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Fresh water entering the inlets moves seaward,

mixing wi th and entraining sal t wa te l' from be low. On the

assumption that horizontal advection of salt is balanced

by vertical diffusion, the magnitude and variation in time

and space of the diffusion coefficient are determined by

numerical evaluation of the differential equation describ-

ing this process. A method of systematically smoothing tn-e

data is established by solving the differential equation

analytically. These solutions yield further information on

the diffusion coefficient which is found to be nearly cons-

tant in the upper reaches of an inlet but increases rapidly

towards the mouth in the brackish layer.

A technique is developed for determining the total

fresh water inflow to the inlets using precipitation obser­

vations and available river floVi measurements. The results

indicate that a significant proportion of fresh water enters

from the sides at all times. The importance of this in

theoretical studies is emphasized. The results are also

analysed for a possible relationship between inlet dimen-

sions and intensity of mixing.

A new method, based on the heat budget, is developed

to determine the mean seaward movement of the brackish layer.

This method is also applied to determine the depth from which

salt ~ater is entrained into the surface layer.
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I. INTRODU CTION

A knowledge of the nature and process of mixing

wi thin a fluid is one of the fundamental requirements for

an understanding of the ::1rculation and di tribution of

properties in the sea. Until recently the studies of the

characteristics and dynamics of flow in the sea have been

largely directed to those of the open ocean. However in

the past few years there has been a growing interest in

inshore waters and particularly in estuarial systems. An

estuary may be defined as a semi-enclosed coastal body of

wa ter having a free conne ction wi th the open sea and con­

taining a measurable quantity of sea salt (1). The inlets

in the Bri tish Columbia coast are estuarie s wi thin this def-

ini tion, and are of particular interest and concern to tre

Institute of Oceanography at the University of British

Columbia.

Classification and Description of Inlets

Pritchard (1) has presented a general discussion

on estuarine hydrography and has classed estuarie s in terms

of fresh water inflow and evaporation. When precipitation

and fresn water inflow exceeds evaporation an estuary is

termed positive. This is the classification into which the

Bri ti sh Columb ia inle ts fall. In addi tion Pritchard classe s



them according to their geomorphological structure, i.e.,

they may be estuaries that have been formed by drowning of

former river valleys, either from subsidence of the land or

from a rise in sea level. These are usually rela1;ively

shallow estuaries. A second class of estuary is ~he deep

basin type exemplified by the glacial cut fiords in the Nor­

wegian and Bri tish Columbia coastlines. These estuaries

are elongated indentations of the coastline, containing a

relatively deep basin and steep sides, with or without a

shallow sill at the mouth.

The inlets i,n the British Columbia coast vary in

length from 5 to 90 miles and in width from one-half to 3

niiles (see figs. 1, 2, 3 and 4). All of the inlets

receive fresh water drainage which exceeds evaporation and

consequently in the inlets t~ere is a net movement of the

water to seaward. Recent investigations of a number of the

mainland inlets have been reported briefly by Pickard (2),

and a detailed quanti tative study of the behavior of fresh

water entering the sea through Alberni Inlet has been

reported by Tully (3). As a part of this study he con­

structed a hydraulic model of the harbour and head of the

inlet and from this he was able to evaluate the effect of

river discharge, wind, and tide on the rate of dissipation

of fresh water seaward.

Only about five of the mainland inlets had been

investigated from an oceanographic standpoint, even



superficially, prior to 1951. During that summer however,

a general survey of all the major mainland inlets was under-

taken. The principal object of this survey was to gain

information on the general characteristics of the water,

the distrib~tion of properties. distribution and abundance

of plankton, and the circulation.

During each summer since 1951 there have been

surveys in the inlets in the southern half of the British

Columbia coast. Attention has been directed towards gain-

ing a more detailed knowledge of the inlet characteristics

than could be carried out during the extensive survey of'

1951. In particulaI' direct current measurements were taken

in Bute and Knight Inlets during the summers of both 1952

and 1953, and during each survey the distribution of temper-

ature, salinity and oxygen has been observed.

A brief summary of the water characteristics,

currents, dissolved oxygen distribution. and internal waves

has been reported by Pickard (2). Le Brasseur (4) has

reported the general distribution and abundance of plankton.

In addi tion a fairly de tailed analysis of the seasonal var-

iations of physical oceanographlc variables in Bute Inlet,

based on eleven surveys between August 1950 and August 1952.

has been made by Tabata (5a, b).

The information on depl;hs in the inlets is incom-

plete. Only eight of the inlets h ve been fully surveyed

by the Hydrographic Servi ce. To supplement the available



charts, soundings were made during the oceanographic sur­

veys. These were usually made along the centerline of the

inlets. The average mid-channel depth is approximately 180

fathoms but 300 fathoms is common and the greatest depth

recorded is 400 fathoms. The sides of the inlets above the

wa ter surfa ce are mostly steep and rugged, and angle s of 45 0

or more are not uncommon. Below the surface the slope usu-

ally continues at about the same angle to a fairly flat

In a simple model of an inlet, which consists of

an indentation perpendicular to a straight coastline, the

'mouth' and 'head' can easily be defined. The mouth is

taken to be at the point where the inlet suddenly widens,

and the head as the fartherest point in the inlet away from

the mouth. However an outline of the British Columbia

coast (figs. 2, 3, and 4) indicates a wide range in shapes

and lateral boundaries of the inlets, with many of them

being very irregular and sinuous in plan form. A number of

them form a system of channels that are joined in a compli-

cated network. This complication makes it difficult or

impossible to define the location of the mouths of some of

In many respects the British Columbia coastline

resembles that of Norway. But the presence of a very shallow

sill at or near the mouth is a common feature of most Nor-

wegian fiords (6), whereas most British Columbia inlets do



not have this feature. The shallow sill in the Norwegian

fiords separates the deep water in the fiords from that of

the open ocean. The sill may be only 2 or 3 fathoms in

depth while the depth in the fiord may be 40 or 50 t;imes as

great. By contrast only 7 or 8 of the 25-30 Bri tish Colum­

bia inlets posses sills. The deep water in the other 20

or more have free communication wi th the coastal waters,

although in all cases the depth between the inlets and the

edge of the continental shelf decreases to less than 100

fathoms.

Only three of the main inlets have sills. In

Knight and Observatory Inlets the sill depth is 2'5 to 30

fathoms; in the Seymour and Belize Inlet system the sill is

at a depth of 15 fathoms. The only very shallow sills are

in the smaller inlets. Call Creek has a sill depth of

about 10 fathoms. Princess Louisa Inlet, a small arm off

the upper reach of Jervis Inlet (fig. 2), has an entrance

sill of 3 fathoms, while Sechelt Inlet, another arm off

Jervis Inlet, is only 7 fathoms at its mouth. These, then,

constitute the extent of the sills in British Columbia

Inlets.

General Distribution of Properties

1) Salinity

Because of the free connection with the sea, the

bulk of the water in the inlets is saline. However, fresh



water entering the inlets overrides the heavier salt water,

but as it proceeds to seaward it mixes with and entrains

salt water from below. A schematic diagram of the structure

and circulation in the inlets, for summer months, is shown

in figure 5. In all profiles the extent of the top layer is

exaggerated relative to the thickness of the deep layer.

This is intended only as a schematic representation with

actual conditions varying over a fairly wide range. Ideally

all the fresh water enters at or near the head, but in prac-

tice a significant percentage enters from the side. This

modification will be fully discussed later. (Section VI).

During summer months the surface vlater at the head is sub-

stantially fresh (salinity less than It), forming a

layer 2 to 9 metres in depth, depending on the inlet and the

stage of the runoff. At 4 to 12 metres the salinity

increase s to 25~ or more ar,d a t 18~20 metre sit has

increased to more than 0.9 of its value at the deepe st point

(referred to as the base salinity). The salinity in the top

layer (upper 4-12 metres) increases down the inlet, reaching

values at the mouth of the order of 0.7 to 0.9 of the base

salini ty value. The se value s corre spond approximate ly to

the surface salinities of the surrounding coastal waters.

Thus at the head of the inlet the system approximates a two

layer one with a very sharp transition zone (halocline).

Towards the mouth the halocline ~.s less apparent and may

even be non-existent, so that on the basis of salinity no



distinct layers can be identified.

The value of the base salinity in inlets south of

Knight is 30.5-31.0' and north of Knight the value is

approximately 32.5f.. The value for Knight is inter-

mediate between these.

With the exception of Bute, the mainland inlets

have been surveyed only during the late spring or summer

months. During this period the fresh water discharge reaches

a maximum value and consequently most of the salinity di s-

tributions available show a greater than average dilution

due to river runoff. In the winter months the discharge of

fresh water decreases, reaching a minimum during late winter

or early spring. The fresh water concentration in the

inlets likewise aecreases and the distinct two layer system

evident in the spring and summer may be almost absent. A

comparison of figures 6a and 6b indicates the difference

that results in Bute Inlet between Febnuary and May. In

February the salinity at the head is greater than 20"

and increases rapidly down the inlet until the water

becomes nearly vertically homogeneous, whereas in May the

water is substantially fresh at the head and even near the

mouth it is still less saline than in winter. However in

both cases the vertical depth of penetration of fresh

water is about equal.

Since for the most part, only observations taken



during summer months are available, the rest of this thesis

refers to summer condi tions, unless otherwise stated.

As well as the seasonal variations in dilution

in a particular inlet there are also relatively large vari-

ations from inlet to inlet. Salinity profiles taken in

Jervis Inlet indicate a different pattern from those in

Bute or Knight. (Compare figures 7a and 7b). While the

depth to which the fresh water penetrates is about equal in

both cases, the general pattern is qui te dissimilar. The

salinity range in Jervis is markedly less than in Bute as

well, Vii th the profiles at the head of Jervis correspond-

ing roughly to those observed at the middle of Bute Inlet.

In other inlets the general pattern of salinity curves and

range of value s may be similar to those of Bute or Knight,

but the depth of the brackish layer may be very dif~erent.

The similarities and differences between the salinity

curves for different inlets can ullually be expre Baed in

terms of the two features--thickness of the brackish layer

and the long,i tudinal salini ty range from head to mouth.

2) Temperature

During the summer months the surface water is

usually the warmest part of the column. The brackish sur-

face layer is nearly isothermal. A rapid decrease in tem­

pera ture occurs be low thi s (thermoc:'ine). followed by a



fairly steady decrease until a minimum is reached at about

60-90 metres depth. This minimum, which is most conspicu-

ous in Bute Inlet, is most apparent during the early summer

months and gradually dissipates during the later summer and

autumn until it becomes imperceptible in the winter. This

behavior indicates that the seasonal warming and cooling

penetrates to about 100 metres.

During the winter months, the temperature increases

with depth to a maximur.l at a depth greater than 100 metres

and then decreases gradually to the bottom. The temperature

of the deep water remains constant throughout the year at

approximately SoC.

During the summer months the temperature in the

top layer usually increases from head to mouth (fig. 5).

The increase ranges from less than 0.5 0 C. to as much as

5
0

C. It is due to absorption of heat from solar radiation.

For a particular case the temperature increase will dep end

upon the combined effect of absorption of heat from solar

radiation and the heat gained or lost in the mixing process.

In winter months the temperature usually decreases toward

the mouth, indicative of a net loss of heat to the atmos-

phere.

The density of the we. tel', which is a function of

both salinity and temperature, increases with depth in all

cases. Typical curves are illustrated at the bottom of

figure 5. The shape of the curves is very similar to that
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of salinity, indicating that, in contrast to the open ocean,

temperature plays only a minor role in determining the den-

si ty distribution in the inlets. Consequently, during most

seasons of the year the density may be considered to be

directly proportional to the salinity to a good approxima-

Fresh water entering an inlet moves seaward

because the resultant pressure forces are in that direction.

As it move s along it mixe s wi th (or entra ins) sal t water

from below (3). Observations indicate that the bulk of the

fresh water remains near the surface, so that the brackish

layer remains substantially constant in thickness along the

inlet, and therefore the velocities in this layer must

increase to seaward. If the ampunt of salt in the inlet is

to remain constant, then there must be a compensating up-

inlet flow at deeper levels to balance the net outflow of

salt in the surface layer (fig. 5).

Current measur-ements in Bute and Knight Inlets

indicate that the surface layer is moving seaward with a

net velocity which is nearly uniform with depth. This

extends down to about the top of the halocline from which

point the current decreases very rapidly with depth to zero.

Below this the velocity changes sign and the magnitudes are

smaller than for the surface layer.
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Superimposed in this net circulation are the

tidal motions. Since these are oscillatory and consider­

able in magni tude the resultant currents are generally oscil-

latory in character also, though during large run-off

periods the estuarial flow to seaward at the surface may

be greater than the tidal velocities and result in a

undirectional flow throughout the tidal cycle.

Most of the current observations ha"/e been made

in the upper 20 metres, but enough reliable measurements in

the deeper waters have been made to reveal that large cur-

rents do occur at times at the greater depths. However,

these high speeds must be in the form of surges and are pos-

sibly jet-like in character, extending only over part of the

width of the inlet. Application of the principle of con­

tinuity of volume indicates that these 'large velocities can-

not exist over the whole tidal cycle.

The volume of water which is supplied to the

inlet between low and high tide must all pass through the

mouth of the inlet, an:l. since the inlets are relatively con-

stant in width, these tidal velocities are a maximum at the

mouth and decrease to zero at the head of the inlet.

Tidal ve loc i tie s vary in magni tude wi th dep th and

in general appear to be somewhat larger below the brackish

layer than at the surface. This vertical variation gives

rise to variations in the vertical velocity shear over a

tidal cycle Which reaches a maximum during the flooding



The foregoing constitute s a general description

of the circulation and distribution of properties in the

inlets. Relatively large departures do occur from the

'typical' structure and circulation as presented in figure

5, but these will be dealt with in subsequent sections.

The factors which influence the structure and

circulation will be enumerated in more detail in the follow-

ing section (II).

This thesis therefore, presents the results of a

cri tical examine, tion and study of the vertical-longi tudinal

distribution of properties and the factors which may control

or relate to it. An attempt ;"'ill be made to represent the

salinity profiles by theoretical curves derived from rela­

tively simple assumptions about the mixing process. This is

desirable both from the standpoint of discovering Which are

the important processes occurring, and as a guide in 'smo\lth-

ing' the fie Id data. In addi tion an effort will be dire cted

toward an evaluation of some of the internal and external

factors influencing the distribution of mass and circulation

within the inlet.



FACTORS HFLUENCING THE CIRCULATION AND

The circulation and distribution of' properties

are inf'luenced by a number of' internal and external f'actors

which must be considered. and evaluated if an understanding

of' the important processes prevailing is to be achieved.

The f'olloViing comments will serve to introduce some of these

f'actors whose influence is to be discussed in detail later.

The general character and shape of' the inlets has

been stated in the previous section, but no mention was made

of the possible part that these might play in determining

the circulation vii thin the inlet. The effect of' a shallow

sill at the mouth is to impede the f'low of' deeper water into

and out of' the inlet. The presence of' a sill is a common

f'eature of' the Norwegian fiords (6, pp. 1024-1028) and

results in stagnation as indicated by the low concentration

of' dissolved oxygen in the deep water. However it is evi-

dent from the absence of stagnation in larger British Colum­

bia inlets (2, No. 99) that the presence of a sill at 25 to

30 fathoms depth has no effect in impeding the deeper circu-

lation.

The second feature of the physiography of the

inlets important oceanographically are the lateral
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boundaries and irregularities. The sinuous character of

many of the inlets undoubtedly gives rise to extensive hori­

zontal eddies similar to those Vlhich can be demonstrated in

hydraulic flumes. The resultant effect of such irregulari-

ties is to produce a more nearly homogeneous medium later­

ally although large variations in lateral circulation will

result. The detailed effect of these variations is possibly

important but it has not been examined in this study because

of the small number of available observations.

The relatively steep sides of the inlets permit

one to assume them vertical in so far as the width of the

upper layer is concerned. Although there is some variation

in width along the inlets, the effect of this in determining

the circulation and mixing process is neglected in the subse­

quent discussion.

The tides in the inlets and channels of the Bri tish

Columbia coast are important oceanographically because of

their considerable vertical range. The tides are of the

semi-diurnal mixed type, there being two high and two low

waters each day, no two of which are equal in height.

On the southern half of the coast the inequality

in heights of the high waters or 10Vl wa ters is very marked,

whereas in the more northern region the inequality is less

pronounced. The most rapid change in the character of the



tide occurs in the network of channels between Bute and

Knight inlets. Times of high and low water are very differ-

ent between the northern and southern regions, being

approximately 1800 out of phase.

The general character of the tides is illustrated

in figure 8. 8'1 and b illustrate the maximum variation in

types of curves for the southern inlets, with all inter-

mediate combinations possible, while figures 8c and d indi-

cate the large and small range for the northern inlets.

The time of high or low waters occur nearly simul-

taneously at all points in the inlet. Even in the very long

inlets, there is evidently a phase lag be tween mouth and

head of not more than n few minutes (7). To satisfy this

condi tion requires that on the average tidal velocities be

largest at the mouth and decrease to zero at the head where

the only tidal component is in the vertical direction.

Detailed information on tidal heights is published

by the Canadian Hydrographic Service (8). The normal range

of the tides, as given in the tide tables, varies from about

6 feet up to 24 feet. Current measurements made by the

Hydrographic ServiOe, are limited to the channels of impor-

tance to navigation, and are confined to surface observation.

The only observations available ror the inlets were made

during the oceanographic surveys. These indicated a con-

siderable range in value. wi th the sma lle st be ing Ie ss than

5 cm./sec. and the maximum exceeding 100-150 cm./sec.

(Section V).



Twice daily observations of cloud coverage, wind

speed an<;l. direction, temperature, and precipi tation are

recorded at a number of points along the coast. However,

the prevailing conditions in the shelter of the inlets are

often qui te different from those in exposed locations. On

all oceanographic surveys observations of cloud coverage,

wind speed and dire ction, air tempera ture and rela ti ve

humidity were made. These observations, limited mostly to

summer months, indicate that on the average the wind is

directed up-inlet in the daytime with a speed of 5-10 miles

per hour, decreasing to nearly zero at nightime. Cloud is

usually fairly extensive, the average be ing approximate ly

7/10 coverage. The relative humidity is usually grea ter

than 70%. Daily totals of solar radiation, direct and dif-

fuse are given for a number of posi tions along or near the

coast, in Kimball's table (9). A more detailed analysis of

the influence of meteorological conditions on mixing and

section VII.

River Discharge and Precipitation

The rivers which flow into the inlets have drain-

age basins which lie almost entirely in the Coast Range

mountains of British Columbia. Average annual precipita-

tion in this region varies over a wide range being less than



35 inches at some points and as much as 275 inches at

others. At sea level and at the lower elevations most of

the precipitation is in the form of rain whereas at the

higher altitudes a fairly high proportion of it falls as

snow. Usually the. delay between the time precipitation

falls on a basin and the time it flows from the rivers into

the inlets is less for rain than for snow. The snow may

remain frozen and accumulate for several months before it

melts, whereas water in the liquid form begins to move

immediately towards lower elevations. In general two yearly

peaks in river discharge occur. One is in the late autumn

months and is associated wi th the heavy autumn rains. The

second, and usually the larger of the two, occurs in late,

spring or early summer months and is associated with the

melting of snow and ice. In many cases the rivers are gla­

cier fed and the flow may continue at relatively high val-

ues during the entire summer.

A detailed analysis of fresh water discharge, its

distribution within the inlet, and the variation from inlet

to inlet will be given in a following section (VI).

Internal Waves

Whenever there is a boundary between two fluids

such that there is a densi ty difference across the boundary,

then it is possible for waves to exist at the interface.

These may be either standing or progressive waves. The



air-sea boundary is probably the most familiar example.

However, it is not necessary that there be a density dis-

continui ty but merely a vertical density gradient in order

for waves to exist. In several of the inlets internal

wave s have been observed. These are of' two type s:

i) Shallow internal waves: these are observed

at the depth of the halocline (3 to 15 metres) in some

localities and have periods of one to three minutes, wave-

lengths of' 60-200 metres, and heights up to 10 metres. The

period of oscillation is comparable to the value derived

from the stability of the w/iter column (Le. the natural

period of vibration of an element of fluid within the col-

umn). These waves are often observed to occur shortly af'ter

the tide has turned to flood. when the vertical velocity

shear is usually greatest. The waves may progress slowly

up the inle t or remain nearly stationary. depending on the

seaward velocity of the surface layer.

ii) Mid-depth internal waves: These are observed

at depths of 30-120 metres, with a period corresponding to

that of' the tide, and an amplitude of 25-30 metres. Obser-

vations taken simultaneously in Bute Inlet at two locations

suggest that these are standing waves, with possibly two

nodes, the mouth being an antinodal point.

Internal waves then. produce a distortion on the

mass f'ield which complicates the problem of obtaining a

reliable mean distribution of properties. In addi tion the



shallow internal waves may have an important effect on the

mixing process.

The various factors mentioned in this section all

playa role in determining the instantaneous and net circu-

lation and distributlon of variables wi thin the inlet. In

the subsequent dicussion these components will be con­

sidered and expanded, so that for a particular si tuation

a better understanding may be obtained of the relationship

between the kinematics, dynamics, and distribution of prop­

erties.
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MIXING PROCESSES IN ESTOARIES

The distribution of mass, which is a function of

salinity and temperature, and the motion in the sea must be

interdependent. The motion can often be determined from a

knpwledge of the mass distribution, and conversely the mass

distribution is at least in part a consequence of the motion,

since moving water may be expected to carry with it ips

properties. This is usually called 'advective' transfer of

a property. In addition to the transport by the mean motion

of the fluid, transfer of properties also occurs because of

the random of turbulent motion. This 'non-advective' pro-

cess is referred to as 'diffusion'. In the past there have

been many attempts to determine the field of motion from the

field of mass. Some have been successful but sometimes

erroneous conclusions have been drawn because the role of

the non-advective transport has either been neglected or

inadequately understood.

The majority of the studies of estuarie.s so far

have been mostly concerned with relating the field of mass

to the field of motion. They have been less concerned

about the actual processes which cause the redistribution

of properties, such as salinity, along the length of an

inlet. In fact very little is known for certain about the

mixing processes which actually occw' in estuaries.

The present study is essentially an attempt to



explain the observed distribution of a property such as

salt, in an estuary, on the basis of certain assumptions

about the mixing process itself. Ketchum has had consider­

able success, adopting this approach, in his use of the

tidal prism method. (10), where the essential assumption is

that mixing is complete within each tidal prism. Arons and

Stommel (ll) have refined this method by introducing a

'mixing length' and incorporating the tidal prism concept

into a differential equation. The results obtained by these

researchers seem to be most applicable to the shallow

coastal plain type of estuary, where vertical stability is

much less than in the Bri tish Columbia inlets, and the dis­

tinct two layer system at the estuary's head is less pro-

In discussing the hydrodynamics of estuaries

oceanographers often speak in terms of superposed layers of

water of different density, each layer being separated from

its neighbour by an abrupt discontinuity in density. It is

possible to imagine systems whose density stratification

cannot be destroyed by mixing, such as layers of mutually

immiscible fluids like water and benzene. ;rn some estuar-

ies this simplified concept of density structure is nearly

realized. However in natural estuaries where stratifica-

tion of density is due to differences of salt and heat con-

tent of a single fluid, water, some degree of mixing

invariably occurs to destroy the ideal abrupt density



discontinuity of the simple model. This mixing may be

related directly to the field of flow in the stratified

medium, or it may be due to external influence quite inde-

pendent of the field of flow, such as winds. The field of

flow can be thought of as composed of two parts, the estu-

arial circulation and the tidal circulation. The veloci-

ties of flow due to the tidal wave are generally greater

than flows set up by the river water passing through the

estuary. These tidal velocities and movements must in

many cases result in much more effective mixing than would

occur if there were no tides. In turbulent flows there is

some evidence that the intensity of mixing is related non­

linearly to the velocity and velocity gradients, (e.g. to

the square of the velocity). Irregular lateral boundaries

and constrict;l.ons in width likewise undoubtedly playa

role in controlling the degree of mixing that occurs.

In e stuarie s such as Burrard Inlet the ra tio of

width to length is nearly unity and lateral variations are

very important. Campbell (12) has investigated the circu-

lation in this inlet and found that lateral stresses play

an important part in determining the horizontal circulation.

In this report, however, only relatively long narrow inlets

will be considered. It will be assumed that they are later­

ally homogeneous, or nearly so, and for the most part only

processes occurring in the vertical-longitudinal plane will

be discussed.



To return to the relation between the motion and

the distribution of properties: redistribution of mass may

take place as a result of the mean motion of the fluid

(advection), and also by random motion (diffusion). In the

classical case of" Laminar or streamline motion the velocity

is presumed to be a slowly or smoothly varying function of

posi tion and time and the only random motion is tl;lat of the

molecules (molecular diffusion). In the ocean (or atmos~

phere) however, evidence suggests that in addition to the

random molecular motion there is also a random macroscopic

motion. This type of flow is referred to as 'turbulent' and

the macroscopic random motion gives rise to a transfer of

properties by a process referred to as 'eddy diffusion' by

analogy with the molecular case. The flow may be considered

to consist of two parts: a relatively simple mean motion,

and superimposed on this a complicated random or eddy motion

which fluctuates but is not obviously periodic. Evidence

suggests that in turbulence where the random motions are on

a much larger scale than the molecular agi tations, that dif-

fusion 1s related in some way to the bulk motion and to the

boundaries. Mathematically turbulence implies a state in

which the instantaneous velocities exhibit irregular and

apparently random fluctuations so that in practice only

statistical properties can be recognized and subjected to

analysis. In part, the situation is analgous to that

accepted in molecular phy"ics, i.e. that the exact



knowledge of the motion of individual molecules cannot be

obtained, but given an assembly of molecules it is possible

to deduce the laws of their behavior in statistical terms.

But the analogy is only partly true, because the turbulence

is usually not completely random, being related in some way

to the stability and field of motion wi thin the fluid.

Equation for Distribution of Property

Consider the distribution in a body of water of a

property such as salinity (grams of dissolved material per

kilogram of water). Assume a rectangular co-ordinate system

x, y. z, so that the salinity is given by S .. S(x,y,z,t)

At any instant, the time rate of change of salin-

ity will be determined by the sum of two processes, the

transfer by the macroscopic motion and that by molecular

diffusion. The rate of change of salinity can be described

by the differential equation:

where u, v, and ware the components of velocity in the

x, y, and z directions respectively, and K is the molecular

diffusivity. In natural turbulent flows, it is assumed

that the instantaneous values of salinity and velocity can

be represented as the sum of a mean and a fluctuating com­

ponent, i.e.



where the mean values are defined to be:

(2b)

The interval T is to be taken over a long enough

period so that S""'"" =~ .~.WI. o.

substituting (2a) in equation (1) and taking the

average over a time T, the mean value equation becomes:

~+U~+V~S +wli
at oX ?J'j b~

- -(3)

= t(K~ -U'S')t~(K~- tJISI)+~-(K*-1J'5')
The product terms ilfST etc. will in general not

be zero (equal zero only if there is no correlation between

the two quanti ties). In practice they turn out to be

several orders of magnitude larger than the molecular dif-

fusion terms so that for most purposes the latter can be

neglected. The terms ilfST etc., are commonly referred to

as the random flux or eddy flux terms. The derivative of

these terms is referred to !IS eddy diffusion. Similar

terms arise in the equation of motion where momentum is sub-

stituted for salinity. In this case the random flux terms
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describe the effect of the fluctuations on the transport of

momentum across a surface in the fluid and represent fric-

tional stresses (referred to as 'eddy' or 'Reynolds'

stresses) •

To evaluate these eddy terms the most direct

method would be to measure u l , Sf, etc., directly and deter-

mine the mean product. Instruments to carry out this pro-

cess are only in the early development state and are not

available for routine use. It is therefore nece ssary to

adopt some other approach. It is noted that equation (3)

cannot be solved analytically unless the form of the random

flux terms is known. In an attempt to overcome this dif-

ficulty for the frictional stress Boussinesq (13, p. 126)

postulated the mixing movement is simply equivalent to an

increase in the viscosity coefficient i.e., that a term

such as \liVT could be written as ?W by analogy with the

molecular case. This idea was extended by Schmidt (6,p.91),

to the transfer of other properties than momentum by writing

for example, i:l"iST as Ax* where the quantity Ax the

eddy or exchange (IAustauch l ) coefficient represents the

ra te of transfer by the random eddy motion. In principle it

is probable that this eddy coefficient may be a function of

the motion, i.e,. of the position in the fluid. With this

hypothesis, and negl~cting molecular diffusion, equation (3)



where the quantities Ax' Ay , Az , are usually called the

eddy diffusivities in the x, y, and z directions respec-

tively. Similarly the terms eddy conductivity and eddy

viscosity are used for heat and momentum respectively.

The eddy coefficients are not a property of the

fluid but are functions of position, time, and the scale of

turbulence and in general the vertical coefficients will be

qui te different from the horizontal ones.

If the coefficients are independent of position,

equation (4) becomes:*+U* + Vij + 0* - Ax ~ + A~~+A~~~~ (5a)

and the diffusion is termed • Fickian·.

If the coefficients are independent of direction,

i.e., Ax .. Ay = Az = A, then (5a) becomes:

~ +U~ +V~ +0' li - A(~ + d~ 5 t W) (5b)
ot ~J( 3';j ~~ aJl), q ~~

There is of course some question as to the physi-

cal reality of introducing the concept of eddy diffusivity.

Some researchers have felt that there is no basis for it,

arguing that one is merely replacing one group of terms

about which we know very li ttle with a second group of terms

about which we also know very little. Pritchard (1) has

taken this point of view and has prcceeded to evaluate the

mean random flux terms (ii'"iS', etc.) indirectly from the mean
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values of veloci ty and salinity. The method is still

empirical and the information obtained about the actual

mixing process is rather limited. It involves a very large

number of individual observations which are, in some places,

from the practical standpoint, impossible to obtain. As

well, the information obtained is valid only for the par-

ticular place where the observations were made, and at

that particular time. Presumably the form obtained for the

random flux terms and their variation in time and space

would suggest the possible factors to which they are

related. In other words, if the results are to have a

wider application, it is necessary to relate these random

flux terms to some physical entity or its derivatives.

Since large numbers of observations are not avail-

able for the inlets, the Schmidt hypothesis will be used in

this study and equation (4) will be assumed to apply.



SALINITY DISTRIBUTION liND EDDY DIFFOSIVITY

The general features of the salinity distribu­

tion were outlined in the Introduction. Typical sUlT1l1ler

distributions were presented, and as well, an indication

given of the seasonal variation. A more complete analysis

of these distributions, together with the vertical eddy

diffusion coefficients required to maintain these distribu-

tions, will be presented and discussed in this section.

As noted previously, most of the inlets have a

relatively large quantity of fresh water discharged into

them during the summer months. Consequently the family of

vertical salinity curves from head to mouth for each inlet

bears a degree of similarity from inlet to inlet, although

both the thickness of the brackish layer and its increase

in salinity from head to mouth may vary appreciably. (See

figs. 6, 7, and 9-::'4 incl.). Despite these variations, the

general agreement in 'shape' of the curves, suggests that

similar mixing processes prevail in all the inlets.

To examine a specific family of salinity curves,

consider those observed in Bute Inlet on May 29, 1952

(fig. 7b). The depth of the halo cline at the head (station

8) is at 6 metres. This depth has changed to very little

at station 7, while the mean salinity in the brackish

layer has increased from about l~ to 6"". Between

stations 7 and 5 however, there has been a marked change



The halocline, although not so clearly

defined, is now at about 4.5 metres depth. At station 3,

the salini ty increase s almo st uniformly with dep th down to

5 metres, after which it increases very slowly. While

there is little evidence of a halocline at station 3, the

profiles indicate on the whole, a decrease in the thickness

of the bracki sh layer to seaward.

Observations taken in Bute Inlet at about the

same time, but a year earlier, indicate the same general

features as outlined above, (fig. 6b). The brackish layer

is slightly thinner at the head (5 metres) than in the pre-

vious sample, but the same general decrease in thickness to

seaward is evident, with a value of only about 3 metres at

station 2. Another feature of the salinity profiles,

which is evident here and in numerous other cases is the

reve rsal in dire cUon of the horizontal salini ty gradient

with depth. (See also figs. 7b, 9a,b, lOa, lla,c, 12a,

13a, 14a,b.). This reversal occurs just below the halocline

and is generally evident only over part of the length of'

the inlet. It is more prevalent in the upper reaches of'

the inlet. The magnitude of' the reversed gradient is very

small relative to that occurring in the top layer. In all

cases the horizontal salinity gradient decreased to prac-

tically zero at 20 metres depth.

In an attempt to gain some knowledge of the mix­

ing processes occurring in the inlets, application of



equation (4) (Section III) in a simplified form will be

investigated.

The inlets are relatively long, deep and narrow

with little variations in salinity laterally. Assuming a

steady state, and tnat the important processes maintain­

ing the salinity distribution are horizontal advection

balancing vertical advection and diffusion, eq'.l8.tion (4)

(where all quantities refer to the mean values as defined

by eqn. 2b).

If horizontal and vertical velocity observa­

tions were available, then equation (6) could be inte-

gra ted verti cally by nume ri cal me thods and the magni tude

and the vertical and longi tudinal distribution of Az

determined. However observations are not sufficient to

do this since velocity observations are lim~ted to one

posi tion in the inle t (about 2/~ of the way down from the

head). Therefore if Az is to be evaluated using the

available data, further simplification of equation (6) is

If it is assumed that the vertical advection of

salt is negligible or that it can be included in the dif­

fusion term, then equation (6) may be wri tten as:



(8)
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The equation as written, formally implies that

w = o. But is the actual data !'rom the inlets are applied

to the equation, then the calculated values of Az incorpor­

ate the diffusion E..1£!!. the effect of vertioal adveotion.

The laok of velooi ty obse rva tions require s one

further simplifioa~ion to equation (7), namely that the

termW~ be assumed to be muoh smaller than Az~

Thus equation (7) becomes:

Ull _ A ~as fu _/)%x
/)x )/),," U - ~1

Az/u can be oalculated numerically using the

method described by Proudman (14, pp. 111-115). The method

is the following:

Consider the vertical distribution of salinity at

two stations' A and B.

I ~x

__ :_ J~s.~ ~

b~: : !
~o - -A- - -- P: ----~

[~ L_~.iS::_



Construct the mean salinity profile of salinity

between stations A and B (solid line). The expression for

Az/u will be derived for the depth ~o. Draw two lines

parallel to J•• a distance ~~ above and below it. Let rf.S

denote the mean increment of salinity between A and B, 1.. 5

the increment of average salinity from ~-/~ to ~ , and ~+5

the increment of average salinity from depth ~ to lJ-t/~

Let Jx denote the distance between the two stations and let

all derivatives be evaluated at P.

Then (9)

SUbtracting (11) from (10) gives.

Combining (9) and (12) give s:

(12)

(13)

Equation (13) was appJied for most of the inlets

using the available data. Some of the results of these cal-

culations are given in Tables I-XIV. In Table I the



oaloulations for Bute Inlet, May 17-25, 1951 are reoorded.

The profiles (fig. 6b) from whioh these were oaloulated

represent averages of approximately 8 at eaoh station. The

values of Az/u in the top 3 to 4 metres are generally posi­

tive, while those below this are mostly negative. Sinoe in

a simple diffusion prooess it is physioally unaooeptable to

have a negative diffusion ooeffioient, then this is taken to

indioate that u ohanges sign between these two layers. The

results indioate as well, that the seaward moving top layer

deoreases in thickness towards the mouth. The value of Az/u

in the surfaoe layer is largest at the head and deorease,s

toward the mouth. This deorease is assooiated with inoreas-

ing values of u rather than with deoreasing values of Az '

although in this instance the amount of the deorease is

more than oan be aooounted for by the velooity inorease.

In Table II, the results of the oaloulation

for Bute Inlet, May 29, 1952, indioate more regularity than

tho,se in Table 1. Like that of Table I, it indioates a

deorease in the depth of ,no motion towards the mouth. The

deorease is from about 7 metres at the head to less than 4

at the mouth. The reversal in sign of Az/u, ooours at the

infleotion point of the salinity ourves. The magnitude of

Az/u deoreases only slightly towards the mouth. Sinoe the

velooity at the head is of the order of 2 om./seo. (results

to be pre sented in Se 0 tion V) and inorease s towards the

mouth to about 25 om/seo., this gives a value of Az at the



2 metre depth of 0.16 cm.
2
/sec. and 1.25 cm.

2
/sec. at the

head and mouth respectively. The generally larger values

of Az/u in th,e lower layer are associated with the decrease

in velocity. Values just below the depth of no motion are

very large because the velocities are nearly zero, but a

decrease in value below this and finally increasing again is

associated wi th u increasing to a maximum up-inlet value

below the depth of no net motion and then decreasing slowly

to zero at greater dep ths.

Application of a reasonable velocity field to the

results of Table II indicates that for the surface seaward

moving layer, Az varies from about 0.1 to 1.5 cm. 2/sec. from

head to mouth respectively while those in the deeper up-inlet

moving water fluctuate from less than 0.05 to 0.5 c. 2/sec •

The values of Az/u calculated for Jervis Inlet

(Table III) from observations taken on May 27, 1952, lead, at

first sight to a very interesting conclusion. The values are

all negative, which indicates an up-inlet movement at ill

depths. The suggested explanation of this is the following:

the points of observations near the surface are at 0 and 2

metres. Smooth curves plotted through these points give

results as shown in figure (7b). The curves contain no

inflection point and therefore the results indicate a uni-

directional flow. However, in actual fact a very shallow

surface layer (2 metres thick) probably existed whose

salini ty increased more slowly with dep th than in the water



just below it. If this was the case then the calculations

would have given positive values for the surface layer.

The volume of fresh wa ter leaving Jervis Inlet is

qui te small and consequently the veloci ties are small. The

generally smaller values of the quantity Az/u, compared to

those of Bute Inlet indicate that Az is smaller in Jervis

Inlet than in Bute.

Similar caleulations were carried out for most of

the other large inlets and also for different seasons of

the year. The results for Gardner Canal, July, 1951 are

given in Table IV. These indicate all positive values above

the 6 metre level but below this the sign alternates irregu-

larly. The amount of 'information which can be deduced from

this table is limited.

Calculations for Portland Canal (Table V), indi-

cate a moderate degree of regularity between station 6 and

10, but above this, the results fluctuate widely. The

'break' in the results correlates with a break in the obser­

vations. The observations below station 10 were made on

July 22nd, while those above it were made on July 23rd.

The results below station 10 indicate that the seaward

moving upper layer decreases in thickness from about 8 to

6 metres between stations 10 and 6 respectively. The applica-

tion of a reasonable velocity field between these stations

indicates that Az is nearly constant for the brackish layer.

Observations below station 6 were not used, since the



influence of the large outflow from the Nass is very marked

in this region.

The results for Dean Channel (Tables VI and VII)

likewise show a wide variation in magni tude and a fluctu-

ating sign. Here too the modifying effect of side arms and

interconnecting channels give rise to a more complicated

salini ty distribution than might be expected in a simple,

two dimensional inlet, with all the fresh water entering at

Re suI ts of calculations for Knight Inle tare snown

in Tables VIII and IX. Once again, both the sign and magni­

tude of Az/u fluctuates, although the average value of Az/u

in Knight in the upper layer is somewhat higher than for

Dean Channel, Gardner, or Portland Canals. Since velocities

should be of comparable magni tudes (see Section VII) then

one concludes that Az is larger in Knight Inlet than in

Effort was directed as well, towards an evalua-

tion of the seasonal variation of Az/u in Bute Inlet, using

data taken in October, February, March, and July. (See figs.

6a and 9c). '!!he results of the calculation are presented in

Tables X, XI, XII, and XIII. In general, no seasonal pat-

tern can be detected. The values alternate in sign with

apparent randomness and as well, no significance could be

placed in the magni tude of Az/u. Since Ii ttle is known

about the velocity field during autumn and winter months



then, no conclusions about the seasonal variations of Az can

The apparent randomness in magnitude and sign of

the quantity Az/u in many instances. suggests a number of

points.

1) It was assumed in the calculations that a

steady state existed. If this condition prevails. and if Az

is required to be positive. then a very irregular and

unrealistic velocity field exists. On the other hand. it is

doubtful if the steady state assumption is .valid. Actually,

large inhomogeneous eddies were probably movin/S through the

area, resulting in temporary reversals in horizontal salinity

gradients. These inhomogeneties could be caused in a number

of ways. Fresh water entering the inlets may vary over a

wide range of volume in a short period of time (disQussed in

Section VI). Alternately, the fresh water does not in most

cases, have a single entrance point in the inlet. Signifi-

cant proportions may at times be entering at a number of

points between inlet head and mouth. This undoubtedly

accounts for some of the irregularities in Az/u. in compli~

cated networks such as Dean Channel and to a lesser' extelft

in Gardner Canal. Alteration of the salinity profiles by

amounts known commonly to occur locally re suI ts in a removal

of many of the irregularities of Az/u both in sign and magni-

The tides also constitute another factor in giving
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rise to local variations in salinity. However investiga-

tion of the effect of this factor resulted in only a

slight improvement in smoothing the quantity A'L,/u.

2) The method of calculation assumes that the

vertical mean motion is zero, but the observed values or

salini ty of necessity include the effect of vertical advec­

tion. Therefore the calculated values of Az/u actually

incorporate the effect of vertical advection. The effect

of vertical advection acts in the opposite direction to

horiz:ontal advection in maintpining the salinity at a point.

Consequently a change in the magnitude of the mean vertical

velocity, even without a sign change, could be sufficient

to make Az negative. A consideration of this effect in the

calculations results in some simplification of the horizon-

tal circulation pattern.

3) In Section II the general features of internal

waves, observed in some of the inlets, were discussed. Ir

observations were made during a time vlhen internal waves

were present, the salinity distribution obtained would not

be representative of the steady state. Since in most cases,

it is not known definitely whether internal waves were

present, then an evaluation of this effect is impossible.

For data which were reasonably smooth, the calcu­

lations of Az/u gave reasonably consistent results. But the

relatively large number of irregularities in the calcula-

tiona indicate the desirability of having some systematic



method for' smoothing' the data. Since in most cases only

one, or possibly two, profiles are taken at each station,

statistical methods cannot be applied. If smoothing is

employed wi thout any systematic method employed, a certain

amount of 'personal' interpretation is involved. The pos-

sible results which this can lead to are indicated in Table

XIV (see also fig. 9b). The curves were smoothed by eye

only and were placed so that the observation points were not

farther off the curves than was estimated as possible devi-

ations in positioning the sample bottles. The calculations

reveal at least a consistency in the circulation. The depth

of no net motion is indicated to be at 4.5 metres at the

head and decreases to about 3.5 metres at the mouthJ A

plot of u/Az is illustrated in figure 15. (u/Az is plotted

rather than Az/u to avoid infinities). Az/u is found to be

larger for the seaward moving surface layer than for the

water moving up-inlet. The infinite values of Az/u for some

points in the surface layer is not necessarily indicative of

zero velocity, but rather as an infinite value for Az • This

he.s resul ted because the observations indicate no vertical

salinity gradient, and since salt was~ to have moved

vertically, then Az is required to be infinite. However.

since salinities were observed to 'Only the nearest tenth of

a part per thousand. a more accurate determination undoubt-

edly would have revealed a vertical gradient different from

zero and consequently a finite Az •



Type Distributions

The results of the analysis of unsmoothed data,

indi ca te the unsa tisfactory si tua tioD whi ch prevails in

attempting to use observations Which are not representative

of those of the I steady state I.

It is often extremely useful and instructive to

define a distribution of salinity which approximates to the

observed one, and then to examine the velocity field and

diffusion coefficient, assuming certain processes to be pre-

dominant in maintaining the salinity distribution. As an

example, suppose the salinity in a vertical-longi tudinal

section is described by:

s _ So e

where So is the salini ty of the deep wa te r

This is plotted in figure 16, for a • 0.3,

b .. 10-3 where x is in nautical miles and z in metres.

(14)

close similarity in these curves to many of those observed

ir. the inlets is evident.

Suppose that the distribution of salinity is

determined by equation (8). Substituting for S and evalu­

ating the expression u/Az indicates that u changes direc­

tion wi th depth (provided Az > 0), but it has the disadvan­

tage that u/Az approaches infinity as z goes to infinity.

Since in this equation, Az is constant, this requires that



u increase with depth and approach infinity as z goes to

infinity. Even if Az is allowed to vary with deptp., but

remains finite the same conclusion is reached. Consequently

if one is to represent the distribution by equation (14)

and assume the distribution of salt to be determined by

equation (8) then the function can only be used for a finite

depth.

Another salinity function vlhich describes a dis­

tribution of salinity that bears some similarity to that

observed in the inlets is given by:

(15)

where Ss is the surface salinity and K " K(x)

This is plotted in figure 17, for So :: 30~

Ss • Sox, K =_l...-'l + 2S), L :: 40, Ko • 6.
--r;- Ko L

Compared with figure 16, the layer of brackish

water is less extensive, and to improve this would require

increasing the number of terms in the polynomial part of

equation (15).

Assuming as before that the distribution of salt

is determined by equation (8), yields the result that u • 0

at z = 1 {or ' if A} = A;,("%)
K K+i} *

This function has the added advantage over equa-

tion (14) in that the velocity approaches zero as the depth

approaches infinity (instead of infinite velocities as in



(17)
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the case of equation 14).

Another interesting difference between equations

(14) and (15) is the variation in depth of no motion along

the inlet when equation (8) is assumed valid. Equation (14)

indicates an increase in depth of the level of no net motion

whereas equation (15) indicates that the depth decreases to

seaward. The fact that most of the observations indicate

a decrease in thickness of the brackish layer to seaward,

favours the use of an equation of the form of (15), although

a greater number of terms in the polynomial part of the

expression is required, if a more realistic repre sentation

of the observa tions is to be obtained.

Relationship between As, K(x), Ss(x), and R, the

river discharge:

For an inlet of constant Width, the volume con-

tinui ty requirement iJ:

t- !Ud} - 0 (16)

where d is the depth below which there is no motion.

(Origin at the sea surface, z positive downward).

Substituting for u from equation (8), and for S

from equation (15), yields:

AsK} .;dr.. d~ - R
b__K_

SO-55
~o ~.. ,o.nd C- t



The integral has three different values depend­

ing on the relationship between b 2 and 4 ac.

For b 2 • 4 ac, one obtains:

The condition b 2 • 4 ac yields, upon integration

and application of the boundary condition that Ss : K : 0

at x • 0:

(19)

Substi tution of (19) into (18) yields an equation

which, for given values of R, gives a relationship between

Az and K(x). The expression which results from these equa­

tions is logarithmic in form and difficulties were involved

in obtaining an acceptable solution. Since the probable

use fulne ss of the anticipated re suI ts were considered to be

of only limited value, no further effort was made to solve

the equations.

Other type distributions in addition to the above

ones were considered, but no improvement in form and sim-

plicity over the two considered here were found. This

approach to the problems of the mixing process is in part,

arbitrary, in that it does not consider first a process

and then the distribution of salinity which results.

Therefore it was considered tQ be of more value to postu­

late certain advection and mixing processes to be dominant



and then to solve this equation to see how it determines the

distribution of property.

Analytic Solutions of the Differential Eguation

So far in this study the differential equation (4)

which determines the distribution of salinity has only been

examined in the differential form. A much more satisfactory

and complete understanding of the factors involved in the

mixing process would result if the equation could be solved

analytically for given boundary condi tions. In practice how-

ever the equation is too complicated to solve in its most

general form. Consequently, several simplifying assumptions

are necessary if the equation is to be solved analytically.

Previously calculations of the vertical eddy dif­

fusivity were carried out on the assumption that horizontal

advection of salt balances vertical diffusion. To solve this

equation explicitly for a general case, with certain boundary

conditions is impossible, unless the variation of velocity

wi th posi tion is known. However if the horizontal veloci ty

is assumed to be independent of depth, then the solution can

be expre Bsed fo rmally.

An examination of the families of salini ty curves

for the inlets suggests that formally the profiles have the

same appearance as would result if two layers of motionless

liquids in which initially the top layer contains no salt,

and the lower one a quantity say So, were allowed to diffuse



and the distribution examined at various times. As time

approached infinity the solution would 1;lecome homogeneous

throughout.

1) Diffusion of salt into a semi-infinite layer of fresh

In order tha t the general form of the so lution can

be seen, a simple diffusion problem will be considered first.

Let the origin of the co-ordinate system be at the

boundary between the fresh and salt water at the head of the

inlet with x positive to seaward and z positive upward. It

will be assumed that the diffusion of salt is determined by

only two terms in equation (4) so that:

u~ ~ ~(As~)
The subscript "s" replacing "z" will be used in all subse-

quent equations so as to distinguish the vertical eddy vis­

cosity (Av ) and vertical eddy diffusivity (As)'

As a first step consider As .. Ao , a constant, and

u = u o , a constant. Then:

(20)

Equation (20) is identical in form to the one-

dimensional equation for cO:lduction of heat in solids, and

the methods employed in solving equation (20) are the same

as those given for the solution of the heat equation (15 and



16). These equations have been modified to satisfy the

parti cular boundary condi tions appropria te to an inlet.

A solution to equation (20) which satisfies the

conditions:

S(x,o) '" So' S(o,z) '" 0 for z

is given by:

(21)

folloWing values:

"!} - f,;. ;. -f'dJ

Equation (21) is plotted in figure 18, for values

of ~ ranging from zero to infinity. In the diagram, the

depth of 6 metres corresponds to z .. 0 in equation (21).

The salinity at 6 metres is maintained at 30%>.

tions of the eddy coefficient in the previous section indi­

cate that values of Ao of 1 cm. 2 /sec. are common. Assuming

this value, and examining the salinity at a depth of 1

metre, for various values of !. , equation (21) gives the
uc

S(%» ~ (days)

5 0.75
10 1.55

15 3.20
20 8.00
25 32.0

The solution given by (21) is unrealistic oecause



it represents the case where the thickness of the fresh

water layer is infinite. However, the general increase in

the time increment for a unit increase in salinity would

still be of the same sign even for a bounded medium. Worll:

done by Tully (3) and Cameron (17) indicates that the

velocity in the upper layer increases to s6t\ward. This is

required because the thickness of the brackish layer does

not increase to seaward, and consequently to transport

both the fresh water and the entrained salt water requires

an increase in velocity. This, then, indicates that it is

unrealistic to assume a constant velocity at all posi tions

in the inlet. But even if the velocity is permitted to

vary with position, the fitting of observed salinity curve s

to the family given by equation (21) would require that the

veloci ty decrease to seaward for a constant eddy coefficient.

The assumption of a constant eddy diffusivi ty is likewise

unjustified and unrealistic and therefore it is necessary

to have both the diffusion coefficient and the velocity a

function of posi tion in the inlet.

2) Fresh water bounded, eddy diffusiv ty and velocity a

function of horizontal position.

The treatment in section 1) was seen to be

unsatisfactory from a number of aspects.

If one assumes u Ii u(x) and As " Aof(x), then

equation (7) becomes:



!lli2 U - Ao /5
J (x) Ox ab~

refining a new variable j such that

Then equation (22) becomes:

(22)

(23a)

(23b)

(24)

For the following solutions in this section, the

origin of the co-ordinate system will be taken to be at the

surface at the head of the inlet wi th z positive downward.

5 (o'J.)"o
~t---------:-----

5 (ll,a.,) = 50

Solving equation (24) using Laplace transform

methods and the following conditions.



gives:

sea,;}) = 0

5 (x}a) = 50 (25)

This converges most rapidly for small values of

j. (f has the dimensions of time). One which coverges

most rapidly for large values of f is given by:

Since in the inlets, one is concerned mostly with

relatively large values of) , only equation (27) has been

evaluated (fig. 19). This is evaluated for values of the

parameterAo!ranging from zero to infinity, a .. 6 metres,

and So = 30".

The solution is a marked improvement over equa-

tion (21) in that for the same value of eddy diffusivi ty,

the salinity increases much faster with x at a particular

depth. This is especially noticeable for large values of

time (j ).

3) Solution for inlet of finite depth.

The solution discussed in part 2) can be criti-

cized because of the maintenance of' salini ty at a fixed

value a t the dep th a.



Consider an inlet of depth d and the following

OI,L-L-..L.L.£...L.j~..LL.LL.L.L...L.L....L.L....L.L...~

5(o.}).o
~

a ----------------

5(o,~) g. o l!O }~a 1
a. c:: ~ ~ d

f
(28)

oS(x,o) = o5(x,d) =0
~"b' ~~

Po; solution which satisfies equations (24) and (28)

and converges most rapidly for large values of )- is given by

S(x.;}) -.tj5(r,o) d ~+iLCos~jS(f,o) co:; np d Je- n'ra'fo' r
o n.l 0 (29)

Substituting for 8( J ,0) and i-ntegrating yields:

{

d. . f - l'1'n
a AorJ

5()(,~-So· T - %L -1. sin T Cos 0/ e d~ (30)

n.1



This result is evaluated in figure 20, for a : 6,

d • 30, So & 30,,", and various value s of AoJ' •

4) Bottom layer unbounded:

The results of part 3) are unrealistic in that as

a-- Q) , S - 0.8 So instead of So. To remove this dif-

ficulty, and still not require any level to be maintained at

a constant salinity requires extending the bottom layer to

infinity.

The boundary condi tions for the problem are now:

} (31)

A solution which satisfies this is given by

where erfc z.. 1 - erf z.

Equation (32) is evaluated in f"igure 21.

shows the desirable feature that S- So as a- -00 .

but the depth to which 'dilution' occurs for values of A.}

between 5 and 50 appears too great.



5) Salinity maintained constant at f'inite depth.

Comparing the results in parts 1) to 4) suggests

that to obtain realistic results for the depth of penetra-

tion of the dilution, a level at some finite depth below

z = a should be maint;ained at a constant salinity. To see

the effect of this, consider equation (24) and the follow-

5 (x,d) - So

o~~!o a.. }
a...<:a-

dS(X.O) = o·
oa-

(33)

Using separation of variable procedure, a solu-

tion which satisf'ies the conditions in (33) and converges

most rapidly for large values of f » is given by:

{ t (r~ ,)- r.., - 1)\_- _(2..-V'1fIAJ

J
S()(~)~S I-~ -L 5in~ C05~e 4&& 34)

'0 0 -rr 2,,,-1 2d ;td

Figure 22 indi ca te s the form of e qua tion (34) for

a = 6, and d • 18, and So II: 30f.. In figure 23 the

results are illustrated for a .. 6 and d = 12.

The results obtained for these idealized si tua-

tions indi ca te a close agreement in many case s wi th the

observed profiles. The rather close agreement in 'shape'

suggests that the vertical variation of the eddy diffusiv-

ity may be of second order importance relative to its varia-

tion in the longitudinal direction.



Before any practical use can be made of the

re sul ts of the above idealized considera tions a knowledge

of the velocity distribution is required so tpat j can be

evaluated for each of the observed profiles. Once this can

be done, then the form of the diffusion coefficient can be

determined.

Evaluation or As from field data and application of

equation (34)

Bute Inlet, May 29, 1952.

From a consideration of velocities calculated by

heat budget (Section VII) together wi th those observed

directly (Section V), and the salinity distribution, the

time differences between an observed profile and that at

the head were calculated for each sta tion in the inlet.

From figure 23, the values of Ao ! which yielded profiles

corresponding to those observed in the inlets were noted.

A graph with Ao ! plo'tted against t (t .. ij) was copstructed

(see fig. 24). An examination of equation (23b) indicates

tha t a change in Ao j must equal the corre sponding change

in Ast. Therefore the slope of the graph represents the

values of A~. Since j .. 0 when x .. 0, the method can be

applied to evaluate Ao (the value at the head of the

inlet). The values of As are tabulated in Table XV. As

ranges from 0.17 cm. 2 /sec. at the head to 4.7 cm. 2 /sec. at

station 3. This compares favourably wi th the results of



Table II, where for similar veloci ties A~ has a similar

range. (Explicit figures cannot be given since the verti­

cal variation of velocity is not known).

Similar calculations were made for the observa-

tions taken in Knight Inlet in June, 1951 and in July,

1953. The graphs from which As is determined are illus-

tra ted in figure 24. The general form of the curve s is

seen to be similar to that calculated for Bute Inlet. The

results of the calculation of eddy diffusivity, given in

Table XVI, indicate that in June 1951, As was smaller at

the head, than for July 1953, but that it increased faster

towards the mouth. In both cases the range was of the same

order of magni tude.

Although the close agreement between the theo­

retical and observed salinity curves suggests that the

vertical variation of the diffusion coefficient may be

small, especially in the bra('kish layer, the departure of

the curves from reality in some cases, in the layer immedi-

ately below the halocline, may be due to this restriction

of an A~ constant vertically. In addition to this, the

variation of As longi tudinally sugge sts that diffusion is

related in some way to the vertical structure, for example

the stability or the velocity gradient. The follOWing sec-

tion deals with the part these parameters may play in con-

trolling vertical diffusion.



Variation of Vertical Diffusion Coefficients with Depth

Since it is well established that vertical mix-

ing in a fluid is decreased wi th increased stability and

increased with increased velocity shear, it would appear

that the treatment of diffusion considering only constant

eddy coefficients will be of limited value.

Fjeldstad (18) has demonstrated that the turbu-

lence as expressed by the coefficient of eddy viscosity

(Av ) decreaslls with increasing stability. He found that he

could obtain satisfactory agreement between observed and

computed tidal currents in shallow water by assuming that

the eddy viscosity was a function not only of the distance

from the bottom, but of the stabili ty as well. He intro­

duced the expression A .. f(z)/l + aE where E is the sta­

bili ty of the water column defined as E .. J :~ (where

.p = density) I and the factor a was determined empirically.

The relationship between eddy viscosity and eddy diffusion

has been examined by Taylor (19). He treated the kinetic

energy of a turbulent medium as composed of two parts, one

associated with the mean motion and the other with the tur-

bulent components of the motion. He showed that the rate

at which turbulent energy enters a uni t volume is Av(~)2.

when u is the mean velocity. This energy used in increas­

ing the potential energy of the column is given by ¥ tf .
If turbulence is to continue then the ra te whi ch turbulent



energy (Reynolds stresses) is supplied to a region must be

greater than the rate at which the potential energy of the

region increases. This condition for the maintenance of

turbulence may be written as:

(35)

This non-dimensional number is referred to as the

'Richardson number'. Richardson (20), who was the first to

employ the above expression, derived the result from con-

sideration of the supply of energy to and from atmospheric

eddies. He assumed that the coefficient of eddy viscosity

Bnd diffusivity were equal in magnitude for the atmosphere.

Consequently, the criterion for the maintenance of turbu­

lence was taken to be R t ~ I . (above this value, turbu­

lence will die out). More recent investigations (21) have

indicated that the criterion should take the form that tur-

bulence will decay when the Richardson number is greater

than 1 - a where a is a small positive quantity whose value

has not been determined in general.

In the ocean however, the magnitude of Av to As

may be considerably different from unity, and normally Av

is considerably larger than As' The physical explanation

usually given is that the eleJrents in turbulent motion can
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give off their momentum rapidly to the surroundings, whereas

the other properties such as salt or heat, cannot be trans-

ferred so rapidly in bulk, and ultimately must be trans-

mi tted by the slower molecular processes. Observations in

the sea indicate that the medium is generally turbulent,

because the observed changes cannot be accounted for by

molecular processes alone. Consequently the critical value

of the Richardson number for determinir>.g whether turbulence

will increase or be maintained will be considerably larger

than unity (only uni ty if the medium is homogeneous in all

respects). Alternately, assuming the medium is turbulent

at all times, the Richardson number gives a measure of the

ratio of Av : As' Taylor (19) calculated the Richardson

number, from Jacobsens data (22) for Schultz I s Grund, and

found Av to be from 10 to 50 times larger than As'

A summary of the values of the Richardson number

calculated for Bute and Knight Inlets will be presented in

a later section, (VIII) after the velocity observations have

been pre sented.

Mixing and stabiIi ty near a boundary

In a search for ideas and methods of attacking the

problem of mixing, consi'derable time was devoted to meteoro­

logical litera ture, since in certain respects the problems

are similar to those in oceanography.

Meteorologists have devo'(;ed considerable attention



to the na ture of the flow of air near the surfa ce of the

earth. The region is a relatively complicated one and tur-

bulence will depend on a number of factors such as the

roughness of the boundarJ', the vertical stability of the

air column, and the vertical veloci ty gradient.

Using the Prandtl mixing length concept (12),

Rossby and Montgomery (23) considered that the effect of a

stable density gradient is to reduce the mixing length from

its value in neutral equilibrium -to' to a value ls "' eo'
If * is the mean velocity gradient for neutral equilib­

rium and (~~ )s that for stable equilibrium, the corres­

ponding turbulent kinetic energies are proportional to

fOIl'(~~) Z and e/(t ~): respectively. The decrease in

the kinetic energy of the fluctuations is proportional to

the work done against gravity in the vertical movement of

eddies in the stable state.

Rossbyand Montgomery express this in the equation:

where;3 is considered to be an absolute constant.

Hence Is =~ , or expre ssing this in

terms of diffusion coefficients:

Ao
-V 1 + fJRi

Sverdrup (24) made an extensive study of the

ve 10 ci ty prof ile s and eddy conduc tivi ty over a snow fie ld,



and deduced a value forJ3 of 11. He found that in all val­

ues of stability observed,j.9 was very near::i.y a constant, and

suggested the possibility that j3 Vias a universal constant.

Munk and Anderson (25) applied the expression

derived by Rossby and Montgomery to describe the vertical

variation of eddy viscosi ty and eddy conductivity. They

substitute these into differential equations governing the

distribution of temperature and current, and solve the equa­

tions simultaneously, to obtain an expression for the depth

of the thermocline. Comparison of the theoretical results

with observations gave a thermocline depth which, although

too shallow, was of the right order of magnitude. In thl~

development Munk and Anderson used a value forf3v (viscos­

ity) of 10 and,!3T (conductiVity) of 3.33. Their results

then, support partially at least, the value of 10 for j3
which Sverdrup reported. However more recently Deacon (26)

used profiles of velocity and density over short grass and

in a desert, and found thatp increases systematically as the

stability increases.

The conclusion which one may reasonably draw from

the extensive examination Ofj3iS that it is really only an

empirical constant which alloWS, for a particular si tuation,

a relationship between the kinematics and the distribution

of property to be ascertained. The incorporation of the

Rich,ardson number into the eddy coefficients has shown in

part upon what the coefficients depend, but the fact that
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is not constant, indicates that a more complicated function

is required to satisfactorily describe the eddy diffusion

The Ri chard son number, toge the I' wi th j3 will be

considered further in Section VIII, and applied to determine

the eddy diffusivity as expressed by Rossby and Montgomery.

Solution of diffusion equation for coefficient varying as a

power of depth.

The number of equations which can be solved ana-

lytically for a variable diffusion coefficient is very limi t-

ed. For most choices .of As' the equation is non-linear and

the usual difficul tie s ensue. However, there are a limited

number of cases which can be solved. One such type is for

a diffusion coefficient varying as a power of the depth.

In the simplest cases, the resulting equation can be trans-

formed into Bessel's equation. If the eddy diffusivity is

chosen to be of the form As • Aozn , then in general one will

be led to the 'non-homogeneous' Bessel equation (I.e. right

hand side not zero). The method of solution for the homo-

geneous part of the equation is given in Carslaw and Jaeger

(13). The particular integral, which satisfies the non-

homogeneous equation can be found by applying 'variation

of parameter' technique.

This approach was applied using small powers of n,

and very simple boundary conditions, but the results



indicated very little improvement over the results assuming

As constant, vertically.

If' the method can be applied f'or a more realistic

choice of' As together w~th boundary conditions, then the

solution obtained would be a considerable advance over those

discussed f'or As constant vertically. However, no solutions

were obtained by this method which had a general enough

f'orm of' As together wi th sui table boundary conditions.



CURRENT MEASUREMENTS

In the introductory section a general description

of the circulation was given. In this section a more com-

plete analysis will be given of the direct observations made

in the mainland inlets.

Only a limited number of direct current observa-

tions are available and these are for only three of the

inlets -- Bute, Knight, and Loughborough. The measurements

were made with Ekman current meters for the deep casts and

C.B.I. (Chesapeake Bay Institute) type current drags for the

shallow depths.

The most complete set of measurements which were

made was in Knight Inlet between July 11th and July 15th,

1953. More than 70 profiles were taken at station 4 during

the period. They were distributed approximately equally

over the tidal cycle. During this period the water was

moving seaward at the surface at all times (see fig. 25a,b,

c). Typical profiles for various phases of the tide are

shown in figures 25a and 25b. Two for each stage of the

tide are represented. Mixed tides existed during this

period, consequently one ebb tidal range was larger than

the other. The profiles are numbered from I (1)' to '(8) I

inclusively and cover two tidal cycles (Le. two ebbs and



two floods). One of the interesting features of these

curves is the minimum velocity layer centred at about 6

metres depth. This characteristic persists during most of

the time that the tide is ebbing and is evident as well dur­

ing part of the time during which the tide is flooding. On

the average much larger velocity gradients exist during t;he

flood tide period in the 3~6 metre layer. The variation in

velocity shear over a tidal cycle indicates that the tidal

velocities are not uniform throughout the column. In figure

25c mean velocity profiles are presented. Although the mini-

mum velocity at 6 metres depth in the individual profiles

suggested the possibility of an up-inlet movement, the net

velocity profile (average of the individual profiles) does

not indicate a resultant up-inlet velocity at this depth.

However it does decrease to zero and then increases below

this reaching a secondary maximum at 6-9 metres. Belew 9

metres it decreases to zero and is negative below 11 metres.

Measurements were made using a current drag and consequently

the velocity at the minimum would be recorded as larger

(positive seaward) than in reality due to the drag exerted

on the wire which passes through the swift seaward moving

surface layer. The low up-inlet recorded veloci ties in the

layer below 11 metres is likewise probably less than the

real value, due to the same effe ct. (An error of l O in

Wire-angle reading gives a variation in velocity calcula­

tions of from 10 cm./see. to 2.5 cm./sec. for an angle



reading varying from 1 0 to 100 respectively).

The mean flood and ebb 'tidal' veloci ties (fig.

25c) show considerable vertical variation. (By' tidal' is

meant the mean velocity during the ebb or flood tide~

the net ve::'ocityi. Dur~ng both the flooding and ebbing tide

the velocities are smaller at the surface than at depths

above the 20 metre level at least. The reason for this is

not readily apparent.

A calculation based on the volume of the ti dal

prism above station 4 and the time required to fill it,

yields a relationship between the mean velooity (vi) and the

depth (di ) of the inflowing water given by:

vi di .. 18.4 M2 I se o.

In the top 55 metres, the average flood tidal

velooi ty is approximately 40 em./sec. Therefore to supply

the required volume, di .. 46 metres. This indioates that

the velocity is not uniform aoross the inlet. A mean value

of 25 cm./sec. gives a d i .. 75 metres, which is probably a

realistio value.

The mean salinity profile (fig. 25c) indicates

that the halocline depth oorresponds approximately to the

depth of maximum velocity shear. If the layer at 6 metres

is considered to be moving up-inlet, then it suggests that

at least some of the water whioh dilutes the seaward moving

surface water has a salinity of less than 30~. The up­

inlet movement suggests that an up-inlet pressure gradient



probably exists at this level. This is substantiated in

part by the salinity observations which indicate, in a con-

siderable number of cases, an increase in salinity towards

the head at this intermediate depth•

. Bet~een August 6-8, 1952 a number of velocity

measurements were made at the same posi tion in Knight Inlet

(station 4). The mean ebb and flood tidal velocities

together with the net velocity and salinity profiles are

illustrated in figure 26. These are considerably different

from the observations presented previously, although the

existence of smaller tidal velocities at the surface than

just below. it is noted in both cases. The net velocity in

the brackish layer .(average of 12 cm./sec.) is smaller than

for the previous observation (average of 27 em./sec.). but

the thickness of the seaward moving layer is greater, being

9 metres deep. (The thickness for the July observations is

taken as 6 metres). The net up-inlet velocity between 9 and

20 metres is 8 cm./sec.

A comparison of the mean salini ty profile (fig. 26)

wi th the net velocity profile indicates the halocline to be

at a slightly smaller depth than that of maximum shear.

The water moving up-inlet at this time evidently has a

salinity greater than 28~.



Current measurements were made in Bute Inlet on

several occasions, but considerable diffi cuI ty was experi-

enced both in obtaining and in averaging the data. The

measurements made both in 1952 and 1953 are similar in that

wide fluctuations in magni tude and direction were ob served.

Many of the measurements indicate cross-inlet flow, and the

majori ty have at least a cross-inlet component. The indi­

vidual profiles of velocity did not lie in a plane (Le. the

horizontal flow all in the same or exactly opposi te direc­

tion), but very often the points of the vectors traced out

an irregular spiral wi th depth. Hence to average the obser-

vations required breaking the individual observations at

each depth into two components at right angles to each

other, and then averaging the components. Finally the

averaged components were combined again to give the mean

velocity at each depth.

Between August 10-12, 1952, station 4 in Bute

Inlet was occupied. The net velocity in the surface layer

is seaward, with a magnitude of 24 cm./sec. while the up­

inlet velocity between 4 and 20 metres has a net value of

5 cm./sec. (see fig. 27). The depth of no net motion is at

4 metres. This depth coincides with the depth of maximum

shear and wi th the halocline. Mean tidal velocities, which

have maximum at the surface of 22 cm./sec., decrease to

8 cm./sec. at 4 metres and remain nearly constant with



68

depth down to at least 20 metres.

The maximum tidal range at this time was 3

metres, with the mean range slightly less. A calculation

based on the tidal prism volume yields a relationship

between the veloci ty and thickness of the inf'lowing water,

vidi • 6.4 M2 /sec. Choosing vi 0: 8 cm./sec. gives a depth

of' tidal inf'low of' SO metres.

Veloci ties of' 50 cm./sec. or more at depths

greater than 100 metres are not uncommon. However they

cannot possibly continue during the entire f'looding or

ebbing tide, and consequently must have the character of a

jet. These jets probably extend only over a portion of the

width of' the inlet.

Between July 1st and 3rd, inclusive, 1953, sta­

tion 4 was occupied again. The net circulation (fig. 28)

indicates a mean seaward velocity in the top 4 metres of'

20 cm./sec. The depth of' no net motion is at 4 metres and

between 4 and 20 metres the mean net velocity is 7 cm./sec.

As in the previous case, the depth of l11liXimum velocity

shear coincides approximately with the halocline. Tidal

velocities are nearly uniform in the top 20 metres, but

the mean ebb tidal velocity is slightly larger than for

that of' the f'lood tide. It is doubtful if' this excess

would be compensated f'or at deeper levels since this would

require a strong vertical circulation and it is dif'f'1cult

to see how the observed salinity structure could be main-

tained f'or this situation. It is more likely that the



number of observations used was inadequate to give a

reliable mean value. That this is probably the case is

further indicated by the fact that the net up-inlet trans-

port of the deeper water slightly exceeds the seaward trans­

port in the brack~ sh layer. The reverse situation must

actually exist, in order to account for the ne.t movement

of fresh water seaward.

Miscellaneous Observations

A few current measurements were also made both

in Bute and Knight Inlets in June 1952. Although insuf-

ficient data are available to determine the net circulation

accurately, the few profiles taken indicate that the depth

of no net motion at station 4 in Bute on June 7-8 was at

4-5 metres. The direction of flow in the surface layer was

seaward at all times, with an average of approximately

30 cm./sec. The measurements in Knight at station 4, June

3-5, likewise indicate a depth of no net motion at 4-5

metres, and a surface layer moving seaward at all phases of

Current measurements were undertaken at two loca-

tions in LoughboroUgh Inlet between July 20-23, 1953. At

station 3, which is near the head, the currents were weak

and variable and ship movements during measurements were

usually large enough so that the observations indicated

predominantly the ship f s motion. The ship was anchored at



station 1, where tidal velocities are larger, but difficul­

ties in keeping the ship steady made it impossible to obtain

many reliable current measurements.

During 1953 observations of the surface currents

were made over the full width of both Knight and Loughborough

Inlets. The method consisted in photographing at regular

intervals the position of fluorescein dye patches laid in a

line across the inlet. These observations showed that the

main current was often limited to only a portion of the width

of the inlet. Marked jet effects were observed even in

straight reache s with substantially parallel sides. Often

the bulk of the flow was in mid-channel, so that the effect­

ive width of the inlet was much less than the geographic

width. These observations indicate that it is not surprising

that the velocities measured at one posi tion near mid­

channel are found to be considerably higher than the average

for the entire cross-section. It is very probable that simi­

lar effects occur below the surface to account for the fast

currents which have been observed at times in the deep water.



PRECIPITATION AND RIVER DISCHARGE

The volume of fresh water discharged into an

inlet must play an important rolEl in de termining the dis­

tribution of salt in the upper layer, the thickness of the

brackish layer, and possibly the nature and intensity of the

mixing process. It is the object of this section to evalu-

ate quantitatively the effect of this factor and to compare

As mentioned previously, the inlets vary in length

from 5 to 90 miles. A qualitative inspection of the salin-

ity data for the inlets indicates that the surface layer

salini ty in summer is approximately zero at the head and

increases to seaward, reaching a value at the mouth which is

roughly the same for all inlets. If this is actually the

case, then it suggests either one of two possibilities:

1) An inverse relationship exists between length

of inlet and intensity of mixing, so that for a given vol-

ume of fresh water, the longer the inlet, the less intense

is the mixing process. This implies that the mouth of the

inlet exercises a control on the dynamics and circulation

wi thin the entire inlet. The concept of a control exer­

cised on an estuarial circulation by a certain section in

the estuary has been emphasized in theoretical papers on the

d3!JB11ilcs of estuarial circulation by Cameron (17) alld

Stommel (27). Although the method of approach is quite



different in the two cases, both lead to the concept of a

limi ting or critical ve locity in the surface layer. It is

possible that the section where this critical veloci ty is

reached is at or near the mouth, where the inlet sUddenly

widens as it connects w th the open coastal waters.

or i1) The fresh water discharges are by coinci-

dence related in some way with the lengths of the inlets.

For instance, the total discharge might be directly propor­

tional to length, or the drainage basins of the rivers flow-

ing into the longer inlets might be more extensive, or have

a higher precipitation than those of the shorter inlets.

Alternatively the arrangement geographically of the rivers

surrounding the inlets may be peculiarly spaced so that the

distribution of fresh water in the inlets appears similar

in all cases.

To investigate this point it was necessary to

obtain information on the discharge of fresh water into the

inlets. Since ol)ly very few of the numerous rivers flowing

into the inlets are or have been metered, a method had to be

devised for evaluating the total run-off. The Water

Resources Division of the Department of Resources and Devel-

opment, who undertake the responsibili ty of collecting all

fundamental hydrometric data in Canada, have discharge

measurements for the larger rivers draining into the coast,

but only very few of the numerous small rivers have been



To evaluate the discharge for the unmetered

rivers recourse was made to direct precipitation observa-

tions. From a knowledge of the average annual precipita-

tion over an area one can estimate the average discharge of

water from the rivers draining the area. The precipita­

tion observations (from approximately 35 stations) Vlere

taken from the I Climatic Summaries', Meteorological Divi-

sion, Department of Transport (28) and ' Climate of Bri tish

Columbia I tables, Provincial Department of Agriculture (29).

Since the coastal drainage basin area is largely

uninhabited, the number of stations making precipitation

observations is limited. One is faced with the problem of

determining the precipitation distribution from very widely

spaced observations. To supplement the direct measurements

the river discharge measurements, where available (approx­

imately 25 in number), were converted to the equivalent

average annual precipitation on their drainage basin.

This figure represents the average precipitation over the

entire drainage basin. and wide variations in precipitation

within the area are possible. However, it does have the

effect of smoothing the data which is to be desired since

it is well known that precipitation is often very local-

Evaporation of water from a drainage basin may be

an important factor in an area of small ra}nfall in reduc~

ing the amount of water reaching the rivers. However, in



the Coast Range the precipitation on the average is so

high that, on a relative basis, the quantity of water lost

in evaporation is considered to be negligible.

Very Ii ttle is knovm about the variation of pre­

cipitation with altitude, or the effect on precipitation

of the configuration and orientation of the land with

respect to the general movement of the air masses. River

discharge measurements aided in removing this difficulty in

a number of cases where the precipitation was known near a

metered river from direct observations.

The presence of glaciers at certain elevations in

some areas and not in others with the same or higher e leva-

tion was taken as an indication of a higher precipitation

over the former. Since one would expect that equivalent

elevations in about the same latitude and degree of shelter

should have approximately the same temperature variation,

the fact that snow and ice persist at all times of' the

year in the one and not the other, suggests that the rate

a t which it is being deposited in the giacier area is the

greater of the two.

A simplif'ied diagram of the average annual pre­

cipi ta tion in inche s for the British Columbia Coas t Range,

based on the available observations and the methods out-

lined above, is illustrated in figure 29. In general the

precipitation at mainland coastal points is less than 100

inches per year. Inland f'rom the coast the precipitation



usually increases and reaches a maximum which varies from

100 to nearly 300 inches, and then decreases quite abruptly

east of the coast range to values of less than 20 inches

per year in the central interior of the province.

The maximum precipi tation reached between the

coast and the interior is usually about 150 inches per

year. The regions with 150 inches per year or greater are

usually in the form of isolated cells and may in some

cases cover an extensive area. The largest area with the

heaviest preoipitation is in the central coastal region

between Dean Channel and Gardner Canal. The precipitation

is greater than 150 inches over most of this area and the

maximum, calculated from discharge measurements of the }J,iS­

call River, located on Dean Channel, is approximately 290

inche s per year.

From the average annual precipitation chart, the

average yearly discharge of water from each drainage basin

was calculated. Thus the total average discharge was

determined for each inlet. In most cases it was possible

to go a step further by splitting the annual disoharge into

monthly figures. This was done by using the month by

month discharge figures for such rivers as are or had been

metered in the particular region. If the drainage basin

covered a similar area to that of the metered river, then

it was assumed that the monthly variations in river dis­

charge were similar for the two areas. The appropriate



ratio factor then enabled one to express the monthly mean

discharge for the drainage basin in question. A number of

small rivers along the coast are metered. or were for a

number of years. so that in most cases discharge measure-

ments for a river near to the particular drainage basin.

and draining a similar type of terrain. was available. In

this way tables were built up for all the major mainland

inlets in the coast from Howe Sound to Portland Canal. giv-

ing monthly and yearly mean discharge figures.

The drainage basin above the head of the inlets.

drainage basin at the sides (where appropriate). total drain-

age area. and the eorl'esponding average discharges are given

in Table XVII. All the records for the metered rivers are

pUblished in British units. For case of comparison with

future data and with rainfall figures. the discharges in

this report are given in the same units. cubic feet per

second. The mean discharge varies over a wide range. The

maximum for the areas considered is for the Portland Inlet

-Portland Canal system. where a mean discharge of 56.000 cu.

ft./sec. was calculated.

Although this table is incomplete. it does indi-

cate a number of interesting features. First to be noted

is the proportion of fresh water which enters the inlet

below the head. In most cases the relative quantity is sig­

nificant. Of those tabulated. the percentage of side run­

off is usually 20% or more of the total discharge. In



certain cases however, it exceeds 50%, and in exceptional

cases such as Call Creek (not tabulated) it may exceed 90%.

Another feature indirectly brought out in this

table is the relatively greater importance of the coastal

region (Coast Range Mountains) compared to interior locali­

ties in supplying water to the inlets. In a number of

cases the rivers flowing into the head drain large areas

which have relatively low precipitation, whereas those

emptying in from the sides drain high precipitation areas.

An extreme example of this situation is found in Dean

Channel. The drainage basin of the Nascall River is only

about 3% of that of the Dean River, but the discharge is

nearly 50% of that of the Dean. The contribution of local

discharge into the sides of Dean Channel, above station 6,

is approximately 55% of the total. Of the total drainage

area, the Dean River dr'ains about 75% of it, but contributes

only 25% of the wa ter.

In Table XVIII the mean monthly discharge of

fresh water into the inlets is given. In general two yearly

peaks occur. The larger is in late spring or early SUll!lll8r

and the smaller in late autumn. The first is associated

with the melting snow and ice in the interior and higher

elevations which has been stored during the winter months.

The se cond maximum is associated wi th the heavy autumn

rains. Rainfall observations indicate a maximum in the

autumn or early winter months (the time of maximum rainfall



gets progressively earlier from south to north). This means

that in most instances the local side drainage into the

inlets usually reaches a maximum in autumn or winter because

there is little time delay between time of rainfall and its

discharge into the inlets. Inlets which receive fresh water

from drainage areas predominantly in this region will have a

minimum fresh water discharge during the surrnner months, and

a broad maximum during autumn and winter months. Those

whose drainage basins store snow or ice will have a monthly

minimum fresh water discharge in March 01' April and a sharp

maximum during late spring or early summer. For most inlets

the resulting discharge is a combination of these two factors

wi th the spring maximum usually the grea ter of the two.

If a relationship exists between the mixing pro-

cess, the length of the inlet, and the fresh water discharge,

the total discharge figures for the inlets need to be

expressed as a function of the size of the inlet. In Table

XIX the mean monthly and yearly discharge for each inlet is

given for the total drainage per square mile of inlet sur-

face. The mean yearly values vary by a factor of nearly 10.

The largest is for Portland Inlet with a value of 557 cu.

ft.isec./sq. mile <;>1' water surface, and the smallest is for

the Jervis-Sechelt system with a value of 61.4 cu.ft./sec./

sq. mile. The maximum monthly variation occurs in August

when one is nearly 65 times the other. The lengths and

areas of the inlets used in these calculations are gilTen in



Table XVII. In some inlets it is impossible to determine

the location of the mouth and therefore the lengths and

areas used may not be the proper ones.

In Table XX discharges per unit width are

recorded. The range of values is slightly less than for

discharge per uni t area, varying by a factor for the mean

yearly discharge of about 8 or 9, and the variation for

individual months by about 40. The variations from inlet

to inlet indicate that it is unlikely that a coincidental

relationship exists between total discharge per unit width

and the length of the inlet. On the other hand it cannot

be definitely established that the mouth exerts a control

on the mixing process. Even if a relationship between

length and mixing did exist, only a very limited correla-

tion could be expected from these tables since no attempt

was made to evaluate the variation in side run-off along

the inlet. In this study the mouth of an inlet was chosen

at the position where the inlet widens abruptly. It is

conceivable that some other criterion, such as salinity

might be more appropriate in certain cases. As an extreme

example, the mouth of North Bentinck Arm was chosen as the

junction point with South Bentinck Arm. The salinity of

the brackish layer at this position (see fig. lla) was very

little different from that at the head, and if salinity

were the basis for determining the mouth, then some posi­

tion further down the inlet system would have been chosen.



Despite this however, the figures do suggest

certain possible relationships between fresh water dis-

charge and salinity distribution. For example salinity

profiles taken in Loughborough Inlet in July 1953 (fig. 9b)

indica te a general agreement in longi tudinal range from

head to mouth similar to those taken in Bute in May, 1952

(fig. 7a), but the thickness of the brackish layer is much

smaller in Loughborough than in Bute. A comparison of dis­

charge/uni t area figures (Table XIX) indicates value s of

about the same order of magnitude, whereas comparison of

discharge/unit width figures (Table XX) indicates that Bute

has nearly double the value for Loughborough. On the other

hand, when Bute and Knight are compared, both the salinity

profiles and the discharge figures per uni t width and unit

area are similar. It is possible then that the range of

salini ty from head to mouth wi thin the brackish layer is

related to the discharge per unit area, whereas the thick-

ne ss of the layer is re la ted to the discharge per unit

width.

In correlating the figures in the tables with the

observed salinity distributions it should be remembered that

the tal;>les represent averages over a number of years, whereas

the salinity profiles represent the distribution at a par-

ticular time. An examination of river discharge measure­

melll:;S indicates that inflow varies widely from year to year

for corresponding times, and also in anyone yellr, a wide
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fluctuation can occur in a few days. It is difficult then

to check the results of Tables XIX and XX with observed

salinity distributions in any very precise manner. However

a more careful scrutiny of the possible relationships

be tVlsen the se quanti tie s should be made. A further break­

down of discharge calculat;ions so that variation along the

inlet is expressed, together with a more careful considera-

tion of the location of the mouth of the inlet or system

would in all probability throw more light on the interrela­

tionship between discharge and mixing mechanism.

To summarize the results of this aspect of the

study it is emphasized that for most inlets a significant

proportion of the fresh water enters from the sides. This

is in contradiction to the assumption made in theoretical

investigations to date which have considered the fresh

water all to be entering at the head. In future theoretical

discussions this point should be borne in mind when consider­

ing the continuity of fresh water transport in an inlet.

Total fresh water discharge, and likewise the dis-

charge pe r unit area and per uni t width, vary from inlet to

inlet. No coincidental relationship between discharge and

length is evident. On the other hand the suggestion of a

control placed on the mixing process by the mouth or some

section of the inlet cannot be definitely proved or dis­

proved from the results. Further salinity data are neces-

sary, as well as a more critical study of what location



in the inlet might exert the control.

Further use of the results of this section will

be made for comparison purposes in ttIe following sections.
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TEMPERA'IURE DISTRIBUTION AND HEAT BUDGET

The distribution of temperature in the upper 20

metres, mentioned briefly in Section I, will be considered

in some detail in this section.

The processe s tending to modify the dis tribu tion

of heat in the brackish layer can be divided into two

groups: external processes, active only at the boundary

surface of a fluid, and internal processes active anywhere

in the fluid. Away from boundaries the processes tending

to alter temperature and salinity are considered to produce

the same effect on each property.

Most studies of estuaries have considered only

the conservation of salt and conservation of volume in

determining the circulation and mixing process. Usually no

use has been made of the principle of conservation of heat

because of the complication that heat can flow through the

sea surface and therefore within the water it is not a con-

servative property. However, if the quantity of heat pas­

sing through the sea surface can be determined, the prin­

ciple can be applied and valuable informa tion gained from

it.

The distribution of temperature in a number of

inlets is illustrated in parts (b) and (d) of figures 10 to

14. In parts (a) and (c) of these figures the corresponding

salini ty profile s are illustrated. In general the
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thermocline and halocline correspond in depth, although

often the thermocline is less pronounced than the halo-

cline. As a rule in summer months the temperatures of the

bracki sh laye r increase s to seaward, although in certain

cases a decrease to seaward over part of the inlet does

In spring and summer months the heat absorbed by

the water from solar radiation and conduction exceeds that

lost to the atmosphere. Consequently the water column is

heated. On the other hand, the salt water entrained into

the surface layer from below is cooler than the brackish

layer and the column is cooled. The decrease in tempera-

ture to seaward in certain instance s indica te s that the

cooling brought about by the entrained water has exceeded

the heating due to insola tion.

A study of the heat budget for a particular body

of water, provides valuable information about its mean

motion and therefore the average currents in a particular

area. Information about mixil).g and the depths from which

the entrained water is drawn can also be obtained. In

addition a knowledge of the heat flux through the sea

surface together with the vertical temperature gradient

permits the eddy conductivity to be determined for the

brackish layer.

In the heat budget analysis presented here three

principles are involved--the conservation of volume, salt,



The complete equation expressing a heat balance

in any part of the sea in a particular time interval is

given by (6, p. 101):

(37)

Qs = heat received by insolation

Qb • back radiation from the sea suri'a ce

Qe = heat required for evaporation

Q
h

= convection of sensible heat to atmosphere

Qe = heat required locally to change the tempera­

ture of the water

Qv =heat brought into or out of the region by

currents or processes of mixing.

(Q's given in cal./cm. 2 /min.)

If all the quanti tie s in equa tion (37) but Qv are

known, _then the rate at which heat is removed or supplied to

an area can be determined from the equation.

In order to apply equation (37) the following

observations are required: air temperature, relative

humidi ty, wind speed, cloud cover, and the verti cal tempe ra­

ture proi'ile in the sea. In addition it is necessary to

knoVi the daily total solar radiation striking the earth's

atmosphere.

Using the equations given in~ (6, Ch. IV),

the quanti ties Qb' Qe' etc. can be calculated, and therefore



the net amount of heat passing through the sea surface can

be evaluated. But to estimate the currents from this

result requires some information about the depth to which

the heat is penetrating beneath the surface, and in addition

a knowledge of the quantity of heat brought into the surface

layer by entrainment.

In order to see how these quantities are related

consider the following model:

~
The origin of the co-ordinate system is olaced at

the head of the inlet, with x directed down the inlet, y

across and z positive downward.

Consid~r a column of water at x .. 0, with unit

width, lengthfo" and a depth h o • Suppose it to have a

. veloci ty U o in the x dire ction, a salinity So and temperature

To' . For any posi tion x, the quanti ties u, s, T, h, and.e

describe the column of water. The quantities in all



instances refer to mean values for the entire column.

Assume that the quantity of heat per unit time passing

through a uni t area of sea surface and remaining is constant

with time and position and is equal to Q cal./cm. 2 /sec.

For any position x, the quantity of heat, £ H pas­

sing down through a surface of uni t width and length.e in a

time interval £ t is given by:

(38)

Integra ting gives:

t

fi=o/fdt (39)

At position x, the original volume holo will have

been increased by entrainment to he. The quantity of water

entrained may be represented as h, P so that the following

continui ty of fresh water conditions must hold for a constant

(40a)

Transport:

(40b)

Dividing equation (40a) by (40b) yields:

(41)



Changing variable from t to x in equation (39) by

making use of the relation. u • ~ gives:
dt

H -oft d,

Substi tuting (41) into (42) and integrating.

gives:

~ = Qiox
Uo

(42)

(43)

Equation (43) indicates that for a given initial

velocity U o and length -lo. the quantity of heat entering the

water mass is directly proportional to the distance trav·

ersed by the volume of water that has passed through the

position x • o. and is independent of any change in thick·

ness of the layer. or of entrainment.

The equation expressing the conservation of heat

for the brackish layer can be represented as:

ho-t(T- To) + hie (T-~) _ Q~oX (44)

U o
where To is the temperature of the entrained water.

For a given value of hOI x. To. and u o • equa.

tion (44) can be satisfied by all combinations of

h,i(T-Te ) • constant. However. the entrained water has

carried salt as well as heat with it. and hence the volume

of water of salinity Se. entrained v/ill also be h,.e •

The equation for the continuity of salt is given



by:

where Se " salinity of entrained water.

Solving for h,,e , gives:

hi -e = hofoCS- 50)
Se -5

Substituting (46) into (44) gives:

(45)

(46)

Qx
u;;- (47a)

i=i + ;e-=-t = hoU~T- Te} (47b)

This equation can be applied to the field data in

two ways. First, if the salinity and temperature of the

entrained water are known, the velocity U o of the water

entering the section can be calcula ted. In principle thi s

can be applied all the way down the inlet to determine the

velocities at each point. Secondly, if the velocity of the

top layer is known, a relationship between the temperature

and salinity of the entrained water is given. If all quan­

tities but Te and Se in equation (47b) are known, then the

equation is of the form:

(48)

which indicates a linear relationship between the tempera-

ture and salinity of entrained water.



Since the entrained water carries both its tempera-

ture and salini ty wi th it, the dep th from whi ch it is drawn

can be determined by plotting equation (48) on the same graph

as the T-S curves for the stations of the inlet in question.

The point where the straight line crosses the T-S curves

represents an acceptable depth. The range of depths where

the line lies between the T-S curves also represents pos-

If the range of possible depths from which the

entrained water could be drawn was extensive, a further elim-

ina tion of the possibili tie s could conceivably be obtained by

considering the densities of the mixtures involved.

Penetration Downward

The previous development considered only entrain­

ment upward. If there is downward penetration of fresh water

into the lower layer then equation (44) will be modified.

Let the subscript lid" denote the lower layer, hl,f

the volume of water penetrating into the lower layer, and Tp

and Sp the temperature and salinity respectively of the pene­

tra ting wa te r.

The equation for the conservation of heat in the

brackish layer becomes:

Equa tions for conse rva tion of salt:



For uppe r layer:

For lower layer:

Rearranging equations (50) and (51) and solving for

h,e and hill, one obtains:

(52a,b)

Substitution of (52a,b) into (49) gives the equa-

tion which must be satisfied.

For a given value of the variables u, x, S, T, etc.,

the expression gives a combination of values for Se, Sp, Te ,

and Tp which will satisfy the equation. However, as in the

previous case, the only allowable solution will be one where

the depth from which the entrained heat and salt is drawn

coincide; similarly for the pene tra tion of heat and fre sh

In this study, the downward penetration of fresh

wa ter was found to be small and hence the equation for



entrainment only was applied (47b).

There are a few points which should be noted

when applying the data to the equations derived for the

heat budget. First it requires a knowledge of the depth of

no net motion. The direct current measurements (Section V)

reveal that it corresponds approximately with the halo cline

and thermocline. This is further substantiated by the cal­

culations of the expression Az/u which reveal the depth of

no net motion to be at the inflection point in the salinity

curve (Section IV). It appears then, that the halocline or

thermocline depth approximates closely the depth of no net

motion in most cases. Secondly, near the head of the

inlets the salinity of the surface layer is very low, and

the increase (in absolute value) in salinity between sta-

tions in the upper reache s of the inlets is small. Conse-

quently, when applying equation (47) only a small error is

introduced if incorrect values are chosen for the salinity

and temperature of the entrained water (Se and Te ). How-

ever, as one examines the profiles to seaward, the impor-

tance of entrainment becomes very apparent. and the temper­

ature and salini ty of entrained wa ter needs to be known

more accurately. Therefore. since the velocities calcu-

lated for the upper reaches of an inlet appear to be quite

reliable, these values should be applied to the equation

(47) for regions where entrainment is important. to deter-

mine the depth from which the water is drawn. This



information is likely to be of considerable value in study-

ing the process of mixing, both from the physical point of

view and also in connection wi th the maintenance of plank-

ton populations, etc.

Application of the Method

1) Di s charge

Bute Inlet

In Bute Inlet in JUly, 1953, simultaneous observa­

tions of the vertical temperature distribution were made at

half-hour intervals for two positions 11 miles apart (sta-

tions 4 and 6). These observations were continued for a

period of 48 hours. During this time meteorological obser-

vations were made and vertical salinity profiles observed.

Calculations for the heat budge t indi ca te tha t 0.112 cal. /

cm. 2 /min. were passing through the surface and remaining.

Temperature and salinity observations revealed the thermo-

cline and halocline respectively to be at a depth of :3

metres. The mean temperature increase from station 6 to

station 4, in the top :3 metres was l.8Co. Below this the

increase was insignificant. Salini ty observations indicate

that the increase in salinity was very small between the two

sta tions. If the entire increase wa s due to entrainment

only, it would amount to less than 5% of the total volume

in unit column of brackish water considered. Hence in this

calculation, this effect will be neglected.



The time nece ssary to heat the water column

l.8Co equals 4900 minutes. This indicates a mean velocity

between the two stations of 7.6 cm./sec. Assuming that

the velocity equals zero at 3 metres and varies linearly to

a maximum at the surface yields a 15.2 cm./sec. net cur-

rent at station 6. Direct current observations at station

4 indicate a net surface current of 28 cm./sec. (Section V).

Since this is 11 miles down-inlet from station 6, and as

well, in mid-channel where the velocity would be expected

to be higher than the mean value for the entire cross-

section, the results in the two cases appear compatible.

The mean value of 7.6 cm./sec. compares very

favourably with the values 6.8 - 8.7 cm./sec. (average

values for June and July respectively) calculated from the

mean monthly discharge (Table XVIII) and a mean salinity of

entrained water of 28t..

Portland Canal was surveyed between June 22nd and

June 25th, 1951. Some of the observed profiles of salinity

and temperature are shown in figures lOa and lOb.

Equation (47b) was applied at station 12 with U o

etc., at station 14. The value of U o was calculated to be

3.0 cm./sec. with a fresh water velocity of 2.8 cm./sec.

(Se • 26t.).

At station 12, (using data at 12 and 9) the



calculations indicated a velocity of 3.2 cm./sec. This

checks favourably wi th the value at station 14. Assuming

that this represents the mean velocity for the cross-

section, one arrives at a value for fresh water discharge of

19,;'00 cU.ft./sec. The mean monthly discharge for June

in Portland Canal is estimated (Table XVIII) to be 14,460

cU.ft./sec.

Other Inlets

Temperature and salinity profiles for Gardner

Canal, July 2-3, 1951, are illustrated in figures 10c and

10d. ThEl values used in the calculations of velocities

and discharge are given in 'fable XX. The agreement between

the discharge calculations computed by the two methods

(Le. heat budget and precipitation) is remarkably good.

The figures for discharge based on precipi tation are how-

ever, only monthly averages, and consequently only partial

agreement could be expected between the two calculations.

Similarly calculations were carried out for a

number of the other inlets and in all cases the results

compared favourably wi th the discharges computed from pre-

cipitation and river discharge measurements. The pertinent

values used in these computations are presented in Table

xx.
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2) Depth of entrainment

In order to demonstrate the method of applying

the T-S diagram to reveal the depth from which the

entrained water is drawn, observations in Knight and Bute

Inlets will be considered.

Knight Inlet, June 3-4, 1951.

The salinity and temperature profiles for the

inlet are given in figure s 13a and 13b. In figure 30,

T-S curves are plotted for stations 7, 8, and 9.

A calculation for the velocity of the fresh

water entering Knight, based on observations at stations

9 and 11, gives a value of 2.4 cm./sec. Applying this

result together wi th observations at stations 8 and 9, for

various values of hand Q, to equation (47b) give rela­

tionships between Se and Te :

(h • 7, Q • 0.224) Te = 20.1 - 0.88 Se

(h = 6, Q • 0.224) Te • 19.3 - 0.72 Se

(53a)

(53b)

(53c)(h • 6, Q = 0.112) Te :: 15.6 - 0.28 Se

These are plotted on the T-S diagram (fig. 30).

From them the following conclusions can be drawn: it is

impossible to have a 7 metre upper layer, if the value of

u o and Q are assumed correct, because the required T-S



characteristics of the entrained water does not exist

below the 7 metre level. (The line of equation (53a)

crosses the T-S curves above 7 metres). If the thickness

of the upper layer is chosen as 6 metres (53b), and the

other variables the same as before, then the water can be

drawn between the depths of 6-8 metres 2!!h. The effect of

halving the rate of heating (which is equivalent to dou­

bling the fresh water transport), is shown by equation

(53c) and this too is plotted in figure 30. This reveals

a wider range of values from which the entrained water can

be drawn. Values as deep as 10 metres would satisfy the

requirement imposed by equation (47b).

Other Inlets

Plots similar to those illustrated in figure 30

were constructed from observations taken in Bute Inlet,

May 17-24, 1951 (see fig. 7b). The equation derived from

(47b) was:

(h : 3.4)

This was found to intersect the T-S curves at

a depth of about 3.8 metres. Assuming the calculated val-

ues of U o and Q to be correct, the results indicate that

the diluting water was drawn from a level immediately

below the depth of no net motion.

Similar plots were construced for Bute, Knight,

and other inlets, for observations taken at other times
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and other positions and in all cases the results indicated

that the entrained water was drawn from a very thin layer

immediately below the level of no net motion.

The re sul ts of thi s analysi s also indi ca ted

that generally the depth of no net motion decreases to

seaward. (This was required if the conditions on Te and Se

in equatipn (47b) were to be met). The salinity distribu-

tions indicate that the salinity of the entrained water

usually decreases to seaward. They suggest also that the

major part of the up-inlet motion is confined to a fairly

narrow range. The increase in salinity towards the head

of an inlet results in a pressure gradient in that direc­

tion, which supports the suggestion of the proposed circu-

lation. However in order for this salinity distribution

in the intermediate layer to persist, requires that a quan­

tity of salt must be entering the layer from deeper levels.

This in turn requires a net up-inlet flow of salt water at

the deeper layers, although the quantity necessary is

small relative to that which would be supplied in the thin

layer immediately below the depth of no net motion.

It appears that the predominant up-inlet motion

near the mouth transports water whose salinity is some-

what less than that of the. deeper water. It implies_ that

in some region beyond the stations considered, mixing

downward must become important. It seems conceivable

that a critical velocity exists, as suggested by Cameron



and Stommel, and that this occurs near the mouth. Up-inlet

from this posi tion the predominant vertical process across

the level of no net motion is entrainment (Le. a unindirec-

tional flow) of salt water from below, with only a limited

downward penetration of fresh water. However, to seaward

of the position where the critical velocity exists,

exchange processes (Le. both upward and downward penetra-

tion) may be predominant.

Eddy Conduc tivi ty at Surface

Since the flux of hea t through the sea surface is

known, as well as the vertical temperature gradient of the

water, the vertical eddy conductivity can be calculated

from the relation: Q II -At ~ T ,where Q '" flux of

heat through the surface. ~
Calculations for Bute Inlet, July 1-2, 1953,

indicate a value for At of 12 cm. 2 /sec., whereas in Knight

Inlet on July 17, 1953, At was only 0.8 cm. 2 /sec. It is

interesting that such a large difference is found for the

two cases. It is qui te possible that the wind has been the

important factor in mixing the water in the surface layer

in Bu te and thus reduced the vertical temperature gradient.

Calculations of the eddy conductivity for other

inlets gave values usually intermediate between those given

for Bute and Knight but no systematic relationship to posi­

tion in the inlet was evident. This is not surprising
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since the rate of heating and the penetration is strongly

dependent on meteorological conditions.
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RESULTS ArID DISCUSSION

The analysis of the data presented up to this

point, has been segregated into specific categories, and in

certain instances results and pertinent points have been

ami tted be cause they depended in part upon the canten ts of

a following section. This section will be devoted to bring-

ing the various aspe cts of the study into one composi te

picture, and to a general discussion of the results.

Richardson Number

The theoretical results (Section IV) indicate

tha t the Richardson number is related to the turbulence of

the fluid. The conclusion was that turbulence would not

decay if Ri ~ Av/A s • Since the medium is normally turbu-

lent, determination of the Richardson number should give an

idea of the value for the ratio of Av : As.

Two velocity profiles which were observed simul-

'taneously with the salinity at station 4 in Bute Inlet,

August 11, 1952 are illustrated in figures 3la and 3lb.

One set of observations was taken during the flooding tide

and the other during the ebbing tide. In figure 3la the

velocity profile indicates very little vertical shear. The

halocline, located at a depth of 5 metres, coincides with

the depth of minimum velo~ity. The Richardson number lie s

between 1 and 5 for the uDper 2.5 metres and then increases



rapidly reaching an infinite value at 5 metres depth. The

infini ty arises because of zero velocity gradient at this

point, with a finite stability. Below 5 metres it decreases

abruptly, remaining at values less than 10 over a 5 metre

layer, and finally increases to a value of several hundred

at 20 metres depth.

During the ebb tide much wider variation of the

velocity gradient is evident but as for the flood tide, a

minimum in the velocity coincides wi th the halocline depth.

The velocity gradient is very high in the top 4 ;netres while

the density gradient is relatively small. Consequently the

Richardson number is much less than unity. At 5 metres

depth it is infinite and then decreases to less than 5 at

7.5 metres. It remains less than 5 down to 16 metres before

finally increasing to a value in exce s s of 100 at 20 me tre s.

The observations presented in figure 3lc were also

made at station 4 in Bute Inlet on July 2, 1953. These were

taken during the flood tide, but are markedly different from

the observations shown in figure 3la, in that larger velo­

cl ty gradients are present. Two minima and two maxima also

occur in the velocity and give rise to a very irregular

Richardson numQer. The high veloci ty shear and small den­

sity gradient in the top 3 metres give a Richardson number

much less than unity, but below this the value varies

Widely.

The fairly extensive current measurements made at



station 4 in Knight Inlet between July 11-15, 1953, (dis­

cussed in Section V) allow an e'stimate to be made of the

variation in Richardson number over a tidal cycle. The lack

of simultaneous salinity and current measurements prevents

an accurate evaluation of the Richardson number, but since

the variation in the salinity gradient is small relative to

that of the square of the velocity gradient over a tidal

cycle, the error introduced in using a mean value for the

densi ty gradient is probably small.

The velocity profiles presented in figures 32a and

32b represent typical mean values for the ebb and flood

tide respectively. The maximum velocity gradient occurs

during the flood tide and therefore the Richardson numbers

are smalle r in thi s layer during the flooding tide. For

both flood and ebb tide maxima and minima occur in the

veloci ty profile and consequently infinite values are

obtained for the Richardson number at these points.

A summary of the variations of the Richardson

number over two tidal cycles is given in Table XXII.

Values range from less than 0.3 to over 3000. However the

average value is probably less than 50 (if the infinite

ones are excluded). In general the smaller numbers occur

during the flooding tide. If it Is assumed that the medium

is turbulent at all times, except possibly at Doints where

the velocIty gradient vanishes, then the mixing is more

intense during the flood- ng tide. Ignoring the very large
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values of the Richardson number, it would appear that during

most periods Av is from 2 to 50 times larger than As (Le.

the momentum transfer is much larger than the salt transfer).

This is in general agreement wi th the values calculated by

Taylor (19) using Jacobsen's data (22) for Schultz's Grund.

The relationship derived by Rossby and Montgomery

(see Section IV) expressing the eddy diffusivity in terms

of its value at neutral stability was given as:

where Ao = eddy diffusivity at neutral stability.

The function As/Ao was plotted wi th depth for the

results presented in figures 32a and 32b, for;8 = 10.

These curves are shown in figure 32c.

The ratio As/Ao in the upper 20 metres is generally

less than 0.10 for the ebb tide and generally greater than

this value for the flood tide. The coefficients in both

cases are minimal just below the level of maximum stability,

and maximal in the top brackish layer. The curves are more

regular than those for the Richardson number. Because of

the manner in V/hich this number is introduced in this expres­

sion, infinities are removed. If the Richardson number is

to be incorporated into the differential equation determin-

ing the salinity, and the equation solved analytically, then

the introduction in the form as expressed by Rossby and

Montgomery appears desirable, as it eliminates any infinities.



Dynamics and Distribution of Mass

There can be no doubt that the dynamics and the

distribution of property in the inlets are interrelated.

Be cause, if mixing occurs so as to change the salinity

distribution, then the horizontal distribution of mass is

altered and in turn the horizontal pressure gradient. To

see how the two factors are related, consider the follow-

ing simple dynamic situation coupled with a simple equa-

Only the x and z components of the equation of

motion will be considered. Assume that the only two imp,o;r>-

tant forces in the x direction .are the pressure gradient

and the vertical friction, and that the hydrostatic equa-

tion holds for the vertical direction. Therefore,

~ = "P~ (57)

where p :: pressure and'? .. density.

Consider also that the horizontal advection of

salt is balanced by vertical diffusion (eqn. (7)). Since

the density is approximately proportional to salini ty

only, S can be replaced by'p. Therefore.

(58)



The flow must satisfy equations (56), (57), and

(58).

Differentiating (56) with respect to z and (57)

with respect to x, and combining, yields,

(59)

Substituting for u from equation (58) gives,

aE = L[A -.-L-t-A-(Astr)}']
d OX baa v ~21 ~ (60)

;;->-

Equation (60) contains only terms involving the

densi ty and the two eddy coefficients •. But even for Av and

As constant, the equation appears insoluble by analytic

methods. However with certain simplifying assumptions, it

may be solved numerically using field observations to gain

some knowledge of the magnitude of Av and As'

To carry out the integration it is necessary to

assume Av independent of depth.

Integration from the depth d where the horizontal

and vertical density gradients vanish to some level z, one

lI{(¥.-l)l/ * did'd)}d,
AsAv/~1 ~f (61)

Oa }I

A calculation of this quantity Vias carried out

using the observations taken in Bute Inlet in August, 1953



(see figs. 14c and d). Anchor stations were taken at sta-

tions 2, 4, and 7. The densities were averaged at each

station and the integration performed between stations

2 and 4, and, 4 and 7. The product AsAv is tabulated

(Table XXIII) for the two positions in the inlet (between

the stations). The results indicate that AvA s varies in

magnitude from 0 to 30 with negative values at some depths.

The negative values imply that the mixing process may not

be as simple as assumed and that possibly vertical advec­

tion cannot be neglected. The expression As/u was also

determined from the salinity distribution using the methods

outlined in Section IV. If reasonable values for the

velocity are chosen, As for the brackish layer lies between

0.05 and 0.5 cm. 2 /sec. Substituting this range of values

in the expression As Av indicates that Av/A
s

ranges from

1 to 100, which is of the saTlle order of magnitude as the

Richardson number calculations indicated.

There are two features in particular with regard

to the water structure which deserve particular attention.

Firstly, the decrease in thickness of the surface layer to

seaward appears to be a common feature. Secondly, the ver-

tical advection process seems to be more important than

vertical diffusion in introducing salt into the brackish

layer. If the observed salt in the brackish layer entered

this layer by a diffusion (Le. exchange) process, then, if



there were no change in thickness in the seaward moving

layer, the velocities would remain constant at all positions

along the inlet. However, both direct velocity measurements

and calculations from heat budget considerations indicate

that the increase in velocity down the inlet is only partly

due to the decrease in thickness.

The reason for entrainment of salt wa ter into the

upper layer (advection), predominating over diffusion pro-

cesses does not appear obvious. However there is consider-

able evidence to suggest that with sharp density discon-

tinuities this is the case. For instance Keulegan (30) has

carried out a number of experiments using flumes, to study

the structure and nature of the interface when a light

liquid flows over a pool of motionless heavier liquid. In

these tests he found that at certain velocities waves

appeared at the interface of the two layers. If the velocity

was increased, the crests of the waves broke off and were

ejected into the lighter liquid. The reason for there

being no corresponding ejection downward does not appear

evident, but would seem to be due to gravitational force

being unidirectional and therefore asymetrical as far as

instability of waves is concerned. Alternatively, it may

depend in some way upon the fact that the heavier liquid

was effectively bounded longitudinally whereas the lighter

fluid was not.

Near the head of the inle ts the boundary be tween



the fresh and salt water is very abrupt, although the

salinity is not discontinuous. The mean velocity of the

fresh water to seaward is small in this part of the inlet,

but the velocity gradient through the halo cline could con­

ceivably be very high. It is plausible that this could

gi ve 1'1 se to small unstable waves at the halocline and con-

sequently a transport or entrainment of salt water into the

upper layer. But once the salt water is ejected into the

upper layer the usual diffusion processes would distribute

the salt throughout the brackish layer. The entrainment

type of process is possibly only important in the upper

reaches of the inlet where the density gradient between the

layers is high. But, on the other hand, the higher velo­

ci ties in both laye~s, to seaward, may be sufficient to

keep a similar type of process in existence over most of the

length of the inlet. Certainly internal waves at the halo-

cline are present at times in the lower reaches of some of

the inlets, but whether they are ever unstable is not

Fre sh Wa te I' Inflow a t Side

Stommel and Farmer (27) constructed a mathemati Q

cal model of a deep estuary in which they consider entrain­

ment of salt water from the deep motionless layer into the

upper layer, but allow no penetration downward. They con-

sider each of the layers to be vertically homogeneous with
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an abrupt change of density across the interface. The

density of the deep layer is assumed constant over the

entire estuary, but the density in the upper one increases

from head to mouth and as x approache s infini ty, the den-

sHy of the top layer approaches that of the bottom layer.

The mixing is considered to be fixed, independent of the

mean floVi and the cause of the mixing is not specified

beyond the statement that it may be due to wind, tidal cur­

rents, or the shear developed at the interface. One of the

important results of the paper is an expression relating

the thickness of the upper layer to the transport, and

density distribution. The equation derived is:

d.D - I r2.b-1 ]
dT - ~ Lb-=-2 (62)

where b : f3 and k =¥ (fe- f-)o

and where D .. thickness of upper laye'r, T. transport,

V u • ve loci ty of uppe r layer, j?u' and.J:.. the densi ty of the

upper and lower layers respectively. The subscript "0"

indicates the value of the quanti ties at the head of the

estuary.

The equation expresses two important results:

Firstly, for values of b between 0.5 and 2.0, the thickness

of the top layer decreases with increasing transport. Since

the value of b increases very rapidly after a certain

value of the transport, Stommel concludes that the model



breaks down as b approaches 2.0. Secondly, he notes that

at b " 2.0, the velocity of the upper layer is equal to the

veloci ty of an internal wave a t the interface.

Stommel also derives a relationship between the

change in thickness of the brackish layer to seaward and

the fresh water discharge. The results indicate that for

'sub-critical' flow (Le. less than the velocity of an

internal wave at the interface) the layer decreases in

thickness to seaward. Observations in the inlets indicate

that the brackish layer usually does decrease to seaward,

and therefore according to the Stommel criterion the flow

is sub-critical.

Stommel and other investigators have all consid-

ered the fresh water inflow to be confined to the head of

an estuary. However in a number of inlets, and at certain

times of the year a large percentage of the fresh water

enters from the sides. An attempt was made to see what

effect this external influence might have in altering the

circulation derived for an inlet with inflow only at the

head. The modification to the simpler model, where Stommel

considered the effect of entrainment and friction separately

for a one layer sys tern indica ted that although no radical

change in the form of the results occurred, the particular

effect of entrainment or friction VIas enhanced. From this

preliminary analysis it was presumed that the condition as

expressed in equation (62) would be altered in such a way
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as to make the surface layer even thinner for sub-critical

flow.

Comparison of Measured with Calculated Velocities

The transport values derived from heat budget

considerations and those from fresh water discharge calcu-

lations in general agree closely with each other. But these,

usually indicate smaller values for the net seaward move-

ment in the brackish layer, than those measured directly.

It appears, that the net currents obtained from direct

measurements made in mid-channel, are considerably higher

than the average for the complete cross-section. Evidently

the mean velocity for the entire cross-section is of the

order of 0.5 to 0.7 of the value at the centre of the cross-

section. Visual observations of dye patches placed in the

surface water supports the suggestion of a considerable

lateral variation in velocity (Section V). These observa-

tions indicate that it is not uncommon for relatively high

velocities to occur over part of the width, with the

remainde r practically motionle ss.

Although there is evidence for a wide variation

in velocity laterally, there is no indication of a compar­

able variation in salinity or temperature. If the flow

were laminar and the velocity decreased to zero at the

sides one might expect that in summer months the water

would be considerably warmer along the sides of the inlet
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than in the central portion. Since no significant lateral

variation in temperature is evident, one concludes that

lateral mixing is sufficient to keep the water nearly homo­

geneous across the full width of the inlet.

The heat budget method offers an advantage over

direct current measurements in that it gives a mean value

for the entire cross-section, whereas to achieve the same

result by direct methods would require that current measure-

ments be made at several posi tions across the inlet. It

offers a practical advantage as well in that more extensive

areas can be surveyed in a shorter period of time and wi th

less expense.

Irregular Boundaries

No attempt has been made to evaluate the effect

of irregular lateral boundaries on the circulation and dis-

tribution of properties longi tudinally. However, there is

some evidence to suggest that these irregularities may play

an important role in certain areas. A conspicuous example

of this was observed in Knight Inlet in July, 1953. The

salini ty increased very slowly dO\ffi the inIe t in the sur­

face layer to station 5 where its value was approximately

5f". Be tween stations 5 and 5 the salinity increased to

more than 12%.. Between stations 5 and 2 the salinity

again increased very slowly reaching a value of 15f" at

station 2. Beyond this the rate again increased. A glance



at the chart indicates that the inlet configuration changes

abruptly between the two stations, 6 and 5. The inlet

below station 5 is relatively straight, lying approximately

east-west, whereas above that it lies nearly north-south.

Whether the abrupt transition in salinity is due directly

to the change in inlet orientation or indirectly to the

associated meteorological conditions is not known. The

wind is usually up-inlet during the daytime and the effect

of a long fetch would probably enhance the wind mixing pro­

cess in this part of the inlet.

Current measurements in Bute Inlet indicated that

cross-inlet flows of considerable magnitude were common.

In view of the very irregular lateral boundarie sit is

thought that these give rise to lateral eddies in certain

regions, which may appear for only a portion of the tidal

cycle. The location of the anchor station was quite pos-

sibly in an area influenced by such eddies. If this was

the case then it explains the irregular nature of the

measured currents and the consequent difficulty in deter­

mining the net circulation.



SUMMARY AND CONCLUSIONS

The emphasis in this thesis has been directed

along two paths: first, an effort has been made to evaluate

the diffusion coefficients for salt in British Columbia

inlets, and in addition to obtain theoretical salinity pro~

files, which with suitable coefficients would agree closely

wi th actual observations. Second, an examination of some

of the. factors involved in or controlling the circulation

and distribution of properties has been undertaken. This

included a study of the fresh water discharge into the

inlets, and the circulation and entrainment based on heat

budget requirements.

On the assumption that horizontal advection

balanced vertical diffusion, eddy diffusion coefficients

were calculated numerically by applying the data to the dif~

ference equation. For data which Vlere reasonably smooth the

expression Az/u was found to be posi tive in the brackish

layer and negative below it. The depth of no net motion. as

indicated by the sign change of Az/u, was generally found to

decrease towards the mouth of the inlet. Application of

reasonable velocity fields indicated that Az usually increased

in value from head to mouth in the brackish layer. No

simple pattern was detected in the deeper up-inlet moving

In many cases however. large and inconsistent



variations in the expression Az/u were found when the

unsmoothed data were applied. It VIas concluded that this

inconsistency resulted because, in the first place, the

observations were not always representative of the 'steady

state', and secondly, the vertical advection was probably

under some circumstances significant. Since the calculated

coefficients incorporated the effect of this factor, negative

values of the diffusion coefficient were possible, and could

al terna te in sign mere ly by varia tion in magni tude of the

vertical velocity, even without a change in sign.

The fluctuations in the quantity Az/u made it

desirable to have some systematic method for smoothing the

data. As a first attempt, empirical functions, usually

exponential in form, were constructed which were reasonably

simple in form and re sembled the observa tions in gene ral

character. A number of expressions were found, each having

tail". all the desired features, possibly because they were not

based on any particular physical mixing process, and there g

fore on this latter account were considered unsatisfactory.

The differential equation expressing a balance

between horizontal advection and vertical diffusion together

wi th various boundary condi tions was solved analytically for

a diffusion coefficient which was a function of longitudinal

position but constant vertically. Appropriate values for

the velocity were applied to the solutions so that the



salinity profiles observed at different positions in the

inlet could be fitted to the theoretical profiles•. Calcu­

lations indicated that the eddy coefficient was nearly

constant in the upper reaches of the inlets, with a value

of the order of 0.1 cm. 2 /sec., but increased very rapidly

down the inlet reaching values of 2 - 10 cm. 2 /sec. at or

near the mouth. It is probable that thl s increase is

associated with decreasing stability and increasing velo­

city shear toward the mouth, but the lack of direct velog

city measurements along the length of the inlets did not

permit more than a qualitative relationship to be expressed

between eddy diffusion, and the circulation and distribu-

tion of mass.

The reasonably close agreement between the theo·>

retical curves of salini ty against depth and the observa-

tions suggested that the variation in eddy diffusion with

depth was possibly of second order importance, although in

the region be low the halocline, where the departure of the

theoretical curves from the observed ones was greatest it

suggested that in this region the vertical variation proba-

bly was significant.

The theoretical curves which most closely approx g

imated the observations required that the salinity be

maintained constant at a depth about twice that of the

halocline. The results also indicated a reversal in longi-

tudinal salini ty gradien ~ be tween the uppe r and lower
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layer, in the upper reaches of the inlet.

this condition is evident in many of the field observations

supports the theoretical assumptions that have been made.

Since this layer was observed to be moving up-inlet, the

increase in salini ty towards the head can only be main-

tained by diffus ion of salt ve rtically from the deeper

water. This suggests that the assumption that the salinity

is maintained constant at some depth (and therefore a flow

of salt across this level) in the theoretical considera-

tions is probably reali stic.

An evaluation of the Richardson number, indi-

cated that the value of the eddy viscosity is generally

from 10 to 50 time s larger than the eddy diffusivi ty. The

Richardson number was usually found to be smalle r during

the flood tide than during the ebb, indicating that it is

probable that the bulk of the mixing occurs during the

flooding tide. The variation in the Richardson number over

a tidal cycle is controlled principally by the velocity

A method has been developed for determining total

fresh water discharge into the inlets. The method utilized

direct precipitation observations on the drainage basins

together wi th the available river flow measurements.

The calculations indicated that a significant

proportion of fresh water inflow was entering from the

sides of the inlets, and in certain instances the amount



exceeded that entering at the head. Theoretical models of

estuarine circulation to date have assumed that ill the

fresh water enters at the head. It is conceivable that

inflow from the sides may have an important influence on

the estuarine circulation.

No specific relationship was found between length

of inlet and total discharge. Alternatively it could not

be definitely proved or disproved that an inverse relation­

ship existed between length or area of inlet and intensity

of mixing. A more critical analysis of the salinity obser-

vations indicated that at the posi tions chosen for the

mouths of the inlets the salinity varied considerably from

inlet to inlet. The major difficulty in drawing an explicit

conclusion from the data in regard to intensi ty of mixing,

is the choice of the mouth of the inlet. In this study, the

mouth was chosen as the point where the inlet widened quite

abruptly, and in systems such as Dean and Burke channels, a

moderate degree of personnel selection was involved. A more

thorough analysis of the possible relationship be tween mix-

ing intensity and the length or area of inlets above posi-

tions of lateral constrictions is recommended. These

studies might reveal a proper criterion for determining the

A new method, based or. the heat budget has been

developed to determine the mean seaward movement of the

brackish layer. This method was also applied to gain



information on the mixing process, and to determine the

depth from which salt water was entrained into the surface

layer.

The application of the heat budget method for

determination of net currents in the surface layer gave

results that were in good agreement with those derived from

fresh water discharge analysis. The method offers some

very real advantages over direct methods for determining

fresh water inflow and circulation. One advantage is that

the accumulation of fresh water in the inlets effectively

act as a smoothing device in determining the mean fresh

water discharge over a period of a few days, the period

depending on the inlet size. The method permits the deter­

mination of net currents without the necessity for anchoring

a vessel. Although a number of temperature, salinity, and

meteorological observations are necessary, the effort

required to give a reliable value for the net current is

considerably smaller than is required by direct current

The usefulness of the method to determine the

average depth from which the entrained water is drawn has

also been demonstrated. It revealed that the entrained

water is drawn from a layer only a few metres in thickness

and directly below the level of no net motion. The salinity

of the water being entrained was found to decrease towards

the mouth, and also the depth of no net motion decreased in



this direction as well.

Al though considerable success was obtained by

theoretically considering the vertical transfer to be

described by a diffusion equation it must still be empha­

sized that the actual vertical transfer of salt across the

level of' no net motion may be predominately an advective

one. Only a small penetration of fresh water downward is

evident in most parts of the inlet, although near the mouth

and beyond, the exchange process may predominate. Why

water is entrained upward more readily than downward is

not at once evident. It !lppears that the entraining pro­

cess is dominant in transferring salt water~ the

level of' no net motion, but that above this, the usual dif-

fusion process predominates.

Since the relative importance of' the entraining

process is probably greatest where the most abrupt halo­

cline is found, it is recommended that observations be

made on the behavior of the halocline and the ve loci ty

shear near the head of' an inlet. A critical analysis of'

the interfacial region would give a sounder basis for

making hypothesis about entrainment processes.

It is recommended also that further direct cur-

rent measurements be made, so that a criterion for mixing

based on velocity shear, may be inv stigated more thoroughly.

Observa tions of salini ty should be made simultaneously wi th
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ve10ci ty. Even though the variation in the mass field may

be small relative to the velocity field, the small varia­

tions may be extremely significant.

There can be no doubt that the mass and velocity

fields are interrelated. Alteration in the mass field pro-

duces important changes in the dynamics, which in turn

alter the circulation. The mixing process and the dynamic

may be thought of as controlling each other, and conse­

quently for a complete understanding of the fundamental

nature of the mixing process, the dynamics must be consid­

ered also. This does not mean that to obtain a relation-

ship between the kinematics and the distribution of prop-

erties requires a knowledge of the dynamics. On the con-

trary, the results of this study have indicated that some

success in relating these factors is possible without

directly considering the forces involved.
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Az/u (em.xl02 )* Bute Inlet, May 17-25, 1951

Stn.
Depth(M)

1 0.3 0.3 21.9
2 0.5 -0.6 21.6
3 0.1 1.4 2.5
4 -0.5 8.5 0.3
5 -0.5 3.3 -1.7
6 -0.2 -8.5 0.9
7 -0.4 -0.3 J.5

10 CD -0.4 -2.2

Az/u (em.xI02 ) Bute Inlet, May 29, 1952

Stn.
Depth(M)

2 5.2 2.6 4.3 10.7 7.9
4 -31.5 3.3 1.4 6.9 2.9
6 -2.9 -2.0 -1.7 32.8 4.3
9 -9.8 -6.5 -5.8 -1.0 -26.9

18 -150 -38.7 -61.8 -10.7 -2.1

AZ/u (em.xl02 ) Jervis Inlet, May 27, 1952

Stn.
Depth (M)

-4.2
-1.1
-0.6
-0.3
-1.7
0.9

-5.0
-0.7
-L8
-0.9
-0.8
-2.4

-L4
-0.3
-0.4
-0.4
-0.3
-5.3

*Example: 2.5 in table equals 0.025 em.



TABLE IV

Az/u(om.X102)Gat'dn.rCanal,JU1Yl-3,1951

f)AT"th
Stn.

(M) 1a 11 12 13 14

6
4.4 3.6 0.0 11.8 2.6 0.0 0.5 0.6 1.5 5.9 1.4 2.8 9.0

-2,9 0.6 0.0 -1.9 -2.4 -0.7 0.0 -0.7 -5.4 2.6 0.0 0.7 0.9
8 -2.4 13.5 -21.6 -1.8 -2.1 0.0 2.8 -2.5 -2.3 -2.0 0.0 -0.7 -1.3

11 1.2 15.6 -59.4 -14.0 11.1 -4.6 2.0 -1.9 1.1 -3.4 0.0 _0.9 -5,2
14 2.7 10.5 -20.3 -2,0 37.8 -2.6 -2.1 -5.6 9.0 -1.4 -2.0 -1.3 -1.5
18 4.8 42.4 -98.3 -74.5 125 -5.2 0.0 -8.2 12.0 -10.2 -4.5 0.0 -6.0
28 8.5 123 -16.3 -62.2 101 -15.0 21.6 -2.2 -5.2 -26.1 -13.5 -9.0 -44.0

Az/u (om.xI02 ) ~ortland Canal, July 22-23, 1951

stn.
D.pth(M) 6

14
18
28

0.7 0.9
1.5 1.4

-0.7 -3.7
-2.4 7.6
-6.3 -2.5

-12.4 -2.7
-49.6 -4.0

2.0
-4.2
-7.4
10.3
-7.8
-2.6
-1.0

6.2
9.5
4.6

-1.7
3.4

-1.8
.12.0

-5.1
-10.9
-11.6

3.2
3.4

11.1
43.5

7.0
14.0

-80.0
-18.8
11.3

-34.2
-116



TABLE VI

Az/u (cm.x102 ) Dean Channel, June 17-19, 1951

Stn.
Depth(M)

2 8.9 2.8 3.'1 27.1
4 -13.0 17.4 2.2 3.3
6 -10.0 54.7 0.9 3.4
9 -6.2 -5.7 16.6 -10.7

14 95.5 -92.2 9'1.4 -25.6
18 13.0 -25.7 20.3 -24.2
28 42.9 -100 99.0 -51.5

Az/u (cm.x102 ) Dean Channel, June 19-20, 1951

Stn.
Depth(M) 5 10

3 -0.8 0.7 2.1 2.8 2.0
6 2.8 -6.8 0.0
8 4.4 -20.4 -0.1

11 -13.6 30.8 -14.8
14 -3.9 6.5 -6.3 8.1 -2.9
18 -16.4 24.5 73.9 29.4 -24.1
28 -65.2 93.0 -81.4 104 -21.2

Az/U (cm.xI02 ) Knight Inlet, June 1-2, 1951

·Stn.
Depth(M) 2

4 9.0 31.0 20.0 24.0 6.0 6.0
9 56.0 -25.0 2.0 -12.0 4.0 -6.0

14 165 322 171 208 -6.0 -5.0
18 72.0 -523 -103 -35.0 -13.0 -13.0
28 159 -263 36.0 -81.0 -36.0 -36.0

4.0 -0.6 2.0
-3.0 0.6 -3.0
-1.0 7.0 -19.0
2.0 16.0 -27.0
1.0 -54.0 -68.0



A
Z

/u{cm.XI02 ) Knight Inlet Jl June:3-4, 1951

-29.2 6.5
2.1 1.00.9

-3.2 -0.3 -0.8
0.5 2.5 -1.0
2.0 5.02.5
4.5 8.07.0

11.0 27.023.0

Ar./u(cmeXI02) Butelnlet, October2S-26, 1951

0.9
6.5

-0.7
-64.0
-17.8

2.2 0.0
-0.7 2.7
-0.4 -0.7
-0.9 -11.8
-6.2 -7.8



AZ/U (cm.xl02 ) Bute Inlet, Ma.rch 27-28, 1953

Stn.
Depth(M)

5 39.0 4.0 -19.0 -4.0 -1.4 -0.61 -5.0
9 -25.0 -0.7 0.2 0.2 0.0 -3.0 -155

14 -17.0 69.0 0.0 20.0 10.0 -13.0 16.0
18 -36.0 121 0.0 0.0 0.0 -79.0 124
28 -91.0 273 75.0 -83.0 0.0 -332 516

AZ/U (cm.xl02 ) Bute Inlet, February, 1951

Stn.
Depth(M)

00 -7.0
00 12.3
2.1 1.1
2.6 0.9

-1.7 -0.4



AZ/u (cm.xI02 ) Bute Inlet, July 3-4, 1953

Depth(M)

2
4
6
9

18
35

0.6
-1.9
0.1

gl.0
-4.3

-12.5

2.9
1.7

-4.0
-1.8
-6.1

-25.4

Az/u (cm.xI0 2 ) Bute Inlet, June 8, 1954

Stn.

Depth (M)

9.6 19.1 9.2 co
1.2 9.8 co co
1.8 10.1 5.3 4.8
2.4 1.2 1.1 3.8
3.0 0.6 0.3 0.3
3.6 -0.3 6.0 0.7
4.3 -0.3 -0.1 0.7
4.9 -0.4 -0.2 -0.2
5.5 -0.3 -0.4 -0.2
7.2 -1.1 -1.0 -1.2
8.5 -0.4 -0.4 -0.7

10.0 -1.3 -0.7 -0.5



As (cm. 2 /sec.l and Surface Velocity (cm./sec. )

Bute Inlet, May 29, 1952

Stn. Vel. Time -5
(cm~~/sec.)(cm./sec. ) (sec.xl0 ) Ao

0.0 0.0 0.2
3.4 0.6 0.7 0.2
4.3 2.3 2.0 0.2
6.7 4.1 10 0.6
8.9 5.4 22 1.1

14.5 6.3 35 2.3
25.0 6.9 55 4.7

As (cm. 2 /sec.) Knight Inlet, June 1951, and July, 1953

11
10

8
6
4
3

As (cm. 2 /sec.l
June 1951

0.01
0.16
0.30
0.75
4.5

25.0

As (cm. 2 /sec.)
July. 1953

0.02
0.03
0.15
0.94
5.0
8.0







Month1ysndyear1"meand18Chargesperunltareaofln1etsurtace (cu.ft./sec./aq.m1lel

682 55> 303 202 195 155 343 777 1210 995 703 535 557



Monthly and yearlJlIlflan diachargea per unIt wIdth of Inlet (1nhna of cu. ft./aeC./lIIlle.ldth)

50S 488 388 8'2 INO :1020 2480 1760 1340 1390





Richardson number variations over a tidal cycle,

Knight Inlet, July 1953

Tide VV 'lrV It'V ()V lfi/ V/ 1At/ uJ
Depth(M)

1 4.0 2.1 1.0 0.5 0.8 4.5 2.1 417
3 10.3 72.5 0.5 0.3 5.0 784 0.41 0.43
5 334 730 32.1 8.3 5.5 28.1 19.7 2.4

7.5 6.3 181 37.5 52.0 52.0 20.6 177 17.9
10 280 3040 57.8 3.2 3040 333 189 12.1
12.5 172 16.1 1.2 4.3 11.8 3.9 8.3 714
17.5 30.4 15.1 4.6 175 1400 62.3 1400 1400

Eddy coefficients of viscosity and diffusion

Bute Inlet, August 1953

Between Stations Between Stations
4 and 2

AsAv As/u AsAv As/u

(cm.4/sec. 2 ) (cm.xl02 ) (cm. 4 /sec. 2 ) (cm.x102 )

1 22.4 2.0 30.5 3.7
2 8.6 1.45 7.2 1.2
3 4.2 0.7 -0.2 1.8
4 3.0 -4.8 -2.9 -0.5
5 1.6 9.4 -5.5 -0.4
6 0.2 3.7 -1.1 -0.1
7 0.0 -0.4 -13.9 0.6
8 0.0 -1.2 -15.6 0.8
9 0.0 0.0 -19.2 4.4

10 0.0 -0.1 -1.5 2.0
12 0.1 -1.5
15 0.2 -2.1
20 0.1 19.7
25 0.0 15.5
30 0.0 12.5
40 0.0 3.1
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Salinity profiles
Figure 6.
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Sal lni ty profiles
F'igure 7.
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Typical tide curves for British Columbia inlets

Figure 8.
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(c) Bute Inlet, October 25-26,1951 (d) Bute Inlet, June 8, 1954

Sa1ini ty profiles

Figure 9.
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Salinity and temperature profiles

Figure 10.
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(C) Burke Channel and South Bentinck (d) Burke Channel and South
Arm, June 23-26, 1951 Ben t inck Arm, June 23-26,1951

Salinity and temperature profiles
F'igure 11.
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(a) Rivers Inlet, June 16, 1951 (b) Rivers Inlet, June 16, 1951
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(c) Toba Inlet, June 9, 1954 (d) ';oba Inlet, June 9, 1954

Salinity and temperature profiles
Figure 12.
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(a) Knight Inlet. June 3-4, 1951 (b) Knight Inlet ,June 3-4,1951
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(c) Knight Inlet, July 15, 1953 (d) Knight Inlet ,July 15,1953

Salini ty and temperature profiles

Figure 13.
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(c) Bute Inlet ,August 20-23,195'3 (d) Bute In1et,August 20-23,1953

Salini ty and temperature profiles

Figure 14.
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Salinity distribution given by equation (15)
Figure 17,
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Salinity distributi on for various values of
A x/u (eqn.(21», with depth z = 6 maintained

o at 30 0/00 and no upper boundary

Figure lR.

Salini ty distribution for various values of
Ao ' (eqn.(27», with depth z = 6 maintained

at 30 %0 and no flux across z = 0

Figure 19.



Salini ty distribution for various values
of Aof' (eqn. (29», with no flux across Z = 0

and z = 30

Figure 20.
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Salinity distribution for var'ious values of Aof' (eqn.(34»,
with no flux across z = 0, and z = III maintained at 30 0/00 •

Figure 22.
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Salinity distribution for various values of Ao! (eqn.(34»,
with no flux across z = 0, and z 0= 12 maintained at 30 0/00

Figure 23.
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(a) Flood and larll:e ebb tide velocity profiles
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(b) Flood and small ebb tide velocity profiles
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(C) Mean flood and ebb tidal veloci ties, net velocity, and
salin ity prof ile

Vel oci ty profiles, Knight Inlet ,Station 4, July 11-15, 1953

Figure 25.
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Velocity and salinity profiles, Knight Inlet, Station 4,
August 6-8, 1952

Figure 26.
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Velocity and salinity profiles, Bute Inlet, Station 4,
August 10-12, 1952

Figure 27,
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Velocity and salinity profiles. Bute Inlet, Station 4,
July 1-3, 1953

Figure 28,
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Figure 29.
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Figure 30.
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(a) Flood tide, August 11, 1952
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(c) Flood tide, July 2, 1953

Velocity, density anomaly, Richardson number, Bute Inlet,
Station 4

Figure 31.
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