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MEASUREMENT OF TIDAL CURRENTS

SUMMARY

During ths past year tidal currents have been msasured at
two or more depths simmlianeously and contimmously for periods up to
38 hours at 22 stations in Puget Sound. NMeasurements wers mads from
an anchored vessel using Price current meters and resording the elso-
trical pulses on a chronograph., Lately an integrator has been
developed to convert the current meter pulses into a2 contimuous line
trace reading direstly in knots and the technique of transmitting
meter pulses up the single bare suspension cable employed. The
resulting current measuremsnts show the following feabures:

1. Currents at 5 meters depth in tideways 60 to 100 meters
deep are stronger on ebb and wesaker on flood than those at two-thirds
the bottom depth. This is attributed to a prevailing sesward flow of
low salinity water which exists as a mixed layer of considersble
thicknese. This admixbture is fed by fresh water from precipitation
and Tunof? which lacally exceeds evaporation, end by & net influx of
coastal ses water ls,t depth sufficlent to maintain the salt and water
balance.

2. Currents of strengths up to L knots show primary fluctua-
tions in velocity of the order of X 0.1 knot from the average, with
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variations in period of 15 to LS mimtes. Smaller second order
fluctuations with approximastely a 2e-minute period and still others
of a third order also occur. These higher order fluctuations are
apparently associated wlth eddies and turbulence on corresponding
gcales. |

3. The maximum velocities in water at twoe-thirds the
bottom depth normelly occur on flood and do not exceed the maxi-
mm surface velocities on the faster of the two chronologically
adjacent ebb flows.
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VEASUREHENT OF TIDAL CURRENTS
IN PUGET SOUND

I, INTRODUGTION

| The surface currents in Puget Sound have been well studied
dﬁring many years by the Coaat and Geodetic Survey and are summarized
1ﬁltheir publications (1), (2), (3). These measuremsnts, designed %o
bg aids to navigation, have been largely confined to the upper 15 fest
with only a few isolated observations made at depths as grest as 60 feet.
As the weter at depth behaves differently from that at the surface, a
détailed Imowledge of the currenis at all depths iz needed for s number
o% purposes. In particular the understanding of the hydirodynamice of
wétér motion and the mechanism of water exehange in the Sound, the pre~
dicting of the. boundary eonditions for the hydraulie model of Puget
Sound under construction, and the estimating of the foree of the eurrents
aéting upon equipment eperating at the bottom or intermediate depths
réqnire this knowledge.

} Detalled measurements im a body of water the size of Puget
Sqund is a task of some magnitude. The first objective, therefore, was
t% investigate surface and despsr currents to establish any relatiomship
tﬁat night permit predicting the currents at depth from existing surface
d%tao Figure 1 shows Puget Sound and the locations at which current
oﬁservatiqns wers made, Initially, locations of relatively high ovrrent
vﬁlocity were selscted in the belief that the differsnces betwesn the

sh%llow and deep layere would there be more distinet. Observations were
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commenced near Bush Point where the surface velocitiss reach 3 to 4
knots. These were extended to a locality of relatively high current
velocities in the Strait of Juan de Fuca at ths mouth of Admiralty
Inlet, |

1T, _ BOUIPMENT

1, Vessel. The vessel used is of modified commercial
fishing boat superstructure mounted on 2 50-foot Navy Leunch hull and
powered by diessl, It is equipped with a winch and gear for hsndling
two 3/8-inch cables over the stern, and two additional winches for
handling lighter lines. The boat is ordinarily anchored by the stern
using one of the 3/8-inch cables and a 75=poumd Danforth anchor. Three
hundred fathoms of cable permit satisfactory anchoring in 60 fathous of
water,

Anchored by the stern the boat yaws less than might be ex-
pected, except when a strong wind is blowing cowmter to or aerosc a
weak current, In stronger currents no regular yaw pattern bhas bsen
observed in frequently repeated three-point sextant fixes. A motion
similar to yaw is eaused by large eddy structures flowing with the
eurrent. At current velocities less thean 1 Jnot, yaw quite possibly
oceurs. Anchoring requires a scope of 5:1 which at an average depth
of 45 fathoms means 225 fathoms of cable out, permitting the becat to
swing in a eirele of 0,22 miles radius, The positions shown in
Figuwre 1 are the pogitions of the anchor. Ths lahg scope of anchor
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cable results in low observed velocltles at shift ir current direction
ag ths boat then drifts with the current for & period of the order of
30 minutes. During current shifts, it has been necessary to ralse the
deep current meter gesr to evold fouling the anchor cable, The small
size of the vessel prevenis succezsful anchoring in exposed tideways
in the Sound when winds exceed about 16 knots for any length of time,
a frequent nccurrence., It has been difficult therefore to obtain
continuous recorde for periods as grest as 25 hours, particularly in
the Streit of Juan de fucs near the mouth of Admiralty Inlet.

2. Drift Foles. A few early measurements wers made with
drift poles and flcets attached to drags at appropriate depths. These
gave averages over a considerable range with respeet to position, time,
and depth confusing the interpretation of the data. Additioral measure-
ments wers mude, therefore, with recording instruments from an anchored
vessel and only these are reported herein,

2. Curyent ieters. Continuously recording direction indicat-~
ing current meters are considered nearly indispenseble for measuring
similtaneously the currents at two or more dspiths, and insuring thet
the peak veloclties are regorded. Oselllations in velocity superimposed
upon the mors or less regular varistion in the current cycle may intro-
duce conslderable doubt into the interpretation of single short-psriod
measurements. Lacking suiisble direction indicating and recording meters
the measuremsnts were carrisd out in part with non-directional meters of

the Price type, modified for salt water use by the W, and L, E, Gurley
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Company. A few recent zeasurements have been made with the Roberts
current meter. The Price meter is designed to close an elscirical
contact every ten revolutions of the bucket wheel; or every revolution
as deeired., It 1s provided with a stainlese steecl shaft and a water-
tight gland into the contact chsmber, The pivots ‘are carbon steal,
%md corrode very easily.

A number of modifications were mads in these meters to adapt

':hhem to continnous operation at depth in salt water. The carbon sisel
| )
pivots were replaced by a sapphire Ve-cup and a burnished stainliess

éteel pivot. The packing gland was replaced by one of msial with a

rubber bushing compressed by & nut. The meter as furnished for contacting

évery tenth revolution is very susceptible to shert-eireuiting »f the
(i;ontacts by salit water, owing to the close proximity of the imsulated
Z?.ead %o the floor of the contact chsmber and a 8light but perasistent
leakage of water. Leskage probably results from the mixing action of
%'.he shaft, or from oll escaping around the shaft as the mebter is being
]:.owered toward the water. After the instrument ie submerged the com-
Ilamessing of the resulting air bubbles permits water to enter under
bydrostatle pressure. The diffieulty has been overcoms by shiftlng the
packing gland from bottom to top of the contasct chamber thersby raising
%he electrical parts. A small silver contact mounted on the exd of a
épring reaches down %o the conliractor and provides the ueeessary elee-
ﬁieal commection. As a furtber precsution, the chamber is filled with
an oil compounded from chessis lubricant and medium lubrieating oil,
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more visecous than that commonly used. Thls modified equipment has
operated satisfactorily at depths up to 100 meters, the depth belng
limited by the excessive wire angles which develop when long electric
gables aras used at high current veloeltlea.

The Price current meter gives no indicetion of the dirsction
of the water flow., This is not too serious for strong currentes in
narrow channels, where the gross current flow followe the channel.

For other sgituations, the direetion of flow has been determined psricd-
ically with the Elman cwrrent meter. The Ekman weter, however, ceases
to function propsrly at veleccitiee excesding about 2.0 knots since the
shutters fzil to open against the force of the currert. At somewhat
lower currents the indicated velocities become less aceurate and the
compass unreliable due to inatrument tilt.

The electrical pulses from the Price current meiers have
been recorded on a twao=-pen chronograph. This has been made from a
Friez anemometer recorder by inereasing the rate of rotation of the
drum to ome revolution per hour, Adding a seccnd writing element, and
replacing the lead sorow by one with a finer thread. Ilsasurements ecan
be recorded for & sixteen-howr pericd before replacing chartg, A
photograph of the chronograph is presenitsd in Figure 2. A weight-
lcaded spiral spring helper designed to exert a %orgus on the shaft
and reduce the lcad on the clotk motor occaslonsd by the increassd gear
ratio appears at the left end of the shaft. 4 four-pin socket is pro-~
vided at the front for the cleetrical imputs,

5
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A typical chronogrerh reeord is showm in Tigure 3. 4s the
original chart paper 1s used, the time scale is axpanded by a factor
of six from the printed merkings. Accordingly one division on the
chart corresponds to 50 seeonds. The outputs of two meters are recorded
:iaimultaneously. The upper record shown is firom an instrument at 5 meters
édepth and the lower from one at 66 and 55 meters.
] 'Exeept at very low veloecitles the ealibration curve on the
i:1’1-:?.% meter is essentially linear permitting velocliles to be readily
;ﬁa%ennined by counting the number of vips within a Baléeted intervel.
In this instange if the interval is 0,88 iunches; the number of pips
&divided by 20 gives the wewlocity ian knots, averaged over abott 4=1/2
%minu‘.beao tthen the pons are writing properly it is possible to resclve
épulsea at 3-zecond intervals, which corresponds to about 4.5 knots,
;Avarage conditions place the practical iimit st about 4 knots. Veloeclties
lde%ermined fron the shart vecords for 10-minute Intervals are plotted on
§sraph paper.
| Le several characteristies of the meter cireuits required
i;z'zc::ﬁ:i.f‘:!.cza1:.:?.c:,zz hufore hs pulses could be used to actuate the chronograph,
La eontrol bax was constructed incorporating the following features:

1. Relays to provide current amplification and proteet the
moker coateeis,

-‘ Ro Adjustable shunis aeross the relay coils to be used when
; 2lectrical leankage in the mester cable caused the relay
to Treezs elosed,

3, An adjustabls time~delay cireuit comsisting of a parallsl
registance and capacliance interposed between the rslay

wbe
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and recorder, to eliminate spurlous pulses., This wes
neceseary at moderate current veloeltiss when the contaets
were moving slowly and occasionsl imperfections eaused
multiple operatlions of the pen with consequent over-inking
end impairment of resolution., This elrcult also very
effectively redueceé sparking at the relay contacts.

Lo Provision for by-psssing the relays and operating the
recorders directly by the current meter contacts in case
of emergency.

5. Provision for insertion of a test amneter in series in the
current neter circuitd.

Suspenglon Gear and Elactrical Gubles.

At dspthe greater than a {evw m_*beré the eurrent meter was
i:!.111:1:&-:&&11_‘1.37 suspended by 5/32-1nch stainless steel line weighted by a 100-
;,pound hemisruerieal iron weight. The steel line formed one side of the
1eZZ.ec*.:r:Lc:al eireuit which %as completed by & small insulated wire bowund
thereto at intervals with friction tape. The insulated wire failed to
ipass through the sheaves properly end had to be stripped from the lins
;;each time the meter was raised. Danco nylon-coated cable was iried as

;a combined supporting line and insulated lead; using weter as the

cireuit reburn. This worked well untll a myriad of cracks developed

%in the nylon to give severe electrieal leakage. 4 current meter and
zacceaaory eqaipment vere .'!.dst when the line was inadvertently mads
1;ipoaﬁ:i'.ﬁ:v'e vwith respect to the water, and the resulting elechrolysis

ibaing concentrated at a crack, caused the lime to fail, It was finslly
:!neeeasaxw to return %o the use of a separate wive bound to the suspension
Z;line.. Belden Ho., 20 vinyl-coated flexible wire wmhen properly bound te

the line, passes through the sheaves, and its coating appears nearly

| =T
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impervious and quite tough. 4An effort is being made to cbtain armored
oll-wall logging cable which may offer a possible solution to the problem.

The Roberte current meter (4) is designed to be used with a
radio transmitter operated from a buoy and tended by e ship or shore
station which can sample the signals from a number of meters consecutively.
In the present work one meter has bsen operated dlrectly from the boat
without radio.

The Roberts meter generates a series of pulses in a two-
conductor system which vermit both velocity and direction of the current
to be obﬁmed, There are two systems of pulses, the veloelty pulses
which occur in regular sequencs with the rotatiion of the propsller,
and the direction pulses which are spaced in between the velocity pulses
in such s wey that the position in time of a direeiion pulse with respect
to two adjacent veloclity pulses gives the direction of the current.

No automatiec recording system for direction has been devised.
Several are possible but all have bsen considered too complex for reliasble
field use, A chronograrh operating at a writing speed of about one inch
per second appears to bs the only simple method of recording. Continuous
reeording with conventional chronographs at this rate would use prohibitive
lengths of taps. Consideration is baing given the Alden recorder, which
writes in successive closely spaced lines across the paper using reason-
able lengths of tape.
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III. MORE RECENT DEVELOSHENTS

Bttt e e e —

Some reeant modifications in current measwring techniques
not as yet extensively used in the present field program are:

l. Comversion of the current meter raulses to a continuous
line trace.

2. Transmisgion of the pulses up a gingle wminsulated
suspension eable,

1. Conyersion of Pulses to a Contiruous Line Tracs. The
rrinciple involved in thls operatiorn has been us=d in the past snd was

suggested by the work of S, W, Grinnell (5) on anemometer recorders.

If a current meter pulse may be made to trigger a cireult which will
create a pulse contalning 2 constant quantity of sleetricity, the
continual repstition of these pulses constitutes the generation of an
electric current whose average value is direetly proportiomal to the
pulse rate, I the cwrrent meter has a sufficiently linear charac-
teristicy, the electrie current is also proportional to the water
velocity. then the pulsating current is smoothed, it may be introduced
into a reecording williamreter calibrated direetly in knots and & eontin-
uous line record obtained of water veloelty as a fumection of time,

In this system the pulses operate a relay which discharges a
small capacitor charged %o & fixed voltage into a larger smoothing
capacitor in a circuit sueh as that diagrammed in Figure 4. This circuit
would give an ocutput proporticnal to the pulse rate if it were not for
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the fact that the smoothing capacitor Co becomeas charged to higher
voltages at higher pulse rates, and, if this voltage ie an apprsciable
fraction of the batiery voltage, the capacitor C; no longer transfers

its full cherge to C,. This orror will be smailer the lower the meter

- resistance Bm and the higher the battery voltage E. The degree to

)

~

which the pulsating current is smocothed is determined by the tims
constant RmCs as compared to the pulse frequency F.
Grinnell shows that the average current registered by the meter,

Ly 18 given by

I s GIFE
1+¢Cy Fim

Thus, with a2 one-milliampsre Esterline-ingus recorder where

Rm = 1400 ohms, E = 90, and Gy = 4 xf

1+0.0056 F

Far F = 3/ase, which corresponds to about 4 knots water velocity with
the Price meter, the current is sbont 1 millismpere and the deviation from
linearity 1.7 per cent or 0,07 knoits, If the recorder is se® corrsctly at
a mid-scale value of 2 knots, the deviatiom is & 0.8 per cemt at the %wo

extremas.

=10
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In order %o obtain reasonably good damping the {time constant
RmCo must be about the same as the pulse interval. Thus 500 pf i a
suitgble smoothing capacitor down to about 1 contact per sesond. For
such values, elecirolytic capacitors must be used with consequent diz~
advantages of high and variable leakage qnd a congiderable tendency to
séoak up charge due to dielectric imperfection., These difficulties would
become more marked if effective dampiﬁg wepre attempted et low pulse
gates by using larger capaeiters.
11 These difficulties were eliminated by earrying on the inte=
gration at the Input of & simpls D.C. amplifier. Since the input
x{esis'hance of the amplifier is very high and its current requirement
céorreapondingly small, the capacifors may be made very much smaller.
| The integrator circuwdt i1n its present form is dlagrammed in
figure 5. Here 01 ansd 62 have the velues 0,03 and 3.0 uf. The
charging voltage is 150 vwolts which is held constant by a voltage
zjegulator tube. .The grid resistor, which corresponds to Fm, is

{

rormally the parallel eombinstion of R, and Ky. When Sy end Sp ave

open, the seale changs appropriste to the Roberts cwrrent meter is
|

m]’adeo 82 is operated by a cam on a motoredriven ssmpling swltch to be
described in the next secifon. PFurther adjustable damplng ie provided
by a simple resistanca-capacitanee filter formed from R 4 and the thrae
eiiapacitors Cy; Gy and 65, eontrolled by the thxse-position switch S3o
Ti}e time for 63.2 per cent of full response is 2, 7, and 22.5 seconds
riaspectiv.'ely on the three satiings. This inciudes the damping which

| . .
occurs irn ths reecording meter.

|
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The D,C, amplifier is a common bridge circuit using two 6J5
tubes, with adjustable zero and scale confrols. Ths 128N7; presumsbly
the equivalent of two 6J5's, was Pound less stable, The filaments are
supplied by a 32-volt batitery and the high voltage by a dyneamotor. |
§.’mce the supply voltage may vary from 28 volts %o nearly 40 volts,
%djustmsn’a mst be provided by means of a rheostat. Small drifts in ‘the
Lsupply voltage when not compensated affect the zere and secale factor of

|

the bridge. Two wolis change the zerc by 0.05 kmots and the geale by
Lbout one per csnt. The latter offect is due to s changs in plats
'groltage which 1s not compietely compensated by the voltage regulator
‘;hubev Provision is nade for spplying filsment power before the plate
;-.upply is turned on. This precaution has been chown to be very effec-~
ihi've in preventing long term drift in other types of tubes. iside
from the drifts due %o change in the supply voltage, the amplifier is
éurprisingly stable affer running sbout helf an hour, anud zeroing and
?calib:ration need be nade only about once an hour, when the Zaro may be

sxpected to have shifted less than 0.05 knots and the seals factor less

than one per cent, For calibration a motor-driven contactor opsrating

at very nearly two pulses per second 1s used. The driving motior is an
Amgle reed-synchronous D.C. motor which retains a relatively consiand
gmll deviation from nominal speed. At two closures per second, the

?alihmtim value is 2.63 knots for the Pries meter,

1 The resording millismmneter is an Esterline- s one milli-

i

;ampere full scale, The scale 1s numbered to read 4 kunota at full seala.
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The integrating system used with the Price meters is capable
of operating with the Roberts meter only if the direetion pulse is
eliminated, The plan therefore was to introduce sufficiont resistancs
in the direction pulse circuit so that the pulse could be screened out
at will by increasing the attenvation in the amplifier and brought in
periodically for determination of direcotlon by use of a stopwatch or
chronograph.

conneetion with other measurements John D, Isaacs (6) has done consid-
erable work (yet umpublished) on the transmission of electrical pulses
up a single bare cable using silicone oils to increase the electrical
resistance of the cable-water interface,

Consider a long cable immersed in sea water and a mechanism
which applies a voltage betwesn the lower end of the cable and an
electrode at some distance from it. The greater portion of the voltage
ig dissipated in any resistances in the circult greater than a few ohms,
glnce the sea water forms a shunt path of low resistance. However, an
electrical field is set up in the water mhich penetrates in some degres
to thse swrface. If the cable 1s run through insulated sheaves and another
elasctrode is trailled in the water at the surface, the applied voltage may
be detected, though greatly reduced in magnitude, by means of a suitable
amplifier.

This system has been applied to current meters. In order %o
avoid the use of batteries, which would require water-tight cases, the
voltage source used in these investigations is a zine-copper couple in

<13~



the sea water. A% the lower end of the cable an insulated wire about
30 feet long comnects the ungrounded current meter contact to a sheet
of gzinc about 47 x 12" trailing behind in the current. The other meter
contact leads to the frame of the meter and thence to the suspsnsion
cable, At the surface, a shest of copper ie also trailed downstream.,
Triels have been made with and without silicone, and although the resis-
tance of psrfectly clean cable ls considerably increased thersby, it
is not certain that silicome functions any better than ordinsry oil,
although it may adhex;a for a longer time.

With this arrangement uwsing Dow-Corning Silicone Fluid DC-200,
the following pulse voltagee were developsd across 15,000 ohms:

Depth, meters Couple only 10 20 40

Pulse, millivoita 300 82 (3 52

Insulation on the cable, such as nylon, greatly increases the
voltage, but aeny cracks in the insulation introduce spurious voltage
pulses due to erratic intrusion of sea water. For this reason the Danco
nylon-coated cable could not be used. With bare cable the system ig
relatively noise-~free.

Detection of pulses of the above magnitude is a relatively
simple matter. The amplifier constructed for the purpose is disgrammed
in Figure 6. Three stages of voltage amplification and one of power
amplification are provided. The relay will closs with pulses as small
a8 3 millivolis, the extra sensitivity being provided for work at greater
depths and to allow for miscellaneous unpredictable attenuatlions such as
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might occur if the eleotrical systems become spray coated or contacts
deteriorate., The principasl difference between this amplifler and the
more common pulse amplifiers 1s the necessity of providing for very
low=frequency response. It was not possible to provide for low-
frequency response by increasing thé time constants of the eoupling
circuits, eince prohibitively large capacitors would be required.
Instead, a short time constant was introduced between the first and
second stages and the occurrence of overshoots was poatponed by one
stage by direct-co;zpling the first stage. The overshoot occurring
between the second and third stages was practically eliminated by means
of a dlode so that only the primary overshoot appeared in the output
of the fourth stage where it could do no harm. Actually, with very
strong pulses, an overshool does occur when the meter oontactsoopen,
which results in a second closure of the relasy. However thers is a
wide range of adjustment of the atienuators over which satisfactory
opsration can be attained,

As a result of shortening the pulse after the second stage,
it must bo lengthened again to operate the relay satlisfactorily. This
lengthening is provided by the diode and parallel variable resistor
in the grid circuit of the fourth stage. This lengthening alsoc serves
the purpose of screening out secondary spurious pulees which sometimes
oceur at wery low contacting rates due to seratehing of the contacis.
Por this reason the time comstant of the eircuit is made adjustable so
that undesired pulses may be screened but the desired pulses retainsd.
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The amplifier is designed with three separste input chamnels
with separate atienuators and a motor-driven sampling switch so that
the outputs of three current meters at different depths msy be recorded
automatically in sequence. One channel is provided with a contact
which will automatically change the seale of the integrator to that
required for the Roberts current meter, if desired. The Roberts meter
hes a pulse rate almost exactly one-third that of the Price meter at
the same current veloeclty. The scale factor is sultably incrsased, but
the damping factor is not changed so the trace produced by the Roberts
meter 1s not so well smoothed as the others, but adequately so for the
necessary aceuracy. Ihis broadening of the trace in Channel 1 is
convenient for identification purposes.

With the batteries in the input leads as showm, the system
mey be operated also in the conventional way with one insulated and one
uninsulated condustor and no voltage source at the meter. Thls practice
is ususlly followed with meters placed nesr the surfacs.

With the sampling switch in the position shown, an extra pulse
is occasionally produced when sw‘!iﬁchd.ng oceurs. This causes a pip to
appear on the record trace which aids in identification of the three
records. Botweon the opening of the third chamnel ard closing of the
first, there are several seconds during which the amplifier is not
commected to the meter leads and the pen drops toward sero. This also
is an aid to identification. A betisr procsdure eventually will bs to
have three separate amplifiers and integrators and do the switching from



one integrator output to another. Posslbly switching could be carried
out in the imnput of the D, C. amplifier which would require only one
of the latter and one set of controls.

The present gystem has not besn tested at great depths., At
an earlier gtage in the development when the sensitivity was about 1/7
as great, satisfactory signals were obtained at a depth of 160 meters.
With the improvements, operation at any depth in Puget Sound should be
woll within the sensitivity limits.

It must be noted that the polentialities of this system are
by no means exhausted in the present apparatus. Much groater sensitivity
can be attained by uaing higher voltage, high-capacity dry cells for a
voltage source, by improving the insulating coating on the cable and by
increasing the sensitivity of the amplifier. The latter step, however,

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

IV, MEASUREMENTS
Figure 1 shows most of the current stations which have been

occupled and Table 1 summarizes the observations made at each. Data
from ten stations selected for detailed aralysis are plotted in Figures
7 to 16. Data were selected for plotiing which showed reascnable
fractlons of adjacent flood and ebb half-gycles and at the same time
exhibited moderate to high velocitlies, The latter requirsment was
established since currents at low velocitles were very confused,
apparently degensrating into large eddies with frequent and radical
changes in direction. Furthermore, velocity data are less accurate and
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frequently lacking because of the necessity of raising the dsep meter
to avoid fouling.

The curves have of necessity smoothed some of the short-
period variations. Typical variations which do occur are shown in
Figure 17 which portrays a section of contimmous record obtained from
Station 21 in Tacoma Narrows. At other stations somewhat less violent
fluctuations could be expected.

V., DISCUSSION OF RESULTS

1. Relation Between Shallow and Deep Velocities. Ths data
have been analyzed first with respest tc the relation between shallow

and deep wvelocities. {T}w shallow water was usually found to move more
rapidly on the ebb and more slowly on the floodD These differences

are shown in numerical form in Table II. The results are expressed in
terms of an average velocity which has been obtained by mechanical
integration of the curves, Since camplete half-cycles of water motion
were not always avallable for measurement, the available portions of
the curves were used for integration and the resulting average wvelocity
corrected to a common basis for comparison. The basis chosen was the
peak velocity, the quantity of greatest interest with respect to the
maximmm force of the current ocn objects. The correction was made as

follows: Both the shallow and deep currents in a given half-cycle of
current flow were integrated over the same limits of time angle €, and
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%) estimated from the shallow current curve, and the resulting ints-
grated flows divided by the time interval to give the average veloscity
V. To obtain the average peak value Vo, the average veloclity was

mltiplied by a quantity K given by:
% =8

/Sz sin 6de
e,

1
Pegk welocities calculated using this correction are probably

X =

low aes the measured currents do not average out a true sine curve, but
appear to have lower veloelily ordinates in general than consistent with
ths observed peak values. The deviaticn from a true sine curve is
attributed in part to the drift of the boat with the stream during
changes of current near slack water periods. Considerable inaccuracies
may arise if the sections of curve measured are too short to have
averaged out the statistical fluctuvations. A few data of the latter
tyre are included for their qualitative value but should be given little
weight for quantitabive purposes.

It appears likely that the differences in welocities of shallow
and deep layers must be greater with grezter velocities of current and,
to bring the data to a common baais for comparison, some compensation
mst bs mads for this factor. The use of velocities for compensation is
complicated by the fact that the latter contain the effect being
measured and the basis will be differert on floocd and ebb. Thersfore,



in place of velocities; the tidal range for the current flow under
consideration has been used. The flow on any tide must transfer the
volume of water associated with the tidal prism in the inner Puget
Sound basin. As a first approximation the difference between successive
tide heights at Seattle is assumed proportional to this volume and to
the net flow rate. Accordingly the differences between shallow and
deep currents (S-<D) have been divided by the corresponding predicted
tidal range at Seattle and the results have been tabulated in Table IIT.

With only two excepiions, stations 10 and 11, the quantity
(S<D) divided by the tidal range, @, is more positive on ebb than on
flood, and in most ceses it is actually positive on ebb and negative on
flood. The exceptions occur in the two cases in which 4 is unmsuvally
small, permitting the effect to be more easily obscured by complicating
phenomsna. Ehus it is demonstrated in general that there is a net out-
flow of surficial water and usually a net inflow of subéurface waterz
The existence of the net outflow of the upper layers of water has been
evident from an inspection of the current tables, but a direct quanti-
tative demonstration of the net flow of the deeper layers into Puget
Sound has not previously been a.ccomplished.

The net outflow near the surface is primsrily due to the run-
off of fresh water from streams emptying into the Sound. Since this
fresh water has become mixed with sea water to form a surface layer of

congiderable depth, selt 1s transported with it to the sea. Salinity
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analyses over the past twenty years show that Puget Sound is suffering

no significant net loss or gain of salt, consequentlyfa compensating
net imward flow of more saline water in subesurface layers 1s to be

expectegp

Qualitatively the resulis may be explained by assuming thab
there exists a velocity field due to density structure, in this avea

determined largely by the salinities. This field is directed outward
on the top and inwardé on the bottom, and is superimposed upon the tidal
motion. If the field were the same on flood as on ebb, @ would be
expscted to have the same absolute value on flood as on ebb, being
negative in the former case.

Analysis of the data, emcluding Stations 7, 10 and 11, above
shows that the ratio @ (Ebb) to @ (Flood) averages <=l.7. The greater
effect of bottom friction on the lower layers may be sufficient to
account for this difference. Since the friction force is directed
imvard oa ebb and outward on flood, 1t increases S<D on ebb. On flood
it makes S-D more positive, hence a smallexr negative value.

It has beern suggested that it might be possible to explaln an
apparent change in S-D on flood and ebb by some effect assoclated with
the fact that the force of Coriolis acts toward opposite sides of the

channel. an oppositely directsed currents. For instance, in the absence
of obher effects, a station on the east side of the channel at Bush
Point might be expected to observe higher ebb velocities than flood



velocities; and vice versa for the west side.

If the surface layers were more strongly affected by this
difference the result would be to make S~D more positive on ebb than
on flood, on the east side. However there appsars to be no mechanism
which would account for S«=D becoming negative on flood; as it has in
most of the data. Moreover, if the effect is general, one would expect
stations on the west side to show results exactly opposite to those on
the east side. It is believed that the date will not support swcha
hypothesis.

As another check a number of salinity sections across
Admiradty Inlet at various points and times have been examined. Al-
though the patterns are sometimes complexs; there seems to be a general

c tendency for the iso-seline lines to tilt upward toward the west bank
on both flood and ebd ﬂ@ This is consistent with a more rapid
surface flow on ebb and a more rapid deep flow on flood. A centrifugal
force acting always toward the west could also account for the tilt of
the iso=salines, but this situation cannot exist throughout all parts
of Admiralty Inlet.

The zctual velocity distribution is undoubtedly & function of
the salinity gradient both vertical and along the channel; the flow
characteristics of the channel, and topographical effects. Efforts ars
now being made to estimate the effect of the salinity gradient; using
salinity data obtainad with the S<T=D. It is evident also that stations

which are affected by water from two or more co-oscillating estuaries

e



may show confused results. The same is true in cases where a sizeable
fraction of the tidal cycle may be made up of large persistent eddies
resulting from a bulk flow in the opposite direction. Preliminary
studies of the hydraulic mode]. of Puget Sound constructed in these
laboratories suggest that the latter phenomenon tends to cceur in

the wider expanses of water and near the time of slack water. The
anomalous results of Stations 10 and 11 may be due to effects assoce

~ jated with competition of Rosario Straits to the north and Adniralty

Inlet to the south for water from the Straiis of Juan de Fuca. The
partly anomalous results of Station 7 could be due to szimilar causes.
2, TFluctuations in Curremt Velocity. It will be apparent

from examination of Figures 7 to 16 that there is a fluctuation of
velocity superimposed upon the relatively steady change. The perioed

of fluctuation is usuelly between 15 and /15 minutes and the variation

in amplitude of the order of 0.1 knot from the average value. To date

no well defined dependence on velocity or depth is apparent. The effect
of topography is quite marked. This is egpecially notable in the data
for Taccn;:a Narrows, Figure 16. Here the narrow chamnel, high velocities
and large bottom irregularities induce violent eddy motions and the
average amplitude of oscillations is aboul twice that for most other
stations., At stations not near mid-channel (not shown) the oscil-
lations are much more extreme and the current motion becomes very

complex.
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The association of irregularities in current with the
passing of eddies is at times quite apparent. In the wider and
deeper channels, cells of water exhibiting rotary motien in the
gurface plane can be readily observed to move along with the stream.
Pronounced fluctuations of the current meter pem are found to
coincide with the passing of the convergences at the edges of thess
cells. Greater fluctuations occurred in the Tacoma Narrows where
occasional crosg-channel convergences moved with the stream tending
to maintain their identity and configuration. Furthermore these
gshowed little or no evidence of closed rotary motion in the surface
plane, suggesting a horizontal axis of rm:d'.:l.cmoﬁ0 The similarity of the
water masses on the two sides of the convergence line indicated that
density differences were not the cause of the convergence.

The effect of an eddy upon the velocity registered by the
current meter is complex and depends upon the rotational velocity
structure within the eddy, the portion of the eddy intersected by the
boat*s position, and the translational velocity of the water mass. It
is therefore possible to say very little with respect to size and
velocity of eddies with the data available at present.

Besides these long=pericd fluctuations; the integrator trace
ghows a short period fluctuation averaging 20,05 knots in most places
but 0.2 in midechannel in Tacoma Narrows (ses Figure 17) with a
period of about two mimutes. There is a smaller fluctuation of still
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shorter period superimposed,end probably still more rapid and smaller
changes which are damped out by the inherent frequency limitations of
the measuring system.

It must be noted that data taken under calm conditions have
been used for these conclusions. There is unquestionadbly a fluctuation
if swells arc present. These can be estimated by watehing the records,
and in such cases the lower envelope of the fluctuations is used for
plotting, which approximately compensates. Under the roughest
conditions which the boal can tolerate, swells generate a sparious
velocity contribution averaging about 0.2 lmots on the Price meters.

3. Velocity Structure Near the Surfacg. In Figures 1k and

15 data are pressented for stations 12 and 1l respectively showing vel-
ocities at 2 meters depth based on indicator records, and at 5 meters.
and despsr as interpreted from concuwrrent chronograph records. At
station 12 on 15 May there was little wind and at station 1L on 29 Juns
winds rose steadily from 10 to 16 knots during the afternoon in the
flood direction. The denslty of the water mass at station 12 increased
0.4 in 6., in the upmost 5 meters, thence more gradually to give a totel
change of 1.5 in 6 from the surface to 50 meters depth. In the second
case the demsity increased rather uniformly, changing 2.0 in 0, from the
gurface to 50 meters depth. The 2- and 5~ meter curves agree closely
in both cases, excepting possibly at low velocities where measurements
are less accurate; demonstrating no significant veloclty structurs over
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that depth range. In the rather complicated tidal and topographic
gituation no definite effect is evident from a wind of 5 hours’
duration, blowing at 12-1/2 knots. Such differences as occur in the
upper levels could arise from the method of taking average velocitles
from the chronograph record. The generally good correspondence is
evidence for the proper operation and calibration of both chronograph
and indicator systems. Since velocity gradients are dependent upon
many varisbles including wind effects, tides and the density strati-
fication of the water, considerably more informstion obtained over a
wide range of conditions is necessary to establish the separate effect
of each or to make valid generalizations.

L. Prediction of Maximum Velocity of Deep Currents. From

the data examined to date, with minor exceptions t.he(ohly case in which
the deep current is faster than the surface current is on flood,

é‘f surface current on flood averages considerably weaker than on ebbD
For example, the Current Tables for the month of June show for Admiralty
Inlet an average ebb velocity of 2.5k knots and an average flood vel-
ocity 1.45, a ratio of 1.7h. It may be stated in gensral that the
maximm velocity in the deep layers will not exceed the largest surface
ebb velocity for the same day. Using the Current Tables as a guids to

estimate the maximmm ebb current when it does not appesr in the data,

it 18 found that there are no exceptions to this rule in the data. = == &=
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Usually the maximum deep current will lie intermediate betwsen the
maximm ebdb and the maximm flood for the same day.

The possibility of unusval topographical conditions which
would greatly exaggerate the deep currents cannot be complegtely excluded.
For example, a desply furrowed bottom which would channel the deep
water into a fast moving jet might provide an exception to the rule.
Howevwer, it is felt that such conditions are umusual and fairly easy
to recognize.
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. TABLE I
DETAILS OF CUidENT STATIONS

Sta Dats ;Ama Av.inechor Fog@. ﬁen‘l’,h fMeamemnta liade #w fiind from, | Ekman :
Ho : ® }ﬁga L5 tisters : kta Lieap ke
N 1y ins _ i _
| X ?12;'&9/49 BP | 59.5 | 36.0 99 50020, 74PC11 {51220 22 ;
i 21329450 (B8P | 59.8 | 25,7 1 110 3P0, RGFCLL 51220 1
i ;;2151'59 BE | 6004 | 96,3 | 10 5RO, TEPCLY 53=20 1 %
A §2J/9,5E(, {BP | 58,9 { 78,6 B} 5RC1L, Aciug I oSw5=13 | 43 f
s ?3/1/5;3 sF | 59,1 138.4 | 46 SPCY, AOPGS | S21-2-18 18
% 4 §‘2/é8~?29/5o B § 56,0 | 3831 | 95 5P024,, (0P024 | N10-57=NIiC | 40
g 7 é:q/:zg»fao/m BP | 59.0 | 7.2 'nnso, 5P023566-55,P020 | ealm 26
| 8 lasonnsme v | so8 las | s | 36 ' 3 - L
9 4/a6750 ISP | TL.8 | 48.5 | 76 5¥G5, 50PC5 | maez
Ly0 Lssa/60 st | 1.2 474 | a1 PG, SEPCE SE10 - W10
13 5/2/55 ST | T2.4 | 47.5 71 519, 4LAPOS Wib=10
12 15/15-16/50 1 ST | 70.4 | 49.2 51 2PT11,5PC24,34PC10 | SWIO,E4, W6 | 15
132 [5/28/50 v | 71.6 {502 | 76 2P13,5PCT,48PT3, #12-18
: ! 48707
ly lof29/50  fsr [ M9 {502 | M| 2p19,5R09,50009 W4=17
15 ?/'r/:p ss l108.0 | 59.6 | 1¢0 VP04, 10PA4, 5OPCA sw12
216 7/11/;50 ST | 946 | 54oh | 54 2P0, 5PC4 29804, S57
117 110/9/50  |CP {30.6 | 28.5 |100 | 4vig,c6mas S14-3
118 |10/19-20/50{CP | 20.4 | 33,3 | 65 | SRALS, 44FALS i 6
19 11/6,%7,8/50*11« 1362 {3409 | 75 | 5PAS,25PA3,50RA34 | S4-NIO
' 20 u/e/50 | 13,0 {37 | 70 | seaz,47maz N6
21 [1/9f50 (T | 331 [ 35.2 | 75 | sPAG,somag,2smal | ML
|22 {11/9-10/50 | TN | 13,4 | %ed | €1 | SPA16 ,4ORA1 §10-3-10
‘ |

% BP, Bush Peint; HC, Hood Camaly ST, Strailts ot North end of Admiralty Inlet; CP, Colvos
Passagm; TN, Taccoma MNarrows; SJ, San Juan Islands.
## Symbol indleates depth in melers, type mster (¥,Prise; RyRoberts), type rescorder
(s, chronograph; I, Integrator; A, integrator-amplifier),; and mmber of hours data with

eagh mater,



TARLE TIX

RELATION BETWEERN SHALLOW AND DEEP CURRENTS

Miles of | Avg. Peak ; Shallow
Station Shallow | Floed Tima 9y and Op Weber Veloaity | - Deep
Number Date or Desp | or Ebb | Interval x L K Paseing Enots Knoto
2 /13750 S E 1400 ~ 1620{ 0.5 <« 1.0 | 2.57 7.06 2.56
D 4.33 hrs. 1.40 0.51 2,05
S F 18620 - 2017 © = OU5 | 1.40 0.82 0.59
D 1095 hrao lcw laOl =0uh?
% 2/8/50 S E 1230 -~ 3530{ 0.38 - 0.88]| 1.25 11,36 3055
D b.0 hrs, 5.95 .74 1.81
g F 1750 = 2020| 0.27 = 0.72| 1.07 2.72 1.16
D 265 hTEQ hohe lh% =’°o76
N 2/9/50 s E 1030 < 1725| 0.16 <= 1.0 | 2.42 8.28 1-66
D 7.1 hrs. 4.80 0,96 0.70
S F 1735 - 2845/ 0 - 0.2 | 3.28 0.3 0.36
D 1.17 hrs. 0.48 1,35 <0.99
5 3/3/5¢ S F 1630 - 2200; O0.2h - 1.0 { L.h1! B8.32 1.80
D 6.5 hrs. £ h.6h 1.01 0.79
s P |2200-2330]0 -o2kj2k | 088 | 15
D 1.5 hes. .77 2.8 =1.3
9 /26-30/50 ] F 2055 -~ 0335 0 -1 1.57 7.62 1.79
[ 3’ 9 3 /s D 6ﬂ67 hrsn 5,,06 1019 060




TABLE IX (Comtinmued)
RELATION BEIWEEN SHALLOW AKD DEEP CURRENTS

i

Miles of | Avg. Peak
Station Shallow | Flood Time 0y ard S5 Wataer Velesity | - Deep
Number Date or Desp | or Ebb | Imterval % YV K {Passing Knota Enots
7 (continued) S B 0430 - 1200} 0.2 - 1.0 |1.39 6.59 .41
D 6.5 hrs. 3.69 0.79 0.62
S F 1100 - 1220 O = 0.36 |1.95 0,54 0.79
D 1.33 hrs. 0.5hL 0,79 o}
8 E ﬂ‘?c = 1900 Ool < 0&69 1023 ?ol? 1096
D .5 hrs. L. 8% 1.32 0.64
10 5/1/50 s F U430 ~ 1735 | 0.29 ~ 1.0 [1.39 h.27 .92
D 3,1 hrs. 3.80 1.70 0,21
S B 1735 - 20010 = 0.56 |1.i47 3.30 1.57
D 3.1 -hrs. 3,59 1.70 <0,13
11 5/2/50 S F 1@“5 < 1830 o:la < 0093 lo?s 10093 ?oja
D 508 hrso 12033 2068 ‘30050
S E 1905 = ??00 O e 007 1039 3&91 1088
D 2.9 hrs. L.30 2.06 =0.18
12 5/15-16/50 s E 1735 - 2230|0 = 1.0 |1.57 5.8% 1.86
D 4.9 hrs. h.16 1.33 0.53
S F 22%0 - 02300 = 0.8 [1.39 3.02 1,05
D .0 hrs. 3l 1,20 =0.15




TABIE II (Comtinued)
RELATYON BETWEEN SHALLOW AND DEEP CURRENTS

Miles of | Avg, Peak | Shallow
Station Shallew | Floed Tims 8) and 62 Waber Velesity | < Deep
Bumber Date or Dsep | er Ebd | Interval % Vw K | Passing Knots Enots
U 6/29/50 s E 0930 - 1200| 0.75 - 1.0 | 2.6 3.80 3.80
D 2.5 hrs. 2.40 2.0 1.ho
8 P 1200 - 1730 O = 1.0 |1.87 7-.20 2.06
D 505 h’?u 10057 360@ 90096
19 11/6-7/50 S F 2242 - 0250 0.} - 0.9 | 1.32 6.80 2.18
D h013 h?Su 7”31‘ 2035 900&?
3 E 0350 - 08?0 001 < 0@8 1025 5&"6 lc52
D k.5 hre. k. 1.12 0.40
s F 1130 = 1500 005 = 160 1(*5? 6066 2098
D 3&5 hi'so 7052 303? ‘90039




TABLE ITT

Velocity Differences Compensated

For Tidal Renge
Station| Fleoed S=D Seattle Tide | S-D + | Z Ebb ¢
Number{ oxr kbb Knots |Range -~ feet |Range = | @ Flood
2 E 2,05 10.8 0.19
F “’Onllz 638 ‘50916 “’102
3 E 1.81 11.2 0.16
F "'0076 8:)0 "OQCBS “’107
L E 0.70 11.6 0.050
F «=0,99 2.0 =0,11 0,5
5 E C.T79 10.1 0.078
F “103 120’4 ""0010 ‘”098
7 F 0.60 10.9 0,055
E 0.62 o 0.1l 2.0
F 0 302 o
E 0.6l 8.5 0.075
10 F 0.21 12.8 0,016
E =0,13 6.5 =0,02 =)o2
1) F «0,50 1.6 =0,03}4
B =0,18 €.2 =0,03L 1.0
12 B 0.52 ho3 0.12
F “"Ools 3:.9 “00038 '°302
1L B 1.h0 15.2 0,092
F =096 16.2 =0, 059 =16
19 F “’0017 701 “’0602!‘»
E Ooho 50’4 OcO?h “’301
)y <0039 7.8 =0,050 =1o5
"'Io?
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IGURE 2. Chronograph Used With Current
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