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MEAStJREMEN'J.' OF TIDAL CURRENTS
iN gET sOUND,

DuriDg the past year tidal·currents have been measured a~.

two or more depths simDlt&neous:b" and con1i1m1ousl\r tor periods up to

38 hours at 22 sta~10D8 in Paeet ~dG l-faasurements were made fr~

an anchored vessel using !Tics current meters and. recording the eleoClll

trical pulses on a ohronographo La~ an integrator has b~

dev'eloped to comrert the current meter pulses iDto a contimlous line

trace reading direotJ,y ~ mots 81:1d the teclm1que of transmitting

meter pulses up the single bare suspension cable emplo,-edo The

resulting ourrent measurements sha8 the following features:

1. Ourrents at S meters depth 1n tidevays 60 to 100 me~s

deep are stronger on ebb and weaker on tl~ than those at two-thirds

the bottom depth. This is attributed to a preyailing seasard .flow of

low sa.11D1tY' water which exists as a miXed lqer of considerable

thiokness. This a~e is ted by fresh vater from precipitation

and runoff which 1oc~ exceeds evaporation" end by' a net influx of

coastal sea water at depth sufficient to maintain iihe saJ.t and water

balance0

20 Currents of strengths up to 4 knots ShOIf primary fluctua-

+tiona in velocity of the order of' - 001 ]mot trom the average, with

i



variations in period of 15 to 4S minutes. Smaller second order

fluctuations with approxima.t~a 2ominu.te period and still others

of a third or4er also oacure These higher order fluctuations are

apparent~ assooiated with eddies and turbulence on corresponding

scales0

,3Q The maximum velocities in water at two-thirds the

bottom deplih normaJ.J.y occur on flood and do not exceed the maxi­

mum surface velocities on the faster of the two chronolog:tcall7

adjacent ebb flows 0
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MEAStJREMENT OF TIDAL CURRENTS
IN PUGET SOUND

1".2 INTRODUCTION

The surtsos currents in Paget Sound have been well studied

dtiring many years by the Coast and Geodetic Survey and are summarized

i~ their publications (1), (2), t~)o These measurements, designed to

~ aide to navigation, have been largely confined to the upper lS teet

with only a tew isolated observations made at depths as gl'88t 88 60 feeto

As the water at depth behaves differently from that at the surfac8 g a
,

,

detailed knowledge ot the ctrr'Z'ents at all depths is needed for a number
I

I
of purposeso In t8rticular the tmderstanding of the l'q'droOynamics of

I .
w$ter motion and the mechanism or water exchange in the Sound, the preco

dieting of the· boundary conditions tor the h.YQraul1c model of Puget .

S~und under construction, and the estimating of the force ot the currents

acting upon equipnent operating at the bottom ar intermediate depths

~qu1re this lmowledge"
1

'II Detailed measurements :In a bod,y or water the size of Puget

SOund is a task ot aome magnitudeo The first objective» therefores> was
I
I

to investigate surface and dG0per currents to establish any relationship
1

~t might pe~mit predicting the currents at depth from existing surface
1

d8t&o Figure 1 shows Puget Sound and the locations at which c1.11"rent

o~servat1ons were made o Initial1yg locations or relative4r high ourrent

veloc1ty were selacted in the belief that the dif'ferances between the
I
ishallow and deep layers 'Would there be more distinct o Observations were
I
I,



commenced near Bush Point where the surface velocities reach ~ to 4

knots 0 These were extended to a locality of relativel1' high current

velocities in the Strait of Juan de Fuca at the mouth of Admh-alV

Inlatfl

11 0 • j.!;QUIP~'T

10 Vesaelo The vessel used is of modified commercial

fishing boat superstructure mounted on a 50....toot Navy Launch hull and

powered by dieselo It is equipped with a winch and gear for handling

two 3/8-inch cables over the stern, and two additional winches far

handling lighter lines 0 The boat is ordinarily a%1(!hored by thE- stern

using one of the ,/S·"inch cables and a 7S-pound DantQrth ancboro Three

hundred fathoms of cable permit satisfactory anchori1'lg in 60 tathoot.s of

water 0

Anchored by the stern the boat yaws less than might be &XeD

peated, except when a strcmg wind 1s blowing counter to or acroso a

weak c1lrrento In stronger currents no regular yaw r:ettern has been

observed in frequently repeated three-point sextant fixeso A motion

similar to yaw is caused by large edd7 structures flowing with the

current 0 At current velocities less than 1 knati 18.W quite posslb:q

occurs 0 Anchoring requires a scope ot ;81 which at an average depth

of 45 fathoms means 225 fathoms of cable out, permittiDg the beat to

stdDg in a cirtJle ot 0 0 22 mUes radiuso The pos1tiona ehatm in

Figure 1 are the posltiona of the anehor0 The long scope of anchor

....2-



cable results in low observed velocities at shift in current direction

a8 the boat then drifts with the om.v.rent tor a period of the order of

30 m1nuteso During current shifts, it has been necessary to raise the

deep current meter gear to avoid fouling the anchor cable 0 The small

sue of the vessel prevents successful anchoring in exposed tideways

ill the Sound when winds exceed about 16 knots far a~ length of time,

a frequent t)ocurrence 0 It has been dUticult therefore to obtain

continuous reco=ede for periods au great as 25 hoursS' particularly in

the S1irait of Juan de fuca near the mouth of Admiralty Inlet g

20 P..rttt F2J,uo A tew early measurements were made with

drift poles and .floats attached to clrags at appropriate depths., These

gave averages over a considerable range with respect to positiong time,

and depth confuaiug the irJterpretation or -the datao Additional measure­

ments were ronde !I therefore, with racord:fng instruments fl·om an anchored

vessel and only these are reported hereino

, c Current Meters 0 Continuously recording direction indicat­

ing cttrrent meters are considered nearly ind.ispensable for measuring

simultaneously the currents at two or more depths, and insuring that

the peak velocities are recordedu Oscillations in velocity superimposed

upon the more or less regular variation in the current cycle mayo intro­

duce considerable doubt into the interpretation or single shorto=aperiod

measurement8~ Lacldng suitable direction indicating and recording meters

the measureman"ts were carried out iD part with non-direct1onal meters ot

the Price type, modj..fied for salt water use b1 the W" and Lo Eo Gurlel
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Compmy0 A tew recent measurements have been made wi-th the Roberts

current metet-a The Price meter is designed to close an electrical

contaot every ten I'evolutions of the bucket wheel~ or every revolution

as desiredo It 1s provided with a stainless steel shatt and a water=­

tight gland into the contact chBmbero The pivots are carbon steal,
I

ana. corrode very easily0
I

I A number of modifications were made in these meters to adapt

them to eontinuo'UB operation at depth in salt wateru ~'he carbon steel
1

I .

pivots were replaced by a sapphira Vcucup and a burnished stainless
I

~teel pivoto The packing gland \Vas replaced by one or metal with a

rubber buehing compressed by a nut o The meter as furnished for contacting

every tenth revolU'ttion is very susceptible to shcrt-c:ircniting Iji" ·the

~ontacts by salt water~ owing to the close proximity of the inauJ..atad

lead to 'the floor of the contact ohamber and a slight but persistent
I

leakage of 'Wa"OOro Leakage probably results from the mixing action of
[

I

the shart~ or from oil escaping around the abaft as the meter is being
I
lowered toward the watero After the instrt1Illent is submerged the eom­
I

~ess1ng of the resulting ail- bubbles :parmits luiter to en-'Ger under
I

1)y'drostatic pressure o . The dittioulii1 has been overcome 'by shifting the

~c1d.Jlg gland from bottom to top ot the contact chamber thereby rais:U!g

the electrical partsG A small sllver contact mounted on the end of a
I

~pr111g reaches dOlm to the contractor and pron.des the neceSsary elec-

trical conneot1ouo As a further precaution» the chamber is tilled witJl

an oil compounded £'.rom chassis lubricant and medium lubricating oll,
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more viscous than that commonq usedo This modified equipment has

operated satisfactorily at depths up to 100 meters, the depth being

limited by the excessive wire angles whioh develop when long electric

cables are UoC3ed at h.i.gb CUlTent velocities o

The Price current metel'D gives no inoication of the direction

of the .·tier £low g This is not too serio'l1s tor strong cUITents in

narrow channels, where the gross ourrent floVl follows the chsnnelo

For other eituationa p the direction of flow has been determined period­

ically with the Ekman cmTent metero The Ekman meter, however, ceases

to function properly at velocities 9X(,-eading about 2ttO knota since the

ahutters fall to open against the torce of the current~ At somewhat

lower cUITents ·hhe j.ndicatad velocities become leso accurate and 'the

compass unreliable due to instrument tilto

The electrical pulses from the Price current meters have

been recoroed on a two-pan chronographC' This haa bean made rrom a

Friez anemomete:r- recorder by increasing the rata of rotatien of "the

drum to one revf)lntion pel" hour i adding a seoond wr!ting element ~ and

replacing the laad screw by one with a finer thread 0 Measurements ean

be recorded for a s1xteencabour period before replacing charta 0 A

photograph of the chronograph 15 presented in Figure 20 A eight­

loaded spiral spring helper designed to exert a torqU9 on the ~haft

and reduce the load on the clock motor occasionsd by th0 increased gear

ratio appears at the left end of the shatto A four-pin socket is pron>

vided at the front for the olectrical inputso



A typical ohronograph record is shown in Figure 3& As the

original chart paper is used, tha time scale is expa.nded by a factor

of six from the .printed markings 0 Aocordingly one division on '~he

chart corresponds to ,0 secondso The outputs of two meters are recorded

'Except at very low velocities the calibre'bien curve on the

! •

iPr1ce meter is eS8ent1a~ linear permitting velocities to bereadlly
I

fs1mul.taneously. The upper record shown is from an illstrument at 5 meters

Idepth and the lower from one at 66 and 55 metal's.
i

[determined by counting the number of pips wit}d.~ a selected intervalo

lIn this instanoe if the interval. is 0.88 inches. the number ot pips
I •

Idivided by 20 gives the velocity in knots, averaged war about 4-1/2
i •

:minuteso \~'hen the pans are writing prOpel'~ it is possible to resolve

ipulSGB at 3-second intervals, which corresponds to about 405 knotso
!
I

!Averaga eonc1iti()l1S I>J.sce the }Xt'8ctical limit at about 4 knatso Velocities
I

Idetsrmined from the chart records for lO-minute :lntel'vs:ls are plotted on
I
;g.raph papero
;

Ae several characteristic£l of the meter eircuits required

1 0 Relays to }n?adde current ampl1.f'ieaticl! and protect the
meter contactso

modification bafore the pl}~sea could be used to 8Ctuate the ch:ronograph~
I

Ia. control ba:c was constructed incorporating the tollouing featuresl

•I
i

Adjuatable ehunts across the relay coils to be used when
electrical leakage in the meter cable caused the rel.ar
tQ freeze closedo

An adjus'tabla t:\.maqodelay circuit consisting of a parallel
res1s~':tnee and capacitance interposed between the rels.:y



and recorder j to el1minate spurious pulses!) This was
necessary at moderate current velocities when the contacts
were moving slowly and occasional imperfections caused
multiple operations of the pen with consequent over""inking
and impairment or resolutiono This circuit also vers
effectiveq reduced spi\rking at the relay contactso

4,. Provision fOl· bymIXiSSing the relays and operating thG
recorders directly by the current meter contacts incase
or emergency D

50 Provision to:r.' insertion of a test ammeter in series in the
current meter cirouit I)

I

1~li!iOn Gear !lnd Elactrical.Q.llble@.

! At depths greater 'than a few meters the current meter was
I

d.nitially suspended 'by 5/32-inch stainless steel line weighted by a 100-

:pound hemispherical !rOIl wei.ghto The steel line torn'ted one side ot the
I

leleOt:rical cireuit which wss completed by a small insulated wire bound

ithere'ho at intervals with friction tapeo The i.nsulated 'Wire tailed to .
I

ipa8S through the sheaves properly end had to be stripped from the llne

reach time the mater was 11lsiaedo Danco nylon-coo·ted eable was tried ss
I

18 combined supporting line and insulated lead, using weter as the

!CirCuit retmo This worked well until a nwr1ad of cracks developed
I
1

lin the nylon to give severe electrical leakagso A ettrrent meter and

:&ccessaq equipment -nere lost when the line was inadvel"tentq made

iposlt1ve with resp8c"t to the waterg and the resulting electrolysis
i
~1ng concentrs:hed s't a crack:v caused the line to faU o It was finally

~eces&a17 to return 'GO the use of Ii separate wire bound to the suspension

:lineo Beld~n No o 20 v.ixJyl-c08.ted flexible wire when properly bound to

passes through t.J1a sheaves:J and its coating appears near17
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impervious and quite tougho An effort is being made to obtain armored

o11c:1lwell logging cable which may offer a possible solution to the problemG

The Roberts current meter (4) is designed to be used with a

radio transmitter operated. f:rom a b\1o:r and tended by a ship or shore

station which can sample the signals .from 8 ntm1ber of meters eonaecutivelyo

In the present work one meter has been operated direotly from the boat

1fithout radio 0

The Roberts meter generates a series of pulses in a 1;wom

conductor arstem which perm:!t both velocity and direction of' the current

to be obtainedo There are two systems ot pulses» the velocity pulses

which occur in regular sequence with the rotation of the propeller,

and the direction pul.ses which ere spaced in between the velooi;;1' pulses

in 8uch a way that the 1'Os1tioD in time of a direction pulse with respect

to two adjacent veJ.ocity pulses gives the direction of the Ctn'Tent"

No automatic recording system tor direction has been dev1sed o

Several are possible but all have been considered too complex for reliable

field US8 0 A chronograph oparatiDg at a writing speed or about one inch

per second appears to be the onlJ simple method of recordingo Continuous

recording with conventional chronographs at this rate would use prohibitive

lengths or tapeo Consideration is be1rJg given the Alden recorder, which

writes :1n successive cl08e~ spaced lil'les aC1~8B the IBper using reason­

able leDgths of tapeo
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III9 MORE RECElJI DE.VELOPM&VXS
.IN CURREN{ MEASURING TgIIQUES

Some recant modifications in current measuring tec1miquse

not a.s yet extensively used in the present field program ares

10 Conversion of the current meter pulses to a continuous
line traceo

2c. 'lransmission of the pulses up a single uninsulated
suspension cableo

principle involved in this operation has been used in the past and fl&8

suggested by the work of So W" Grinnell (5) Oll. anemometer recorderso

It a current meter ~ilBe may be made to trigger a circuit which will

create a pulse containing a constant quantity of alectrici~J the

continual repetition or these pulses const!tutes the generation of an

electric corrent whose average vaiue is directly proportional to the

pulse rate., It the current meter has a sufficiently linear cbarac-

terietic, the elect,ric cur.i.~nt is also proportional to the water

velocity 0 When the pulaatj..ng current is smoothed ~ 1t may be introduced

into a recording milJ.iammeter calibratad directly in knots and a contine.

uous line record obta:1ned of water '"eloe1t;l' as a ttmction of time o

In this eYfltem the pulses operate a relay which discharges a

small capao1tor oharged to 6. thed vol't.age into a larger smoothing

capacitor in a circuit such as that dingrammed in Figure 40 This circuit

would give an output proportional to the pulse rate if' it were not for



Figure 4
Circuit of the Grinnell Recorder

the fact '~b8:h the smoothing capac!tor 02 becomes charged to higher

voltages at higher pulse I-stes, and, if this voltage is an appreciable

fraction of tJle battery voltage, the capacitor 01 no longer transfers

its full obarge to.~: This or.cor will be smaD.er the lower the meter

resistance Rm and the higher the battery voltage ~e The dSgrGe 'ho

which the pulsating currant is smoothed is determined by the tima

constant RmC2' as compared ·to the puJ.se treque~cy E.

Grinnell shows that the average currant registered by the meter,

lJ1 is given by

I If.I GIFE-_.....-...--
~+ 01 ~llm

Thus, with a one-mil J iampara Esterline-Angus recorder where

Rm = l400 ohms, E ::: 90, and 01 =4pg

I r:a 0.00036 F
11-0.0056 F

For F m 3/saop which corresponds to about 4 knots water velociV with

the Price meter, the cmrrent is about 1 mi " i ampere and the deviation from

linearity 107 per cent. or Og07 batso If t.he recorder is set correctq at

a mid.....scale value ot 2 knotsJ the deviation is 1: OoS per cent at the two

extremes 0
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In order to obtain reasonably good damping the time constant

RmC2 must be about the same as the pulse :interval 0 Thus 5OO)J£ is a

suitable smoothing capacitor down to about 1 contact per seoondo For

such values, electrolytic capacitors must be used with consequent dis-· ...

~dvantages of high and variable leakage and a considerable tendency to

~oak up charge due to dielectric impartectioDo These difficulties would
I .

become mora marked if effective damping we~e attempted at low pulee

~tes by ushlg larger C8J:aeitcn-S.
I
,

I These diffioulties were eliminated by carry:l.!\g on the inta"..

g;ration at the input of a simple DoC o amplifiero Since the input
I

resistance of the amplifier is very high and its current requirement
I

correspondingly small, the ca~eitors may be made very much smaller0

The integrator circuit :tn its present form is diagrammed in

Figure 50 Here 01 and 02 have the values 0 0 03 and :3 00 p£ 0 The
'[

oparging voltage is 150 volts which is held conetant by a voltage

rrgulator tube Q The grid resistor ~ which corresponds to RIa, is
I

I

jrma11,r the parallel eombination of R.2 and~. When 81 and S:2 are

open$J the scale change appropriate tlO the Robarts cUITsnt meter is

~d.. ~ is openl'liad by a eam on a motCY.t'oodriven IlalllpUng switch to be
I

dtascribed in the next seC-rr~.on~ Furt.her adjustablo damping is provided
I

I •

br a simple reeietancoacapacitSnoe filter tormed from R4 and the three

cr-pacitors ~ J CJ;, and °59 controlled by the ·t1.lreegPOSitioD switch 8:J 0

The time far 6302 per cent of .fuJ.1 response is 2~ 7, and 2205 BGconds

r~spaetiveJ,y on the th:ree BattL.~aa This includes the damping whioh
I
I

I
occurs in the reeording metero

I .
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The DoC o amplifier io a common bridge circuit using two 6J;

tubes , with adjustable zero and scale controls 0 The USN7: Jlt'Gsumab~

the equivalent of two 6J5 ~s, was found lesa stable 0 The filaments are

supplied by a 32o volt batte17 and the high voltage by a dyDamotor 0

Since the sUPP17 vol·tags rna,. vsry from 2S volts to nearly 40 volta,

hdjuetment must be ~ovided by means of a rheostat.. Small c1rifte in 'the
I

kupp~ voltage when llot compensated affect the zero and scala factor of
I .r bridge. Two volts change the sero by O.OS knots and the soola by

8 bout one per cent. The 18tter sfreet is due to a change in plata
i
yoltage which is not completal\V compensa·hed by the voltage regula'Gor

I

~ubeo Provision is made for applying f'lliment pOller befol~ the plats

~upply is turned aDo This precaution has been shown to be ve~ effec-

~ive in preventing long term dr1.ft in other types of tubeScr J5.a:i.de

from the drifts due "(jo change in the supply "voltags, the amplifieJ? is

~urpr1singl1' stable l\tte19 running about half en hour, and zeroing and

¢allbration need be lnade only about once an hour, when the z·$ro may be
I

expec·tea to have shifted less than 0 ... 05 mots and the scale factor lass
I

ipmn one per canto Ji'or calibration a motor....~iven eon'hactor operating

~t very nearly two pulseS- per seoond is used/:l The driv:Lng motor is an
I

.(unglO reeoCDsynchronol1s DerOo mo"tor which retains a relatively constant
I

~mall deviation from nominal B}."eed" At two closures par second, the

LUbratiall valllB iB 2.63 knots tor the Price meter.
I

i
I The record:L-ag mil J'aroma'tar is an EsterllneooAngus, one milli-
i

ampere full scale 0 The scale is numbered to read 4 knO'~8 at lull scale tl

I

e12-
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The integrating qstem used with the Price meters is capable

of operathg with the Roberts meter o~ if' the direction pulse 1s

eJ~miMtecl. The plan therefore was to introduce sufficient resistance

in the direction pulse circuit so that the pulse could be screened out

at w1ll b7 increasing the attenuation in the amplifier end brought in

per1od1~ tor determination of direotion by use of a stopwatch or

chronographo

2. 'l'ransmi§sion of Pulses Up a Single Unip@uJ 'ted Cable. In

connection with other measurements John Do Isaacs (6) has done consid­

erable work (yet unpublished) OD the transmission or electrical pulses

up a s1J1gle bare cable using silicone oils to increase the electrical

resistance of the cable-water interface 0

Consider a long cable immersed in sea weter and a mechanism

which applies a voltage Qetwsen the lower end ot the cable and an

electrode at some distance from it. The greater portion of the voltage

is dissipated in &Dy resistances in the circuit greater than a few ohms,

since the sea water torms a shunt path of low resistance o However, an

electrical field is set up in the water which penetrates in some degree

to the surface. It the cable is run through insulated sheaves and another

electrode is trailed in the 'Wster at the surface, the applied voltage mar
be detected, though grea~ reduced 1n magnitude, Iv' means of a suitable

amplltiero

This system has been applied to current meters 0 In order to

avoid the use of batteries, which wonld require wa'tier-tight cases, the

voltage som-ce used in these investigationa is a zino-copper couple in

-13-
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the sea wataro At the lower end ot the cable an insulated wire about

30 teet long conneots the ungrounded current meter contact to a sheet

ot zho about 4" x 1211 tra1l1Dg bahin~ in the current. The other meter

contact leads to the frame of the meter and thence to the suspension

cable. At the stn"fac8, a sheet of copper 18 also traUed downstreamo

Trials have been made with and without eUioone, and although the resis­

tance of perfect17 olean cable is considerably' increased thereby', it

1s not certain that silicone functions 8'D7 better than ord1mir.r oU,

althcmgh it may adhere tor 8 loDger time.

With this arrangement using Dow-CorniDg Silicone Fluid 00-200,

the following pulse voltages were developed across 15,000 ohms:

Depth, meters Couple onq 10 2D QJ

Pulse, millivolts 900 82 72 ;2

InsUlation on the cable, such as Dylon, greatly increases the

voltage, but any cracks in the insulation introduce spurious voltage

pulses due to erratic intrusion ot sea water 0 For this reason the Danco

IWloncoacoated cable could not be usedo With bare cable the system is

relatiwq noise-tree 0

Detection of pulses ot the above magnitude is a :relativeq

simple matter D '!'he amplifier oonstructed for the purpose is diagrammed

in Figure 6. Three stages of vol-bage amplif'ication and one of power

ampllt1cation are provided., The re1a7 w111 close with pulses as small

88 3 millivolts, the extra sensitivitT being provided tor work at greater

depths end to allow tor miscellaneous unpredictable attenuations such as

-14-
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might occur if the eleotrical systems become spr&7 coated or contacts

deteriorate 0 The principal ditterence between this ampl1tier and the

more common pulse amplltiers is the necessity of providing far V9'1!'1

low-frequency reSpoDS8o It was Dot possible to provide tor 10w­

trequenC7 respcmse by increas1»g the time constants ot the eoupling

circtdts, since prohibitiveq large capacitors would be requ1redo

Instead, a short time constant was introduced between the first and

second stages and the occurrence ot overshoots &s postponed by one
.

stage by direct-coupling the first stage c. The overshoot oocurring

between the second and third stages was practically 811m' nsted b1 means

of 8. diode so that only the pr1ma17 overshoot appeared in the output

ot the fourth stage where it could do no harm. Actual17, ~ith very
o

strong pulses, an overshoot does occur when the meter contacts open,

which results in a second closure ot the relay0 However there 18 8

wide range of adjustment of the attermators over which satisfacto17

operation can be attainedo

As a rest1lt ot shorteniDg the pulse after the second stage,

it must be lengthened again to operate the relay satisfactorilyo This

lengthening is provided by the diode and parallel variable resistor

in the grid circuit of the fourth stageo This lengthening also serves

the p~se ot screening out secondary sparious pulses which sometimes

occur at very low contacting rates due to scratching of the contactso

For this reason the time constant ot the c1rcuit is made adjustable eo

that undesired pulses may be screened but the desired pulses retained o
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The ampllf'ier is designed with three separate input channels

uith separate attennators and a motor-driven sampling switch so that

the outputs of three current meters at different depths maY' be recorded

8utomaticalJ1' in sequence. One channel is provided with a contact

which will automatioalJ1' change the scale of the integrator to that

required tor the Roberts current meter, it desired. The Roberts meter

has a pulse rate almost exactl7 one-th1rc1 that' ot the Price meter at

the same current veloc1V. The scale factor is suitabl1 increased, but

the damping factor 1s not changed so the trace produced b7 the Roberts

meter is not so well smoothed 8e the others, but adequately 80 tor the

necesS8r7 aOcur&q0 i'his broaden1ng or the trace in Chalmel 1 1s

convenient for 1dentll'1cation purposes 0

With the batteries in the input leads as shown, the S7Stem

mar be operated also in the conventional Vi8.y with one insulated and one

mdnsulated conductor and no voltage source "at the metero This practice

is usually followed with meters placed near the surface.

1\'1th the sampllDg sw1tah in the position shown, an extra ~se

is occasionally produced when sw1tch1Dg occurs 0 This causes a pip to

appear on the record trace which aids in identification ot the three

records 0 Between the opeDiJJg of the third. chamel and closing of the

tirst, there are several seconds duriDg whioh the amplifier is not

connected to the meter leads and the pen drops toward seroo This also

1s an aid to ident1t1catioDo A better procedure eventually will be to

bave three separate amplitiers and integrators and do the switching from
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one integrator output to anothero Possibl1' switching could be carried

out in the input ot the D. C. amplifier which would require oJll¥ one

of the latter and one set ot controls.

The present system has not been tested at great depths. At

an earlier stage in the development when the sensitivity was about 1/7

as great, satiefacto17 signals were obtained at a depth of 160 meters.

With the improvements, operation at any depth :In Puget Sound should be

ell within the seDs1t1viV llm1tso

It must be noted that the potentialities of this system are

by no means exhausted in the present apparatuso Much greater seneitiviv

can be attained by us1ng higher voltage, high-capaciV dry cells for a

voltage source, by improving the 1nsulatiDg coating on the cable and by

increasing the sensitivity of the amplificw. The latter step, however,

requires more elaborate shielding of leads to avoid noise pick-up.

IV, MEASUREMEN'lS

Figure 1 shows most of the current stations which have been

occupied and Table 1 summarizes the observations made at each. Data

from ten stations selected for detalled analysis are plotted in Figures

7 to 16. Data were selected tor plottiJJg which showed reasonable

fractions of adjacer.rt flood and ebb halt-qoles and at the same time

exhibited moderate to high velocitiaso The latter requirement was

established since currents at low velocities were very contused~

apparent],y degenerating into large eddies with frequent and radical

changes in direction. Furthermore, veloc1Vdata are less accurate and



frequentl3 laold.Dg because of the necess1t7 ot raising the deep meter

to avoid tcmllngo

The curves have ot necessit,' smoothed some or the short­

period variatioDSo T7P1cal variations which do occur are shown in

Figure 17 which portrqs a section ot cont1m1ous reoord obtained from

Station 21 in Tacoma Rarrowso At other stations somevbat less violent

fluctuations could be expectedo

v0 DISCUSSION OF RESULTS

1 0 Relation Between Shallov and Deep Veloc1tieso The data

have been anaJ.1zed first with respect to the relation betveen shallov

and deep velocities. ~ shallOlf water was usuaJ.:q fOlUld to move more

rapic11T on the ebb and more slOlfJ:r on the flood:;> These differences

are sham in numerical form in Table IIo The resu11is are expressed in

terms of an average velocit7 which has been obtained by mechanical

integration of the curveso Since complete halfc:acycles ot water motion

were not always available tor measurement, the available portions ot

the curves were used tor integration and the resulting average velocit7

corrected to a cammon basis for comparisono The basis chosen was the

peak velocity, the quantity- of greatest interest with respect to the

maximum force ot the current on objectso The correction was made as

tollows: Both the shallow and deep currents in a given half-eycle of

current flOtl were integrated over the same limits ot time angle 9:t and



92, estimated from the shallow OU-1'Tent curve~ and the resulting i.n't&=

grated now divided by' the time interval to give the average velocity

Vo To obtain the average peak value V0' the average velocitJ" vas

multiplied by a quantity ! given bT:

92 - 9:L
It lB

/2 sin QdQ
Q.1

Peak velocities calculated using this correction are probab11'

low as the measured curl"ents do not average out a true sine curve j but

appear to ba-ge lower wloei't;y ordin,~tes :in general than consistent with

the observed peak values 0 The deviation .trom a true sine curve is

attributed in part to the drift of the boat with the otream during

changes of cu;~ent near alaeJ! water periodao Considerable inaccuracies

may arise if the sections of curve measured are too short to have

averaged out the statistical nuct"u,3.tioaQ \I .~ few data of the latter

type are included for their qualitative value but, should be given little

weight for quantitative purposes.

It appears like1y '~hat the differences in velocities ot shallcm

and deep ~aY'ers must be greater with greater velooi·ties of current and9

to bring tha data to a common basis for comparison~ Some compensation

mnst be made for this f!1ctor ll The use of velocities f·or compensation is

complicated by the fact that the latter contain the effect being

measured and the basis 1JTill be different on flood and ebb 0 Therefore!}



in place of velocities, the tidal range for the current .now \Ulder

consideration has been usedo The now on a.r:q tide must transfer the

volume of i18.ter associated with the tidal prism in the inner Puget

Sound basino As a first approximation the difference between successive

tide heights at, Seattle is assumed proportional to this volume and to

the net now rateo Accordi.ng1y the differences between shallow and

deep currents (S-D) have been divided bY' the corresponding predicted

tidal range at Seattle and the resu1.ts have been tabulated in Table III.

With onl;r two exceptions, stations 10 and llJ) the quantitY'

(3-D) divided by the tidal range, ¢J ia more positive on ebb than on

'.Q
floodJ and in most ce.ses it is actually positive on ebb and negative on

f"loodo The exceptions occur in the two cases in which J5 is unusuall7

small, permitting the effect to be more easUs obscured by complicating

phenomana. lihus it is demonstrated in general that there is a net out­

now of surfioial water and usually a net innow of subsurface water':;]

The existence of the net outfiOti of the upper lqers of water has been

evident .from an ins~,ction of the current tables, but a direct quanti­

tative demons·t.rs.tion of the net nOlI of the deeper layers into Paget

Sound has not previously been a.ocomplished.

The net outflow near the surface is primsriJ.:y due to the rona

off of .fresh tiater .from streams emptying into the Soundo Since this

trash water has become nrlxed with sea water to form a surface layer of

considerable depth, salt is transported with it to the seao Salinity
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ana.l3ses aver the past tlrenty years show that Paget Sound is surteriDg

no signit1.cant net loss or gain of sslt, oonsequen~compensat.ing

net inward flow or more saline water in sub-surf'aae ltqers 18 to be

agpecte9
QualitativelJr the results maY' be explained by' assuming that

there exists a velocity field due to denslt7 structure" in this area

determined~~ by the aalinitiesa This field is directed outward

on the top and :1nward on the bottom" and is superimposed upon the tidal

mot1ono If the field were the same on flood as on ebb, ~ uould be

expected to have the same absolute value on flood as on ebb, being

negative in the former oaseo

~is or the data, mmluding stations 7, 10 and Up above

show that the ratio !if (Ebb) to r8 (Flood) averages -1070 The greater

effect of bottom friction on the 10M'er layers may be sufficient to

account for this difference" Since the friction force is direCted

inward em ebb and outward on flood, it increases SuD on ebbo On flood

it makes B-D more positive, hence a smaller negative valU80

It. has been suggested 'l;hat it might be possible to explain an

apparent change in S-D on £lood and ebb by some effect associated with

the tact that the force or Cariolis acts toward opposite sides of tho

channel on oppositely direc°ted, currentso For instanoe, in the absence

of other effects, a station on the east side of the channel at Bush

Point might be expected to observe higher ebb velocities than flood
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velocities, and vice versa for the "rest sideo

It the sur.f"ace layers 'ifere more strongly affected by this

d1!terence the resul~ wouJ.d be to make S-D more positive on ebb than

on flood, on the east sideo However there appears to be no mechanism

which would account tor S-D becoming negative on flood" as it has in

most ot the da:tao Moreover~ if' the aflee'l; is general:J one vouJ..d axpec1i

stations on the west side to shO"d'results exactlY opposite to those on

the east sideo It is believed that the data will not support s'ltch a t!JffI'

b3"P0thesiso

As another check a number ot salinity sections across

Admiralty Inlet at various points ~.nd times have been examined" Al-

though the patterns are sometimes complex; there seems to be a general

~ tor the iso-saline lines to tnt upward tCllllU'd the west bank

on both flood and ebb fl:;) This is consisten1i With a more rapid

surface now on ebb and a more rapid deep flow on floodo A centrifuga1

torce acting almws toward the west could also account for the tnt of

the iso=salines!l but this situation cannot exist throughout all parts

of Admiralty Inleto

The actual velocity distribution is undoubtedly a f\mction of

the salinity gradient both vertical and along the ohanpel, the now

chs.raoteristics of the channel, and topographical etfeets0 Efforts are

now being made to estiJnate the effect of the salinity' gradient, using

sa'in1ty data obtained with the 8-T-Do It is evident also thai; s·ta.tions

which are a£fected by water £rom two or more co-oscillating estuaries
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'IDIJ:3' show confused resultso The same is true in cases where a sizeable

fraction of the tidal cycle 1T18.7 be made up ot large persistent eddies

resulting from a bulk flov in the opposite directiono Preliminary

studies of the lv"draullc model. of Puget Sound constructed in these

laboratories suggest that the latter phenomenon tends to occur in

the wider expanses of water and near the time of slack watero The

anomalous results of stations 10 and II mq be due to effects assocom

iated ldth competition ot Rosario Straits to the north and Admiralty

Inlet to the south for water from the Straits or Juan de Fueal» The

partly anomalous results of Station 7 could be due to similar causeso

20 Fluctuations in Current Veloci~. It will be apparent

from examination of Figures 7 to 16 that there is a. fluctuation of

velocity superimposed upon the relatively steady changeo The period

of fluctuation is usua.lly between 15 and ~utes and the variation
c::=

in amplitude or the order of 001 knot from the average valueo To date

no well clefi.ned dependence on velocity or depth is apparento The effect

of '\:'opograplv is quite markedo This is especially notable in the data

for Tacoma Narrows) Figure 160 Here the narrat'! channel~ high velocities

and large bottom irregularities induce violent eddy motions and the

average amplitude of oscillations is about t'ldce that for mo~ other

statioIWo At st~tions not near mid=channel (not shown) the oscil-

lations are much more extreme and the current motion becomes verr
complexo



The association ot irregularities in current with the

passing of eddies is at t1mes quite apparento In the v:tder and

deeper channels, cells ot water exhibiting rotary motion in the

surface plane can be reacH]7 observed to move along with 1ihe 8'treamo

Pronounced fluctuations of the current meter pen are found to

co1nc1de with the passing ot the convergences at the edges ot these

oellso Greater fluctuations occurred :in the Tacoma Narrow where

occasional cr088taCh'U3ne1 cOIIV'ergences moved with the stream tending

to maintain their identity- and contigurationo Furthermore these

showed little or no evidence ot closed rotal7 motion in the surface

planel) suggesting a horizontal axis ot motiono~ The simUaritq of the•
water masses on the two sides of the convergence line indicated that

densitT differences were not the cause ot the convergenoe 0

The effect of an eddl' upon the valociV registered bY' the

current meter is complex and depends upon the rotat.ional Velocity

structure within the edctr, the portion of the edd;r interoected b7 the

boat~8 position, and the translational velocity ot the vater ma8So It

is therefore possible to Say' veq little .nth respect to size and

velocitY' ot eddieS with the data ava1lable at present 0

Besides these lODgcDperiod fluctuations, the integrator trace

+
shows a short period fluctuation averaging - OooS mots in most places

but '!'Oo2 in mid=ehannel in Tacoma Narrows (s8e Figure 17) with a

period of about two m1nuteso There is a smaller nuotuat1on of still



shorter period superimposed,and probab17 still more rapid and smaller

changes which are damped out bY'the inherent frequetlC7 l1m1tations ot

the measuring qstem.

It must be noted that data taken tu1der calm conditions have

been used for these conclusioDSo There is unquest1onab1Y a fluctuation

it swells are· pr8sento These can be estimated b7 watching the records,

and in such cases the lover envelope ot the fluctuations is used for

plotting, which appraxima~ oompensateso Under the roughest

conditioras which the boat can tolerateJ' swells generate a spnrioua

veloo1tq oontribution averaging about 002 knots on the Price metsrso

30 Velocitg Structure Near the Surface. In Figures 14 and

15 data are presented for stations 12 and 14 respectively' shawing vel­

ocities at 2 meters depth based on indicator records, and at Smeters·

and deeper as interpreted from concurrent chronograph recordso At

station 12 on lS May' there uas little wind and at station 14 on 29 JUDe

winds rose steadi17 from 10 to 16 knots during the afternoon in the

fl.ood directiono The density of the water mass at station 12 increased

004 in ~ in the upmost 5 meters, thence more gradu.al17 to gj.ve a total

change ot 105 in 6t trom the surface to SO meters deptho In the second

case the densiV increased rather uniforml1', changing 2 0 0 in 6t from the

surface to SO meters deptho The 20 and 5- meter curves agree clo8~

in both cases!# excepting possibly' at low velocities where measurements

are less accurate" demonstrating no significant velocity structure over



that depth rangeo In the rather complicated tidal and topographic

situation no definite etfect is evident trom a v1nd ot S hours'

duration, blowing at 12-1/2 knotso Such difterenees as occur in the

upper levels could arise from the method ot taking average velocities

from the clu-onograph recordo The generaJ.ly good correspondence is

evidence tor the proper operation and oalibration of both chronograph

and indicator 818temso Since ve1oc1t;r gradients are dependent upon

maD1' variables including vinci effects, tides and the density- strati­

fication of the water, considerably' mora informa'tiOD obtained over a

lI1de range of conditions 1s necessary to establish the separate effect

of each or to make valid generalizations0

40 Prediction ot MaxImum Velocitz or Deep Currentso From

t.he dat.a examined 1:.0 date. with minor except.ions the~ case in which

the deep current 18 taster than the surface current 18 on f1ood~

~ surface current on tlood averages considershl,y weaker than on ebb,:;)

For example t the Current Tables for the month of June show tor Admiralty

Inlet an average ebb velocity ot 2o~4 knots and an average nood vel­

ociV lobS, a ratio of 1071,.0 It mq be stated in general that the

maximum velocitY' in the deep layers will not exceed the largest surface

ebb velocit:r tor the same day0 Using the Current Tables as a guide to

estimate the ma.xi.mum ebb current when it does not appear in the data,

it is found that there are no exceptions to 1;,1118 rule in the datao ..~ ~



~ the maxitmJm deep current w1.l1 11e intermediate betMeen the II
'l8x'mllJD ebb and the maxinnms fiood for ~he same dqo II

The poss1b1l1t7 ot unusual topographical conditions which

would great~ exaggerate the deep currents cannot be oomp1@.~ exoluc1edo

For example, a deeP17 furrowed bottom which would channel the deep

vater into a tast moving jet might provide an exception to the ruleo

However, it is felt that such condit1ODS are unusual and la1r:q eaB7

to recognize.
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FIGURE 2. Chronograph Used With Current Meters
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