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ABSTRACT

Current measurements were made in Knight Inlet
during the perilod, July 4th to llth; 1956. A current drag,
designed at the Chesapeake Bay Institute; was employed for
currenﬁ measurements in the upper 20 meters of the water _
column. An Elman ‘current .meter was used at depths below 20
meteps: Corrections for ship motion were applied to the

Ekman current meter readings.

. This investigation consists of: S

(1) a general analysis of the techniques used in the
collection and treatment of the data,

(2) a description of the currents obtained from the

above treatment of the data.

Currents at every depth of measurement showed
oscillating or fluctuating components superimposed on a net
current. Tidal forces appear to act at all depths. The
direct effect of wind stress on currents is apparéﬁt to
depths of at least 10 meters. Indirect wind effects are

indicated at greater depths.
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I  INTRODUCTION

‘The Institute of Oceanography of the University of
of‘Bpipish_Columbia ovgrmgevepai years. These inlets are deep
indentations in the shoreline. They are long and narrow with
steep sides, The bottom topography is characterized by a deep
basin that is often two to three times the depth of the outside
passages énd coastal shelf regions through which they have
access to the sea. The deep basin of the inlet and the shallower
passages beyond the inlet mouth are usuélly separated by a sili,
or shallower section_where the depth is about one half that of
the outside passages. In these inlets the'disﬁrib@tion of
properties such as salinity, temperature and oxygen content has

been determined.,

The salinity distribution providqg some information
about” circulation in the inlets., The circulation or water
‘mpyemenPS.within the inlets, if fully understood, would help in
understanding the gqurces_and movement of nutrients for
blological activity. It also would assist in‘determining the

distribution of particulate material and possible pollutants.



The first fact provided by observation of the
salinity distribution is that all fresh water emptied into an
inlet by rivers ( principally at‘the.head of the inlet) stays
in the surface layers. The fresh water flows out over higher
sglinity sea water, The.salinipy_gf_the surface layer
increases from the head ?o:the mouth. Therefore salt water
must be mixed upward intqithg_surfgge layer and carried seaward.
In order that there be continuity of the fresh water flow, the
speed of the down-inlet flow of the surface layer must increase
towards the mouth. In order to replace the salt carried
seaward in the surface layer there must be up-inlet flow of sea
water at depths below the surface layer (see figure 1).
Extensive surveys of a shallow east coast estuary (Pritchard,'
1952) where the water 13 8lightly less stratifled bears out
these ideas. Dynamical studies of deep inlets are based on
this (Cameron, 1951 and Stommel, 1951). VHoweyer, in deep 1inlets
the_distribution of netrcurrents (nqn-periodic) and also of
tidal Currents (periodic) ig unknown and these can be obtained

only'by direct measurements,

There are some difficulties in carrying out a current
ggasuygment prqgramgg_inithese deep inlets and experiments were
made in 1952,11953_and 1955 in order to find a»suitablqupositiop
for measurements; to determine the best technique for anchoring;
to determine the magnitude of currents to be measured, and to

experiment with current measuring devices.
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The 1956 data from Knight Inlet; with which this
thesis is cqncerned; represents the most recent experiment in
this series. The data serves as the basis for an analysis of
the techniques employed and for an analysis of the currents in

order to determine the influence of tide, wind and runoff.



IT INLET DESCRIPTION

- The data tregted in this thesls was obtained in
Knight Inlet. 1In general characteristics thie»inle? is typical
of those in British Columbia (see figure 2,3 and ». It is a
long, narrow deep coastal indentation with a length of 102
kilometers (55 nautica; mi;es) gnd an average width of 3
kilometers (l.é nautical miles). The average mid-inlet depth
is 420 meters (1380 feet) and the maximum is 550 meters

(1800 feet). It has two sills in its length, 74 and 110
kilometers from the head of the inlet. The basin (designated

as the outer basin) between these two sills has irregular
topography but does not exceed 250 meters in depth. The inner
basin inside the inner sill is deeper and contains the maximum
depth (Pickard, 1956). The outer sill depth is 67 meters and

the inner sill depth is 63 meters,

o This inlet is a positive,‘fjord type estuary
(Pritchard 1952) in consideration of its depth eills and
average salt content”(less than the adjacent sea), The fresh
water 1is supplied largely by river runoff introduced at the

head by the Klinaklini River.
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This river runoff is at a maximum in June or July
due to melting of the snow and ice at higher altitudes. An
estimate of the mean monthly runoff has been made from
rainfall and watershed data (Pickard and Trites,1957). For
June and July the values are 790 and 616 cubic meters per

second respectively.

A series of salinity profiles down the length of
the inlet is plotted in figure 2. These are taken from data
obtained during the two days following the last current
measurement, The inlet begins as a highly st#atified, two-
layer system at the head and grades to near homogeneous' in
the quter basin, The fresh water is concentrated in the
upper 20 meters, though there is still a gradient in salinity
below thié. The fresh water has salt water mixed upward into
it as it moves down the inlet., The upper layer eventually
reaches a salinity close to that of the sea water at the

mouth.

As indicated in the introductipn_this implies an
outflow in the surface layer to provide continuity of fresh
water flow, and inflow at depf@_to balance the salt carried
out with the fresh water. Just where this inflow takes place
is_undetermine§, However, in view of the fair stability of
the upper 50 meters of water and the fact that salt is being

supplied at the lower boundary of the surface layer ( at a
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depth of about 15 meters) 1t seems likely that up-inlet flow

will be concentrated jus% below the upper layer.

Tides in this region are of the semi-diurnal mixed
type with & maximum range of about 5 meters, The nearest
continuously recording tide station to Knight Inlet is at
Alert Bay, about 40 miles from the regibn where this data was
obtained., Alert Bay 1s in the network of channels into which

the inlet empties.

The two current stations at which measurements were
made were 5 and 31/2. The nearest tide station referred to the
Alert Bay tide predictions is Glendale Cove, about 5 miles up-~
inlet from station 5 (see figure 2)., For Glendale Cove there
is no time difference"from Alert Béy in high or low water, but
there is a mean ratio of rise for high tide given as 1l.15
(Tide tables, 1956). The predicted tides for Alert Bay are

those which are indicated on the various graphs.

.The state of the tide at station 5 from July 4th to
6th was in the transition from neap to spring tides with
marked inequality. The range of tide for successive high to
low waters differed by a factor of two, while the range of tide
for successive low to high waters was very nearly the same,

For the period from July 6th to 8th on station 31/2 the tide
was near springs, still with the factor of 2 between successive

high to low water ranges., The time spent on station 5 from
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July 8th to llth was during spring tides with the factor
defined before being only l.6.

The two stations on which current measurements were
made are in the straight reachféf the inlet (see figure.2). A
straight reach was chosen for.the current measurements because
previous measurements in a sinuous inlet (Bute Inlet in
particular) were difficult to interpret. Station 31/2 was on
the 1nner éill, or s8lightly up-inlet from the shallowest part
' (see figure 4), Station 5 was situated 15 kilometers ( 8
nautical miles) up-inlet from stétion 31/2 over the deeper
basin inside the inner sill, Transverse profiles of the 1inlet
at these stations are shown in figure 3.l Apart from the depth
difference between these two stations there 1s a difference in
the symmetry about the centre-line of the inlet. The anchoring
position corresponds roughly with the centre-line. At station
5 there are steep sides and a level bottom and little asymmetry
about the centre-line. At station 31/2 there is a steep side
and a level bottom to the south of the centre-~line. To the
north it is shallower and the grade is less than that of the

steep southern slope.

During the period of these observations the
prevailing winds and the strongest winds were westerly, or up-
inlet. The one exception was the first 24 hours on station 5

when a steady 10 knot wind blew down the inlet. The up-inlet
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winds followed approximately a diurnal cycle with a minimum
from 0600 to 1200 hours and a maximum at 1600 to 2000 hours.

The maximum up=-inlet wind in each case was over 20 knots,



III  EXPERIMENTAL, PROCEDURE

General Description

Measurements were taken from the research vessel,
H.M.C.S. Cedarwood, a wooden ship of 51 meters length, 9.2
meters beam and 4.5 meter draft. A single anchor was used
as previous attempts in 1952 - 3 to anchor bow and stern
were unsuccessful.' The ship motion was monitored during
current measurementsA(in a way which is described below) té
permit correction for the swing of the vessel on its anchor

cable,

Current profiles were obtained from the surface to
20 meters every half hour with a C.B.I. current drag
(description in section on instrumentation) for the first and
second anchorages and every hour on the third anchorage.
Mesasurements with the Ekman current meter were taken in the
remainder of the water column every hour, At station 5 the
Elman current meter measurement depths were 50, 100, 200 and
300 meteré. At station 31/2 the depths were 10, 20, 40, 60
and 70 meters, It will be noted that there is an overlap of

C.B.I drag and Ekman meter measurements at the 10 and 20
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meter depths on station 31/2. These measurements served to

compare the two instruments.

The periods of observation consisted of 48 hours on

station 5 from July 4th to 6th; 48 hours on station 31/2 from

July 6th to 8th and another 68 hours on station 5 from July

8th to 1lth. The following table summarizes the amount of data

profiles

obtained.,
Station 5 31 /o 5
Duration of 1500 July 4th 1800 July 6th 2100 July 8th
to to to
anchorage 1500 July 6th 1800 July 8th 1600 July llth
No.of C.B.I.drag 90 96 64
profiles to 20m.
No.of Ekman meter 48 48 63

A "~ bathythermograph cast to 270 meters was made

hourly at station 5 and to 75 meters hourly at station 31/2.

The occasional 20 meter cast was made to determine the surface

ﬁemperatﬁre structure in more detail.,

Hourly méteorological observations included the wind

velocity, air température (wet and dry‘bulb thermometers),

barometric pressure, cloudAtype and ciloud cover,visibiliﬁy and

sea sState,
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At the beginning and end of each Ekman current
reading a 3-point fix with a sextant was taken on shore stations.
The position of these shore stations were determined several
times during the anchorages with radar ranging and gyro compass
bearing. These shore stations were usually prominent rébks
whitewashed for daylight visibility and marked by oil lanterns
at night., Only when raln was heavy were these stations not

visible.

On the two days following the last current station,
oceanographlc stations were taken along the length of the inlet

to determine the water structure.

In numerous instances below there will be reference
to atcalculated! tidal current as opposed to the observed
currénts. This 'calculated' current is deduced from predicted
tides, several aésumptions 6eing made, namely:

(1) that the real tide was as predicted,

(25 that the whole water surface of the inlet rises and
falls‘uhiformly,

(3) that the tidal current necessary to provide the water
for filiing (or emptying) the tidal prism is uniform across the

entire section of the iniet,

(4) that the tidal current varies sinusoidally.

The close correspondence of the actual tide records

and predicted tide heights at Alert Bay lend support to the
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first assumption. Early investigations by Dawson (1920)
support the second. There is less justification for the final
two assumptions. A more detailed account of this tide current
calculation appears in the discussion.

Current Measuring Devices

1. The Ekman Current Mefer.

The Ekman current meter is an integrating; propellor-
type device which 1s activated and deactivated by messengers.
During the activation period the number of rgvolutiqns of the
propellor is metered. Also; for every 33 tﬁrns of the
propellor, a small phosphor-bronze ball is released po féll into

a compass-directed trough directing the ball into a 10° segmented

CuDe

After deactlvation the meter is raised. Both the
gpmbgr_gfmrqvolutiong_mage_by"thg propellor, and the number of

balls in each 10° segmented cup are noted,

The number of revolutions made;—combined with the
activgtion period gives the average revolutions pér»minute.
Comparisqn with a calibration curve gives the current measured,
A weighted mean of the angles indicated by the balls determines

the current direction,



- 13 -

The period of activation was usually 2 minutes,
though periods of 1 and 4 minutes were used when the current

was very large or very small, respectively.

For the meter used in this experiment the threshold
yglécityArgquipgd_tq”overqpme fpiqtion was 1,8‘centimeters
per second. Experience with qglibratiqnﬂqf}thqsg'instpuménts
shows a possible error of aboqt‘j_per*cent_in readingg.: The
accuracy in the direction indication 1s about *s5 degrees for
reasonébly large currents, but there is a larger uncertainty

in small currents ( Tabata and Groll, 1956).

Error in indication of the water current 1is
introduced by horizontal shib drift during the current
measurement, The Ekman meter reads the vector sum of the
water current relatilve po the earth and the ship velocity
relative to the current. Since the ship velocity is a
significant percentage of thi; reading ( see discussion of ship

motion) the ship's movement was monitored to correct for this.

The major disadvantage in using the Ekman current
meter 1s the slownegs With which meagurements»are made, jhis‘
is because the meter has to be recovered after each measurement,
It takes apprqximgtelyyone half hour to take 4 measurements at

50, 100, 200 and 300 meters.
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2. The C.,B.I. Current Drag:

Currents in the upper layep ( zero to 20 meters )

are of special inperest in estuaries, Experience has indicated
that they vary markedly with depth ana time.H.This_detail must
be provided by frequent readings at several levels. Preferably
the readings for all depths should be made simultaneously. As
indicated before, the EkmanAburrent_metgr is too slow for this,
even tﬁqugh”the depth is only 20 metérs.A Another objection 1s
that the magnetic effects of the ship may appreciably affect
quryent‘diregtion indiqatiqns.gt_thgsg‘small}de?ths“(‘Smerdrup,
et”al,”1942), 'A C.B.I. current drag can provide the type of

measurement required,

The design used was that described by Burt and .
Pritcﬁard (1951) of the Chesapeake Bay Institute ( hence C.B.I.
drag)e Readings can be obtalned at one depth in about 15
seconds and the drag can be quickly lowered or réised to

successive depths,

- This device 1s a negatively buoyant, weighted biplane
(see figure 5) suspended by a light, steel wire, The current
- exerts a force on the biplane, and the wire angle from the
vertical 1s a measurgrof the_mggnitude‘of the current. The
direction of the current is given by an estimate of the angle
at which the wire streams away from the ship, combined with the

ship's heading.



- 15 =

The sizes of the biplane and weights used are
determined by the magnitude of the currents to be measured; in
consideration of the optimum; angle-measuring range ( 3 degrees
to 45 degrees) and the Reynolds number restriction for the

equation used to calibrate the drag.

The restriction on the Reynolds number is that it be
greater than 1000 for flow past the drag, in order that the drag
coefficient for the biplane be constant.

o In this experiment a 1, 5 by 1.0 foot biplane was used
with 10 20 or 40 pound weights, With‘these“gombinatlons the
lower 1imit of a speed measurement,is_o.j centimeters per second.
This is highlyvsatigfaqtory‘inlthe current range of zero to 150

centimeters per second, encountered.

The equation of the C.B. I. drag is
v = (2W /CdAg)% (tan ©)*= k ten ega
a3 a consequence of the balance of forces shown in figure 5.
The symbols represent the following:

6 = angle measured from the vertical

w = we;gh@_gf_thg drag in watgr
Cd = drag coefficient of the plane
A = plane area

= fluid density

0
]

The drag coefficient used by'Burt and Pritchard was
1.2 .
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A check of this formula was made by Burt and
Pritchard by simultaneous current measurements with the drag
and a von Arx recprding»meter,‘ They show good dgreement to
a depth of 25 feet and have indicated successful usé to 50
feet. The use of this drag to 20 meters or 65 feet in
British Columbila inlets_required a further check on its_
accuracy at sﬁch depths. Also, since currents in the British
Columbia inlets appear to be twice those used by Burt and
Pritchard for'their_check, there is further reason to

investigate its accuracy.

» Sources of error in using the above formula include:
(1) neglect of drag on the suspending wire
(2) neglect of 1ift on the wire

(3) neglect of wire curvature.

v _ Error in the direction estimation may be causeq bfé
current directing of the ship's hull if the hull does nof line
up parallel to the surface current. The fact that part of the
direction measurement involves an eye estimation of angle
probably introduces an average error of * 10 degrees even with

the most experienced operator.

N ~ In rea@ing the wire angle there was a possible error
of_i 1/2 degree. The accurgcy»in”apg;g‘reqpired for a 0.05
kpot_(2.§_gen§im¢ters per second) accuracy in current 1s given

by Burt and Pritchard as:
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Measuring Angle

at 3° at 10° at 20°
15 1b.weight 10 11/2° 2°
30 lb.weight 1/2° 1° 1 1/2°

"A point of distinction between drag measurements
and Ekman meter measurements 1s that the Ekman measurements
vare values integrated over 2 minutes ( in mosf casés) whereas
drag measurements are.obtgined in»about 15 seconds. The

latter more closely approximate instantaneous readings.



IV DATA TREATMENT

Ship Motion:

The sextant heédings on shore stations and the data
determining the shore station positions were used to calculate
the ship's velocity during current measurements, Theée were
2lso used to determine the large scale movements of the ship

from hour to hour,

The shore stations were arranged as shown in figure
é, so that onevangle>(vel) was measgred'betweenhtwo”statiqns
on one shore, and the other ( 6) on two stations one on either
shore. The relative positions of these stations were determined

from the gyro compass fixes and radar ranging.

A three-apmed“protyactor.is usually used to plot ship
movement or position; but for short period movements the
proctractor is not as sensitive as the aqcuracy'of the sextant
readings warrants, By short term is meant the ship movement
in the period of a current measurement (usually 2 minutes). The
following describes the manner in which the ship movement was

determined.

- 18 -
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A change in 61 is a measure of the cross-inlet
movement and a chgnge'ip 92 ;s a measure of the along-inlet
movement, The movement, A S, is related to the mean of the two
fixes on the same stations, 5 » the distance between the two
shqqgnstatiqns, L , and the change in angle, A 6, by the

following equation:

AS = (008602 ) (A0)

S -
- Nl of

This equation applies to only one of the components
of movement (either cross or along the inlet) and is based on
two assumptions: o .
(1) that &S is small compared to L, and _
(2) that the ship (point ofiqbservation) is fairly close
to the right bisector of the line joining the two shore stations.
Any more rigorous formula to fit the actua}_situation‘éf stations

requires an uneconomical amount of labour for reducing the data,

. The‘ship's vgloqity during ourrenp measurements was
dgterminedAfrom the time between sextant fixes, ( the activatiqn
time of the current meter)_and_the distance the ship hé@lmoved
as determined from the fixes 1n the above manner. The formula
above was used to determine each component of the movement and

these were combined to give a vectorial displacement,

Some information regarding the extent of ship
movement or the long-period movement 1is presented in this thesis.

For this purpose the three-armed protractor was sufficiently
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accurate to present the picture,

N  Unfortunately, due to the rugged nature:of the
Qqastline';n_this‘inlet!.therg is ndt too much choice in the
positioning of ghorg_;tap;ons,” ?hué the conditions stated
above are not exactly met., For this reason the error in the

along-inlet direction is put at 5 to 10 per cent.

For the same type of reason the error invthe cross-
inlet component of the ship motion must be put at 15 to 20
per cent. The reason for the large possible error in the cross-
inlet component lies in the shoreline irregularities. The
stations had to be placed so that, at times; the ship was far
off the ideal right bisector. ‘Thus any cross-stream currents
deduced from currents corrected for ship motion may include an
error of the above proportion (15 to 20 per cent) of the ship

velocity.

There is the assumption implicit here that the meter
moves with thé ship. This is an assumption that is often made,
but seldom justified., The following is an attempt to put an
upper limit on the possible error that might be incurred by

making the above assumption.

If the assumption does not hold, then there will be
relative movement between the meter and the ship. This would
result in a change in the suspending wire angle from the vertical

or a change in the angle at which the wire streams away from the
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ship ( provided the ship's heading is not changed). Only

the change in wire angle from the vertical will be considefed.

‘ During current measurements this wire angle was
checked. A change in angle of 5° would probably have been
noticed. This angle 1s used as a 1limit of noticeable metef
movement with respect to the ship. The maximum angle which
would have gone unnoticed, combined with an ayerage'ship
movement of 11 meters (stapion 5) over a meter activation
interval of 2 minutes, shows that the meter must partake Qf at
least 75% of the ship movement when it is at a depth of 50
meters; or at least 50% at a depth of 100 meters. At greater
depths'the>gbgye 1limit of detection of wire angle changé (50)
gives no guarantee that the meter will move with the ship.
Nevertheless the full correctlon for the ship velocity has
has been applied throughout this data.

Due to poor Visibilitj it was not always possible
to monitor ship motion. For thls reason some of the data
presentea is not corrected for ship motion., The Ekman
reading itself was used if no correction was available. The
perqenﬁage of uncorregted data for the first perlod at station
5 was 31%; at station 31/2 it was 2/ and in the second petiod
of ob§ervgtiqns_at station 5 1t was }%. These filgures give
some reason to consider the data of the first period on station
5 as less reliable than the data for the second period at the

same station,
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Current Measurements

The currents obtained from the C.B.I. drag and from
the deeper measurements were separatgd into along-inlet
(conveniently east-west) and cross-inlet components. For the
C.B.I. drag measurements, resolution into compqnents was
carried out only for directions greater than 20° from the east-
west line because of the X 10° possible error in the direction

estimate.

_ The C.B.I. drag measurements were first plotted as
ppofileg to determing the curfent‘at standard depths of 2,4,6,
10; 15_and 20 meters., - Ekman meter readings were taken at set
depths. When the wire-angle was large, raising the meter above

the set level, adjustment was made by paying out more wire,

The series of component values for each depth were
then plottéd on & time scale along with the tide and wind

conditions.

From these plots and a smooth curve drawn through the
currents obtained, a Vertical current profile for the along-
inlet component was constructed for each hour and the hourly

profiles plotted as a series,

The net current at each depth was determined by a 25
hour average of the above hourly values. The 25 hour average

was used to eliminate the tidal:- currents.



V  RESULTS

Ships Motion:

A plot of the ships position for successive fixes
on shore stations shows marked differences between anchorages
(rigure 7). Though movements may have been peculilar to that
partigulaf ship they will be a guide for future measurements
and, of course, they are of significénce in this set of

measurements.

During the first period of observation on station 5;
the wind was zero or down-inlet and the surface current
predominantly down-inlet., The ship moved on an arc of about
500 meters length, thus describing predominant shearing (side
to side) mot@on. On twq occasions it sheared and surgéd_(moved
up on the gnchor) violently_qff its stable arc. These two
periods were initially assoclated with transverse, alternate
bands of slick and ruffled surfaces moving up the inlet. It is
believed that these bands are dﬁe to progressive, interval
Wgygs.in'the lower boundary of the surface layer. When the
ship moved off the arc it required one to three hours to return

to it.
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During the second anchorage on station 5, the wind
and surface current conditions were different., The wind was
always up~inlet, and the surface current reversed fairly
regularly. In this instance the extent of ship motion was
large, covering an elliptical region of 950 by 550 meters.
The elliptical pattern was formed by two arcs and paths
between them, The arc on the up-inlet end of this pattern is
of smaller 1engfh and of greater density of position than the
il1-defined arc on the down-inlet end. When the wind and
surface currents are in the samé Airection the ship moves on
thevsmaller arc. The down-inlet end where wind and surfade
currént were opposéd showed an ill-defined arc as well as

large movement from hour to hour,

The frequency distribution of the ship!s speed for
the two stations has been plotted in figure 8. The distributions
are skewed as the ship'!s speed can apparently be great in some
cases, Here, again, a difference can be seen between stations
31/2 and 5. The mean ship speed at station 31 /2 was 4.5
centimeters pér second énd at station 5 about 7.5 centlmeters
per second, These two means have Significance in evaluating
the necessity‘for monitoring ship motion during current

megsurements,

In figure 9 there are plotted the Ekman readings as
well as the corrected readings for both longltudinal and

transverse components of a part of the series at stations 31/2
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and 5. The correction at station 31/2 is relatively small.,
The correction at station 5 is larger and predominantly in the

transverse component.

A comparison of mean ship speed in different wind,
surface current and anchorage conditions suggests that the mean
ship speed increases with:

(1) 1increased wind,

(2) decreased surface currenf,

(3) increased depth at the anchorage,

(43 light cross stream breezes ( markedly),

(55 opposing wind and surface cﬁrrent.

Certain of these are obviously interrelated. In‘
particular, in estuaries where tidal currents are present at the
surface, a shallow region presents a smaller depth for the
anchorage and usually increases the tidal currehts. .Both of these
act in the direction towards decreased ship motion. When the wi nd
and surface current tend towards the same direction there will ..
also be a decrease in the ship movement., In view of the large
effect of wind stress on surface currents there is an increased
tendency for the wind and the surface current to be in the

same direction.
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Description of Currents,

(1) Station 31/2, July 6th to 8th, 1956

A time series plot of the longitudinal componént
of the current (figure 10) shows strong oscillations up and
down inlet. The times of‘peak currents and slack water are
highly correlated with what might be deduced from the
predicted tide height curve. The oscillatory currents do
not show a smooth sinusoidal variation., There are large

irregularities at all depths of measurement.

Though a mean amplitude of oscillation cannot have
mich significance since the tide is a semi-~diurnal mixed type,
it can be said that there was a mean range in current of about
140 to 150 centimeters per second., Comparison of the range in
current at different depths shows that they were nearly
constant at all depths with two exceptions and one dubious
case, The dubious case involves the depth of 2 meters where
the effect of the wind distorted the oscillating cﬁrrents
making an estimate of current raenge difficult. The current
range at 70 meters was reduced to about 105 centimeters per
second or 70% of currents above it., The flood current at 40
meters during the second half of the énchorage was remarkably
reduced (figure 10 (b) ) to 30 or 40% of the first flood pesaks
In generél it appeafed that the maximum flood current was more

Subject to large fluctuations within one flood than was the ebb.
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The transverse component of the current plotﬁed as
a time series ( figure 11 ) shows asymmetry about a mean
current at all depths,. Inwgeneral, the south component on
the flood was greater than the north component ‘on the ebb.
This statement does not apply to the measurements at 10 meters

wherenet flow was northerly.

The currents on the flood and ebb did not differ in
direction by 180 degrees, The mean ebb direction at all depths
over a full 25 hours was between 270 and 285° true for the
whole anchorage. The mean flood at 10 meters was in the
direction of 104° irue. At 20 and 40 meters it was about 1250,
and at 60 and 70 meters it was 135° true. The last 25 hours
showed some change in mean directlions of the floods,

Directions at both 10 and 20 meters were 103°, At 40 meters
it was 155°, at 60 meters it was about 135° (as before) and
at 70 meters it was 129° true, The following table summarizes

this data:

First 25 hours Last 25 hours
mean ]
direction. Flood Ebb Flood Ebb
depth . )
10 m. 104° true 286° 103° 278°
20 125 278 103 282
40 127 273 155 274
60 135 277 136 271

70 134 283 129 273




Dealing now with only the longitudinal component,
it is seen that the plot of thé series of hourly profiles
(figure 12) 1is naturally divided into two periods. The first
constitutes a period of no wind, and the second a pefiod of

varying up-inlet winds,

During the first period the column of water below
20 meters éppeared to move as a unlt with a smaller amplitude
of motion at 70 meters., The region above 20 meters appears
more complicated., This méy be an artifact of observation
since there was more detailed coverage in this region. Above
10 meters the flood current was markedly less than that of the
water below 20 meters. The ebb current in the upper 20 meters
‘was somewhat larger than the ebb below, There was a minimum
in the ebb at 4 to 6 meters. This was less evident on the
flood.v '

During the second period there were varying up-inlet
winds with a maximum speed of 23 knots. There was considerable
difference between the flow at the surfacé and at 40 meters,

The near-surface current (2 meters depth) was reduced to zero

on the ebb and was more than twice the déep current on the
flood. On the hour between the period of zero wind and the
first recorded wind a reduction appeared in the flood current at
40 meters, There appeared to be no effect on the ebb current at

this depth. -
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There also appeared a minimum or down-inlet
tendency for flow at about 10 meters which was most marked
on the flood. This 'direction" of flow at this depth could
be the cause of the apparent up-inlet flow at 4 to 6 meters
as described for the first period., This latter flow was
obliterated by the wind currents during the second half of

the anchorage.

The 25 hourly-value mean for each depth is plotted
in profile for the first and last 25 hours of the anchorage
(figure 13 )« These two profiles are-quite different.

Consider first the initial mean profile for which
there was an average wind of 4 knots. There was net outflow
at all depths of measurements down to 40 meters., The net
flow at 60 and 70 meters was up-inlet., There was a
significant minimum in the outflow at 4 meters or alternatively,

a maximum in the outflow at 15 meters,

Turning fo the final 25 hour period it should be
noted first that the mean wind for this period was 12 knots
up-inlet. The superimposed initial mean flow shows the great
change that took place., The surface flow to 6 meters was
completely reversed. The outward flow at 10 and 15 meters was
virtually unchanged, but at 20 and 40 meters the outflow had
increased., The inflow at 60 and 70 meters had also been

reduced., This resulted in a:depth of no net motion at 55 to
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60 meters rather than 40 to 45 meters as occurred during the

first 25 hours.
(2) Station 5, July 4th to 6th, 1956

The time series plot of the longltudinal Qomponents
of the current will Eg_considerfd first (figure 14). At 300
meters thevQscillatqpy;currentrwas predomipant_but there were
sporadic bursts super-imposed on it. Thevpsgillatory current
was what one might deduce from the tide height variation. At
200 meters the same held true with regard to the oscillatory
motion and its correlation with tide. It appesra that the
irregglarities in the flow occur usually on the flood current.,
At 100 meters the irregularities nearly obliterated the
sys@ematig oscillations and at 50 meters the fluctuations were
incoherent but_just as large as the systematic oscillating

currents at 100 meters,

The mean range of currents was about 30 centimeters
pef second at 200 and 300 meters, This was slightly reduced

to about 24 centimeters per second at 100 and 50 meters.,

Before continuing:with_the currents in the upper 20
meters the_wind_gondit;ons'should bé described. The anchorage
can be divided into two perlods; the first period characterized

by a 10 knot down-inlet wind and the second period by no wind.
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Currents measured in the upper 20 meters were much
larger than those at the greatgr_dsptﬁs, ranging from 120
centimeters_pgr‘second down-inlet to 45 centimeters per
second up-inlet. It is apparent that the net flow was down-
inlet at all depths, the magnitude decreasing with increasing
depth.

At the 2;4 and 6 meter: depths during the first half
of the anchorage there were up~inlet surges in current of éo
to 90 cenfimetera per second, lasting from 1/2 to 1 hour in
the hoﬁr_befqpe predicted high water. During the second half
of the an¢horage this same feature resembled a step ?unction
with the up-inlet surge lasting 2 to 3 hours in the 3 hoﬁrs
before predicted high water. . |

At 10, 15 and 20 meters there was an increasing
frequency of zero currents measured as depth increased.
Currents at these 3 depths were sporadic, although they tended
to coincide with the extremes in current at the 2, 4 and 6

meter depths.

The current range gt the 2 meter depth was larger
than at other depths. At 4 and é meters ;he range was abogt
75% of that at 2 meters. At 10, 15 and 20 meters it was 50%
of the range at 2 meters. The current range at lower depths

is only 25% of that at 2 meters,
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B Turnlng to the transverse components at 50, 100,
200 and 300 meters (figure 15) it is seen that the currents
were highly_irregular and of the same magnitude as the

longitudinal components at the same depth.

Inspection of the series of hourly profiles of the
longitudinal components (figure 16) reveals some interesting
features. At the depths of 50 or 100 meters the flood current
appeareg to start earlier and then spread»downwarq. This
early flood usually stgrted after predicted high water and

would not extend to 300 meters until predicted low water.

, “_Thege were two fqatures.associated with the period
betweenﬂlqwhgndrhigh_wapgr,_ At_3QO meters ip the mid@le of this
pep?qd a down-inlet surge in the current of 1 to 2 hours
duratiqn toqk»place in 379ases out”of 4fw In the smaller depths
of 5 to 15 meters there appeared an up-;nlét'current surge in
the ltor 2 hqurs before predicted high water, Again this
ﬁappened in 3 cases oup of 4., 1In this fourth case an up-inlet
surge téok place, but was observed at depths of é‘to 10 meters

greater,

The profiles given by 25 hour means for the first and
last 25 hours are shown in figure 17. The first profile
corresponds to a period when there was an average down-inlet

wind of 10 knots. The second period was one of no wind,
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o The first ppgfile_shows net currents at 100, 200;
and 300 meters which_were barely significant. An up-inlet
flow took place at 50 meters, There was a net flow down-inlet
at all depths to 20 meters with a particularly strong flow
down-inlet from the surface to 5 meters, There was a
significant minimum in the down-inlet flow at 10 meters; or

alternatively, a maximum at 15 meters.

The final period of 25 hours showed several changes.
Net down-inlet currents from the surface to 20 meters were
reduced. The miniyum in the down-inlet flow observed at 10
meters in the first 25 hours had”disappeared in the last 25
hours. The_up-inlep flow 9videqt pnly at 50 meters during the
first 25 hours, showed also at 15 gnd 20 meters in the last 25
hours., Net currents aF‘ZOQ“and 300 meters were again
insignificant, but at 100 meters there appeared a significant

net current:.down-inlet.
(3) Station 5, July 8th to 1lth, 1956

The time series plot of the longitudinal component
of .currents (figure 18) shows the oscillating currents observed
aﬁ the other stations. The currents at 50 meters and below
were much like those méasured'during the first anchorage with
perhaps»a somewhat greater range. The oscillations were more
coherent in the second half of the period than in the first.

- Again the currents at 100 meters were slightly less coherent
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thgn_a# 2QQ_and BOQ metgrs, Currents at 50 meters were,

however, just as coherent as those at 100 metgys in contrast
to the first anchorage. Currents at 200 and 300 méters were
those one might deduce from the predicted tide; both in
@agnitude and phase; that is, up-inlet flow from predicted low
water to high water and down-inlet flow from predicted high
water to low water., The magnitude was in reasonable agreement
with the tidal prism, tide rises and the cross-section at the

station assuming that the tidal flow was uniform over the

whole section,

Before considering the currents in the upper 20 meters,
the wind conditioés should be indicated. During this complete
period there was an up-inlet wind, wifh the diurnal cycle, to
maximum speeds of 25 knots. Along with this change in wind
conditions from the first anchorage therg was a change in-the
character of the currents in the upper'ZO meters. The"
oscillations were more nearly symmetrical about the mean current
than before (compare figures 18 (é) and 14 (a)). The mean.
current 1s also seen to reverse dufing about 24 houfs in the
middle of the perlod. The oscillations were not those one might
expect from the predicted tide, if these are defined as above.

The magnitude 1s to great and there is a 90° phase lag.

The range of current in the longitudinal directlon

varied with depth. If the range at 2 meters is takén as 100
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per cent, then at 4 meters 1t was 100 per cent, at 6 meters
1t was 90 per'cent,at 10 meters 75_per_cent, at 15 and 20
meterg 50 per cent and about 25 per cent at 50 meters and

below,

. - The transverse component at depths of 50 100 200
and 300 meters (figure 19) was irregular with possibly a
larger amplitude at 50 meters‘than_at”the greater depths. 1In
contrast to the firs@ﬂperiodvof measurements the'ampiitgde of
fluctuations of the transverse (cross-inlet) component was
one half or less that of the longitudinal component. This
difference between the two periods of observation may be due
to the fact that a greatef percentage of measurements for the

second period had data available to correct for ship motion.

Turning to the hourly profiles (figure 20) of the
longitudinal component there is seen to have been a;fairly
consistent pattern for the first half of the period. Any
pime_during the three hours_before_predicted high water there
appegred_a strong flopdlcurrent from the surface to 20 meters.
The water at ZQQAandABOO meters was in the last étége of flood
when this surface flow began. At_the‘same timé és this flood
took place at the surface theré_pcqurredla down-inlet current
at 50 gndhLQQ"mgteps;“ As the pfedicted_fide pgssed_high water
ppe down-in}e?vcurrent spyeg@ to the goovaqd_BOO*meter depths
and the surface up-inlet flow deepened to about 50 meters.

Midway between high and low water the surface up-inlet flow
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stopped or reversed to a small dow-inlet flow so that for

the remainder of the predicted ebb the’whole column was
moving down the inlet. There was a fairly consistent flow
for the remainder of the predicted ebb at depths of 50 meters
and more. During this last period, though, the surface down-
inlepAgurrents had speeds from zero to 75 centimeters per

second,

_ » During the second half of the period the flow at
50 mete;g'erth and gréatervfallqwedAthe‘above pattern, but in
the surface 20 meters the flow deviated from that described
above, ‘The'up-inlet flow was late and at a greater depth. It
also persisted into fhe sebpnd half of the ebb as calculated

from the predicted tide heights.

Three 25 hour mesns are plotted in figure 21. These
cover the first; middle and last 25 hour periods, Since there
were onlyHEB hours of observation phere is some small oveplap
of data in these means. In all three prpfiles there was a
significant up-inlet flow at a depth of 300 meters., At 200
meters a net downfinlet.flow becéme significant in the middle
gnd“lastvprofileg, At_lOOVmeters there was a marked down-inlet
flow in all 3 profiles. At 50 meterslthe net flow was not
;ignifiqant.” At.some depth between 50 and 20 meters there was
a 'depth of no motion', It was probably closép“to 50 meters.

This 'depth of no motion'-separated the net down-inlet flow at
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100 meters and the net up-inlet flow at 20 meters. The

upper boundary of this up-inlet flow cannot be placed too
accurately as it appears that the wind has a dirsect effect
on flow down to perhaps 15 meters, thus penetrating to the

region of this boundary.

The first 25 hours was a period with a mean up-
inlet wind of 14 knots. Here there was still a net down-
inlet flow from 2 to 15 meters, though the flow at 20 meters
was up-inlet. In the middle profile the average wind had
increased slightly and had been blow;ng for a longer period
of time. The flow in the upper 20 meters was all up-inlet
although there ap?eared to be tqufiows separated by a

minimum up-inlet flow at 6 meters,

Turning, then, to the last profilé it is seen that
the surface flow was down-inlet despitg aigontinuingbavérage
wind of lé knots up the inlet. The maximum down-inlet flow
in this last profile was at 4 and 6 meters rather than close
to the surface ( 2 meters ) as was noted in the net currents

of the first 25 hours.



VI DISCUSSION

Techniques

(1) Design of the experiment:

Primarily this experiment was carried out to
determine the general Qharactepisfiqg of the currents in the
inlet. For a given amount of time, manpower and instfumentation
an optimum programme was designed. A balance was struck
between the number of depths of measurement and the frequency
with which measurements at one depth gould_be made., There was
the choice of either making frequent measurementé at clossely
spaced depths in some layer of particular interest; or of
spreading the number of depﬁhs of measurement over the whole
column of water. Since a general picture was desired the
latter course was faken in the deeper waters. In the surface
layer the former course was undertaken for two reasons. It was
recognized that water in this layer often showed large
vgrigtions in‘¢urpen£ within: a small depth. The sharp
gpgdientsAin ther properties appear to_be related to these
variations. Perhaps the greatest impetus towards the more

detailed study of the surface layer was the fact that the C.B.I
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current drag could provide the information easily and

quicklye.

In support of the large separation between
measuring depths in the deeper water (100 meters at station 5)
it may be sald that the small and smooth gradient of water

properties argues for some uniformity in water movement.

The choice ofrthe.stations to be occupied for current
measurements and the choice of the position in the width of the
chahnel present twq_othepvproﬁlgms_in the experiment design,
Station 5 was chosen to give information about the water
movement at depth behind the sill, _StationA31/2 is the sill
pqs;tiop and reppesents'a markedly Qifferent inlet charac-
te:istic from station 5., With a single ship to cover a whole
cross-section of the inlet, it was logical to anchor close to
mid-channel, With the choice of a 1ong; strailght reach it was
hoped that eddy structures or any current pattern showing
asymmetry about the inlet centre-line would be avoided. This
was not entirely realized. The current data suggests thatﬂthe
ship position was not representing the whole cross-section,

In addition; from observations of debris and foam floating on
the_water{‘it.was found on occasion that the surface currents
qou;d'be quite_different‘acrgsg the inlet. In qne'instance it
ggemgdrthap the flow across two»ppigdsuqf the 1nl§t was one
direction while in the othér third iﬁ was in the opposite

direction,
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(2) Ship Motion:

In previous data it had been recogpizéd that ship
motion might contribute a large proportion of the current
meter reading. Thé‘;956 data bears thls out —especially for

the deep station, number 5,

If the mgap”spged.for ship motion is compared with
the maximum half range pﬁhcﬁppents measured at each stationr
some idea of its importance can be determined. For station 5
the mean ship speed during current measurements was 7.5
centimeters per second compared with a half range in current
of 15 centimeters per second. Herg,_ﬁhen, was a mean ship
speed that was 50 per cent of the maximum currents measured .
Clearly correction must be made and the correction must also
be determinded_accurately; In the case of station 31/2 more
favourablg cqnditions existed which put»the mean ship speed
at only 4.5 centimeters per second compared with a half range
in currents of about»?OAgeptimetgrg per second, The ship speed,
?herefqre;‘averaged 7 per cent of the current speed, a factor

of 7 better than the correction for station 5,

These two comparisons give rise to three gonclusions.
First, the Dkman current meter readings at station 31/2 are
little affected by ship motion. Therefore the accuracy of
determination of the ship movement is not so critical., Also,

data taken at this station in previous years can be used with
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confidence even though no ship movement was determined.
Secondly, currents indicated by the Ekman meter on station 5
must be viewed critically. Then it is noted that only 69% of
Ekman megsuremepts were qqrreqted for"the first anchorage on
station 5 compared with 99% on the second anchorage, 1t 1is
clear that the data for the second anchorage is more reliable,
Thirdly, as mentioned in the preceding paragraph, the ship
movément_at station 5 is a large proportion of the Ekman meter
readings. Therefore the accuracy of the currents obtalned by
correcting the Ekman readings 1s largely determined by the
accuracy with which the ship movement 1s known., Certainly the
accuracy in the ship velpgity calculation is much less than
the Ekmgpngg?rent meter accuracy. In particular, the cross-
stream components of currents at station 5 are in greater
doubt than the longltudinal components, For this reason,
1ittle significance was placed in individual values or means

of the c¢ross-inlet component at station 5.

For the reason just~stated it seems advisable to
attempt to improve the technique of determining the ship
movement when anchored at stations:such as station 5. At such
8 station the speed of ship;movemént is of the same order as

the currents to be measured.
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(3) Comparison of Ekman and C,B.I. drag readings at the

same depths:

~ As mentioned In the description of the instrﬁments,
it was not advisable to use the Ekman meter above 20 meters
quth_dug tg,the_poggible magnetic'effects of the ship on the
direction indicatioﬁ. Also, the C.B.I. drag was:'used in
currents and depths for which the dévica has not been
calibrated., For these reasons it was deemed advisable to check

one device against the other.

While anchored at station 31/2, both Ekman meter and
C.B.I. drag measurements were made at 10 and 20 meters. Thesse
measurements were not made simultaneously but merely ih the
regular schedule of operations as outlined in the procedure,
That is, a current profile'to 20 meters was taken every half
hour on the hour with the C.B.I. current drag; and the Ekman
meter was used at 10 and 20 meters shortly after the C.B.I.

drag current profile taken on the hour,

‘ ~ - The plot of both Ekman and C.B.I. drag mgasureménts
gthealonge inlet comppnent)‘gpe_sbown in figure 22, 1In
general, the peak currents'indicated by the Ekman meter were
less than those 1indicated by the drag. Since current in the
upper 20 meters is usually unidirectional,it ap?ears that drag
on the wire has introduced an appreciable error, That‘is;

the formula based on jﬁst the drag on the blplane does not
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represent the total drag on the system.

The above conclusion was reached from consideration
of the time-series plot of the two sets of current data.
however, an effect related to this was apparent in another

calculation.

In order to determine the mean current profiles,a
25 hourly-value running mean was calculated for currents at
all depths. This included both Ekman meter and C.B.I. drag
readingsyégparately‘for the lOVand 20 meter depths'where these
overlapped. There was a difference in the trend of the means
indicated by the C.B.I. drag and Ekman meter measurements
(see figure 23). It is seen in the measurements at 20 meters
that the trend of the means for the Elkman meter measurements
were in opéosite directions., Any conclusion as to the depth
to which tﬁe wind effect had directly penetrated will perhaps

hinge on which trend is the correct one.

There is no way in which to carry out any systematic
error correction in Ekman meter readings as possible errors
recognized cannot be evaluated. The difference between the
Ekman meter and C.B.i;ydrgg‘averages was in a direction
indicated by the direction of thé mean flow above the
parpicﬁlar depth at which measurements were compared. The wire
on which the C.B.I. drag is suspended 1s in this flow above the

depth of measurement, There is a drag on the wire due to this
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flow. If this drag onwtheAWire is significant then the C.B.I.
drag measurement means would deviate from the true average in
the direction of the mean flow above the deptﬁ of measurement.
This is the direction in which the means of the C.B,I. drag
measurements deviate from the means of the Ekman meter
measurements. A qorrection for_this‘wire drag can be applied

to the C.B.I. drag measurements,

- A formula directly relating the current at one depth
to the angle measured at the surfaqé cannot be simply stated
if drag on the wire is significant. ‘This is because the drag
on the wire depends on the strength of the current between the

surface and the depth of measurement.

The currents given by the equation developed by Burt
and Pritchard (1951) were first plotted for_each profile, Then
a non-uniform grid of rectangles based on an equation developed
below, provided a correction to the square of the velocity 7
given by thé simplified equation deduced by Burt and Pritchard.
This correction was applied every 5 meters to successively'
correct the profile in 5 meter intervals from the surface down

to 20 meters.

The aevelopment of the forﬁula on which the grid was
constructed is outlined bélqw,AFi;st,_the"eguation developed
by Burt and Pritchard is reviewed, Referring to the force

dlagram in figure 5.
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tan 6 = F/W (1)

where F is the drag force on the biplane, W is the weight of
the drag in water and 6 is the angle measured at the surface.
Now,

oF = Caph q v (2)

where Cdp is the drag coefficient of the biplane, A is the
area of the biplane,<3 1s the density of the fluid and v is
the actual velocity at the depth of measurement. Hence the
velocity, V, given by consideration of only the dfag on the
biplane is, .

V= (2W/CqpAp Q) (tan €)% (3)

This is not the actual velocity because the drag on the wire

has not yet been considered.

In considering the drag force on the wire, there is

added to F another force N, given by,

2Nl=decde v,© dz (4)

where N 1s the force due to the drag on the wire, Caw is the
drag coefficient of the wire, d is.the dismeter of the wire,
h is the depth 6f measurement and z is depth measured
downward from the surface. Only the vertical projection of

the wire, perpendicular to the current, 1s considered here.
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Then as far as the angle measured at the surface
is concerned the angle is given by the balance of T,W and F
plus N. Hencs, A

F N
tan & = ——%%—- (4)

Substitution of equations (2) and (4) into equation (5)

produces,

2
Cap AQV C da h
tan 6 = _L_?__ __d_W_S_ % VZ2 dz (6)

oW * Tow

Now © was the angle measured and 1is related to V by

equation (3). Therefore,
2

_ 1 2
= = 57~ (CapAg v + Caygd S v592)
. 0 :

Cawd h
. 2 o _ ~dw 24,
e v v.oE CapA 3 P

.This equation provides the correction. The-drag
coefficient for the 3/32 inch, stranded, steel wire used is
not precisely known. However, it is known that for currents
of the magnitude measured the drag coefficient for a smooth
'cylinder is between 1.0 and l.l. The fact that the steel wire
was stranded and therefore rougher'may indicate a slightly
higher drag coefficient. Lacking exact measurements, the value
was put at 1.2 for the purpose of calculations, This is the

same value as that used for the biplane.

This correction was carried out for the C,B.I. drag

measurements and the results are shown in figure 23
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There still remains some discrepancy between the
Ekman averages and the corrected C,B.I. averages, though
agreement is considerably improved. Other errors can possibly

account for these discrepancies.

It 1s possible that the drag coefficient for the wire
may be appreclably different from 1.2 . Weights are added to
the drag and the area which they present to the current is not
considered, A twenty pound welght has a cross-section of 97
square centimeters compared with 1,390 for the biplane. This

is a possible 6% error,

Lift on the wire has also been neglected. It has a
tendency to reduce the weight, W. An estimate of this error
can be made considering an average angle measurement of 30°
for measurements at station 31/2. Assuming a uniform velocity
from the surface to the depth of measurement the 1ift is found

to be about 7% of the weight of the drag.

Currents.
(1) Station 31/2

Currents at all depths at station 31/2 showed an
qsgillating component superimposed on a mean flow., These
osclllating currents weré of the same range at all the depths
of measurement with the possible exception of the depth nearest

the bottom, where insufficient data provides room for uncertainty.
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The oscillating currents showed peaks at times midway between
predicted high and_léwuwgpgrAapd; apart from net flow, showed
slgck water or zero current nearA§imes of predictgd high and
low water. These facts are strong evidence that_flow\#t the.
sill is typical of channel flow and that the oscillating
currents gre’dqe primarily to the rise and fall of the tide in
the inlet. Further evidence for this last statement will be
presenﬁgd below‘in the discusslion of traﬁsport througﬁ the

section,

The general characteristics of the mean flow on which
the osc?llating currents were superimposed did not remain the
same throughout the period §f obsérvation. Large changes took
place as indicated in figure 13, In comparing the first and
last 25 hours of the anghorage; sigpificant changes are seen
tg»have taken_p}ace at all depths_gxqut lO apdhl5 meters, the
flow was completely reversed, changing from down-inlet to up-
inlet. This change is attributed directly to the wind stress

exerted at the surface.

At 20 meters and all greater depths the change in
flow was in a direction oppositewto the changé ip surface layer,
It appears that this may be an lndirect effect of the wind
stress. The magnitude of the change at depth ig sufficient to
compensate for the flow reversal»iﬁ the surface., Further

evidence pointing to these changes at greater depths, as an
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effect related to the wind, is the fact that the marked change
in the flood current noted at 40 meters was highly correlated
with the onset of the wind.

» There 1s no obvious reason why this marked change in
the charﬁcter of the flood current shoyld take place at 40
meters., The net currents at the greatest depths (40, éO and 70
meters) changed in the same direction with a slightly larger
‘change at 40 meters. 'Thus, although the efféct at 40 meters was
more noticeable, the change in thé net current 15 comparable at

all 3 of these depths.

From this period of observation it appears that there
is inflow at the bottom and outflow at mid-depths. In the
surface the mean current is down-inlet when there 1s4no wind

but can be reversed if a strong up-inlet wind is blowing.

When one considers the net flow deduged from the
salinity structure in the inlet, it is seen that the observed
net flow distribution with depth is not the same. From the
salinity structure it was deduced that outflow must take place
In the low salinity upper layer and inflow at some depth below
this. The point at which this and the observed net flow
diverge 1s in the fact that outflow persists down to a depth of
45 to 50 meters -- well below the low salinity upper layer. It
is“quite pqssiple'phap‘tpgumgan flow in this.region near the

'sill,. is not primarily determined by the density distribution,
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but more by the jet effects of a consorictingAcross-section

and attendant amplification of tidal currents.

Topography may also influence the flow in this reglon.
The discussion so far has dealt with only the along-inlet
components of the current. However, there are large cross-inlet
components of the current which, when averaged, indicate new
flow towards the side of the inlet., The best demonstration of
this feature is in the mean directions of‘the flood énd ebb at
the depths of 10, 20; 40;A60 and 70 meters (see table in
description). The current directions on flood and ebb do not
differ by 1809. Ebb directions at all depths lay between 271
and 286? true. At 10 meters on the flood it was very close to
104° (i.e. 180° different) but at 20 and 40 meters it was 125°
and at éO and 70 meters it was about 135° true. There 1is an
increasing southward set of the flood current as the depth
increases. The slight northward set of the ebb currents was
consistent with the southern shoreline of the inlet from the

east to Prominent Point (see figure 4).

The topography may explain the southward set of the
flood currents and possibly its variation with depth. The axis
of the outer basin is inclined to the axzis of the inner basin
A current flowing up-inlet in the outer basin region is partially
trapped in the shallow of Hoeya Sound and Lull Bay (see figure 4).
Water escaping from this region must flow around Boulder Point

with a southward component. This wouid deflect the flood
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currents to the south.

There was a big difference between flood current
directiohs in the firsﬁ and last 25 hours at deptps_of 20 and
40 meters. At 20 meters 1t changed from 125° to 103° true.
Thus it was aligned parallel to the current direction at 10
meters in the last 25 hours, This could possibly be an
ipdication"that the wind strgss at the surface has a direct
influence to a depth of 20 meters. The change 1n the magnitude
of the mean current between the first and last 25 hours
indicated a nearly significant change in the dirggﬁion opposite
to‘that.or“thé windrgtregs; wgich would seem to contradict the
above statement.'_Howeyer; the mean current applies to a
complete tidal cycle, while the angles were calculated only from
either the flood or ebb current veloclities., It is-possible that
the wind stress could penetrate deeper during cﬁrrents which
were parallel to it (flood in this case) than during currents

which opposed it.

At 40 meters the change in the flow is marked in the
direction of the flood current aa well as in the.indrease in
magnitude of the mean flow down the inlet. - Both of these appear
to be due to only one phenomenon, a decrease in magnitude of the'
longitudinal component of the current én the flood. This means
that the effect was probably not an iqtensification of the
southward set of the floqd; but another effect directed down-inilet

along the axis of the inner basin to the west and operating only
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during the flood_pepiod. There is no obvious explanation for

this type of effect.
(2) Station 5

As at station 31/2; the currents were charaqterizéd
by an oscillating current superimposed upon a mean current. At_
this stafion, however, the currents were not nearly as regular;
The magnitude of the oscillating currents at 50, 100; 200 and

'BOO'meters were only one quarter the magnitude at 2 meters, Thg
currents at different depths did not occur with the same phase,
In general there appears to have been two differing regions,
surrgce'and deep, separated by a broad boundary regipn from 20
to 100 meters, The confused nature of currents at 50 meters
may be due to the fact that this depth is in this transition
region, As noted in the description, the currents at 50 meters
were of the same magnitude as those at greater depths, but did

not show any systematic oscillating component.

The deeper region will be dealt with first. The
following comments apply to currents at 300 and 200 meters, and
to a lesser degree to those at 100 meters. At these depths the
currents were oscillatory and superimposed on a very small net
current., The slack water coincided with predicted high and low
tide; suggesting that these currents_wére caused by tidal forces,
Further"support for phis idea isvfound in the magnitude of the
oscillating currents. These magnitudes are in agreement with

tidal currents calculated aSSuming lateral uniformity and
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and uniformity with depth for yidal>flow»to‘fiil or empty the
inlet according to the predicted tide heights.,

- Turning to the upper layer, there was found to be an
oscillating current; but the current had a range at 2 and 4
meters four times larger than the tidal currents calculated as
above. The range in the oscillating currents decreased with
depth. These oscillations were not in phase with movementsvat
depth, but did occur in a systematic fashion related to the
predicted tide heights. Whatever mechanism or mechanisms were
present to cause the flow in the surface layer; ?here‘was

certainly a strong component with a tidal period.

The vertical profiles of the net currents show three
consistent features that are dispributed_in‘depth\and may be
related to the two flow regimes of oscillatory currents.
Starting at the surface there was found to be outflow except
when a strong up-inlet wind was blowing. There was inflow
pelow“this surface 1ayer“gxtendipg_tq“below 50 meters and at
100 meters there was a down-inlet flow that slowly but steadily

increased over the course of the week of measurements.

The first two have an explanation as described in the
introduction. The runoff must escape 1n the surface layer and
the return (up-inlet) flow of salt water below this apparently
extends just to about 50 meters. The average transport for the

two periods of current measurements for depths down to 50 meters,



is distributed as follows:

Fresh water in the upper 10 m. - 600 cu.m,/sec, down-inlet
Salt water in the upper 10 m, - 1700 * " ~# ~w #
Salt water at 10 to 50 m. - 1200 % " " up~ inlet

It is seen that thére'was not sﬁrict balance of salt
~water, There Was; however; avlagk of adequate coverage by
measurements at depths between 20 and 50 meters where a large
part of the up-inlet mgving salt water appeared to be. It is
felt that errors Que to 1ineaf interpolation between these

points may easily account for the apparent unbalance of salt.

There 1s no explanation.for the well developed down-
inlet flow observed at 100 meters, It can only be pointed‘out
that this flow was correlated with a complete change in the
wind stress at the surface; from down-inlet to up-inlet. There
was a;so a correlation with the transition from neap to spring.

tides.
(3) Tides and tidal currents,
No tide stations were set up in conjunction with
these current measurements. For this reason currents have been
related to the predicted tide at Alert Bay., Comparison of the

actual tide record at Alert Bay with the predicted tides shows

excellent agreement,
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Previous studies in inlets have shown virtually no
time lead or lag in the tidal.pise along the whole length of
an 1nlet,_thqugh there may be a difference in the‘tidq range
(Dawson, 1920). —This_spudy_;s_refiectedrin the present tide
tables which give no time difference between Alert Bay and
 Glendale cove {_sgg'figu?e 2 for its_pos;tion) and a mean
ratio of rise of 1.15 for high tides. For these reasons 1t
is felt that any current that is primarily tidal in character
will be directly related to thg'rise and fall of the tide as
predicted. This was the case at all depths of measqrement at
station 31/2 and at the greater depths at station 5. A
significant result of these experiments was the discovery of
tidal currents well below the depth of the inner sill (67

meter sill depth) in the inner basin,

The currents at station 5 in the 20 meter surface
layer appear not to have been a direct effect of the rise and
fall of the tidavin_the.iﬁlet ir thé assumption of cross-
section uniformity of p;da;rqurrentglis correct. They were
out of phase with the calculated tidal currents, though the
variatioqs‘were>systemat;c and had a tidal perliod. Estimates
have been made of the depth of tidal influence by only
-considering the amplitude of currents at the surface ( Trites,
1955). This data suggests that this 1s not a valid procedure

at such stations as Knight 5.
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There is the question of Whether tidal currents
should be a smooth function of time, Tide height curves
appear to be smooth in most cases, but tidal currents,

( the rate of the change of tide height curve) are not
ngéessarily so. A check was made of the slopes of the actual
tide records for this period of observations. The smallest
time interval over which a slope cguld be accurately obtained
was 10 minutes and even with tﬁisilOfmingte slope’it was
evident that tidal currents are not smooth functions of time
and certainly“do not adhere to a ginugoidal curve , Peaks
‘tend to be flattened and " slack water" is a period of sharp
current bursts., The data show this clearly; especially the
data taken half-hourly with the C.B.I. drag ( see figures 10
(a), 14 (a) and 14 (b) ).

(4) Wind Effects:

.There were lbng periods of wind during all three
anchorages., It is obvious from the vertical profiles of net
currents that the wind stpegs“had"a,large direct effect on
the surface currents. The flow of water at the surface was
both accelerated and Impeded - even reversed- during the
period of these observations. Reversal of the surface
current is shown in a comparison between the first and last
25 hours on.station.31/2 (figure_lS) and between the first and
middle 25 hours of the second anchorage on station 5 (figure

2l). The acceleration of near-gurface flow is clearly shown
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in the period of down-inlet wind (first 25 hours) on the first

anchorage at statiom 5 (figure 17).

A comparison of the net currents at the surface in
the middle and last profiles for the second anchorage at
station 5 shows a limit to which wind can affect surface
currents, Apparently between these two periods the flow near
the surface has returned to the down-inlet direction dgspite
the fact that a strong up-inlet wind was still blowing. Here
isrevidence that the wipd stress can only reverse surface
flow for a limited time. It appears from_the data that there
was a pressure gradient built up within 30 hours to balance

the wind stress due to an average wind of 16 knots,

The data suggests that the depth of direct influence
of the wind can be quite variable. When the magnitudes of
mean currents are considered, it is found that the wind appears
to have had a direct influence down to only é meters at station
31/2. Current direction data at the same station suggests that
this direct effect may have penetrated to 20 meters; though the
change 1in magnitude of mean current at this depth; if significa-
nt, was in the opposite direction to the wind stress. Since
the direction data was obtained by considering flood and ebb
currents separately and the mean currents in a 25 hour period,
the appareht contradiction may not exist. It seems possible

that the wind stress could have had an influence to a greater
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depth on the flood than on the ebb. This couid be due to a
change in the water structure (density gradients) with the
state of the tide. Turning to data from station 5, there is
seen to be large direct effects down to at least 20 meters.
The reason for the difference between stations 31/2 and 5 1is

likely the difference in water structure at the two stations.

There is evidence for indirect-effects of the wind
stress. Some flows, such as those at 40 meters on station
31/2 and at 100 meters Qn_station 5 underwent changes that
were correlated with changes in the wind stress at the water
surface., Thé change in the flood flow at 40 meters on station
3;/2 is thought to be strong evidence for indirect influence
of the wind. 'The flow at 100 meters on station 5 is not
considered to be as strong evidence for this phenomenon. If
flows at these depths were influenced by the‘wind; it appears
that the flows were of a compensatory nature. That is, they-
changed 1in the direction opposite to that of the change in the

wind.
(5) Hourly Transports:

Thé hourly current profiles obtained were used to
calculate a transport through the inlet cross-sections at the
vgtations._ The assumption of lateral uniformity was made in
order to calculate this. This is related to the assumption

made in calculating tidal currents. In the latter case it was
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gssgméd that_the tidal current would be uniform across the
whole section. Then the hourly profiles plus the best
cross-section profile obtainable (see f;gure 3) provided an
estimate of the transport at every hour. A table method

was used to calcu}ate the transport from the currents at the
particular depths. Linear interpo;ation between obsérved

currents 1s implied in this method,

The résults for all three anchorages are shown in
figure 24. In addition to the observed points there 1is
plotted a solid line denoting a calculated transport with
which to compare the observed transports. This calculated
transport was determined from the predicted tide heights,
the‘tidal.prism,énd assuming that the tidal current was -...
uniform across the section and thgt it varied sinusoidally.
T@ere has_bqen support for these assumptions in the magnitude
of oscillatory cu?rghts observed (see discussion of tides and
tidal currents avae) and there is further support for them
in the observed transports at station 31/2. Observed

transports at station 5 do not support the above assumptions.

The figure shows a difference in agreement of
observed and caléulated transports between data at station
' 3;/2 and 5. For station 31 /2 there was very close
correspondence between calculated and observed transports.

This is interpreted as a reasonable assurance that currents
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near mid-channel at<stat;oq_3;[2’gre representative of the
total cross-section. The irregularities that showed in the
currents at individual depths were not_evident in the observed
tranqurts.l This is due‘to averaging over the whole water

column.

The transports at station 5 are far from agreement
with the calculated curve. Periods of flood andvebb can be
recognized, but that is about all. The variation is not
sinusoidal and shows large fluctuations. This is taken as
evidence that flow across the section is not laterally uniform.
There may have been concentrations of the gurrent(to one side
of the inlet or at some particular depth) within the cross

section.

There has been some further evidence for both lateral
upiformity a@d lateral non-uniformity in surface currents.
Experiments withuphotography of lines of dye stretched across
inlets (Pickard,1953) have shown a full range of conditions.
Some results show a fairly uniform flow across the inlet with
the exception of regions close to shore. In other instances
small, localized jets have appeared. The latter could
complicate transport calculations based on current measurements

taken at just one position in the inlet.

If current measurements are taken in one position in

the inlet there is considerable doubt whether they will be
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representative of currents to either side of that position.
It has been noted that there were large lateral movements
bof the_ship, encompassing about one quarter of thevwidth of
the inlet;during the second anchorage on station 5. It is
therefore'possible that the ship was moving in and out of
current patterns. The attendant complications in the

interpretation of current measurements are obvious.
(6) Fresh Water Transport:

An estimate has been made of the fresh water
transport in the surfacellayer from the net currents and the
fresh water portion of this layer. Data from both stations
were used. Seven 25-hour periods were chosen respresenting
the entire duration of the current measurements with as little
time overlap as possible. It was found that the mean fresh
water transport was 310 cubic meters per second down-inlet
although it varied from 2000 cubic meters per second down-
inlet to 1000 cubic meters per second up-inlet depending on

the duration and direction of the wind stress.

This net fresh water transport should repreéentv
approximately the river flow into the inlet unless there is a
deepening of the brackish sgrfacg_laygr.wlt.isvnot believed
that such a deepening can take place over any great period of
time as evidenced by the rapid return of outflow near the
surface at station 5 (second anchorage) despite a strong

contrary wind.
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‘Estimates of a mean monthly transport of fresh _
water into the inlet have been made (Plckard and Trites 1957)
These are based on precipitation and watershed data. The

values given 1n this paper are:

June: 27.8 x 10° cu.ft./sec. ( 790 cu.m./sec)
Julys 21.7 x 103 ® v w (gig M nm ow )

It is to be noted that these are mean monthly values,
énd daily or weekly values could differ appreciably from these.
It is felt that the value of 310 cubic meters per second

obtained, is in reasonable agreement with these figures.
(7) Net Transport:

The 6n1y net tfanspoft to be expected through any
section of the inlet Is the fresh water component of the surface
layer. As noted in the previous section, this was about 300
cubic meters per second down-inlet when calculated from justlthe
freéh water ¢omponent of the surﬁace layer. The net_transport
through the whole column should just equal this 300 cubic meters
per second with the transports of salt water at various depths

cancelling each other.

Under the assumptions made in the transport
‘calculations it was found that the net transport did not equal
the fresh water component of the surface layer transport. At

both stations there was calculated a down-inlet tranéport in
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every 25 hour period. At station 31/2';t was 3,700 cubic
meters per second and at statlion 5 it was 8,500 cubic meters
‘per second., The net transport is in the right direction,but,

is &an order of magnitude greater than the fresh water transport.

If these values were true values, the water level in
the_inlet would have fallen at the rate of 2 to 3 meters per
day. However, it has already been remarked that the assumptions

under which these transports were calculated are 1n doubt.

There 1s the question of jgst.hqw signifiéant this
net transport was in terms of ‘the accuracy of measurements and
the assumptions made in the calculations. It should be noted
thatldggpite the_fact that thg net trgnsport calculated above
is 10 to 20 times the fresh water transpo:t, the net transport

|

itself is only_one tenth of the average transport required to

£ill or empty the tidal prism during a flood or ebb.

Ngnetheless; the net transport calculated was always
in one direction and it is felt that it may have been
significant. Realizing that it was based on currents measured
in mid-channel, two,possible explanations for this net
transport are suggésted. It may have been that the ebb fiowed
preferentially in mid-channel, and the flood at the sides.
There may also have been a horizontal closed circulation with

its down~-inlet portion in mid-channel.
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At station 5, it is seen that the net flow
developed at the 100 meter ‘depth is sufficient to account
for the net down-inlet transport. If the cause for this flow

could be determined, the problem may be solved.
(8) Internal Waves:

One feature of the inlets which has been noted on
several occasions 1s the existence of lnternal waves or waves
at density discontinuities in the water structure.
Alternating bands ofislick ahd ruffled water surface observed
moving up an inlet have been observed (Pickard,1954) and
explained as a progressive internal wave travelling on the
sharp density gradient at 10 to 15 meters which is present in

these‘2—layer inlets,

A Theré 1s some evidence to suggest that internal
waves are also present‘at greater depths. During this set of
current measurements, bathythermogram Casts were made
"regularly to a'depth of 270 meters at station 5. From these
it appears that isotherms oscillated vertically with a tidal
period. In particular there was a temperature'minimum which
oscillated between the 75 and 150 meter depths. The minimum _
is thought to be the residue of severe winter cooling ( G.L.
Pickard, private communication). This series of bathythermograms
is, at present, the subject of a separate study. The

oscillation of these isotherms may be due to internal waves,
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The existence qf‘ipternal_waves nay explain one
feature of the net current profiles. This feature is present
;n_thehmeap'current profiles_fqr thevfirst 25 hours Qn‘station
31/2 and for the first 25 hours on station 5 (first anchorage )
which are shown in figures 13 and 17. In the surface layer at
gtation‘31/2 there was a minimum at 4 meters and a maximum at
" 15 meters in the down-inlet flow. At station 5 the minimum was
at 10 meters and the maximum at 15 meters. This feature has
been noted before in current measurements taken at station 4
in Knight Inlet (Trites;l955). This pattern of a minimum and
meximum can be regarded as elther a minimum alone; a maximum
alone; or both a minimum_and maximum superimposed on a net
current which monotonically decreases with depth. There is

no way of differentiating between these possible interpretat-

lons,.

A simplifigd;picture of an internal wave will
demonstrate the possible effects of internal waves on current
~measurements. In the first instance; for progressive internal
waves of finite amplitude there 1s a'small_transport of fluid
in the direction in which the wave travels. The second effect
is an apparent net flow in the directlon of wave travel when
current measurements are taken at a depth between the crest
and trough of an internal wave which persists over any great

percentage of the time,
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The second effect is the one considered here. In
figure 25 is shown an internal wave at a density
discontinuity, It can be seen that measurements taken
continuously at level A will show a net flow in the‘difeqtion
in which the wavgiis travelling., It must be emphasized that
this is just a simple presentation. The effect of a density
gradient (which is the usual case in an inlet) rather than a
sharp denéity discqntinuity,»is thatlphere wiil be several
modegvof oscillation possible. A complex situation could

develop in reality.

Applying this to the net current profile, and in
particular to the minimum and maximum near the surface; it
seems possible that these may be due to internal waves in
the boundary between the brackish surface layer and the
denser sea water below. The fact that strong internal waves
observed (by the slick and puffled.bands) have been moving
up the inlet may suggest that the minimum in the down-inlet

flow is the apparent flow due to a progressive internal wave.



VII CONCLUSIONS

The character of currents at all depths of
méasureﬁent was that of an oscillating current or a
fluctuating current superimposed on a net current. There is
reason to_believe that the osciilating'compopent at all depths
at station 31/2 on the sill; and at 200 and 300 meters at
station 5 in the innér basin was determined primarily by tidal
forces. The combination of forces producing thg'flqw at the
sgrfacg at statiqnﬂﬁ 1s undetermined but did conéain a‘pefiod

related to the tide.

The wind stress exerted at the surface has a 1apger
direct effect on surface currents to at 19ast a depth of 10
meters; and possibly to 20 meters or more, It is recognized
that this depth of penetration may depend on the density
structure of the water and its changes with position and state

of tide,

There is also evidence that there may be indirect
influences of the wind as it affects deeper flows. These

flows appear to be of a compensatory nature.
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In regions such as that at station 31/2 it is
recognized that bottom topography and an irregular shoreline
may have a large effect on the direction and strength of

currents.

There is reason,from the results of transport
calculations, to think that there is lateral non-uniformity
of currents across an inlet. The fact that the net transport
was found always to be directed down-inlet for these mid-
channel stations suggests that the lateral non-uniformity may

be systematic in origin.

The values obtained for the net fresh water
transport down the inlet are in good agreement with monthly
means determined independently from precipitation and

watershed data.



VIII RECOMMENDATIONS

The above conclusions about currents and the
problems encountered in the interpretation of current
measurements, as well as comments made about the technique,
lead to recommendations for future work. These recommendations
are made primarily to help reduce errors in measurements and
to_provide more information with which to interpret’the

current data.

Despite_tpg fact that monitoring of the ship motion
gives a correcﬁion_for currents measured;”it still seems
advisable_to attempt to use a multiple anchoring scheme if the
time and equipment are available. The large possible error in
the correction current plus the fact that the correction
current (ship's speed) may be a large proportion of currents
measured are the reésons why 1t is felt that multiple

anchoring should be undertaken whenever possible.

If there 1s the manpower available there are several
obgerwapionsvthat'could be made to facilitate the interpretat-
lon of current measurements. Avtide gauge should be placed on

the shore near the ship position. If possible, there should be

- 69 -



- 70 =

more of these placed at various positions in the inlet.

One person in charge of a cutter or other small
boat could carry out surface current measupements across the
width of the inlet to determine if the flow is uniform across
the inlet or not. Often the structure of the water near the
surface 1is of interest when surface current measurements |
indicgtenﬁhq accumulation of fresh water in the inlet.
Subsequent deepening of the surface layer and the location of
such a deepening could be determined by measurements taken

from & small boat.

There is, of course, the possibility of a multi-
ship operation (apart from use of a ship's cutter). Both
additional simultaneous current statiqns'across one section
of the inlet, and simultaneous oceanographic data for dynamic
studies wbgld"provide considerably more information about

currents and thelr distribution.

Instrumentation can be improved. Notably, use of a
deck-reading current meter would cut down time requirements,
thus providing a more detailed and more neariy synoptic
plcture. From the calculations of drag on the wire of the
C.B.I, current drag, it is obvious that the smallest wire
possible should be used to improve accuracy at the depth at
which it has already been used;vand to make it possiblelto use

the drag at even greater depths.
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The marked influence of wind stress on surface
currents suggests the necessity for more detail concerning
wind factors. Frequent wind measurements at two or more
helghts above the water surface would facilitate calculations

of wind stress.
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