5 - 18,0 | 2.0 - 11,5 1,0 ~ 5.5 |less than 1.0
W= | @ -w @ = 729 (0) i
i ' less than 1 min,| 3.5 - 6.0 1.0 - 2,0 less than 1.0 |less than 1,0 é
(2) - (3) (0) - (1) (0) (0 !
less than 1 sec. | 2.0 - 6.0 1,0 - 2.0 less than 1.0 |less than 1,0 i
! (1) - (3) (0) ~ (1) (0) (») i
: N.B. Disturbances having periods between 1 and 6 hours have awso been in- 3
frequently cbserved. i

The values given above in millivolts per kilometer result from ex~
pression of the index scale in absolute units and zhould rct be interpreted
as more than & guide to the order of magnitude of the poterntials. The
values are also distorted by the non-lincarity of amplitude response of
the galvanometer to frequencies higher than 3 cycles per minute,

Saome effort has been made to discover a means for detecting the state
of the earth-cwrrent background at sea while cvbservations are in progress.
A nmumber of possibilities suggest themselves and some have been estudied by
others (summary Chapman and Bartels, 1940 and Fleming, 19/1); the state of
the ionosphere as reported at frequent intervals by ViiV, the degree of fad-
ing noted by the ship's radio operator, observation of t.he zeneral spotted-
ness of the sun with particular attention to spots tranaitmg near the center
of the sun's disc, observation of the polar aurorae and also of the general
illumination of the night sky campsred with a "radiolite" s%andard kept in
darikness, subjective estimates of background from the Elsctrokinetograph
trace itself, but sc far no sinzle phenomenon gives rufficiently close corre-
lation to the record of the shore-based earth~current reccrder to be used as
an independent gulde at sea. A final attempt is being made to correlate the
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o
intensity of the 01 line (4577 4y “n the aspectrun of Lhe mdglh oky with
earth-current traces. This linc is thought to rasult directl. from the
arrival of charged particlecz from the sun thow st by some to se fundemen-
tally responsible for the bulk of eurthecurran. disturbances as well as
the electrodeless discharges in “he uppoer atnosphere. Results of this
experiment are still too meagre to perndt dscusslon of its probable oute
coma,

The best single estimate of background that can be meds at sea is the
subjective study of the "senss" in the signal record. Ordinscily the obser-
ver can anticipate the charecter of trace to be writton during the execution
of maneuvers by the helmsman, For example in running squares for calibration
and fixing instrumental zero the obssrver anticipates that th: signal on the
east and west courses will lle symetricelly on either sids of the zero estabe
lished by running the north-south courses. In times of earth-current disturs
bance this does not often happen. Other clues to background -iisturbance
arise when the trace shifts from slds to side giving "turn siinals" when the
ship is not turning, or when erratic drift of cero is camplic.ited by kinks
and cusps in the voltage trace recorded on a straight run. Tie pericdic
earth-current disturbances have nsarly the same period and am>litude as tur-
bulence signals from streng currents like the Gulf Stream, bu’ possess & much
more irregvlar character than the smooth undulations of voltaje generated by
the moving water, Earth~current disturbances of "storm" inte.sity frequently
bagin instentansously, the background index rieing from 1 to 3 or 9 in less
than a minute, followad by slow subsidence of signal amplituds during the
ensuing 12 t¢ 36 houre. The onset of such stoims can be discorned if the vol-
tage record is compared with thet of the shore-bassd recorder, and if it is
a severe storm the cnset can be dstected at sea. During such storms nothing
makes gense, Ship's maneuvers produce meaninglese changes of voltage when
they are superimposed on & rapidly fluctuating background. When puzzling
gftects are encountered the background usually has increased to an indsx of

or more,
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IV Characteristic Voltags bignetures Recorded by the Electiokinetograph

A variety of sigiinls are now recognized as Loing characteristic of a
qunber of phenomena obvervable with the llectrokinetogreph, These fall
naturally into two categories, ARTIFACTS and SLA WATTR KOTIONS:

i o S AL

T

Artifacts Sea viater Motions
Turn Signal Yave Signal
S=T Signal Turbulence Signal
Temparature effact Eddy Signal
Salinity effect Current Signal
Zero drift . Current boundaries

E~C Background Signals
Thunderstorm Signals

ARTIFACTS

Ths TURN SIGNAL is the potentiszl signature between the steady potential

s reglstered on one course and the steady potentisl measured on another course
k. immediately following. The comnectlng trace begins to become a turn signal
L fran 10-to 30 seconds aftsr the ship has started turning, depending on the

2 speed of the ship and the length of cable out, and lasts as laong as the ship's
turning time. It varles in cooplexity fram e simple shift {ron the old po-
tential to the new one, to an exaggerated sine wave. The phase of the wave
is opposite for right and left hand turns. The signal is ceused by the drogue
which produces side-slip of the interelectrode portion of the cabls cutting
the corner of the turn just made by the ship. If the sea is "at and the
ship has turned in such a way that the side slip produces a v« .tage in the
same direction but smaller magnitude than the change of course produces, a
simple line results; if opposite, the turn voltage will register and then

be gradually overpowered by the steady voltage on the new course. In smooth
and rough weather helmsmen often overshoot their turns and have to come back
to the new heading. This produces a double curve in the cabtle and conse-
quently a right and left hand signal successively. When the ship has been
running with the wind and turns to take it on her beam the signal usually is
gimple., \ihen she has bsen running against the wind and turns to take it on

; her beam a double curve resulls in the cable as her leeway picks up and a

: sinusoidal signul is generated. This effect is often augmented by overshoot-
a3 in& the turn.

E' The S-T SIGNAL is a sudden change in the trend of the average potential  picked
i up on a straight course which correlates with a colncidental shift of salinity
and temperaturs in the STD¥ trace, These signals are encountered along the
northwest margin of the Gulf Stream and along the margins of Gulf Stream eddies.

(¥) T"STD" refers to the Salinity-Temperature-Depth Recorder developed at
¥W.H.0.I. (under Contr. NObs-2087) for obtaining continuous vertical sections
of salinity and temperature against depth at a given station, or, when the
detecting element is secured to the ship's side, a trace of the horizontal
distribution of temperature and szlinity at constant depth recorded with the
ship under way.
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a simultaneous change of selinity et both eleatrodes the ultimate voltage
change follows the linear relaticnship
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They are listed among the artifacis bocause they have a compound origin;

(a) a natural origin in the changs of water velocity and (b) an artificial
origin in the change of interclecirods potentiel resulting froa the change of
chemical environment around the e'ectrodes. The artificial efiects have
been studled in the laboratory in an attempt to disentangle the two and

ddecover how much of the total signal is due to water motion by evaluating
and subtracting the chemic..l and thormel effects.

These studies have shown that the effect of changing environmant 1s
very large if the changes are nct encountered simultaneously ai both elec-
trodes, but quite emall if the changes are precisely simultanecus. The
magnituds and sign of the effects also varles with different elsctrode
pairs, The temperature effects are smaller than the ealinity cffects,

THI; TEMPERATURE EFFECTS. When a change of temperature vccurs at both
electrodes simultaneously or very nearly slmultaneous

a voltngse signal is
produced which depends on the rate of tempersture change

@ L, (ﬂ)b )
at at

where 8 and b are constants peculiar to the selected electrode peir which
have values near 0,060 and 0,130 respectively. The effect is of the order
of 10 microvolts/min. for a temperaturs change of 0.5°C/min., the order of

rate of change of surface temperature found in crossing the edge of the Gulf
Stream at 6 knots.

. The aignal resulting fram the difference in instantaneovs temperature
of the two electrciss is much larger. This effect has the form

V=c(T2-Tl)+d

(5)
where Tl ard ¥ are the respective instantanvous electrode temperatures and.
¢ and diare cofts

d tants peculiar to the palr, The velue of d is zero if the
origln is chosen properly and the value.of ¢ is near 0.5 if ¥ is expressed

in millivolts and ('I'2 -~ T.) is Centigrede degrees. The horizontal surfage
temperature gradient al ilic edge of the Gulf Stream is shown by the STD to
be near 0.3°C/100 meters.

For a ship selling perallel to this gradient with
an interelectrode apacing of roughly 4O meters the instantanecus temperature

differsnce between the electrodes is approximately 0.1°C yielding a voltage
of the order of 50 microvolts.,

Thus the total artifioial signal from the two effects discussed so far

1s 60 microvolts (0.060 millivolts) which corrvespond to an error in deduced
current of 6% or about 0.06 knot.

THIS SALINITY EFFLCT has been similarly treated in the laboratory. For

V=e (82 -‘Sl) R (6)
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whara e and f are constants peculiar to the gloctrode pair. The consiant

f repf;senté_the voltage of the initlal "zero point" and g ha¢ & value near
0,010 when & 1s expressed in part: por thousand ond V Jo. axpressed in mig.li—-
volts. The shape of the time vs. voltage truce 1s that of an overdampe
oscillation. The time required to complete 2 shift of zero pcint due to
simultansous changa of saldinity &t both eloctrodes depends upon the elec-
trode palr to a largs degree, as well as the magnitude of the salinity
change. For an instantaneous change of salinity of 2 9/0e the new equili~
brium voltage is reached in 5 mlautes. Such a change will sho.ft the equl-
1ibrium or zero point voltage 1.GO mv. which leads to an error of 1 kot

in the ocurrent readings if the shifi is not apprehended. In practice the
salinity gradients in the sea do not changs more rapidly then 1 ©/eo per b
or 7 miles which from a ahip moving parallel to ths gradient at 6 or 7 knote
means a change of salinity of 1 ©/go per hour. A pair of electrodes gbout
LO meters apart moving down this pgradient experlence & small difference of
salinity in their respective environments amounting to about 0.003 ©/age

The effect of this is to produce a slow but determined shift ol zero point
the rate of which depends &8s much on the matching of the electrodes as any-
thing else., iven for an unmatchel pair the rate is slow enough for eyuili-
brium o be maintained and the saift is quantitatively logged by the routine
hourly or half-hourly zero point check. If equilibrium is only imperfectly
maintained there 12 some tendency for voltage hysteresis on the "jogs" hence
it 1s lmportant to have electrodes matohed to give zero potentisl in a static
salinity and temperature environment and in s chsnging one as well, This
selection can be made by appropriate tests in the labcartory.

The problam of salinity and temperature sensitivity of Silver-Silver
Chloride electrodes is a difficult one to solve. It is zo difficult indeed
that there is little hope at present of solving it at all. No kinown elec-
trode is completely inert and free of contact potential or susceptability
to polarization, Until such time as theoretical electrachemistry brightens

the outlook in this dirsction the problem of existing electirods surface be~
havior must be studied.

Laboratory studies of salinity effects show that for the care in which
the salinity at one electrode remuins the same while the other chenges, encrmous
signsls are genorated, If one eluctrods ls in a bath at constant temperature
which has a salinity of 32 ©/,, and the other is suddenly trensferred to a
bath at the same temperature having zero salinlty the voltage shift is greater
than 500 millivolts. Recovery from this disturbance takes 2 or 3 days, but
the electrodes will adjust to therv new conditlons. At the equilibrium point
the Chlorinity of the original salt solution and the fresh wator Locome more

nearly the same. Lvidently the products of the concentration ocsll thus
produced aro

AL + 4g,(C17)) <__.___"'““"> (627),, AgCl « Ag (7)
(Disturbed electrode) (Undisturbed electrode)

in which the disturbed electrods produced Cl™ ion to replenish thy concen-
tration about it by the reaction

AOL + 0 > g 401 (8)

s R T i, e R A AT R e st e B
. - ) A P T N T I RN IT ¢ AL e RN PARLAR NI SRR S L S
D £ T TR S T s T B AR N SR TR Feo +

|
1
|
:
%;
|
:
1
!




K|

2 CCAFIDENTIAL

and the undisturbed slectrode provides the necassary electron &s

> AgCl + . (9)

In so doing the contact potentials of the two electrodes are changed so
that through the combinetion of ¢lectrode surface potential (Polarization)
and the reactions given ebove, elcctrical equilibrium is reachsed before
(Gl~)1 = (C17)5. The curve of vcltage against time for this resction has
the form of an overdamped cecille¢tion for which the ultimate rest point
lies on the opposite. side of the time axis from the initial doflection.
This curve 1is a member of & famlly of the mathematlcal form

Cl™ + 4g

_ ()t
Vt e

(A ¢+ Bt) - (Vo + at) (10)
where 1 is the coefficlent of ionic diffusion, n the quantity in mole of

C1= ion transferred in the equilibrium shift, A and B ars constants depend-
ing upon the change of concentration of C1l™ ion at the disturbsd electrode
and the magnitude of the concentration at the undisturbed electrode, and &
is the coefficient governing the rate of change of polarization of the elsc-
trodes. The constants of thie eguatlon have not been evaluated.

The more practical case of the parallel lag of salinity change at each
of two electrodes has been studied, It amounts to a conlinuovs solution of
the above equation in terms of Vo and V¢ as b approaches infinity. This
value is called Va, the voltage to which V., 1s asymptotic with time. It
has been found experimentally that the ini%iul deflection of rero point
decreases in magnitude as the rates of salinity change ie decrcased. For
slow changes of the order of 1 ©/,5 per minute ths initial deilection prac-
tically vanishes and the instantaneous equilibrium voltage moves directly
toward V,. This effect should be completely evaluated for orcinary oceanoc-
graphic conditions since it is respensible for voltage hysteresis during
sudden changes in the rate of change of the salinity gradient which occur
during the execcution of calibration squares.and jJogged coursss. It may

also contribute tc the shape of TURN SIGNALS discussed in the previous sec-
tion.

It may be concluded aboub &--T SIGNALS that theoy are of suall msgnitude
(perhaps 3 to at most 5 cm/sec) f~r vhe cases discussed but may on occasion
became very sigrificant wherever abrupt irregularities of salinity and tem~
perature exist. %o svaludte the rescords of the Electrokinetograph one must
take into accoww the 3TU trace aid, for the present, disregard violent
fluctuations of indicated current whenever there are rapid chnages in ealinity
ind temperature. Mean values through such water can almost certainly be
rolied upon nowever as they have checked out very well against currente
canputed from loran and windage moasurcments.

G0 DRIFT 1s a slow but determined trerd of the zero point voltage
toward one side of the scale. It 1s caused by unequal slectrode reection
to persistent unldirectional gradients of salinity and tamperature for the
most part, but may also occur when one electrode is flushed more vigorously
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than the other. It can be curcd by packing both elecirodec very tightly :
in glass wool and selecting elsctrodes to be used as a pair for their 3
identity of response to changes of salinity and temperature. Out of & %
dozen new electrodes perhaps two or three pairs will be found which have 4
. suitable gradient response, The runaining electrodes can be saved for 3
possible pairing with membere of a new lot of electrodes.

BACKGROUNL SIGNAL is a periodic or semi-periodic oscillation of
voltage arising frau the geophysical background against which water motion
signals are measured, The nature end magnitude of ths background due to
earth~currents has been discussed in detsil., There is thus far no techni-
cal means of eliminating these signale; instead, tiey must bse allowed for
by comparison of control obaservations made ashore with the traces recorded
at sea. Other sources of background are presumably to be found in sub-
marine ora-bodies, UEP eignals, propeller “nolse" from the observing ship,
and variations of H, during magnetic storms. Thus far none of these have
been found to be troublesome. The electrodes are towed 2 to 3 ship-lengths

stern 8o that the UEP and magnetic effects of the ship ares of negligible
magnitude,
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THUNDERSTORI! SIGNALS oceur only when there are cloud to earth dis-
charges. They produce very briof pulses of potential in the sea which
vary in lntensity inversely as some function of the distance of the flash
and seem to change sign as the discharge point moves from one side to the
other of the perpendicular bisector of the interelectrode line. o serious
interference has occurred furing sny of a number of thunderstorms experienced
at sea. Observations made throughout thunderstorms show no evidence of un-
reliability.

Signals fram SEA WATER MOTIONS

The total signal froam the mea is camposed of three major camponents
each present in varying degrees. These ars the WAVE SIGNAL, the TURBULENCE
SIGNAL, and the CURRENT SIGNAL rospectively.
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The WAVE SIGNAL is en oscillatory voltage fluctuation having a complex
period which is the harmonic sun of all the wave perleds present, and a
complax amplitude which is the algebralc sum of all the horizontal wave
particle velocities normal to the interelsctrode line. The principal period
1s ‘that of the wave having the greatest amplitude &ni the principal amplitude
is that of the wave group having the highest particle velocity. 1Tne same
wave group is usually respensible for the principal period and amplitude
unless two or more wave groups.interact to produce interferonce effects in
which case the voltage signal is most simply described in terms of the "bsate"
they produce, '
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The wave signal is highly directional. Vhen running in the troughs
the maximum signal is received since the motional electromctive force 1is at
right angles to the directicn of particle motion. When bucking or running
with the sea much smeller eignals are recelved, but they are not zero. The
signal amplitude also decreases as the electrodes are made to run desper in
the sea, and there is also a reduction in the complexity of the trace as the
shorter period waves exert less and less influence on the particle motions.

Guantitative studies of these effects are being plamned,
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character of solid bodies or centrally energized vortices. The tangential
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During current studiecs it ir convonlont to ewpross tho wave cignel by
means of large capacitors shurntnd across the input terminals to the volt-
age recorder, This tschnique is capable of removing the wave signal on-
tirely but restricts measurementes of perlodic motlens in the sea to
periods of greater length than the longest wave period. It is alsc
possible to damp out chop and ravesl the ground swell by this method, but
since pure capacitance doss not jossess low puss [ilter charecterlstics
with sharp cut-off, the amplitudes of longer period wave signals are dimine
ished somewhat. The design of variable low pass filters with sharp cub
off frequencles for wave studies is under consideration. :

The .TURBULENCL SIGNAL is a slow oscillation of voltage resuliing from
coarse turbulence in the sva canposed of eddy-type motlons each cell of
which to be measured, must be of the order of or larger than the interelec-
trode distance. This kind of sipnal is non-directlonal in the sense that
it appears much the same regardless of the course of the ship or courss
changes. It is not derived from background because earth-current background
has directional characteristics which are rather marked when the intensity
is this high. Turbulence signals of the kind described have been found to
occur along the northwest margin of the Gulf Stream and to s lesser extent
in the slope water adjacent to it. They have also been recorded in channsls
such as Vineyard Sound, Nentucket Sound (Western end), off Race Point and
in the Cape Cod Canal. In these choal water areas the k factor is rather
large for currents but since no independent measurements havs been made of
turbulent structures their ¥ facter 1s unknown., If the structures are emall
it is possible that k is also small since there is a relatively large volume
of water swrrounding each turbulent mass with the independent motions whigh
when Integrated over the width ani depth of the channel has little charac~
teristic wotion other than the tldal transport. Such & mass 1s capable of
providing *he low resistance return c¢ircuit needed to keep k at a low value,
Even though the velocity structurs of turbulent masses is uncertain in shoal
water for want of & k factor, the horizontal dimensions can be messured and
have been found Lo vary from abou’ 170 to 500 weters in the waters around
Vioods Hole and fram 300 to 1500 matexs and more across in the deep waters
in and near the Gulf Stream.

These figures are subject to sriticism since the sections talken
through these presumably circular structures are not necessarily central.
By sslecting for measurement the signals which show the greatest amplitude
for a given period it 1s thought that diametrical se:tions are more prob-
ably represented. It is alao possible that the signitures which have the
longest perlod for a glven amplitude may represent di.metrical sectiuna,
but this too is uncertain for the lack of information oconcerning ths size
distribution of the turbulent structures. Whils the data acoumulaved are
uncertain for the above reasons at least, it appears that the turbulent
otructures have a different mexium tangential velocity/radius ratio as
the radius increases. The maximun tangential velocity rises as the radius
increases in all cases, but the peripheral velocity mey be asymptotically
limited at some valus of the order of 300 or 400 cm/sec. It is also
recognized that the turbulence structures do not possess the rotational
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velocity at any point on & given radive incressey a8 the radius to e polint
something like 0,707 times the grectest length ef thub radivs and then
decreases again to zerc., The valuw Q.707 R o i» considerad toc be the
aeffective radius of such features tlnce it $lerives tho cirelo of
greatest angvlar momentwi. The volumes ineide thiw clrcle and between
this circle and the outermost circle may ¢ontain nearly equal quantities
of engular momentum.

EDDY SIGNALS are alnumoidal or longiiudinal mirror lusge fluctuatlons
of voltage on a given course on whish turbulence sigoelas may be supexlmposed.
Eddy signals are "dirsctional" in cheracter becauss Lie radius of motlon
is large snough to permit considerable mensuvering of the ship within the
area of the feature, The turbulenco signal accompanying sddy moticn ie
incrsased near the boundaries of the eddy. 8«T signals may als) occur at
the edges of an sddy. Data on these features have been accumul ited mors or
less accidentally to dats. It is hard to recognize an eddy until it hes
been crossed and aven then its definitiag le not clear until th: STD trace
hos beon examndned as well. Cruise 149 of the Atlanbis wes largely devoted ]
to the survey of a very large sausags-shaped eddy on the goutheast side (7) L
of the Gulf Stream. While this structurs essentlislly satisfies the defini-
tion of an eddy it was apparently c-ompossd of a race of current moving
around & core which had no marked cuwrrent structure. The currert in the
race reached 6.0 knots al one point and ranged between 1.0 and Z.0 kaots
along & large part of itms length. It would be hard to specify the "radius®
of any purt of this structure or th2 location 0.707 R .. because there is
no center common to all parts of its boundary. Thus fexie clear that as
the dimensions of eddies increase s> does the camplexity of delinition and
as greater understanding of their propertles is achieved furthor sutdivision
will be possible and indeed necessary.

The CURRENT SIGNAL is a stea.y deflection of recorded voltage from
the zero point on which are superimposed all the foregoing kinds of signal.
The current signal is highly directional and quite constant over gpaces of
an hour's run except at the boundarics of tho principbd currents of the
ocean where sharp discontinuitiee appear. Tidal currents on the continen-
tal shelf are particularly steady and their rotary behavior can e followed
as was shown in the first Llestrokinstograph report (von Arx, 1946). Near
the Gulf Stream there is an entraiiment current which increases in strength
as the ship approaches the Stream ard suddenly changes its veloc..ty (in the
apace of a mlle) to the full strongth of the Gulf Stream current. The
turbulence signal increases in amplitude in the same way but the slzey of
the turbulent cells also increases co that the period of the turbulence
eignal 1s lengthened. The turbulencu signdl can become so lerge that in a
Jogged sailing plan it is necessary to run much more than the customary 4
minutes on the Jog to obtain a reliable average signal for the steady
motion of the current, Thls can be jredicted in advance from the period
of the turbulence signal recorded on course, If the period is of the order
of 6 minutes as it ulten 1s in the Gulf Stream it is necessary to jog for
12 or 15 minut<s to be certain of the position of the mean voltage through

the better part of at least two turbulence cells., The on course signal
is taken as the average voltage throuy' perhaps 4 or 5 cells.

The extraction
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of a current signal in turbu .erd wator from the maze of superimposed motional
voltages requires some practlee and care, In quist water the process is
greatly simplified.

The CURRLNT BOUNDARY si nel is a sudden change in the trend af the
average voiuage on a glven ¢ urie., On approaching the edge of the Gulf
Streem the turbulence slgnal ircroases and the signal from the entrain-~
ment  vrent increases to the proint where the actusl edge (seen in th
water, 1s reached., At this point the voltage trace bends 80 sharply ?aee
first Electrokinetograph Report {von Arx 1947 ) that a pencil point can
be placed on the spot, and a new regime of current and turbulence signals
begins, It was once & metter of concern to estimate how much of this
Current Boundary signal was caused by the S-T signal and how much was &
real current change. The steersst Lemperature and salinity gredients
recorded by the STD at the Gulf Stream boundary ware reproduced in the
laboratory and it was found that ths S-T signal could produce no more than
0.1 knot error in the total Current Boundayy signal. Thus it is concluded
that the very marked changes of fraom 1.0 to as much as 3.5 knots change
in current speed are real at tho northwestern edge of the Gulf Stream,

The entrainment current masy resch a epeed of from 1.2 to 3.0 knote before
it gives way to the higher speeds in the Stream itself. The edge of the
stream 1s defined as that point at which this marked velocity dlscontinuity
oucurs together with an equally marked change in temperature and salinity.
Otier smaller veloéity discoutinuities are found in "bubbles" and detached
3ddies near tha edges of the Gulf Stream. The criteria of this definition
must be applied with csution as the "odge of the Strean® is an elfusive
boundary having a rather ccaplicated shape fariliarly baffling to those

who have woiked in and around it (Fuglister 1947).
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An additisnal si=.ul of deapicable origin is the BT signsl. Thie
signal is genersted wher the bathythermograph fouls the electrodus and
hauls them in. A lcop of wire, usually caught up scuevhere between the
electrodes, is towed in at the speed of the shiy rlus the rate of the
winch., The voltage signal goes off scale almost immediately as the rate
oo flux cutting is very great. The signal can be rostored Lo noral by
notifying the BT observer vwho will stop his wincn and cooperate in your
efforts with a boat hook, The problem can be avoided entirely by stream-
ing the electrodes from the end of a long opoom on the opposite side of the
ship. To avold fouling an electrode line 350 feet long, a distance of 40
or 50 feet should be maintained botween the outboard end of the BT boam and
the outboard end cf the electrode boom,

R
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Vv Theory and Practice of the Sedlings

The sallings employed in oceznographic reoonnaissagce with the Elec~
trokinetographJ:re govgined by twc principM considerations., The courses
must run in such a way that weoful iInformation is derived from them, and
the electrodes must be made to dotble back cn themselvea every so often
so that accurats knowledge of the zero point of the electrodes is had at

all times. It is also necessary to keep the ship under way to hold the
electrodsas in & horizontal line,

The Electroktinstograph in its present form iz capable of measuring
water motions in the horizontal plane which are st right anpgles to the
line connecting the two electrodea. Thus it is necessary 4o alter the
azimuth of the interelectrode line by an spprecisble angle to secure the
data necessary for a current fix which is derived from the canposition
of the vectors representing the thwartships currents on each of two courses.
Since the magnitudes of these vectoers are moasured from an origin on the
potentiomster scale which does not necessarily coincide with the mechanical
zero of tho instrument, it is necessary to reverse the olectrodes in the
sea and determine the value of the line on either side of which the direct
and reflected signals from the same current are oqually and oppositely
recorded. Thie line is the locus of the zero-point on the strlp chart as
time progresses. The reversal can be accanplished slowly, by turning the
ship 180%, or quickly, by reversing the order of the electrodes in their
distance astern of the ship. To accomplish the latter a line is run from
the deck to the stern of the more distant elsctrode. On hauling in this

line a length equal to or slightly greater than the interslectrode dis-
tance the reversal is accamplished. Unfortunately this eimple solution
leads to difficulties in fouling the line around the electrode cable and
it also presents a larger target for the BT. If arrangements can be made
to stream the electrode cable well outboard and o secure the reversing
line inbouard or evsn.on the opposite side of the ship, if a BT is not be
lowered, loss trouble should arise. It is also reccmmended that braidsd
white line be used,as a ranilla line unlays when wet and under tension and
is more likely to foul by twisting arcund the electrode cable. The diffi-
cultles mentioned have bean so serious that for most work the slower and
more cumbersome method of reversing ¢

he ship has been used almost exclusively.
1t poses no burdens on the helmsmen other than the un

popular but necessary
Jogs and squares, and reduces the labor of the LBlectrakinetogreph observer
very greatly, It has been found that with due allowance of time for aver-
aging the signals in turbulent water the Zerv points indicated by the two
methods are identical,

CIRCLES are theoretically the best ,sail
tion of the direction of the electrauagnetic vector in the sea. A ship in
a 360° turn steadily changes the ezlmuth of the electrodes towed astern
but the instantaneous azimuth is uncorvain because the alectrodes tend to
cub inside the turming circle of

the ship due to their greataer drag than
the connecting sable, This produ h. it

ing plan for direct observa-

waves and steer irre
larities, ALl tids produces an irregular backes Py

round signal of artifi
origin which is further complicated by the unﬁﬁown > e

he ehip.
unreliable.

lectrode line and the kool of t

angle betwesn the inter-
of measurement are therefore

Values derived from this technique
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SQUARES avold these difficulties by allowlng the el.ectrodes to came to
meckanical equilibrium with the conditions affecting the ccurse of the ship.
Except for the effects of windage on the ship the electrodes trail dead
astern and the azimuth of the interelectrode line ls the same &s that of the
keel, In a square the interelectrode line is preszented to the wotional
electromotive force in the sea in 3 successively direct and a reserve sense
along each of two perpsndiculer linss, Thus it is posaible to get two meas-
urements ol the zero point and fivs measurements of the local current from
each square, The two measuramsnts of zero point are derived fram the direct
and reverse presentation of the electrodss to the prevailing motional EMF
on the vwo pairs of cpposite sides in the squars. The five current fixec
are derived from the component valtages recorded at each corner of the square
and from the aversges of voltages on opposite sides (signs taken into ac~
count) provic¢_ag an average current over tha whole area of the square and
over the time required to execute i%.

For convenisnce the sailings on & square are directed toward the cardi-
nal -points, either on true or magnetit bearings depen on the kind of
compass .gboard ship, and are executed clockwise (N-L~S-V) or counter-clockwise
(N-W-S~E), Such squares are called RIGHT CARDINAL SGUARE and LEFT CARDINAL
SQUARE respectively. An order to the helmsman is thus quickly and clearly
understood. The remaining directive is the length of the legs of the square,
This s determined from the ship's twming time and the character of the
turbulence signal. In general the average period of the turbuleace signal
times the factor 2.5 is used as the salling time for each leg. These times
range fram 4 to 15 minutes and the.order is given "5 MINUTE RIGHT CARDINAL
SUUARE" for a turbulence signal period of 2 minutes on courss. This may be
further qualified as "5 MINUTE RIGHT CARDINAL SQUARE BEGINNING 2000" if the
mansuver is to be axecuted later on. No change of speed is required. As
the mansuver is exscuted the observer should record ths average of the voli-
ages on each leg excluding the turn signals and within 10 minutes after com-
pletion of the square he can also have computed the two zero points and the
five possible current fixes with the aid of an Aircraft Navigational Plot~
ting Board Buiir Mk 3A., These data are kept in a running log in which the
times and changes of course and speed, as well as data on wind force and
direction, wave force and direction, STD changes and technical behavior of
the Elevtrokinetograph are noted in order of time. Such log keeping is
esgential if the greatest possible amount of information 4s to be realized
from the voltage traces. It is also nacessary to log the times and course
changes on the Electrokinetograph stiip chart for purposes of exact oross-—
reference between the log, navigating chart, the strip chart, and the STD
tape. All of these notes will eventually be referred to the shore based
earth-current background recorder tape for evaluation. Time is the only
common denominstor among all these elemsnts free of the influence of other
factors and must be kept very strictly. But to resume the discussion of
sailings, squares are used at intervals of a watch for acourats calibration
of zero point. Although squares yield a large amount of information they
cost a good deal of time, Instead of squares at each current fix there are

8 number of alternative sailing plane which yield running fixes that delay
the ship much less,

. . e S
;e L T T R L U (SN B R T F S NN e e A L A Y Ty s s T S Pt e AN B et B L N B R i e
APV o a‘“‘-t'- ‘J"'—'&“"a.']‘ih“‘“ oMb i 5l Ok A e S TV ke W A S N A R 0P F et B S S R e e T

'

1
T 2
PO
LI
%

*




SRR el R Ata S SR AR

g RN

e RIS

2

b
g
b
I3
5, -
b
i

ISR A

[N— ,,‘\ - - PRI e i mana s - - . POV

-2 - CONFIDENTIAL

JOG and SQUARE~JOG or ZIG-/AG courses ure used in smooth and turbulent
water respectively. A Jogged course conclsto of a fow minute's run every
half hour at right angles to the princlpal course of the ship. The jogs
are made alternately to the right and te the left of the prinelpal course
8o that for each hour's running & pair of Jogs will yleld & reversal of the
electrodes from which & zero point check can be made, Each jog also ylalds
two current fixes, one betwesn tlie earlisr on~course slgnal and the jog
signal and the othor beiwssn the later on-course signal and the jog signal.
In steady water the jog may be 4 minutes running time long which means that
26 minutes running are made good on the course to the destination. This
amounts to 13% loss of efficlency in progress toward the destination not
counting the loss at each square., In tLurbulent water it is neceasary to
increase the tims on each jog to fram 12 to 15 minutes to obtain an average
signal for a current fix. This produces a SQUARE~JOG, for the ship is on
a jog nearly as long as it is on course, At this rate the efficiency drops
to 60% and 507 respectively, again not counting equare losses.

In turbulent water therafose it is seemingly more efficient to sail

3 ZI0-ZAG course elternately 45° to the right and left of the course to be
made good. The efficisncy of such a course plan 1s 71% and right angle
course changes are maintained. But ZIG-ZAG sailing does not produce reversal
of electrodes for zero point checks hence squares must be sailed rather
frequently. This reduces the efficiency of ZIG~ZAG sailing very severely.

If a square is sailed ewery two hours in "15 minute water" not only is there
a great loss of zero point information but the ship is delayed 95 minutes

in each 3 hours run yielding an efficiency of only 53%, very litile better
than 15 minute Jog sailing,

‘ Thers 1o a psychological difference shown by helmsmen toward sailing
Joge or square Jogs and zig-zags. The latter is much preferred probably
due to the fesling that each zlg and each zag brings the ship nearer her
destination, while each jog is an outright delay. ~ Squares are similarly
detested but because of their infrequency they are tolerated more amiably
than jogs. A further difference noted in sailing zig-zage is that men with
war-time naval experience are thoroughly familier with them, while jogs are
unfamiliar and for some reason difficult to grasp at first. This probably comes
from from the imperfect realization that two close parallel lines lead to
gubstantislly the same destination, for the instinctive tendency seems to
be for the helmsman to want to shuttle back to his firet course line at the
end of Ghe first jog and to the second course lins ai the end of the second,
and so on. Jogged sallings, eside from their low efficlency, have their
benefits in that a prolonged and virtually single section can be made
through a current system which shows the true current and thwartships

canponent. of that current in the light of well established zero points.
Such 1s not the case with zig-zags.

Both zig-zags and jogged sailings yield true~current sections along any
course with current fixes at roughly querter and half hour intervals re-
spectively. The useful maximun efficiency of jogged sailing is 87% while
that of zig-zag is 71% excluding squares. Squares are needed moiv often on
zig~2ag courses than

Jogged courses and as these sallings are very cost
in time the jogged sailing plan is custamarily employed. i v
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Two component arrays of electrodes seem to offer a Loglax-marghl0 - PROC ooy

for detemmining continuously the dirsction and magnitude of water
currents without course changes while under way. The success of the
technique depends upon two practical problems: zero point control and
electrods support; for which there is no immedlate solution,

y)

The signal received from & longitudinal pair of electrodes is fully
discussed in section VIII, The signal from a transverse pair is composed -
of the signal fram the ship's ferward motion minus the residual electric
potential vector from the component of water motion parallel to the keel,
or at right angles to the transverse intereclectrode line should the
aelectrodes have non-rigid mounting. If the ship moves through still water
no external electric potential difference exlists between the electrodes
and the potentiometer is called upon to supply the full amount of bucking
potential required to balance out the motional Imf of the shlpt's way.

Thus the ship's speed signal is directly proportional to the ship's spesd.
_ The signal from a following water current is subtracted from the bucking

L potential required of the potentiomeber but thls subtracted quantity is
less than 5% of the motional !mf induced in the electrode leads by the
added speed the ship has in the following current. In this way a signel
v is obtained which is very nearly proportional to the ship's forward

; gpeed over the bottom,

T T LSS TII T T T

The longitudinal pair of electroedes, if non-rigldly mounted, respond
to wind induced lesway by altering their alignment with the keel. The
results of this misalignment have been discussed. Should the longitudi-
nal electrodes be rigidly attached to the ship to prevent misalignment
they will receive two signals fram the two kinds of leeway they experience:
leeway due to bean components of wind, and lseway due to beam components
of water current, The windage drives the ship through the water and over
the bottom, but the beam components of water motion produce motion only
with respect to the bottam. The windage drives the ship and produces no
external potential difference between the electrodes. This signal is
; fully recorded at the potentiameter. The residusl electric potential in
the water due to beam components of water current is subtracted fram the
: signal due to windage in the same direction but is again under 5% of the
addative signal generated in the intereloctrode length by the motion of
the ship in response to the water current, Thus the !thwartships! signal
is very nearly proportionsl to the total crab motion of the ship over the
bottam., Composition of the forward and lee motions of the ship ylelds
her actual rate and dirsction of progress over the botltom, or & value
very close to it.

1 To measure the motional electric potential vector continuously so
)+ that the responsible sea water motions may be measured cortinuously, the
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ship's speed signal must be cancoled out. Two means are avallable:

Stop tha ship, or measurse the longitudinal and transverse motions of

the ship through the water and produce proporticnal electrical signals
to be supplied inverssly to the recorders with respect to the signals
from the two interelectrode lines, A ship under no power is rarely

at rest in the water so that the first alternabtive is not very advan-
tageous. It is both possible and more efficient to produce electirical
signals accurately proportional to the ship's spesd and leeway. DUr. R.
W, Guelke and Mr. C. A. Schoute-Vanneck have produced an electromagnetic
flow meter employlng an artificial magnetic field (J.I.H.se 94 II 37 Fedb
1947 pp T1=74). The theory of this instrument has been investigated by
Longuet-Higgins and Barber and reported in ARL/R.1/102.22/W frem the
Admiralty Research Laboratory. Thilg amsall discus-shaped instrument
attached to the keel of the observing ship with its two palrs of elec-~
trodes aligned fore-and-aft and !thwartchips! could be made to produce

a signal proportional to the motion of the ship's hull through the

water for subtraction fram the total motlion signal given by the Flec-
trokinetograph. The accuracy of this instrument when properly mounted
is of the same order as the Llectrokinebograph. It employs an alternating
artificial magnetic field and therefore produces an alternating motionsal
Enf which avolds zero point difficulties entirely. Thie signal rectified
and filtered is suitable for inverse feedback to the {lectrokinetograph
and can be adjusted to have 1 mv/knot sensitivity and trimmed to match

the local isodynamie correction applicd te the Electrokinetograph signal.,

This scheme seams entirely feasibla, A ship so equippsd could
know hsr gsograpiic motion over the beltom, her forward speed over the
ground, her forward speed through the water, her leeway over the ground,
her leeway tlhrough the water, and the true water current at all times,
The difficulty as mentioned in the begiming is the instability of
electrode zero in the Electrckinetograph and the problem of rigzid mownt-
ing of the electrodes. Means must be provided to reverse the Llectrokine-
tograph electrodes at regular intervals zo that ezch palr is presented
to the forces producing the motionel signal in a direct and reverse
sense to locate the zero points. Then too, rigld mownting presently in-
volves very large structurcvs bo support existing interelectrode distances,
These distances can be re luced as much os 80% through use of recently
developed hign sensitivity recording potentiameters but the finite noise
level of the electrodes and cablas musi be allowed for and kept below 1
or 2 per cent. Because of the magnetl ¢ and galvaanic effects of a ship's
metal parts it seems undssirable to brin;, the elmctrodes closs to the
hull or to atltach them to it. Purther, as & ship makes her way bthrough
the magnetic field of the earuii tha lines of force are drawn together a3
the bow approaches and are relsxed agein after the storn passes by reason
of the relatively high magnetic permeability of her ferromagnetic parta.
X pair of electrodss nsuar the hull would be in an environment of increased
maguesic flux density and, wnile the signai Intensity would be increased,
the enhanced field invensity would be o¢nly local and would be reusponsible
for & closed circulation of electric currents through the hull ard in the
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water near the hull of variable magnitude depending on the ship's speed,
heading and overall magnetic permsability. All this added to the gal-~
vanic potentials und permanent magnetism of the hull would produce large
disturbing effects and observationel errors concelvably es great as
saversl hundred per cent. These externsl influsnces would not affect
the alsctromagnetic flow meter of Cuclke snd Schoute-Vanneck because of
its ratner high (15 Gauss) intensity artificial magnetic field, but
would be troublescme to the Llectrokiistograph which utilizes the
geamagnetic field.
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-survive shipboard use quite well., These are available with a maximum of 1
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Theore are a multitude of alternative sailings involving current-fix
corners of both less than and greater than 90°, These will not be dilscussed
becauss each cailing plan will be adopted for a specific reason the detsails
of which would run into necdless volumes, Ths remaining sailing procedure
is the straight course,

The STRAIGHT COURSE is ideally useful as an index of the set of the
ship throughout its progress firom one geographical point to another, Were
it possible to rely on the zero polnt of the electrodes in all water condi-
tions such a record would be etcesedingly valuable and simple to make.
Unfortunately the present development of electrodes has not yielded pairs
with sufficiently similar responses to salinity and temperaturs shanges to
produce & reliable zero point signal at all timos. For this reason straight
coursss must be bruken up and reversed occasionally for the purpose of check-
ing the gero point position if for no othor, ~

TWO CCMPONENT ARRAYS of electrodes have been considersd fram the first
a8 the obvious solution to the problem of sailings, VWith three electrodes
making linec which intorsect at right angles to each other it should be
possible to measurs the true cwrrent continuously from a ship undarway. There
are a number of difflcultles in the way of practicel relization of this ideal.
First is the qlectrode arrangement itself. If two electrodes are towed astern
in tandem and the third towed on & paravane 3o as to make a rdght angle with
the first electrode of the tandem line the immediats problem is their spac-
ing. Paravanes are clumsy devices and bshave in unzertain ways such that
the transverse interaelectrode line would be constantly changing its length,
As the electrode zero-drift may be larger than 1.0 mv. it is impractical to
reduce the interelsctrode distance and signal strength and correspondingly
expand the recorder scale so as to be able t0 hold the electrodss with sams
stiff member because it would ba so difficult to kesp the recorder pen on
scale, The present interelectrode distances are too large to allow stiffeners
to be used, If a stiff mamber cotld be used the paravane would be unneces-

sary as the electrode array could;be mounted on a right triangular framne
and towed astern as & whole, ‘

- Should more stsble electroded be aveilable someday and allow closer
spacing, the problem of suitable gecorders becomes immanent. The industrial
strip chart recorders in present use are tough reliable instruments which

millivolt full scale epan which would décrcase the present scale span by a
factor of 10. This would allcw reductian of the interelectrods by the sams
factor, but the least discriminable sigral would remain at its present value
of 10 microvolts or 10% of the full scale rather than 0.1% as it is now. To
reach the order of magnitude of single microvolts or tenths of mlcrovolts
only unseawc: thy instrumentation is available. Yet, this problam is less
perplexing than the electrode problam. Should that be solved at any time
the development of recording microvoltmeters and two—-component ccmputers is
highly exacting but relatively straight forward engj.neoring. A good deal
more could be written about the difficultles and possibilifies of two-
camponent electrode arrays but the heart of the problem lies in the elec—~
trode problem which must be solved first,
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vI  Instrumentation

The first experiment performed to test the priaciple of ithe Electrokine~
tograph was conducted with a simple zero-centerud penel type microammoter,
Deflections were obtained which could be rerd reliably enough but because
the readings were in microamperes it was aecessary to know the resistance
of the circult to campute the volieges observed. Anyone who has tried it
can testify that the measurement of the resistance of any circuit contain-
ing an electrolyte in any branch is well nigh impossible by direct current
methods, The readings obtained are almost meaninglessz because the resist-
ance (and polarization potential) changes with the application of a valt-
age needed to make the measurement.

In the second experiment voltages were read directly with a poteatiom-
eter, This was accomplished with a Student Type Lesds & Northrup potentioi-
eter coupled to a Brown Instrument Co. chopper amplifier and balancing motor
which was mechanically connected to the poténtiometer to produce continu-
ously balanced readings. The results were good enough to show that the
voltages agreed roughly with those expected from Faraday'!'s theory, Follow-
ing this a Brown Instrument Campany indicating potentlometer pyrameter was
modified to read in millivolts on & zero-centered scale., While this instru-
ment indicated the voltages correctly and wes rugged enough to withstand
the rolling and vibration of small boats it wes difficult to Judge the
average voltages of current signals through the oscillating wave signal
vollage and also & problem to determine the zero-point of the electrodes,
The number of separate notebook entries par hour of running ran into many
hundreds and were confusing to analyse., For this reason a continuous bal-
ance strip-chart recorder was purchased and has besn used ever since as
tho nucleus of the Electrokinetograph,.

Continuous balance strip-chart potentiometerzs are relatively expensive -
(about $500 at present market figures) but their reliability is remarkable,
They can be obtained in a number of forms; as multiple point recorders with
a repeating stamp wheel, with left hand zerc or centered zero scales with
spans of from 1 millivolt upward, and by appropriate gear train changes the
strip chart can be made to run at practically any desired rate under the
pen. Each instrunent carries a standard cell to which reference is made
automatically at fixed intervals., Provieion is also made for standardize~
tion at the will of the operator. The minimum signal which these instru-
mente will recognize raliably is of the order of.8 or 10 microvolts, depend-
ing upon the meke. Be¢ause this minimum has a discrete value the record
of a slowly changing voltage is often composed of & series of minute steps
about a pents width apart. During more rapid changes of voltage the line
is emooth because the recorder balance point lags behind the signal ever so
little and doss not catch up until the signal becomes constant., Instruments
having slow full scals traverse mechanisms lag the signal more than fast
traverse instruments, The two principal manufactures of these instruments
are the Brown Instrument Company and Leeds & Northrup Campany both of whom
produce instruments having a "fast! traverse which amounts to ebout 2 sec-
onds for a full scale sweep of roughly 12 inches, Lither of these makes of
instrument will withstand continuous viclent tilting and heavy vibration

wi.thout damage or loss of acouracy. They are therefore well suited to use
at gea,
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The remaining specifications needed to define ons of thess instruments
uniquely are scale span and chart speed. Originally the scale spon was
chosen to achieve 1 millivolt per knot sensitivity over a range of §
millivolts elther side of a centersd gzero., Thle was ccnsildered & practical
choice both in terms of the interclectrode dlstance neodsd to produce this
signal and also from the point of view of the ability of the potenticmeter
to discriminate 1/100th part of a millivolt or knot, and still permit
measurement of thwartships. currents as swift as 5 kncts provided of course
the electrode gero and the mechanical zero of the —ecorder cuincide. (Con~
trol of this coincidence will be discussed later on.) The strip chart ‘
speed wae difficult to specify at once and so a nunber of reasonabls chart
8peeds were provided for the first instrument which ranged between 10 and
120 inches per hour. It has been found that the wave signal is the most
camplicated of all and that it can be recorded at 60 inches per hour with~
out the pen retracing itself and for ordinary current work 20 to 30 inches
per hour will pressnt the signals clearly for all work excopt detailed
studies of waves. If the chart spesd is too high it is difficult to take
accurate eye-aversges consequently in the inBlerests of avcuracy and paper
acohonmy the slowest practical chart speed is most desirsble. Chart speods

of 1/3 or 1/2 inch per minute are considered optimum for survey work on
long cruises.

The PCWER SUPPLY (see wiring diagrem, fig. 3) for these instruments
is designed to be 110 volt 60 cycle A.C. The strip-chart drive motor is
synchronous and for this reason the frequency of input power must be moni~
tored by a frequency meter of some sort. The Fraha vibrating reed type
hes. been found satlsfactory. The sensitivity of the amplifier ie affected
somewhat by changes In the input voltage and this too must be monitored,
Voltage fluctuations of 5 volts can be tolerated without noticeable inter-
ference so that an ordinary A.C, panel voltmeter is quite satisfactory.
Ship's power usually has provision for voltage control in the engine room
but if this is lacking or inaccessible a G.R. Variac can be put in the line
to control the input voltage at the instrument. Should the ship's A.C.
povwer be converted D.C. or contain D.C. elaments aboard, 1t is necessary to

isolate the power input of the recorder from the ship's power by an isolat-
ing transformer. Any D.C. components in the power supply will leak through
the chassis of the recorder and through the hull in such a way as to pre-
sent D.C. potentials at the electrodss. This is ruinous to the elactrode
surfaces and should be avoided by.every possible means. A good quality

1:1 Thordarson 250 watt isolating transformer has been used with success
and every precsution has been taken to insulate the recorder and electrode
lines from the ghip,

]

The Brown Instrhgant Company's recorder requirss a ground connection
for sensitive operation. This poses a problem since the electrodes ave
essentially medSuring differences in ground potential, To add a "thir!
ground" to the system without interfering with the electrodes is difficult,
Instead of a separate connection, the instrument ground waes made through
ono of the electrodes. fWhen the power supply and instrument chassis are
isolated from the ship this dodge is quite satisfactory. The Leeds &
Northrup recorder does not require a ground connection and this problem
does not arise. For this reason a choice has been made favoring the L&N
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recorder, even though the Brown wud L&N inetrumenta ere quite comparable in
other respects,

On the INPUT side of the Elsctrckinetograph circuit (see wiring diagram,
fig. 3) no special equipment 1s required, although & number of auxiliary
c¢ircuits add to its convenlence in operation. VWith zero centered scales
there is opportunity for a given signal fram the sea to be reglstered am-
biguously as a pesitive or negative deflection depending upon the manner in
which the electrodes are connected. To settle the question of sign an
arbitrary convention hes been developed for the northern magnetic hemis-
phere; "THE RECORDER SHOWS THi SIGN AND MAGNITUDE OF THE POTENTIAL AT THE
MORE DISTANT BLECTRODE WITH RESPECT TO THE NEARER ONL." The reaaom be-
hind this convention is based on the fact that the motional electromotive
force in the sea is countoud positive in the sense of direction from plus
to minus. Thus, if the farilior electrode is more positive than the nearer )
ons the motional EMF in the soa or some component of it is pointed in the
same direction as the ship, If the recorder is facing aft #o that the ob-
server fages forward to read 1t, a positive deflection is on the starboard
side of zero which is also the direction in which the ship is being set by
the ourrent producing the motional EWUF. In this way the sign and magnitude
of the voltage trace shows the sense of the set while sailing a given head-
ing. Acceptance of thls convention reduces confusion enormcusly. Lven if .
the recorder is facing forward or thwartships the conventior 1s adhered to
for the sake of clearness in later interprstation of the records in the
laboratory. In this way all records have the same meaning and mental gym~
nastics are unnecessary during camparison. For similar reasons all wriltten
notes on the recorder tape are made perpendicular to the time axis, and
"right side up." The chart is driven downward so that time progresses up-
ward on the tape., If all wrilten notes are entered so as to be right aide
up when the tape is as it was in the recordsr the direction of time is es~
tablished even though the nunber of time entries is small. The voltage
traces are surprisingly smbiguous with respect to time and if the direction
progress of time is undelermined so are the signs of the voltages and con~
soquently the dirsctions of the responsible currents by a factor of 180°,

To suz up matters conceining the connections made at the recorder input:
first determine which binding pust made pesitive will produce a right hand
def?nction on the recorder and lLabel it F+) and socong, Connect the wire
from the farther elecirode to this binding post. This procedure establishes
the convention of signs.

Direct connection to the electrodes allows the recorder to receive
the totel signal fraom the sea. As has boen pointed out in {mo section on
signals, this total signal is composed of the Current, the Turbulence and
the Wave signals, The wave signal can be controlled by the wave signal
suppressor section of the input control circuit (see wiring diegram, fig.
3), This consists of pure capacitance placed in varying amounts across
the input. As shown in the circult diagram the unite of capacitance are
large (24,000 micrcfarads) and their effect is to reduce the response of
the recorder to longer and longer period signals as the total capacitance
is increased, The subsections of capacltance are in units of 1, 1, 2, 4,
and 8 times 24,000 microfarads such that the total capacitance in shunt is
doubled as each section of capacitance is added. Switchos also may be
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throvn in such a way es to add 1,7,3,4,5,5,7,4,9,10,11,12,13,14,15, and 16

units at will., Pure capacitance L& uced s5 thev the constant potential

(D.,C.) fraction of Lhe total sipnal iz wnuaffeeled. The capacltcrs are

Sprague electrolytic condansers raled at 3 volis. Since electrolytic

capacliors have an internal poteoutisl the condensers are carsfully graded

8 and matched against one another co thet the potentlal of nne is counterac-

" ted by the potential of another which is connected in opposition., This can
be done for all but the flrot two seclions which are composed of single

. condensers. These two are selected {ran meny for thelr lack of foll po-

3 tential, All the capacitors are secured by a shost circulting buss bar

3 comnon to the switches controlling all the sections. In this way any ten~

dancy to develop foll potential is atpended by long periods of short cirsuit

rest. No trouble has developod fram foil potentisl thus far. Should foil

potentiale exist they are immediately apparent, as a sharp kick of voltage

i whonever the condenser bank is put into service. Shorted condensers briag

& the recorder pen to the instrumental zerc point very abruptly and hold it

b there. No trouble has arisen from this cause either, despite the extra-

& ordinary specifications of thess capacitors., Only one difficuity has arisen
? with the condenser banks in that ordinary double~pnle - double-throw awitches
|

[

can develop high contact resistsnce when they are used for low voltage ser-
. vice, Thus it occasionally happens that throwilng a fouled switch will not
i bring in the condenser bank it controls, This is simply remedied by work-
ing the switch a few times with 1.5 volts across it. But cleared in this
i way the condensers may be polarized unless the polarity of tle ..tential is
2 reversed between operations of the switch, then left on "short" four awhile
; until the condensers recover their equilibrium., If convenlert it is best
g to disconnect the condensers while clearing the switch.

It will be noted from the circuit disgram that tho condenser bank
enters the circuit by way of a DP-DT switch which automatically cuts out
th<s condensers whenever the ZuRO-POINT CONTROL CIRCUIT is being used. This
circuit employs voltages in excess of the rating of the condensers and
wakes such an interlock arrangement imperative.

e Nt R s

The ZERO~-POINT CONTHOL CIRCUIT i® a convenience which makes it pys-
sible to adjust the contaci potentiala of the two electrodes with respect
to each other without removing them fram the sea fnr chsmlcal trezimunt
as was formerly the case. By this circult both electrodes aie mede posi-
tive with respect to a separate ground which may be the ship or a plece of
metal hung in the water from a vire over the side. The lattor procedure
is preferred as it avoids miscellansous potentlals from other sircuits
aboard ship. The positive potertial fram the battery is lead to the elec-
trodes through the movable ceuter tap of a 10 4% potentiometor connected |
bhnoush-k00--Am Lo the battery. Molion of this ceanter tap pris mors resic-
tance in series with onz elestrode and lsss in soriss with tho other., Thus
one electrods will vass more charge than the other when the ¢ ircuit is
closed. This charge is passed through the sea by reaction o' C1™ dons with
the fig-AzCl of the electrode swiface producliy; more AzCa and Cl° atmosphers
and proportional charge in the conbact potentlel of each alevhiode,

Ideally these potentlais should be identicel. For this reacon a microam-
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meter is placed in shunt ascrose the clectrade lines so that by aojusting
the ceonter tap of she potentiomster the microwmeter can be madv 4 read
“zero." Thie condition indivitzs theh agual wrrents flow in both legs

of the cireudt and also indicatas equal rites of elecirode reaction with
the sea. The pousitlor. of th» potentiametesr center tap changes constantly
during this operatiocn becavss -of Lhe Inequality of instantanaous reaction
rate at the two elactrodes and becauss of slight changes of resistance
aleng the two current patlia. In practice the belance point can be refined
aftsr rougn adjustment by putiing the etrip-ehart recorder in the circuit
and setting the circult dividing potentlometsr at guch & point that the
voltage tracs oscillates about zero. Such a trsciment lazsts enly a minutle
or 8sv if 6 to 22.5 volts are used ab the pvattery., If grounding conditions
are dbad the voltage inay have to be increzsed to as much as 90 vells to pro-
duce unough effect in a short time,

Electrodes so treated will usually show same resction which may require
as much as 5 minutes to axpend itself. Usually too vhe new zsru point wilil
not coincide with the mechanical zero of the recorder but will lie a little
toward the same side as it originally erred. This can be cured by rereat~
ing the zero adjustment procedure with the balance point a 1little to the
opposite cide of {,he instrumentel zero as a sort of “straightening a bent
twigh operation. It will be found that the result will bs cleser 2 mechani-
cal zero than a number of zerced balance point operations would produce.

The zero-point control circuit has shown itself to be alnost indis.
pensable on cruises across long salinity gradisnis where uero-shift effscts
are slow but persistent. It is also convenisnt for shifting the zeru point
far to the right or left to give an expanded scale for measuring currents
larger than the ordinary range of the instrument. It ‘aleo has an added
effect of keeping the electrodss in good condition longer by replacing C1 ions
flushed out of their atmospheres from the unlimited supply in the ses,
rather than from the decomposition of the AgCl coatling.

To return to the power supply section of the recorder, a secondary
power supply is taken off the input transformer for operating the idognesyn
compass ¢t 12 volts D.C. This power is extracted by a& filament transformer
which produces about 25 volts and 3.0 amp. max. A.C. &t the inpul of a
Selenium bridge-typs rectifier the output of which is 12,5 volts D.C. A
rather heavy capacitor 1s placed across this pulsating D.C. Yo smooth it
before it reaches the magnesyn inverter which produces the 32 volt LOO
cycle A.C. needed to operate the compass. This 1s a round-ebout circuit
but it is actually more compact than storage batteries which would be
needed otherwise. The Kagnesyn Campess has been used to give separate
indication of ship's heading up to the present, but when a direction in-
dicator ie installed on the interslectrode line it will serve that purpose
equally well, Thus the Magnecyn power supply is likely to remsin a com-
ponent of the deck unit unless a better remote indicating direction
system can be fouud, Undsr good conditions the Magnesyn is accurate to
2 degrees and is equipped with a full set of conpensating magnets so that
1t can be installed practically anywhere. To avoid lengthy campensating
procedures the tranamitter has been mounted high above the ship on wooden
masts or other firm ncn-magnetic structures whese the compensation problem
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is less acute. When ewploysd on the interelectrods lins far from the ship
the compensation difficulty should practically vanish,

The ZLECTRODES and thelr CABLE congtitule a separate unit of the
Electrokinetograph. The cables employsd have been two conductor rubber
covered varietiss such as Dewolition Cable, MC0S-2, Tirex,SJ-16, and
others. Demolition cable has very high tensile strength but low resis-
tance to abrasion by BT wire. This is also trus of SJ-16 which is unshielded.

. Shielded two condustor cabtles such as MCOS-2 and Simplex Tirex may be cut
through but the shield arrests the BT wire and provents it from breaking
the insulation over tlLe conductors. While this sort of cable is not
exceptionally strong the stirain on the electrode line i3 not greater than
100 1lbs at 8 knots and no failure has occurred. Light cables have been
chosen so that the electrode cable can ba handled by one man. Sometimes
it is necessary 1o haul the eloctredes in a hurry when again lightness and

flaxibility are helpful. Fish may attack the cable but so far they have
only attacked the electrode cases.

Fitting out the cable with electrodes is accomplished by flrst measur-
ing off a length from one end roughly 3 times the length of the ship on
which the cable is to be used. This point is the location of the first or
nearest electrode. The location of the second clectrode is determined from
the relationship of s the interelectrode length to H, the strength of the
vertical component of the earth's magnetic field (Figure 4) such that for
a given value of §, the value of g can be chosen which will yleld a signal
strength of 1 millivolt per knot of current. The value H, is determined
by the magnotic latitude in which observations are to be made. Velues of
H, for every point on the earth are plotted on Chart H.O. 1702, For work
in the region off the east coust of continantal United States the modal
isodynamic line has the value 500 milligeuss (also called 500 millicer-
stead or 0,500 Oerstead), this by figurs 4 corrssponds to a4 value of

8 = 38,9 meters. This length is measured off from the first electrods point
and the cable cut,.

At the measured points tho outer rubber coverirg of the cable is cub
away and the shield is plarced so as to oxpose one conductor. The conduc~
tors of two conductor cable are commonly coded black and white. By con-
vention the black lead is considered "positive' and 1s connected to the
distant electrode. The white lead ia therefore exposed at the first elec-
trode point and the Silver-Silver Chloride electrode soldered to it,

(#) If desired, a length groater than 38.9 meters can be neasured off so
that g8 can be altered by taping the distant electrode to the cable after
looping it back to the 38.9 meler point. This extra length is called an
"s trimmer" and serves as an adjustment of g such that the signal strength
can be maintained at 1 millivolt per knot of current even though the ship
may work in areas where H, le lower or higher than the modsl value of 500

milligauss. Of course it is also possible to keep 8 constant and correct

the readings by simple proportion. This is more commonly done,
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This joint and the whole opening in the cable is then carefully taped up
with either Anhydrex or Uskorona rubber tape. #ith Anhydrex tape one must
stretch the black tape until it appeers brown and shows striatiohs in

order to eecure a thoroughly water-tight seal. Uskarona is gray and a

much tougher tape but must be sulled very tight to insure aa impervious
seal, The splicing oparation should be done as follows: wrap the soldered
Joint first with a narrow (half width) of friction tape and then with a

" half width of rubber tape. Wrap the shield and other conductor of the

cable with friction tape and thon with rubber tape. Press the soldersd
splice portion against the unscldered part of the cable and secure the
two together with half-width friction tape: Cover the whols opening in
the cable a distance of at least two inches on either side of the opening
with rubber tape. At the points whers the outer rubber covering of the
cable is taped over it is best to clean the cable with CCl » but let the
solvent cleanser dry thoroughly before taping over. Do not use gasoline
or petroleum solvents for this cleaning as they attack natural rubber.

A double thickness of rubber tape covered with a single thickness of fric-
tion tape campletes the splice, '

The distant electrode splice is simpler bocause it is a one-sided
splice. To procaed here, cut away two inches of the cable covering, expose
the shield and white conductor, and strip the insulation off the black
conductor. Pubt a line of soldor arougd the shleld to stiffen it and cut
away the excess. Solder the end slectrode to the black conductor and tape
it with half-width friction tape. Tape over the end of the white conductor
with half-width friction tape and run the tape cover back over the shield,
Clean the rubber outer covering of the cable and cover with two layers of
rubber tape the whole terminus of the cable exposing only the elsctrode.
Camplete the splice with a laycer of friction tape.

Next the electirode housings are fitted to the cable (figure 5), The
barrels of the housings must be slid along ths cable to the electrodes but
the end pleces can be opened by removing the splines and be slipped over
the cable directly. Clamp one end piece (the end closest the ship) at
sach electrode and secure the kzrrel. Then peck the barrel very tightly
with glass wool. Use as much force as possible in packing so that the glass
wool is impenetrable even to rather sharp instrumerts and then make fast
the other cable clamp. In handling glaes wool there is some danger of
skin and eye irritation from flying perticles., To avoid this keep the
glass wool wet (with sea waler) or wear gogples. It is best to do the
packing in the open as particles of glass wool are difficult to sweep up
and may fly in the air for wecks after a packing session indoors.

At the temiinal elsctrode only one cahle clamp is clamped arcund the
cable, the other is free. If left so it has been found that the terminal
electrode yaws violently in the water and may eventually break off the con~
ductors. To steady the motion of this electrode a 15 foot length of manilla
line ie placed in the grip of the unused cable clamp and allowed to trail
behind the electrode as a drogue. This increases the cable strain appreci-
ably but serves to keep the interelectrods line in the horizontal plane as
well as to steady the terminal electrode case.
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The desigr of the slectra.e housing (Iigure 4) is daliberately over=
done., They are bullt of Foral o (or Miceacld) tubing porforsted with 20
1/8~inch holes ncar the vlechr do surfaco cad supported ot the ends by
formica plugs containing splin»: to clamp the cable. The eplines and the
slots in the plugs are thzeosded coarsely so that when the spline 1s brought
snugly ageinst the cable the g ip wlll withstand very lerge tensile strains,
This relieves the splice of excerasl cable tension since the barrel of the
electrode houslng carries the Senslon over the electrode and trensuits it
to the undisturbed part of the cable farther along. 7The orushing strength
of the formica is sufficlent to withstand belng run over by & 1 ton truck,

3 and has wlthstocd the bite of a shark on one occasion as ovidenced by the
f tooth fragments remaining in the electrodoe case,

i e b < oo et

When comploted the slectrode enble is put into service by simply heav-
ing it over the side .rorue first and allowing the drag of the ship's way
to pull the remainder off the dock. When about 2.5 times the ship's length
of cable 1s overboard the cable ls clamped and the fres end run into the
laboratory where connections are made to the Llectrokinetograph input ter-
minals. The black coded condustor le made fast to the positive terminal
and the white to the negative,

The clamp and rig of the vverboard portion of the cable is subject to
variation depending on the ship. In general it is well to rig the cable
well outboard on a light but long boom on the opposite side of the ship
fram the taff-rail log or BT winch to avoid foullng., A light block at the
end of the electrode boom carrying an endless line long enough to reach
the deck and be belayed on a cleat mskes a convenient rig. The endless
line (wignal holst) may carry s dead-eye or wooden sheave through which
the electrode cable is reeved and clewed with friction tape served with
maxrline., To haul the electrods cable ons has merely to bring the dead
eye on deok and haul away. The elsctrode cable 1s best stowed by flaking
it elther on deck or over & pair of pins secured vo a convenient bulkhead.
The electrodes thomselves are stored in sca water. A heaviiy waxed wooden
tub of sca water 1s bast since it insulates the electrodes from the ehip
¢ and prevents electrochemical danage to them. The water level in the tub
: should be high enough to cover the electrodes but not so high as to over-
3 flow with the roll of the ship. Such overflow will make elactrical contac
betwgen the electrodes and the deck. .
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3 MAGNETOMERTY . On several cruises an NOL-type saturated ccre magnetom-
i eter built by Leeds & Northrup was carried to measured H_ ot sea, It was
found that the values ran erratically around the values glven on Chart
H.0.1702 and depended & good deal on tua heading of the ship. A great
amount of time was spent shifting the detector fram place to place on th?
ship in an attempt to secure readings which wure independent of the ship's
heading. Taking the ship as a dipole one would think a point high and
midships would be least affectad by ship's field for measurcment of the
vertical component. Such was not the case. On the Atlentis & long spar
was rigged out on the bow as a bow-sprit and the magnotometer hesd sus-
pended from the tip 20 feet from the ship. Readings were improved but
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still shovied varlations as great as 10 ndlligauss on different heaudngs.
These experiments in leocal welevs gave no betier infcermation than is
available on H.0, 1702 nd since then this chart has been teken at its
face value. It 1z not known hov relisble this and the other magnetic .
charts are, but for the purposes of the Nlectrokinetograph, values of
H, to the nearest § mU.ligause in 500 (1) is within the experimental
error of the lustrument and sufficiently precise for work in high mag-
netic latitudes,

The Electrokinstograph ie wore and mors efficlent as the value of
Hz increases. It is efficient :in the sense that the standard signal
strength can be received frau shorter and shorter interelectrods lines

 as }, increases. In the opposite sense the interelectrode distance be-

caues very large as work extends toward the magnetic equator (where

H, = 0) and theoretically becanes infinitc at the otic equator itself,
The piractical lower limit of megnotic latitude in which {he Electraineto-
graph can be used successfully is probably at the 100 mil’igauss isodyne.
At this line the interelectrcds distance must be increased to about 200
meters or the 1 mv,/knot ratio reduced to same othar figur-. In low
magnetic latitudes the value of H, must be better known toe in order for
the percentage error to remain at not more than 2 per cent. Indepsndent

_magnetametry will doubtless have to be done from the ship if work is

attempted in low magretic latitudes.

T AT 2 T i PR S0 BT S ol T S s S O L L M et R R Wit ks oSt s Lo bt

!
.
1
]
1
Ll
1
!
i
9




o AT T

e

=

R T T T

T N

s
I
b
E
.

Vil Theory

The following Jiscussion 3s divided dnbu two parte; (L an explanabion
of the basic physicel prineiples whleh coubine to produce s »gurable potenw
tials in a wire bebtweon two eliechiyoder toved ln neving gea »aber, and (11)
8 rigorous mathemalical troatment by Mr. doney Staamel of tl > sbrength end
distribution of residual ¢ ietile potentlul flelds in the scu which aot to

reduce the potanblels measured in Lhs toved wire Lo a figuec slightly less

than the value of the motlonal Lt ootalned from faradoy's ]

Part I - Basic Relaticnshios

The quantity which is fundementally responsible for the

AW,

potentials

developed in the towed wire and in the sea itself is the elestric field

strength I, This quantity is the driving force walch is cag

able of pro-

ducing mation when it acts on charged purticles. The phenor:ina accompany=
ing the motlons of charges can be measured by ordinary electoical instru-
ments while the electric field itself cannot. Nevertheless ‘he propertics
of an electric field rust be understood if the measurable eifects it pro-

duces are to be rabionalized and predicted,

An electric fileld is said to exist if a charge placed 1) a region

sxperiences an electric force. The magnitude of the forca F

both the électric field intensiity E and the charge g on the

F 7 Qi

By this definition, the clectric field intensity at any poin
exerted by the electric field on & unit (positive) charge at
It is counted positive in whatever direction the force F act
tive charge, If a unit positive charge is moved a distance
electric field, the work done is - Fedr; the minus sign indi
trary sense of motion., This work expended, 1s stored in the
the particle, the new position belug consldered to have potc
spect to the old position. Ths difference in potential betw
and final points dV is equal vo the work done - Fedr, and ai
F/q = E and ¢ = 1 by choice in definition

dVv & =L-dr
which may also be writton
E= - grad V

From (13) it may bo saia, [ or «ny component of E in a given
equal to the space rate of decrease of potential in that dir

Now the space rate of decrease of poteﬁbial integrated -

parallel to the gradient between two arblirary points ylelds
which, if no current flows, is the [lectramotive Force and i

deponds on

.erl.I‘t iClG 2

(11)

. 18 the force
that point.
on that posi-

't ageinst the

ating the con-
position of
tial with re-
en the initial
ce by (11)

(12)

(13)

direction is

.ction.

ver & line
& quantity
equal to thu
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groestest possible diffsronce in potential botweon those twe polnts without
the action of external agencles. For prosout purposes it ‘s the cese of
the electrumotive force gunerated by the motlon of & substunce with re-
spect to a magunetlc field or moilonal eloctrasotive foyce 1hat is of great-
est Interest.

Moticnal Electranotive Force, Fareday's Lav

metal sphere al each end., The wire is moviig with a velocity x
toward the right through e uniform magnetic field of density B
directed into the plane of the paper. The electric force on a
free charge in the wire is .

v
—>

a
Let us consider a straight wire 2b of lenghh 8 having a small +
s
o
b

E=(y=xB) (14)

If dg is a vector element of leagth of the wire, -the Motioral Emf pro-
duced in the wire is '

fﬁ ds = jxx!é‘dshj.&'xxdﬁ (15)
0 ° o

from which it can be said, the "dot" product of B, the magretic intenmsity,
and (¥ x ds), the time rate of increase of ereca swept by tle wire, ylelds
the motional Emf of this physiocal situation. This is Faracay's Law.

The existence of the electric field of intensity E produces a separa-
tion of charge such that for the case described negative cherges are driven
toward b and positive charges toward a. This separation of charge goes on
actively until the quantity of charge collected on the metel spheres is
sufficient to produce an opposing difference of potential equal to the
motional Emf. Charges of either sign ere then in equilibrium and suffer
no further motion slong the wire.

An_kxperiment

G i e ot R i

Suppose thie equilibrium is disturbed by allowing the knobs a and b to
slide (making perfect contiact) on a pair of conducting rails connected to-
gether by a mctlonless bar to produce a short circuit. The charge separa-
tion process is instantly resumed and continuss to functlon so long as the
circuit is olosed. The rate of charge separation rises as the system at-
tempts to develop & potentlal difference V betwoen the sphores equal to
the Emf, but as fast as charge ls seporated and collected on one.sphere
it leaks away into the reil bslow, flows across the shorting bar and re-
turns by the other rail to thc other sphere. The potsntlal difference in
the wire never atisins the value of the imf but does reach an equilibrium
value determined by the total circuil resistance and the Eml.

inf = 4(R + r) (16)

or

iR = Emf - ir (17)
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where R i3 the resclstancs of this ralls to and ingluding the resistenca of
the shorting bar, and r is the resiotance of the moving wire,

A potentiometer connected scross the rails near the moving wire will
read the value of iR. If the storting bar is removad the potentiometer will
show a reading equel to the theorotical value of the motlional Enf in the
wire, Now suppose the potentiometer is made to move with the wire and is
connected to the two spheres at the wire's ends, If the shorting bar is
f removed the potentiometer willl read 4ERO, quite opposites {ram the first

experiment with the shorting bar removed. This result is zero because the

! bucking potential (the quantity which a potenticmeter indicates) ie now

’ exaotly supplied by the interaction of the moving potenticmeter leads with
the magnetic fleld., The potentiometer leads terminated at the two epheres
have an unclosed length s which is exactly the same as the length of wire
between the two spheres. Since both branches of the resulting circult are
moving with precisely the same velocity througl: the same magnetic field,

the motional Emf's (by (15)) are identical in magnitude and direction. Hav-
ing the same direction they oppose sach other in the closed circuit.

Next roplace the shorting bar. Current immadiately flowe through the
moving wire, the rails and the shorting bar in accordance with equatilons

. (16) end (17). The motional Lnf in the potentiometor leads is not changed,
neither 1s it changed in the wire, but there is a potential drop ir in the
o wire which did not exist before. Thue there is a potential difference equal
to Emf in the potentiometer leads and a potential difference (imf - ir) in

i the wire which 1s not equal to the value Emf, As a result the potentiometer
- battery must provide a portion of the bucking potential required to balance
g it. This portion is V, its reuding, and

V = fmof - (Baf - ir). (18)
3 V=inf-g (18!)
E From equation (18) it can be scen that if ir is zero, ¥ 1s zero, but as
i ir approaches the value kmf, V also approaches the value Emf. The valus
&,

of ir approachee the velus Euf as the value iR approaches zero. The value
of 1R can be made to approach uere by increasing the number and total
cross-section of the shorting Lars between the rails, In so doing the

] amount by which V differs fram the value Emf is diminished.

: Thus it can be ssan that a practical meesurement with a potentiometer
i can lead to a result numerically equal to the motional Emf provided the
;

motional Emf in the physical system has Leen shorted out or redused to a

. negligible value, while that in the measuring instrument 1» undisturbed.

4 It is also to be noted that the motional Emf is directly related to the

5 : alectric field intensity E by the integral of L'dg given in equation (15)
and that from a knowledge of the physical situation producing E given in

i equation (14), Emf may be found. Conversely if Emf or a voltage V which is
o nearly equal to Emf, is measurcd the physical situation can be reconstructed.
i This is the important case insofar as the Electrokinetograph is concerned.

) e e VT s i (IR RS
Gl e A Al 2 TR 2520 el LSl $iz el




AL

CONPIDEFPTIAL

In figurs 6 tho rolabionsiips of the apporent motlenal emf 3n the
sea to the woeter current, the earihls field, and to the observing ship
are shown in a cub—sway drewing. Ib muot be renzmbersd that the function
of the return curreal lines showa dn thw wu'er subjecent to the current
1s to destroy the potentlal diffurences resulbace from the metion of
N the gea water, so that the moticnal lmaf in the wiias belween the electrodes
may be measured against cs small o background of residusl potential differ-
ence, (imf - ir) or (f), as the sltuation will allow. The smaller the
resistance of the subjacent water mass the smaller this residual potential
difference will be and the more precisely the measured voltage at the po-
_ tentiometer will match the motional Emf of the drifting interelectrode
line as explained in equation (18) and (18'), If nearly all the potentisl
differences in the sea arc shorted out it is possible to tow the electrode
line at any depth and measure a voltage nearly equal to the electramotive
force in 1t as a result of its drift with the water motion.

In figure 6 and in field work with the Electrokinetograpn it has been
assumed that the water motions being measured are purely horizontal. In
the sea, which is approximately 1/1000th as desp as it is broad, this assump-
tion is not unreasonable. Vertical clrculation is known to exist in parts
of the ocean. Ohservations of currents in these areas will yleld only the
horizontal component of motion for the reason that the electrodes too are
horisontal, and for the considerations which follew,

If a water current flows tbrough an inclined magnetic field H at a
velocity ¥y it will produce in itsclf an electrilc field X given by the
vector oross product

L= (yxH) , (19)

This equation implies that y, H, and § (all vectors) are mutually perpen-
dicular. The vector y or a uajor component of ¥ is parallel to the sur-
face, The ve. tor E gensrates an [mf in the horizontal electrode line which
is parallel to the surface wnd moved with the horizontal component of ¥.
Thus in this physical siltuavion the only camponent of H thal satlsfies
equation (19) is H, the vertical component. Denanding en the sense of
direction of H, the vector i is directed pesitively 90° to the right or to
the left of the positive sense of y. [ has the sense of the direction of
advance of a right hand screw perpendicular to the plane common %o y and
H, and rotated from y to i, through the smaller of the angles bebween them,
There E lies 90° to the right of the direction of ¥ in the nerthern mag-
netic 'ﬁemisphere and 90° to the l3ft in the southem. Figure 6 is dravwm
for the northern magnetic hemisphere.

It 45 hoped that the foregolng has made clear how the quantities
! measured by the Electrokinetograph are related to the motions of the sea.
‘ It is the conductivity of the sea and its short-circuiting prorerties
tnat make these measurements possible, Were it not for this, the elec-
tric field, which pervades both the moving sea water and the measuring
instruments moving with this water, would precduce ideatical effects in
the sea and in the instruments with the result that the difference between
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them would always he zero. In brubh the potentlals In ithe sea ars not

snnihilated but they are reducsd to sauadl voelucs which sre almost nege

ligible for practical situctinns In the deep sen, In Mr. Ltommel's peper

the equations for computation of these reslduals are developed, and also
evaluated for a few specilal cusoes in {igures 7 and 8,
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Part II - The Genersl Theory of the Blectyic Polertluel Field Induced in
Deep Ogean Currents By UHerwy Stommel

. "1, The Problsm Dune to the faclt thal the water in the oosan is a
conductor, and that it is overyvhcve under the influencs of the earth's
magnetic field we should expect, by the law of electric induction, that
wherever the water is In motion slectric potentisls and currints will be
established., It is th2 purpose of this paper to discuss the general
theory of thsse phenomena in the deep ocean and to lndicate certein
analytical solutions of the pro:lem which dessnstrate the important physi-
cal aspescts of electric flelds essociated with ocean current: .

2. Acknowledgensnt The auvbhor is particularly indebted to Mr. M.
S. Longuet-Higgins of the Admiralty Ressarch Laboratory at Tuddington for
acquainting him with the basic physlcs involved-in szection 3.

3. The fundamental equation of the electric fieid Let § be the vee-
tor magnetic field intensity, /° be the scalar reslstlvity and i the
electric current vector. Consider & closed curve fixed in the fluid. Let
¥ be the fluid velocity vector. The length of arc slong the closed curve
is given by the vector g. The eloment of area of the surface enclosed by
the curve is 45, Faradasy's law of incuction may then be expiossed in the
following very general form

d U .
- §~d§».+f.i.-da=o (1)
at" : f

where the d/dt is to be understood in the menner of tho subsi antial deriva-
tive of hydrodyngmics. The firs% term of eguation (1)# may 1= transformed
(ses Abreham and Becker, "Classisal Electricity and Magnetisn ™ pp. 39-40)

ag follows:
d >1
_[[_odg_:(f . ds
at 77 Dt

+f[(dirg_)!-@-//Ewl(y_x;}]'d_s_ (2)%

In the oceen a ccnsiderable implification of equation (2)% is posuible
because over moderately largc uries H is constant and unifor:. Thersfore

. the first two Lerms of the seconi member venish, and by Stokes theorem the

third torm may be transformed to a line integral,

S [erram) | - fluxw) @ O
The equation (1)%* iay now b> writben in the following fcim.

f(xxg-—p_j_.)*cxgzo (4)3

AR I ] S iR s N S LB D St b gt e M e ZE 0 DA T T el e 2 . wll T T AV v S
SRR T S e A Sy T R e W it et sl PPN IENNI b e e e At e femenh L RPRE




%
L
H
H
i
1
4
X

CONFLLINTIAL

A

The vanishing of this line integral signlilos the existenco of the electric
scalar potential function ¢, dofined in the followlng way

Wyxl- el (5)%
The term P 1 involving the unknown current vector i may be elimineted if

£ 1s assumed to be uniform, for then the div p i vuanishes, and upon tak-
ing the divergence of equation (5)* one obtailns

“
Vgz=H - curly (6)%

If H and v are both regarded as known, which 1s physically the case, then
ve simply have here Polsson's equation to sclve for the electric potential
@#. It is dosirable to emphasize the complele generality of eguation (&),
This equation defines the electrlc potential [ield resulting from any
arbitrary velocity field in the ocean. '

"4, An idealized particular ocean current system and its asgociated
electric potential field. In order to exhibit meny of the foatures

of the problem an idealised rcean current system ls treated here. Rec~
tangular coordinates are vaken with the x, y plane in the sw-face of the
ocean, and the z axis pointing vertically upwards. This oceon 13 supposed
to be divided into two layers. The top layer, #1, extends from z = O to
z = ~hj. The boltom layer, #2, extends from z = -hy %o % = -h,. The
bottom of the ocean, z = ~hp, is taken in this discussion as non-conducting,

The velocity in layer #1 is supposed to be glven as

v, 0 2

v = {v, cosZx (7))
J b J

v 0
2

Layer #2 is supposed to be at rest. This current system consists of al-
ternate bands of wator of breadth b moving in the positive and negative x
direction over a lowsr layer which does nct participate in the motion.
This picture is somewhat artificial, but because it is expressed in circu-
lar functions may be generalised by meane of the Fourler Integral Theorem.

Let ue suppose that the magnetic field of the earth is entirely vertlical
o

BE= {0 : (8)*
Hy
Substitution of (7)% into equation (6)# gives the following ¢quations

‘72¢1 = Y singx (9)%

Vg, = 0 (91 )%
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Substituting into equation (L4)¢ we obtaln
neyvxH-~ 2870 (16)+

In the partlicular case we are discussing n ¢ ¥ x H vanishes 8o thal the
boundary condition at tho surface z = 0 is

XA

Z

(27 )

The boundary condition at the bottom z = -l'xz is also one of no current
flow 8o it 1s the same as equalion (17)%,

At tho interface betwoen layers 1 and 2, z = -h%, two conditions
o

provail, for clearly tho potential and cwryrent must continuous. There-
fore at z » ~h,

g, =9, (18)

'-j‘l = 32 (181 )

The second of these equatlons may be expressued In terms of the potential
function

59, 39,
S 5

The c¢onditions (17)% at 2z = 0 and z = ~h,, and the conditions (18)% and
(18")* at z = -h;, suffice to detormine fho constants of integration,

( 180 ).)g.

sirm/g(hz - hl)

Al S
einiﬁg hz
- (329)%
sinhﬁhl
A Za

2 tanhjf h2

2 ‘Jsmhﬁhl

o
1

Therefore the final solution is

e
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slnh £ (b, « h,) ) v H
g, = einfx E- -——-—}5—--.-'-'—-.‘--“.,3". cosh Z.z | 2% (20)%
1 ; gih 0 b e

———

[ERSS

) s-lnh > h v H
~ [otangn 5
¢2 - Singx | - . coah/f.’ z 4 S:Lrﬂ'zj.g?h.L siuh/gz O (Roy#

For purposes of illustration soveral graphe have been consiructed showing
1 lines of equal potential for different veluse of b, and hy. Examination
¢ of the results shows how vensibive the potential field i1s to the relative
depths of the two layers 1 anc 2, When the top moving layer iz thin com-
5 pared to the lower one at rest, the potentiels established ars very much

;' reduced. The braeadth of the current 1s not a very impertant factor ex-

i copt for a multiplicative factor directly proportionsl to bresdth,

il Ll TR e . LA N

o A further particular case of intorest The axcs are taken as in ‘
. gection 4. The veloolty 1o acswned to be all in the positive and negative

% y=direction, as bofore, but according to the following pattorn in the x, 3
% plane A :
| n

g v =y cos Lo con .....772; (21 )%
3 y ° b h

where h iv the totul depth of the bottom beneath the surface 2z = O and
Bif‘.’ O’ l, 2, 3, l‘.’ LI 2L B BN

Substitution of this value of vy into equation (6)¢ ylelds

r v 77"' : n77
V'aﬁ?f Tl 2 sin Zx Cus % (22)w
|
b b s h ]

|
; The_solutlon of this equation which aleo sctisfies tho boundary con-
E’g ditions O @/dz =0 at 2 = 0 und 2 = =h 1o

: | 2

; H v bh : ny

g=| 2.2 . e | ¢ &in L con s (23)%
: 77_‘ h + nb® b . h

n - O, l, 2, 3’ Beavs e

6. Numerisal method of solution A convenient numerictl method of
solution may be basud upon the rolaxation methods developod by Sir
Richard Southwell ("Relsxation Mothods in Theor~tical Physios" Oxford,
1045). Any vertical profile can be investigated and tho electric potential

field computed,
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. geation (6)% 48 expreszed in finito difference form. The boundary
condition at thie bottow and ab the frec surfsce is oxpressed by equation
é 16)%, The proceduce of the solubion 1o than by Llonddation of residuals
Southwell, ibid, p. 24). Publication of any of these relexstion solutions
18 postponed until scme ajmubonoous electric polentind messuyements and
sufficlent hydrographic stations for computatdon of the velocity field
are available," '

. H.5,
' - O -

Note _ ' {

The valuee of @ over & number of cross-sections of water motion in-
volving shour across the x axis » and across the x and z axes are glven in

: that they are fields of residual potential which are subtrected by the cea
fron the motional Euf in the measuring instruments to yleld Y the observed
motional potential (rof. Lguation (18')), The drawings were computed and
prepared for drafting by Miss Barbara Allen.

3 figures 7 and 8 respectively, while these sections do not revemble clossly

any knovn oceanographic case they do show how %Lha increase of shear in the q
‘g‘ water motion improves the results of measwrament by reducing the rosidual !
- potentials in the sea., They slso show that both adjacent end subjacent 2
water currents having indépendent motions with respect to the water current ’
¢ undergoing measurencent can replace in effect the properties of a large 1
stattonary mass, During examination of these fields it should be remembered 1
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VIII Ship's Log Experimsnts

Measwremonts of bhe foreard speed of a shlp are theorstically possible
through a slight readjustment of thoushi concerndng the basie principle of
the Electrokinetopgraph, A soving of experlaents weve porioimed to see how
practical such a log wiuld be. Two slucirodes wero towed e ual distances
astorn on elther sids of the uhip end separaved by 50 feet. The theory is
that the wire transverse to the ships way would cut flux anc produce a
signal proportional to tho rate of meiion of the ship while ths other trans-
verse portion of the loop, clezed by the water between the ¢lectrodes, does
not share this motion and concequently doos not cut flux or produce a sig-
nal proportional to the ship‘s specd., This situation shoulc allow measure—
ment of the voltage in the moving cegment. It is further argued that the
motional EMF signal from woving water filaments between th- electrodes grould
appear with the ship's spocd siznal and that both wake and current signals
would occur. All thess theoretical effacts were found to exist. On
Atlantis Cruise 149 an experiment was run with the ship undcr sail to avoid
the propeller wash present in all previous experiments, and it was found
that the recorded voltage changod as the ship's speed changed, But again
the problem of electrode zero made it impossible to determine from what
point these voltage changes had their origin and therefore, whether or not
the changes in voltage were proportional to the change in speed of tlie
ship. Through extrapolation backward toward the origin by msans of the
theoretical spsed-voltage relationship a zero point was calculated which
agreed well with the zero point regletered by stopping the ship but of
course, this is not a practical method. It was thought that exchanging the
positions of the electrodss from side to side of the ship weuld provide
the needed zero information, but, to gain the necessary interelectrode
distance outriggers were used, and the operation became hopelessly cumber-
some, Further work on this problem will be undertaken as ne# ideas or
better electrodes care to light.

TBS and IFF systems ars considered to bo possible parallel develop-
ments to the measurement of voltages in the sea. It is knowa that both
power and potential fields surrcund an electric dipole in o zonducting
medium. With suitable detecting circuits it is pussible to .;eceive signals
emitted from the dipole at some distance. Several experimenis have been
made to test the range of such a communication system. In cis experiment
in which two elecirodes 2 feet apart were enorgived by a 1 witt A.F. speach
slgnul it was possible to receive a clearly intelligible sigaal 30 feet
away by means of two other electrodes 2 feet apart. All electrodes were
simuple brass plates 2 x 6 x 1/32 inches. The received signal was ampli-
fled about 120 db and could be neard very well through a speaker. The
ittenuatlion over the renge was about 90 db. The elecirodes in this experi-
nment were arranged to rotate so that it wes poesible to determine the
null pattern of the lsopotentlal. llines surrounding the transaitting dipole.
The nulls were extremely sharp st short ranges and still sharp enough for
honing purposes at extrame ranges. In practical scalos using 200 feet
between the electrodes of the dipole transmitter and the receivar the
maximum renge is probably of the order of 1.0 to 1.5 miles for 1000 watts
input power, provided code signals are used. Voice or other A.F. trans-
mission would be difficult beyond a range of 0.5 mile. The ranges are
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ghort because tha Input voltops muct be lnercessd by the 3/2 pever of the
geometrical scallng fs:ter. Thet 1s, if tho inlorclectrode distance g
and tge ranpe b is dncrcared by o factor n the voluege must be increased
by nV /2 If the inlsrelectrude dlstence a is kept constant a doubled
range is accamplish:d by cubing the voltage, Tho cubs is a stiff rate of
increase consequontly .he ranze for reazonabla power output le limited to
the order of a mile or o,

The rapld attsnuation of eglgmal sirength has an advantage of security
in that the range is so sharply limited that camplete confidsnce can be
had in its limits. For short range THS thers is no appreciable electro-
magnetic radiation devcloped, and other than that from ignition or genera-
tor systems there is no appreciable background nolse in the A.F. rangs of
frequency. It was found after these experiments had beon performed that
more exhaustive trials of the method had been wade under full scale condi-
tions by Hardy (1945) and his assoclates at the Moore School of Electrical

Engincering, University of Pennsylvania. His results ars in good agreoment
with those pressnted here.

The range of the system is also too short for tactical vse as SAS-IFF
or for use fram surface ships with submarine escort. To extend the range
to five miles fraom a tranamitting dipole for which & is 200 feet the input
power would have tu be raised to the order of 1 or more megawatts, With
pulsed powser this might be feasible without stupencous power packs but
Hardy reports poor success with pulsing. His problem was slightly differ-
ent from the one suggested hore in thet he was primarily interested in
short range comnunications for laending operations and between swimmers in
dexolitions crews., Further study of the whole problem might be profitable

as the rapid attenuation of the signal with range could be turned to ad-
vantage,
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: (B) Selectsd Biblicgrashy of papers on motional ENF ln liquids l
: Chronologlcally arianged

Paraday, lilchael, 1832: Rakerian Lesture of 1832 Terrestrial Magneto-

: Electric Induction from lapspiental Bergoarches in Blectrdeity.
td Phil, Trans, l832, pp. 03-L77.

Young, Gerrad & Jevons, 1920t On llectric Neturbences dua to Tides snd

Wavas, Phil. Mag. 40, p. 149 £f. See also Chapman & Bartels
Ceomagnotiam, p. b4b, Vol. 1 for sumnary of this wark.

Williams, B, J., 1930: The induction of Elschromotive Forces in e Moving
: Liquid by a Megnetic Fileld, sud Ats Applicavion to an Investication

‘ of the Flow of Liquids. Proc. Phys. Soc. Lond., 42, pp. LET .
o

Kolin, A., 1936: An Electromagnetic Flcvmeter, Principle of the Method and
1ts epplication to Bicod{low Measurements. Proe, Soc. Exp, Blol. &
Med., 35, pp. 53~50,

Einhorn, H. D., 1940t Electio-magunetic Induction In Water. Trans. Roy. Soc.
So. Africa, 28, p. 143-160. '

Longuet-Higgins, M. S. and Barber, N, F., 19461 lic

cagurement of Water Veloclity 1
By Electromagnetic Induction, An Electrode Flow Meter. Admiralty
Reosearch Laboratory/102.22/R.1/H.

Longuet-Higgins, M. S., 1947: The Electric Fleld Induced in a Channel of
Voving Wator. Aduiralty Research Laboratory/102.22/R.2/w.
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,\1ntroduct‘ion

- The Geomagnetlce flactrokdneborsraph is an instrunent of great osimplicity
3 which l& capable of measuring the motions of sea water from a moving vessel,

X ' The motlons of tho sea may rosuit frow any ceuss, wind drlft, waves, currents,
5 and thelr cddies, tldes, seiches, tsunamis or artifacts, and sti"l be suit-

‘ able objects of study. The basic perfomiance of the instrument depends upon

< Faradey's Law of tilectromasnetic Induction, particularly the speciel case

a which he mentioned in his Bakerian Lecture Lo the Royal Snciety in 1832,

g This oase discussed on page 176 of the Philosophical Trancactions 1832 is as

L follows i~ "Theorotlcally, it secms a necossary conseyuence that where water

i‘ is flowing, there electric currents should be formed: thus, if a lino be
f

e PR i S A S e AT e R ST £ ks TS "R

imaglned possing from Dover to Calaiy through the sca, and returning through
the land beneath the water to Dover, it traces out a circuit of conducting
matter, one purt of which, when the water moves up or dowvn the chammel, is
cuttin\% the magrotic curves of the earth, whilet tho other is ralatively

6t rest..... whers the lateral extent of the moving water is enormously in-

f creaved, 1t doss not seem Lmprobable that the effect should became sensible;
8 and the Gulf Stream may thus, perhaps, from electric currents moviry acrocs
! it, by megneto-electric induction from the earth, exart a ssensible influcnce
3 upon the foms of the lines of magnstic varistion (#Lootnote Theoreti~

- cally, even & ship or boat when passing on the surface of the water, in

1, northern or southern latitudes, should have currents of olectricily running
3 through it directly across the line of her mohion; or if the water is flow-
'y : ing past the ship at anchor, similar.currents should occur.)" /Thie is a

: clear statenent of the effect which has subsequently been obssrved, but

{ ' which Faraday himselfl failasd to deteet through a lack of sultable electrode
. materiala. "

The Present bixperimental Mathod

: In 1920, Messrs. Young, Goreord end Jevons of the British Admdralty
S published the results of preliminary experiments which they performed in

: Dartmouth Herbor putiing Faradey's ideas to a more modern test., They woere
gualitatively successful and showed that molional electromotive forces
b (apparently) do exist in the sea and that it is possible to determine the
directions of flow causing them. Thoelr experimente were of the sort men-
tioned by Faraday using moored c¢lectrodes on eithar slds of a tidel stream,
and also drifting slectrodes handled fraa o boot. In emch cave the elec~
F tric current flowing through the circuit was measured rather {han the voltage.
This leads to a praciical difficulty with Ohm's Law which does not hold in
] eloctrolytes., To avold this trouble the Electrokinetograph measures voltage
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by means of a modified cunstant balance prtontlometer which records contin-
wously cn a strip chart. The recorded veltages are those picked up between
two Silver-Silver Chloride electrodes either moored, or towed behind a
ship in tandem, The magnitude of the voltage is given by the equation

. KE = H sv x 1078 (1)
in practical units, where H, is the vertical omponent of the earth's mag-

netic fleld, 8 is the distance between elecctrodss, v ie the speed of the
water motion, E 1s the voltage and k 1s a correction factor which depends

" upon the depth of water and to some extent upon the nature of thre bottom.

The factor k has been determined in water of varying depths and has been
found to be roughly 3 in 8 fathoms and 1.0 in depths greater than 1500
fathoms, It may be substantially 1,0 in woter only 100 fathoms deep btut
the existing data are insufficient to establlish the point. A program of k
studies is planned,

Regarding direction, the observad magnitude of E varies at any station
with the course of the ship. The messured £ ie that along the line bstween
the electrodes and is #hat induced by the component of water motion et right
angles to this line. Thus two measured voltages along two courses at some
angle, usually greater than 60° and less than 120°, to eath other and hav-
ing known geographic bearings, suffice to establish the tiue direction ani
magnitude ¢f the motional electromotive forcs in tho sea. This datum is
related to the direction and magnitude of the water motion by the vector
eguation

k'E=yxH (2)

in which k is the aforamenticnsd scalar correction, E is the vectorial voli-
age produced by the cross product of y the water motIon vector and H the
magnstic fleld vector, Under present circumstances I 1s measured by two
horlzontally <4irpcsed electrodes which therefore detect cnly the horizon-
tal componenn [ E. This restricts the solution to the horlzontal component
of y and conu. ,uontly the vertical component of H, of H the total magnetic
fi~ld of the earth at the station.

In practice }l, is measured from the ship, and ashore a continuous
record of the stabilit.y of the sarth's field 1s made to establish the state
of the "mugnetic weather" during obsorvations et sea, Regional magnetic
storms are resorded at Woods Hole by means of a palr of electrodes half &
mile apart spaming the Hole. A recordir~ galvanometer writes the trace
of the electric currents generated by the tidal oscillations and also those
earth currents arising from magnetic storms (see figure 1). The validity
of this record as an inldex of megnotie activity has been established through
comparison of eipght months of continuous tidal Lml trace at Woods Hole with

coincident magnetometric tracos secured from the Chelteniiam ifagnetic Observa-

tory. The correlation is nearly perfect, and it is pocsible to observe the
onset and cessation of storms with complete confidence. The effect of

magnetic storme upon the measurciment of currente¢ :% sea 1s not known at present

since the earth's field has been stable duvipg all tests of the method. It
is expected that the disturbance will be sufficimally marked to be detected
at eea unless observations are being mudv of wiclent water motions such as

that in the Gulf Strean.
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Geophysical magnetic fields dus to submarine gzologlc structures will
produce small errors in the obzerved weter motion, bubt by means of con-
tinuous or closely spaced measurcments of H, made currently with a degaus-
sing magnetometer designed by N.0O,L., it 1s possible Lo allow for such
changes. The present instrument reads to bsiter than 10 milligauss at
sea, and since H, in local latitudes ranges [rom 450 to 500 milligaues,
precision of 2 per cent is maintained. This error lios within the experi~
mental error of the Llectrokinetograph. A

Field Trials of the Blectrokinetosrash

The earliest axperiment with the technique was begun 16 November 1946
when the moored electrodes across Vicods Hole were installed. These were
soon connected to & recording Fluxmeter made by General Elsctric which was
aitered to act as a recording galvanometer. This instrument has been in
continuous opsration ever since. It was noted very early in the experiment
that the voltage did not correapond to the current strength in accordance
with equation (lL but that k had a value somevhers between 3 and 4.

The first experiment at sea with towed electrodes was performed on
19 March 1947 near the Cox Ledge Gong off Block Island. The results gave
the direction of the current in good agreament with tho observed direction
by visual bearings on the gong and an improved value of the current speed
(dus to the deeper water) [for which k was approximately 2,

 Immediately following this experiment a constwil balance potentiometer
was prosured and more suitable equipment built to hold and handle the elec-
trodes. Several cableg were fitted with Silver~Silver Chloride electrodes
spaced 3 x s 4 x 107 and 5 x 10° centimeters apart. The electrodes were
haused in "corn cobs" of fornlca which protect them from damage on deck
and attack by fish or the pussilig BT. The size and surface area of the
elactrodes is imusterial, the only criterion determining thelr fitness for
use 1s an identity of skin potential. It has been found that two plecas
of silver wire 0.170 in. diameter and 6 in. long wound into plg talls and
chlorided for a peried of 2 minutes with Conc. HCL end Conec. HNO3 mixed
1 ¢ 1 have nearly identical skin potentials. Any dlssimilaritiss con be
oliminated by shorting the electrodes together in sea water for a few hours.
The identity of potential will remain for a period of hours or days de-~
pending on the pair and then drift at the rate of 1.0 mv./36 hours or so
until the coating is washed away, Renewal of the coating 1s as simple as
its original depositinn.

The drift of interelectrode potentiel does not interfers with the
racord of the relstive potentials in the gea but it dess confuse thelr
abgolute values by ahifging the electrical zero of the recordsr with
respect to the mechanical mero. Ior this reason it is neccuvoary to re-
verse the direction of the ship and the strsamlng elecirodes every four
or five hours to reverse the sign of the inconing potential. In steady
water currents this mothod establishes elecirical wero along the line of
symmetry between the recorded direct and inverse voltuages.

Most of this technique was worked out in the course of & number of

e el [ o . s : i e et ke ksl
T R R T I 0 U1 ¥ AL IO (R T AC  Et ARTE Lt EE R R S S b . foet

Par

o ol i

LM i ol sl




3SvO 3008193173 600 N¥OD,

™

g

AL
%
b,
’o
L I
E #
)
M
X
LI

‘5000 4§

4
g

yitOQQ

'1 a

PV E L X ¥

;‘3‘
8
L)
‘f
¢

21T
ooy

]
p
ER X X J

111111

pod
1

Ape®

.~,"u4;-.‘.
‘2000

»{ ‘
1 11

i




CONFIDENTIAL

—1,‘_ -

one-duy c¢ruises in Vineyard and Nantucket Sounds. These trials were
followed by two deep sca cruises B-6 and D-9 of I/V Balanus heading
across the shelf from the vieinity of Vineyasrd Sound Llightship. The
first crulse was speciflcally dusigned to test Lhe lleoctrokinetograph
ond the second was an extension of a blologloal crulse fram the edge
of the shelf into deep water. The covrses salled and measuraments
made are plotted on charts inoluded in this report (figures 2 & 3).

Cruise B~6 over the shelf yielded 17 current "{ixes" in shelf water
and a continuous racord of the currente across the line of motion of the
ship. It was found almoet immediately that the nature of the motion of
water over the shelf is far from laminar, The signal shows tho occur-
rence of eddies, one after another, over most of the shelf (figure 4).
These have a mean diwncter of two-thirds of a mile and a mean angular
velocity of approximately 1 radian per hour, In addition there is the
rotary tide on the shelf, the data for which are tabulated and reducod
in Table 1 (soe also figure 2), '
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TABLE I
Observad Angular Veloelty of tho Rotary Tides
on the Continentol Shelf South of Block leland
0
Ot O oo
: Station . T t a3t
- 1. 2 165®  4h 0Cm 2/,0m 0.69°/min
2 2- 3 49 2 00 120 0.41
3- 4 60 2 00 120 0.50
i =5 98 2 00 120 . 0.82 outward
g 5- 6 9 2 00 120 0.75
b= 7 182 2 00 120 1.52 bound
7- 8 3l 2 00 120 0.26
8- 9 lgh g 00 tgg 0,87
=10 130 0 0.43
, -3: 0 I8 8 0 L0 0.43
' 10.11 13 2 o0 120 0.11
! ' 11-~12 64, 2. 00 120 0453
- 12-.13 12 2 00 120 0,10 homeward
g 13-4 1 P 00 120 0.06
i Ly-15 IR 2 00 120 0.03 -bound
g 15«16 38 2 00 120 0.32
b 16-17 100 4 00 40 0.42
" .
iﬁ outward bound sub total 6,25 ~ O.697°/h1n,
tf? T o
homeward bound aub total 2,00 ¢ 04250 /uin.
) 8
2 ) 0.947

U —

OLT4° /min

OukTh ) 360°
760 minutes / tidal revolution

or 12,67 hourt / tidsl revolution

T i cnarhih
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This value le compensated for the progreas of the ship across cotidal
lines by the distribution of stations on bobh legs of the cruise. Thess
are not equal in number but are weiphted out in the calculation and are
lmited to the same geographic <one. The value obtalned is close to the
period of the mean tidal day of 12.83 hours,

Gi the basis of these figures it is poosible to ecalculate the rate
of progress of a given tidal phose, The ship's mean rate of progress was
close to 7.5 knots, which motion altesed the value of dg/ct by 40,223°%/min,
from the average value 0¢a7°/minu Thus it may be concluded tliat the Vel
ocity of propagation of a tidal phese ig .

O 'L X 7.5 knots = 16,0 knots approx.

0.223

A}

At this velocity a given tidal phuse could progrecs landward from the edge
of the continentsl shelf to the beach (roughly 100 mi,) in 6.25 hours and

return to the edge in the same time 12,50 hours later to be in phase with
the next incoming tide.

[hose numbers then represent the period of the forced oscillation of
waber on the shelf off Block Island and the velocity of phase propagation,
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The sailing plan employ2d on Cruise B0 wes sbraighluwey on course
with a calibratlen oquare coyoced of four cerdiinal leps 2400 feet long
galled evary two hours. Thus a conblatous reccrd of the currents trans .
verse bto the course was obtalned Logdbnor wilh & mensure of the Lrue
direction and magaitude of Lhe curceat erery 15 milos, 1t was Lfound that
the leeway of the ship did not corrgnpond very well with the action of

the obgerved currents. wlnd ood waves, both of wilch were of force 4 to

5 througheut mogtl of the crulss, aud en oveipowerlny effect upon the mo-
tion of the ship through the relabively weax current syslems The vollage
record shows the wuves 8s well as the currents and oddlas. It -1s powsible
to debermine the period, intarnzl veloeity, and direction of the waves from
the calibration squares. An attcapt was made to measurs the change of in-
turnal velocity of the wavos wilh depth by sinking the electrodes deeper

in the sesa, bub Insulficient weigat of suitable shape wns ab hand to carry
the measurements veyy fav down.

"~ It was also noted that there I8 a very rigid correlation between
changes in the temperature and salinity of the ssa with the uppearance of
new current vectors. The STD recorder rumning continuously along with
the flectrokinstograph showed the ship's entrance into and departure from
warmer more saline watoer,

On Cruise B-9 which was devoted to the blectrokinetograeph experiments
from the 1000 fathom line to the (ulf Stream and return, the edge of the
Gulf Stream wag crossed four timew. In each case the mature value of the
current was observed within a mile of the first indicated crussing. Of
the four crossings, the two enterirg crossings are illustrated in figures
5 and 6, It will be noted that buth the peried and smplitude of the eddy
atructure is changed as well as bLhe mean speed of the current. The sudden
changee in recorded voltsge which are bracketed ere those measured by 900
joge in the ship's course. Jogs were salled for four minutes every bhalf
hour, alternately right and left so that the current could be flxed upon
every 4 mliles and the zero drift checked every hour. This was found to be
a much more satisfactory procedurs than calibration squares in complex vel-
ocity structures because the ship covers less ground and tekes less tlme
during which changes in the current might occur. Jven so the best valuss
are only approximations since the eddying current structure s 80 variable
in detail (see figures 7, 8, and Y), There is indeed more informatlon on
the record tapes than we are presontly prepared to undqﬁat,ando As field /ﬁ/
work progresses new techniques will doubtlsss come to mind which will
aimplify the records and their interpretation.

On Crulse B-9 the recorder was fitted with a 60,000 microfarad capaci~
tor across the input so that the amplitude of the wave signal could be
reduced, Figure 10 shows the effect of the cuapacitor in Yhe circuit. Even
so large o value as 6C,000 microforade 1o insufficient to daup out the
wave signal, and so 500,000 microferads heve been made ready lor the next
eruise. This should increase L..» sccuracy of measurement of the relatively
slow alternationa of potential duo to eddies. Lxiraordinarily large capacin~
tors can be used to dumup out tho eddy signal for measurements of the mean
current but this would discard usuful data. It is obvious that the term
current must be qualified by subdivision into at least two catepgorles:
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perkaps eddy or lactantangous current, and mean or trensport velocllty could
be used. The flow moechwendea by which waler ls moved from one place to
another in tho soa s only rarely lemdnue. By the exdistin. method eddies
smoeller than 100 fwel gcrosa are Jost, as are thoso heving a differentiel
voltage of less than Q.1 adlllvelt dus Lo Lhadr slow rate of rotation.

With the incrosved sengiblvily plerawod Cor the hloctreokinetograph 1t should
be possible to measure detzlls JCC or possibly 1000 Limos swaller. There

: say be a practical limit dobor ainod by the necesally of damplng out the

.. wave signel to. mals uccurabo wocsuraucnls of current. If the details of

: detectable eddy motion bejin to comu into the freoquency rangae of waves the
two signals could not be sepuruted. Indecd, the cycloldal motion of water
psrcels in woaves 1 different Iirca eddy wmobion only in its plene of moveusnt.

As a wave recorder tho Eloctrokinctoyrapt measures, in ils present form,

. only theé horizontal component of wave motion., It is concelvable that a
% two or even three component electrode system could be devisad to stud
E» thelr motions in thros dlmenslons. Such studies ot a varicty of dept%a

: would Frovide entirely new information which would be of greal value, The
§ case of Lhe breaking wave near shore as it "feels bottow' ould be particu-
3 larly exeiting. Wwith the incruased sensitivity cxpected from the mlcrovolt
recordsr model it may be possible to study the slow oscillotions of internal

;; waves although there are many practical difficulties in that direction.

- As & ~urrent measuring device it has been provon dccurate lusofar ss

. direction is concernod under ell circunstances, and wiih a little more work
v the magnitudes of currents snould be yulte reliable., In doep wator the

L method seems to work without correction. At the 1200 positlon of Lhe

I

Balanus shown in figure 11 she was hove to for a sordes of hydrographic
1owerin%a and biological observatdons. The current observed by the Lleoc~

troltdnstograph at this station was measured al 4 .83 knots setting lagOTq
3 She drifted 3.25 hours to the 15)5 Loran fix covering o distvance of 13.8
. miles into another current messurcd at 4.55 knots setting 160°T. and made

leeway under & southwest wind at the rate of 1.0 knot. Ixtracting her
leaway, hor rate of drift was 4.25 knots and direction of deift 145°T. In
view of the extreme complaxity of the current in this gart of the ocean

and the uncertainty, due to leoway, of ramaining in falrly constani current
Ef conditions, this drift station is convidered a good check,
iﬁ Reliability thus establiched for the other B-Z values of curront
2 direction in deep water the peculiar direction of the Gulf Stream motlon

is apparently real. Tank experiments employing what are bulidved to bo

t idontical Heynolds numbere yield a meandering sort of motion for the

A Gulf Stream. These observabions may be taken as confirmat:.on of the

: axistence of such motdons. Tho mavs motion of the ogream s probably
iven by the positions of the firet and fourth crossings. A nore ex-

%an51VGycruiagoie planned during which the entire Gulf Stream will be
crossed abt least twlce and tho eoddies on tho northwest flenk studied a»
intensively ae possiblo with all availeble maans. It is interesting to

E contemplate the data that might be secured by sevoral shipo sailiqg

% abreast through the Gull Strecn, weking systanatic sorties at different
iy latitudes.

:

%, Woods Hole Oceancgraphic Institution

15 June 1947
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