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Abstract

Under-ice river plume data were collected in the spring of 1988 and 1990 at the
mouth of the Great Whale River, Hudson Bay, Canada. Tidal analysis of tide gauge
data and predicted tides shows a phase advance and amplitude decrease of the tide
under continuous landfast sea ice. Current meter and echosounder measurements, as
well as temperature-salinity profiles were taken within the first 2 km off-shore of the
river mouth to provide a detailed picture of the nearshore plume conditions. Stable,
subcritical flow conditions were ohserved for most of the sampling period, with the
buoyant [reshwater plume maintaining a depth of about 4 m almost continuously.
During spring low tide (the lowest low tide), the cross-sectional area through which
the river discharge must flow decreases substantially, resulting in supercritical (Froude
number > 1) conditions over some periods and the formation of an internal hydraulic

jump.
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Résumé

Des mesures du panache sous la glace on éié effectuées aux printemps des annces
1988 el 1990 pres de 'embouchure de la Grande riviere de la Baleine, dans la Baice
d’Hudson, au Canada. L’analyse des marées prédites el des marées obtenues i
'aide d'un marégraphe démontre qu’il y a un avancement de la phase el une baissc
d’amplitude des marées lorsqu'une couverture de glace océanigue recouvre la baic.
Des mesures de courantometre, de profils de température el salinité, ainsi que de
sondeur A ultra-sons ont été prises & I'intérienr d’une région s'élendant. jusqu’a 2 kin
de 'embouchure de la riviere afin de fournir unc image détaillée des conditions du
panache prés de son origine. Des conditions d’écoulement stables el sous-critiques ont,
¢té observées durant la majeure partie de la période d'échantillonnage, avec le panache
d’eau douce maintenant une épaisseur d'environ 4 m au dessus de I'cau salée presque
continuellement. Durant la marée basse de vive cau (la marée la plus basse), aire
a travers laquelle la décharge de la riviere doit s'écouler décroit substantiellement,
résultant en des conditions sur-critiques (nombre de Froude > 1) pendant certaines

périodes ainsi qu’en la formation d'un saut hydraulique interne.
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Chapter 1

Introduction

Plumes and jets, which occur both in the atmosphere and the hydrosphere, have
been studied in laboratories and in different field experiments in many parts of the
world. A jet is the discharge of fluid [rom an opening into a large body ol the same
or similar fluid with the flow driven by the momentum of the discharged water. A
plume is flow that looks like a jet, however, the discharged fluid has positive or
negative buoyancy relative to its surroundings. For plumes, the buoyancy forces have
the greatest influence on the flow. Buoyant jets also occur, in which momentum and
buoyancy are important. At the source of the discharge, momentum influences the
flow, while beyond this region, buoyancy forces can become more important. At a
far enough distance, the jet will begin to behave like a plume (Fischer et al., 1979).

Under-ice river plumes have received limited attention due mainly to their remote



locations and the difficulty of sampling.

Plume studies, particularily under-ice plume studies, are important because of the
hiological consequences of freshwater spreading along the ice-ocean interface. Work
by Gilbert ef al. (1992) and Fortier ef al. (1995) showed that the plume of the Great
Whale River adversely aflected the foraging of first feeding Arctic cod (Boreogadus
saida) and sand lance (Ammodylcs sp.). Feeding was reduced because freshwater ice
associated with river discharge is less favourable to the growth of ice algae. Calanoid
copepods graze on Lhe ice algae, which triggers early reproduction and a better chance
of survival, Their eggs are the main source of food for the first-feeding fish larvae.
Also, fish larvae are visual predators. Their ability to feed depends on how much
light is available for them to see their prey. The river plume water is more turbid
than the ocean walers, resulting in enhanced attenuation of light, which hinders the
fish from finding their lood.

In the early seventies, Hydro-Québec proposed to dam several large rivers flowing
into James Bay and Hudson Bay for hydro-electric power production. This provoked
a series of in-depth studies of the physical and biological features of these areas.
As part of the research undertaken, river plumes were investigated both in open
water and under sea ice. Of particular interest were the La Grande River (Freeman,
1982; Ingram and Larouche, 1987a; Messier et al., 1989) and the Great Whale River

(Ingram, 1981; Ingram and Larouche, 1987b; Lepage and Ingram, 1991).



While the above studies described the shape and extent of the plumes in the
offshore waters under different conditions, the work presented here focuses on the
near shore aspects of the under-ice plume of the Great Whale River. 'The objectives
of this study include a discussion of the tides and circulation in Hudson Bay and a

characterization of the near-shore region of the under-ice plume.

1.1 Previous Work on Plumes and Jets

The present work focuses on the outflow of river water into a large recciving bay, so
previous work on hydrological plumes is of most interest. Most studies have been made
based on laboratory experiments, although field data analyses, theoretical analyses
and numerical models have also been employed.

A majority of the experiments have been carried out in engincering laboralories.
The lab setting allows for complele control of the outflow, the shape and size of the re-
ceiving basin, as well as the characteristics of the ambient water. Bo Pedersen (1987)
describes how to build and operate a multipurpose stratified flow flume. Density
differences can be produced by either using water of different temperatures or with
different salinities. In another study, Kranenberg (1987) investigated two-layer strat-

ified flow. He used an annular flume with a horizontal holiom and vertical sidewalls

to study entrainment.



In lab studies, jets, rather than plumes are more often the main area of investiga-
tion. T'he jets can be characterized by injecting dye into the flow, projecting shadows,
known as shadowgraphs, or taking photographs. Salaie (1979) looked at the mixing of
buoyant surface jets over an adjustable sloping bottom. The buoyant flow of a fresh-
water river discharge into a salty basin often occurs over a sloping bottom, therefore,
this type of experiment provides a good representation of naturally occurring events.
Dyc was used to follow the evolution of the jet and the patterns were recorded by a
canecra. His conclusion was that the characteristic geometry of a buoyant surface jet
discharged over a sloping bottom is determined by the buoyancy spread, the spread
due to the formation of large-scale vortices, and the spread due to turbulent mix-
ing. However, for low densimetric Froude numbers, buoyancy is predominant, which
allows lateral spreading to occur at the source.

The Froude number, a dimensionless number that describes the state of an open
channel flow, is a comparison between the fluid velocity and the wave speed. When
I'r < 1, the fluid moves slower than the wave speed and downstream conditions can
aflect the flow upstream, since disturbances can travel upstream. This condition is
termed stable or subcritical. Unstable or supercritical conditions occur when the
fluid velocity is greater than the wave speed. Fr > 1 and disturbances cannot travel

upstream,. .



Baddour and Chu (1975) also considered a buoyant discharge over a stoping bot-
tom. They observed thal the behavior of the jet depended on both the upstream
and downstream conditions. Their experiments also showed that the inlluence of the
bottom slope was negligible when the slope angle is > 25°. For less steep slopes, tur-
bulent entrainment was generally lower than in other conditions. Lower entrainment
occasionally resulted in a jet partially attached to the channel botlom, For the Great
Whale River, the slope angle is low enough that, should jet conditions occur, the pos-
sibility of boltom atiachment does occur, as discussed by Veilleux (1980). Chu and
Jirka (1986) studicd surface buoyant jets, plumes and internal hydraulic jumps in the |
laboratory. Shadowgraphs were used to illustrate their results. Along with the source
characieristics, discharge dynamics were strongly influenced by the properties of the
receiving water. Cross currents in the receiving water can deflect a jet or plume so
much so that it may even attach to the downstream shorcline. In their experiments,
it was also determinec that when the densimetric Froude number at the source was
< 3, the presence of a surface jet was nol always possible since mixing could oceur
before the jet could develop. The formation of a plume does not appear Lo he alfected
by this criterion.

Laboratory experiments are important sinre they provide a controlled environment
in which specific aspects of hydrological phenomena can be varied and relationships

amongst the variables determined. While field measurements of hydrologic plumes



]li.I.VC heen limited, data collection has nonetheless occurred in many regions of the
world. In some of the following field studies, numerical models have been used in
interpreting the data.

Garvine (1974) focused on the physical features of the Connecticut River plume
that is formed in Long lsland Sound (USA). The aim of the field program was to deter-
mine the horizontal distribution of the near-surface river outflow. From observations
of the areal extent of the river outflow during high discharge, several important results
were ohtained. The outflow of the river was found to be highly variable. A great part
of the variability was attributed to the strong tidal currents and the volume of fresh
water discharged over the tidal cycle. Local variations of wind stress were unimpor-
tant during the experiment. As the discharge volume of the river increased, so did
the horizontal arca, defined by the 20 °/,, isohaline. Once a critical discharge value
was reached, the plume deepened and the horizontal area decreased. In spite of the
internal densimetric Froude number being > 1, the interface between the two water
layers was quite stable.

Further field studies of the Connecticut River plume were carried out by Garvine
(1977). He determined that the dominant parameter governing plume formation is
Lhe ratio of fresh water volume flux to the mean tidal volume flux in the lower reach of
the river. When values of this ratio are small, mixing occurs upstream of the mouth

and a plume does not form. Qbservations of drifters and drogues in the plume region



indicated that the ambient water follows the general tidal molion along the coast
and was decoupled from the plume. This suggests that the plume sits on the surface
above the heavier bottom fluid and does not affect the dynamics of the lower tayer in
any way. Frontal zones were also observed, marked by convergence of surface drifters,
On the scale of the plume as a whole, a discontinuous character of the velocity and
density fields was displayed at the front since there were high conlrasts in velocitios,
both in the parallel and normal directions between flows on cither side ol the front.
Using the knowledge gathered from the field studies, Garvine (1982) developed a
small scale numerical plume model in which the earth’s rotation was neglected. Hori-
zontal gravitational spreading, [rontal boundaries, and an ambient alongshore current,
were included. The [rontal zone was analysed and it was concluded that the model
results explained quite well the features of ithe Conncecticutl River plume. Expanding
on this work, Garvine (1987) created a model which encompassed both large and
small scale plumes, thus including the effects of the earth’s rolation. The major goal
of this work was to create a layer model that included fronts as discontinuities. Since
the fronts were treated as discontinuities, their structure was not resolved but the use
of approximate jump conditions maintained the mass and momentum balances. The
model results showed that when rotation is not important, supercritical conditions
occur throughout the plume, while for the cases in which rotation is important, sub-

critical conditions occur downstream despite supercritical conditions near the river



outflow.

Bowman and lverson ([977) also studied estuarine and plume fronts. They con-
centrated on small scale fronts, thus excluding Coriolis effects. Field observations
were made of the Hudson River plume {USA). By measuring salinity, temperature,
chlorophyll «, ammonia, and suspended particulate matler concentrations, a three
dimensional view of the plume was possible. In the coastal regions, the physical and
hiological effects of a river plume were found to depend upon the seasonal discharge
paitens and the stability of the water column. Fronts were examined and it was
found that they will only persist as long as the discharge and the receiving water are
confluent.

Field work has not been limited to the Northern Hemisphere. Luketina and Im-
herger (1987; 1989) examined plumes and jets in Koombana Bay, Western Australia.
The Cul, a man-made channel and the source of the fresh water into the bay, created
a jel which transformed into a plume some distance offshore. The first of these two
papers presented the general plume characteristics. They investigated the shape of
the plume, associated fronts, the sireamline patterns in the {rontal region, and the
development of instabilities. The seaward portion of the plume front was found to
be quite well represented by a semicircle. The centre of this circle was defined as the
virtual origin of the plume. The plume was characterized by a closed rotorlike circu-

lation in the vertical at its leading front, associated with strong convergence ahead



of the plume. Maximum entrainment occurred at the boltom of the rotor. Further
study of the same area of the plume was used to discuss the turbulence and entrain-
ment characteristics in the plume. The plume was found to be divided vertically
into a surface layer, a stable layer, a sheared mixing layer and, below the plume, a
quiescent layer. The generation and collapse of turbulence was investigated in this
stratified area. The surface layer and the sheared mixing layer were found to have
more turbulent behaviour than the other two layers. The entrainment velocity was
found to be a maximum at the leading edge and lo decrease exponentially inward
towards the source.

In regard to numerical modelling of plumes, Chao and Boicourt (1986) used a
three-dimensional primitive-cquation model with a rigid lid to study Lhe generation
of estuarine plumes. Coriolis effects were included in their analysis. "The mean circn-
lation pattern was taken to be an offshore upper layer river outllow and a landward
bottom layer flow. Ocean salinity was assumed to be 35 °/,, to dramalize the model
response. This value is much larger than that found in Long Island Sound (25 */.,
Garvine 1974) or under the Hudson River plume, ( 32 /4 , Bowman and lverson
1977). Chao and Boicourt (1986) determined that the initial injection speed from
the estuary mouth had little influence on the model results. This contradicts the
significance of the discharge velocity in the Froude number calculations, Higher dis-

charge speeds would tend to produce supercritical conditions. River-forced estuarine



plumes were further investigated by Chao (1988a) using the same numerical model
discussed above. In this case, Froude number analysis was performed. However,
a sharp transition between subcritical and supercritical conditions was not possible
because of mixing effects. Chao (1988b) next considered the effects of wind on es-
lnarine plumes. Wind-induced mixing was lound to occur during offshore as well
as during landward and downwelling favourable winds. Only upwelling winds were
found to enhance stratification. To complete his series of investigations on estuarine
plumes, Chao (1990) looked at how these plumes might be modulated by a semidi-
urnal tide. Again, a threc-dimensional primitive-equation model, which included the
Coriolis force, was used. The rigid-lid was replaced with a free surface. One result
of this analysis was that tides enhance and speed up the expansion of a river-forced
plume ofl the mouth of an estuary.

O’Donnell (1990) created a numerical model to investigate the growth of a river
plume in a basin with a steady crossflow. Included in this model were the effects of
nonlinear advection, Coriolis acceleration, time dependency, mixing, [riction, and a
ftee frontal boundary. It was assumed that a strong front surrounded the plume and
that this could have consequences on the flow in the plume itself. It was determined
that for small scale river plumes, the direct effect of a moderate wind is of secondary
importance lo its evolution. However, for larger plumes the wind has a more pre-

dominant effect. Il the shape of the plume was defined by the position of its fronts,
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the magnitude of the crossflow only slightly modified the general plume shape, More
rapid spreading occurred in the downstream direction, however the total area was
only weakly affected. When the crossflow direction was changed gradually from one
direction to the opposile, a basic representation of a tidal pattern was obtained. The
results ol this experiient suggested that once the spreading of the plume was con-
strained Lo a particular direction, mixing through shear flow instability would result,
if the crossflow velocity were changed. [t also became apparent I’.ha.l. whenever the
tidal flow changed direction, the plume would be destroyed, and then develop and
grow on the opposite side of the river mouth,

Under-ice plumes, with a solid upper boundary (i.e. continnous landfasl sea ice)
have rarely been studied. Freeman (1982) performed fieldwork al two major rivers
flowing into Hudson Bay, Canada, the La Grande River and Lhe Great Whale River,
He observed a sharp density front 20 km oflshore from the La Grande River and a
sharp halocline at a depth of 3 to 4 m oul to 40 kin [rom the river mouth. From
the kinetic energy distribution, it seemed that the tide modulated the river discharge
rather than contributed to plume mixing. To characterize mixing conditions in the
plume, he calculated the estuarine Richardson number and the plume densimetric
Froude number. He found that mixing in the nearshore was only weakly dependent,
upon the Richardson number, but once a critical value was reached (~ 1.0) depen-

dence on Richardson number increased significantly. From this analysis, Freeman
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suggested that there are three different dynamical regions in the under-ice plume
of the La Grande River. He described a thinning of the halocline interface along
with a large horizontal divergence of the outflow, as well as a reduction of the flow
speed within the first 5 to 10 km from the river mouth. Downward entrainment, and
comtinued thinning of the upper layer characterized the next region which extended
downstream of the first by about 25 to 30 km. This region was bounded by a piume
front. Beyond this ront, substantial mixing took place. Freeman used the field data
to help formulate a two layer plume model. Although Coriolis effects were excluded,
the surface ice layer was incorporated. Using field data for calibration, the model
was tused to simulate the La Grande River plume. Both the areal extent of the plume
under the ice and the horizontal salinity distribution for different discharge conditions
were well predicted. However, the model did not reproduce the distinct frontal region
satisfactorily.

Ingram (1981) used field measurements to characterize the Great Whale River
plume. Open water and ice covered conditions were considered. In both cases, the
plume layer was stable with a gradient Richardson number of about 3 in open water
and about 30 under a sea ice cover. During open water conditions, it was found that,
when considering the Froude number, the flow was supercritical except at high tide.
Subcritical conditions were found during the ice covered period, which implies that

offshore cvents could influence flow conditions at the river mouth. While open water

12



conditions are such that the effects of the surface wind stress on the local surface
circulation are greater than the tidal influences, the winter ice cover prevents the
wind from having a divect influence. It was determined that the characteristics of
the plume varied greatly between open water and ice covered conditions. The winter
plume was found to be much thicker and covered a greater area than dicd the summer
plume despite lower river discharge values in winter and early spring.

Studies of the under-ice plume of the Greal Whale River were continned by Ingram
and Larouche {1987h). Six different under-ice plume configurations were compared. A
power law relationship, A = «Q", was found to adequately determine the effect, of the
river discharge, @, on the surlace area, A, of the plume. A mean entrainment velocity
of 6 x 10~8cm /s was estimated for the January to March period. Lower entrainment
rates are expected in late April and early May mostly due to increased water column
stability. Downward entrainment seemed present since tidal velocities were higher
below the plume than within it. The configuration of the plume, which demonstrated
either radial spreading, along shore orientalion, or a tonguelike intrusion, depended
on several factors: time since the [reeze-up, the stability of the water column and the
low-frequency (5 - 10 days) coastal circulation generated by large scale atmospheric
pressure forcing (see also Reynaud ¢t al. (1992)). The landfast ice extent was also
found to have important consequences on the plume dynamics since it influences the

response to wind forcing and the tidal current strength and phase.
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Studies of the vernal ice cover breakup in Hudson Bay and its effects on the upper
layer dynamics were made by Lepage and Ingram (1991). Calculations of potential
and kinetic energy, buoyancy fluxes and dissipation rates were made, It was found
that under a complete ice cover, low turbulence levels, caused by weak circulation,
promoted the expansion of the plume and resulted in highly stratified conditions in
the upper 10 m of the water column. It was also shown that the ice cover has an effect
on the amplitude and phase of the semi-diurnal tide. A more detailed discussion of
this.phenomenon can be found in Chapter 3.

The preceding parts of this chapter provided an overview of some of the plume
studies previously carried out. In Chapter 2 the background theory required for the
analysis of plumes and jets will be described. In Chapter 3, the study area in Hudson
Bay and a description of data collection and methods will be given. Chapter 4 will
include the data analysis and results. A discussion of results will be presented in

Chapter 5 with the conclusion in Chapter 6.



Chapter 2

Theoretical Aspects

While plumes and jets are present in fluids that are both gaseous and liquid, the
discussion here will focus solely on the hydrological case. Although they are often
considered concurrenily, there are significant distinctions which must, be made he-
tween jets and plumes. First, a brief discussion of jets will be presented. Thereafler,
a more detailed look at plumes and some aspects of the theory required for their
study will be given.

Jets in the ocean are usually generated by human activity. In general, a jet
occurs when a fluid is released from a small opening into a larger basin of fluid.
If the two fluids have the same density, a jet will occur whose driving force is ils
own momentum. When the two fluids have diflerent densities, buoyant jets form,

which are influenced by both momentum and huoyancy. Jets have been studied in
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many controlled laboratory experiments, as discussed in Chapter 1, and are quite
well understood. As the distance [rom the outflow increases, all jets tend Lo become
plumes.

Plumes are more commonly found in nature than are jets. River discharges into
lakes or oceans are often plume-like. They are usually present because the outflowing
waler is less dense than the water in the receiving basin. The density differences are
cither due Lo dissimilar temperatures or salinities or a combination of the two. Their
development and persistence is, however, only possible provided strong mixing does
not. occur, as discussed by Garvine (1977). While turbulent stresses, entrainment,
rotational effects, as well as the characteristics of the receiving water all have im-
portant consequences on the plume, the buoyancy is the most important factor. In
order Lo better understand plumes and plume dynamics, it is worthwhile to look at

the individual characteristics and governing parameters.

2.1 Buoyancy

The buoyancy flux is defined by Fischer el al. (1979) as

Ap,
B=
g P

Q= .‘Jo'Q (2'1)

where Ap, is the density difference between the outflowing and receiving waters at

the river mouth, p is the density of the plume water and @ is the initial volume rate
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of flow. g is the acceleration due to gravity and g, = gé{}‘* is the initial reduced
gravity.

Although the buoyancy is often determined by the temperature of the fluid, in
open ocean applications the form presented here is required since both salinity and
temperature variations are important.

The spreading of the plume as it enters the receiving basin of waler is due 1o
buoyancy. The less dense plume water rises to a higher level than the surrounding
water and a horizontal pressure gradient results. This gradient produces spreading of
the river water over the denser basin water. If mixing between Lhe two layers does not
occur, Lhe thickness of the plume will decrease as it expands horizontally (Bowden,
1983).

The buoyancy is dependent only on the initial reduced gravity and the river dis-
charge. The greater the river discharge, the greater the buoyancy, and all other factors

aside, the greater the horizontal extent.

2.2 Turbulence and Entrainment

Turbulence is an important element when considering plume dynamics since most,
fluid motions in the environment are turbulent. While it is difficult to give a precise

definition of turbulence, Fischer et al. (1979) suggests that it can be detected as

follows:
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¢ Mass introduced at a point will spread much faster in turbulent flow than in

laminar flow.

e Velocities and pressures measured at a point in the fluid are unsteady and

possess an appreciable random component.

Turbulence occurs over a range of scales due to the strong nonlinearity of the
equations of fluid motion at large Reynolds numbers (Fischer et al., 1979). For river
outflow of less dense water into more dense water, turbulence is an important source
of mixing between the two layers. The greater the speed of the discharge, the greater
the possibility for mixing. If the receiving basin of water is relatively deep, both
vertical and horizontal turbulence are possible, and therefore mixing occurs in three
dimensions. Lateral as well as vertical expansion of the plume is possible, with the
amount of lateral spreading reduced to compensate for that occurring in the vertical
(Bearinan, 1989).

Entrainment is associated with the presence of turbulence. It is the physical
transport of mass across the interface between the two layers of differing properties.
Entrainment of fluid most often occurs from the non-turbulent flow into the more tur-
bulent region. While lateral entrainment is also possible, most laboratory researchers
have been concerned with the vertical exchange between stratified fluid layers. Work
on entrainment has been carried out by Ellison and Turner (1959), Luketina and

Imberger (1989), O'Donnell (1990), Freeman (1982) and others.
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2.3 Receiving Basin

The characteristics of the receiving basin into which the river discharge enters are im-
poriant in determining the transition from freshwater to the oceanic regime. Salinity
differences between the river water and the basin water can be between 25 ¢/, and
32 /. . When crossflows are present, shear instability across the pycnocline is possi-
ble (Garvine, 1977). The depth of the basin must also be taken into account since a
very shallow and/or a sloping bottom would result in bottom attachment of the river

outflow (Safaie, 1979).

2.4 Richardson Number

The Richardson number is used to determine the dynamic stability ol the water. I
compares the stabilizing influence of density stratification to the destabilizing effect of
the velocity shear. Different forms of the Richardson number have been formulated,

The gradient Richardson number is defined as

ép 2
+ “gsg N 4) €
Ri = —25 = —— (2.2)
plEE) (G2)?
(Pond and Pickard, 1983) where, N? = —g(';%f) is the Brunt-Viisala frequency. If

Ri < 1/4, then the water is considered unstable and so mixing and turbulence are

possible (Fischer et al., 1979).
The flur Richardson number is the ratio of turbulent energy which is taken up in
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verlical mixing to the huoyancy force. It was defined by Officer (1976) as

Ri; = ‘;—‘Ri (2.3)

N is the eddy viscosity and K. is the eddy diffusivity. Neither of these two coefficients
has a fixed value for a fluid, They vary both spatially and temporally. According
to Officer (1976), N. and K. are derived quantities which are often estimated from
experiments. In order to determine the flux Richardson nuinber, details of the flow
dilfusion properties must be known, while the gradient Richardson number can be
determined from more easily obtlained physical observations.

The estuarine Richardson number is often used when considering the influence of

river oulflow on the offshore flow. {Fischer et al., 1979). It is defined as

Ar 9

Bre =9 W

(2.4)

where @ is the fresh water discharge, W is the channel width, v is the root-mean-
square (rms) horizontal velocity and gAp/p is the reduced gravity. Small values of
this number imply that the estuary is well mixed, while large values suggest that
the estuary is strongly stratified and density currents dominate the flow. According
to Fischer et al. (1979), the transition from a well mixed to a strongly stratified
estuary occurs in the range 0.08 < Ri. < 0.8. Freeman (1982) used this equation, but
replaced channel width W by the mean plume width, which he obtained by averaging

the distances normal to the shoreline out to the frontal region of the plume.
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The different Richardsen numbers can all be caleulated once certain basic charac-

teristics of the flow are known. They vary as does the velocity or the river discharge.

2.5 Froude Number

The Froude number is defined as the ratio between the inertia and the gravity foree

(Kundu, 1990) and is given by the formmula:

fir = _\/QTT (25)

where u is the flow speed and H is the depth of the discharge channel. The flow is
designated supercritical or subcritical when Ffr > 1 or F'r < 1, respectively. In the
case of stratified flows, the internal Froude number is more informative. The equation

for the internal Froude number is

Fri= __.;‘, : (2.6)

(Kundu, 1990}, where ¢ in equation 2.5 has been replaced by ¢, the reduced gravity
as defined earlier. Fischer el al. (1979) replace u in this equalion by the ratio Q/A
where @) is the discharge of freshwater and A is Lthe cross-sectional area of the channel.
They refer to this ratio as the freshwater discharge velocity and use the term “bulk

densimetric Froude number” to designate Fr; in this formulation.
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Chapter 3

The Physical Setting, Data

Collection and Methods

3.1 Study Area

Hudson Bay, located in the east central region of Canada, is a salt water basin with an
area of 819 000 &m?. Hudson Strait connects the bay to the Atlantic Ocean while Foxe
Channel provides a link with the Arctic Ocean, while James Bay is joined to it in the
south (Figure 3.1). Despite its vast areal extent, it is, in fact, quite shallow, with an
average depth of only 125 m and a maximum depth of about 270 m (Prinsenberg, 1987;
Freeman, 1982). Surface salinity values during the ice covered period in southeast

Hudson Bay arc typically 29 °/,, in mid-April (Ingram and Larouche, 1987b). Bottom
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salinity values increase to 33 °/,, at the deep oceanic inflow in the northern part of
the bay (Freemaun, 1982). For the first four to five months of the year, Hudson Bay is
covered by a1 to 1.5 m thick ice cover which typically breaks up in mid-to-late May.
The ice is usually of the landfast type in the southeast part of the bay (Larouche and
Galbraith, 1989).

The Great Whale River, with its mouth located at 53°16'N and 77°48'W, is one of
the major sources of freshwater into Hudson Bay. A sandbank is situated just oflshore
of the river mouth, resulting in water depths of about 2 m. Depths fall to 60 m
within two kilometers from the shore. The freshwater discharge of the Great Whale
River fluctuates seasonally and interannually, ranging from 100 m®/s to 2000 m™*/s,
The mean annual discharge is around 600 m3/s {Lepage and Ingram, 1991). Spring
discharges (May-June) are the highest, since melting ice and snow rapidly increase
the freshwater input to the river. Figure 3.2 shows the discharge values for 1988, 1989

and 1990. Annual and interannual variations can clearly be seen.

3.2 Circulation and Tides in Hudson Bay Under
an Ice Cover

The general circulation in Hudson Bay is counter clockwise resulting from winds,

Arctic surface ocean waters entering from Foxe Basin, and freshwaler inpul from
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Figure 3.1: Map of Hudson Bay. The Great Whale River is at 55°16’V and 77°48'W.
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Figure 3.2: Mean monthly Great Whale River runoff for 1988,1989, and 1990. (Source: Minislére
de I’Environnement du Québec.)
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rivers (Prinsenberg, 1987). Prinsenberg and Freeman (1986) determined that the
major porlion of the current energy is associaled with the tides.

A tlide gauge was deployed in the spring of 1988. However, equipement mal-
function resulted in an unreliable data set. Therelore, only tidal predictions were
available. The predicted lide was calculated using the Canadian Tide and Current
Tables produced by the Department of Fisheries and Oceans (DFQ) (1988). The
method involves taking actual tide gauge data collected al specific ports over long
periods and using Lhis information Lo predict the tide using harmonic analysis. The
Lime and height of the high and low tides are determined. To calculate the tide
height at times other than high or low tide, an interpolation must be made, with the
assumption that the tidal curve is a simple cosine curve. In the description given
on their technique, seasonal variations are not taken into consideration. Only data
collected under ice free conditions are used to determine tidal constituents.

In 1990, a tide gauge was deployed at 55°28'N and 77°52'W. The water depth is
over 100 m at this localion. Significant readings were taken from April 21 to May
L. After May 1, however, the high tide values were no longer correct, due to a
defective pressure sensor in the instrument. Figure 3.3 shows the tidal height obser-
vations obtained from this instrument. The low frequencies were filtered out from
the original signal in order to eliminate fluctuations due to passing weather systems,

and the signal mean and trend were removed. From analysis of this tidal height



data, it was determined that the semi-diurnal tidal component is predominant, with
other constituenis, such as the diurnal component, more than an ovder of magnitude
smaller.

The predicted tide (Canadian Tide and Current ‘Tables, 18890) was also caleulated
for 1990 (Figure 3.4). The neap (minimum range) and spring (maximum range) tides
can clearly be seen. Figures 3.5 and 3.6 show the predicted and the actual tides from
April 21 to May 1, which corresponds to the time when the best actual tide data was
collected. When comparing the two graphs, it becomes apparent, thal there is some
discrepancy between the actual and the predicled tide. To investigate in greater detail
the differences between the two, a smaller time period was plotted and is shown in
Figure 3.7. When comparing the curves, it is evideni thal the actual ide has smalier
amplitudes by ~ 22 % and is advanced by about 30 minutes compared to prediction.
A possible explanation lor this phenomenon follows:

The M2 (principal lunar semi-diurnal) tide enters from Hudson Strait and pro-
gresses counter-clockwise around Hudson Bay as a Kelvin wave (FFreeman, 1982; Prin-
senberg, 1987). Two amphidromic points, (locations of little or no tide), oceur in
Hudson Bay as the offshore components of the Kelvin wave interlere and cancel cach

other out as discusses by Prinsenberg and Freeman (1986) (Figure 3.8 from Forrester

(1983)).
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Figure 3.8: Winter locations of amphidromic points in Hudson and James Bays (adapted from
Forrester (1983)).
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Godin (1986) looked al. the modification of the tide due to an ice cover by col-
lecting data in Hudson Bay, James Bay and the Arctic Ocean. From this analysis
he determined that while seasonal variations in the tide due to an ice cover did not
occur al slatjons lying around the perimeter of the ocean or connected to it by deep
channels, shallower locations, such as Hudson Bay and James Bay did experience
tidal changes. Prinsenberg (1988) further investigated the effects of an ice cover on
the tides in Hudson Bay. HHe found that the amplitude decreased and the phase ad-
vanced during the ice covered season, similar to what was found in this analysis at
the Greal, Whale River and by Lepage and Ingram (1991). Prinsenberg concluded
that the incoming waves, which reflected off the western coast of Hudson Bay prop-
agated eastward parallel to the southern shore. Due to the increased friction caused
by the ice cover, the amplitude of the reflected waves was smaller relative to the inci-
dent waves. This resulted in the two open water amphidromic points moving further
sonthward, since the patiern results from a combination of the incident and reflected
waves, This results in one seeing more of the incident wave than the reflected wave
in Hudson Bay in the winter time.

The predicted tide at the Great Whale River was calculated using data from the
reference station at Sand Head in James Bay. There is no distiction in the methods
used to predict the tides during the ice [ree or ice covered periods of the year. This

fact explains the discrepency between the predicted and actual tides at the Great
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Whale River. Thus, care must be taken when using predicted tides for ice covered

regions.

3.3 Data Collection and Methods

The research presented here focuses on data collecied offshore of the Great Whale
River between April 21 and May 6, 1990. Data collecied from April 23 to May 7,
1988 at the Great Whale River will also be used. A continuous landfast ice cover of
about 1.5 m on Hudson Bay provided a solid working platlorm for the field work in
both years. Five sampling stations, denoted L1 to L5, were set up in a nearly straight
line offshore from the river mouth. Their locations arc shown in Figure 3.9. At a
distance of 1 km offshore, the station closest Lo the river mouth, L5, had a maximumn
depth of 3.5 m, while the larthest station, L1, was situated 900 m olfshore of L5, in
waters of 30 m depth. Table 3.1 lists distances between the stations and the river

mouth and the water depth at those locations.

Distance from river mouth and station water depth
Station | Distance (m) Depth (m)
L1 1900 27.0
L2 1750 16.0
L3 1480 10.0
L4 1180 4.0
L5 1000 3.5

Table 3.1: Distances between stations L} to L5 and the river mouth and station water depth.
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STANON  LOCATIONS

L1: 55°16'44.8"N 77°48° 324"
L2: 559146°39.8"N 77°48' 26,07
L3: 55°16°29.7°N 77°48'24,1
14: 65°16°20.9°N 77°48 19.6
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Figure 3.9: Locations of the five data collection sites and the near-shore bathymetry at the mouth
of the Great Whale River. Bathymetry was obtained from uncorrected hydrographic survey by
Canada Centre for Inland Waters.

36



Several Lypes of measurements were taken during the sampling period. All instru-
ments were moored or deployed from the ice surface. Conductivity-temperature-depth
(CTD) profiles were taken regularly at the five stations, L1 Lo L. A Scacal SBEIY
instrument was used. Its precision is given in Table 3.2, In total, there were 182
profiles taken between April 24 and May 6, 1990, with lwice as many at station L2

than at any of the other four.

Seacat SBE19 CTD profiler

temperaturce £0.01°C

conductivity | £0.0lmmbho/cmn
depth £0.3m

Table 3.2; Precision of the conductivity-temperature-depth instrument..

Aanderaa RCMT7 current meters were localed at stations L1, L3 and L4. The
precision of these instruments is given in Table 3.3. Measurements were taken cvery
two minutes from April 25 to May 7, 1990. Two RCM were located at L1, at depths
of 2.8 m and 6.6 m from the surface. At L3, the instruments were placed at depths
of 2.1 m and 6.0 m. Only one RCM was located at L4 at 3.7 m [rom Lhe surface.

Echosounder readings were taken at specific times during the 1990 field study
using a Ross SL-600C echosounder with a frequency of 103 klz. Proliles were taken
at L1 from 17:30 on April 29 to 7:30 on April 30, at L2 from 17:00 on April 27 to
10:30 on April 28 and again from 16:00 April 30 to 11:30 on May 1 and at L3 from

17:30 on April 28 to 6:00 on April 29.

37



RCMY current meter
conductivity | £0.025mmbhof/em
temperature £0.1°C

depth +1.0m
speed +1.0em /s
direction +5°

Table 3.3: Precision of the Aanderaa Savonius rolor current meler.
From April 18 to May |, 1988, an RCM was placed at the mouth of the Great

Whale River. Data was collected cvery ten minutes, providing measurements of the

river outllow velocity.
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Chapter 4

Data Analysis and Results

Using moored current meter records, conductivity-temperature-depth profiles, echosonnd-
ing and tide gauge measurements, the nearshore characteristics of the under-ice plume
were determined. The analysis and resuits of the data collected at the Great Whale

River in 1988 and 1990 are presented here.

4.1 Outflow Velocity

In 1988, an Aanderaa RCMT current meter (RCM) was deployed at the Great Whale
River mouth upstream ol the river sill, providing a continuous data set of the river
velocity from April 18 to May 1. Figure 4.1 shows the u and v components of the
velocity along with the predicted tide curve and the river discharge values obtained

[rom the Ministere de I'Environnement du Québec. The channel direclion(CD) was
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taken as 260°, which resulted in the u component of the velocity representing the
along channel Great Whale River outflow. As was discussed above, there is some
discrepancy between the actual tide and the predicted tide. However, the general
pattern is still useful in explaining, in part, the observed fluctuations for the u velocity.
The spring and neap tide varialions can be easily seen, as well as the increasing
flow magnitudes towards the end of the sampling period. This resulted from the
increasing river discharge. A harmonic analysis of the current velocity was performed
and compared to the to the predicted tide. For the M2 tidal constituent, the maximum
positive u velocity will occur 3.6 hours after the predicted high tide. It should be
noted that the current velocity record was the minimum length to do a harmonic
analysis of the M2 component.

In 1990, a current meter placed near the same location was lost during spring
breakup. In order to approximale the outflow velocity for 1990, the single-velocity
melhod for measuring discharge, discussed by Strilaeff and Bilozor (1973) was used.
The velocity () is related to the river discharge (@), and the cross-sectional area (A)
by

_Q
u= ;f (4.1)

The river discharge data for the time periods studied in 1988 and 1990 are given
in Figure 4.2, The source of this data is the Ministére de I'Environnement du Québec.

Considerably larger spring discharge values occurred in 1988 than did in 1990.
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1988 Great Whale River river mouth data (CD 260)
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Figure 4.1: Circulation at the mouth of the Great Whale River in 1988. u and v velocity com-
ponents are obtained from the RCM instrument at a depth of 4.5 m. Tides are predicted using the

Canadian Tide Tables (DFO) and river discharge information was obtained from the Ministére de
I’Environnement du Québec.
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Figure 4.2: Greal Whale River runoff for the study periods in 1988 and 1990 (Source:Ministére
de I'Environnement du Québec).
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The cross-sectional arca was determined from bathymetric charts of the river
obtained from an uncorrected hydrographic survey undertaken by the Canada Centre
for Inland Walters as well as from the Canadian Hydrographic Service bathymetric
charts. At the mouth of the Great Whale River, a sand ridge is usuvally formed, While
its exact size and location may vary slightly from year to year, the data obtained from
these two hydrological surveys are considered accurale representations of the small
scale bathymetry occurring in 1988 and 1990. This is the shallowest, although nol. the
narrowest, part of the river mouth. When taking into consideration the ice layer and
the increase and decrease in height that occurs at high and low tides, the area through
which the water flows can be calculated over the tidal cycle. The discharge arca and

outflow velocity for spring and neap high and low tides are given in Table 4.1.

1990 River Mouth Conditions
| Q(m®/s) | A(m®) | u{m/s)

Spring Tide

High April 28 | 110.5 |2743.1 | 0.04
Low April 28 110.5 | 426.0 ; 0.26
Neap Tide
High May 4 229.5 21603 | 0.11
Low May 4 229.5 908.2 0.25

Table 4.1: Discharge, cross-sectional area and velocity at the Great Whale River mouth in 1990

The cross-sectional area clecreases considerably at low tide, being hetwecn one

half and one quarter as large as during high tide.
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4.2 Echosounder Data

At the times the echosounder was deployed, measurements were taken continuously
for over 12 hrs. These recordings indicate that the pycnocline depth varied with
time. Figure 4.3 shows the difference {rom the mean of the distance between the
surface and the pycnocline and the difference from the mean of the total depth of the
water column for onc of the four periods during which soundings were taken. Values
were taken every half hour to plot these curves. Positive values represent deeper or
thicker surface layers, while negative values represent shallower or thinner layers. The
positive and negative depih values correspond to high and low tide respectively. The
pycnocline varies less (4= 0.4) than the depth of the water column. The pycnocline
fluctuations are negatively correlated with tide height, giving a correlation coefficient
of -0.80. This suggests that at low tide the pycnocline is deeper than at high tide
for the particular period under investigation. In other words, the fresh water layer is
thicker during low tides. Since depth variations are observed, the sea-ice, while being
considered landfast, does move up and down elastically with the tides. For the other
stations investigated, maximum pycnocline depths were observed between 3:00 and

3:30 April 29, 1990 at L3 and at the same time on April 30, 1990 at L1.
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Figure 4.3: Echosounder data at station L2 on April 30 and May 1, 1980. Difference between the
mean pycnocline depth and the local water column depth.
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4.3 RCM Data

I'rom the data collected with the five RCM instruments, the speed, direction, u and
v components of the velocity, the temperature, and salinity, could be determined.
Figures 4.4, 4.5, 4.6, 4.7 and 4.8 show the salinity, temperature, and u and v velocity
. components for the time period data were collected. The following observations can
be made.

The upper level instruments are in the freshwater plume region since the salinity
values are 0 °/,, , while those at around 6 m depths are within the saltier Hudson
Bay waler. The salinity values for the deeper location measured at stations L1 and
L3 (Figures 4.5 and 4.7) are between 26 and 27 °/,, almost continuously. However,
between April 29 and 30 at L1 and in an even more pronounced fashion between April
28 and 30 at L3, there was a decrease of the salinity over a certain period. For L3,
there was also an increase in the temperature. Figure 4.9 and 4.10 show these periods
wib an expanded scale. At L1, salinity decreases to 24.69 °/,, at 2:45 and down to
24.58 /o al 15:36. On April 30, there are again fluctuations with values reaching
25.30 °/, . The lluctuations are even more pronounced at station L3 with a lowest
daily value of 20.04 °/,, recorded on April 28 at 14:18, 17.85 °/,, at 3:08 on April 29
and 24.67 °/,, at 4:02 on April 30.

The temperature curves show that the plume is slightly above 0°C while the Hud-

son Bay water is about -1°C (Figures 4.4, 4.5, 4.6, 4.7 and 4.8). Diurnal fluctuations
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in the upper water temperature are apparent with maximum values in the late after-
noon, After May 2, the upper level temperatures remain colder than the maximum
temperatures attained before this date in the sampling period. This coincides with
the increase in freshwater discharge froin the Great Whale River. This increase in
discharge is duc Lo an increase in ice and snowmelt. There is still a daily cycle of
maxtmum and minimum temperatures. The deeper water readings do not show any
notable daily temperature variations, however, there are small fluctuations recorded
throughout the day. In Figure 4.7 an increase in the water temperature coincides
with a decrease in the salinity, as was discussed earlier,

For this analysis, the coordinate axes for the u and v velocity components have u
paraliel Lo the shoreline of Hudson Bay and v perpendicular to it, along the direction of
the Greal Whale River outflow, as shown in Figure 4.11. The upper level RCM graphs
indicale that the v component of the velocity is predominant which corresponds to
the Great Whale River outflow, and in the lower levels, the velocity is primarily in
the u direction which confirms that the circulation pattern in Hudson Bay is parallel
to the shore. Figures 4.5 and 4.7 show low-frequency velocity fluctuations in the u
velocity componeni. Power spectrum analysis of the series gives a period of about
three days. Thus, in the Hudson Bay, while the dominant tidal period is semi-diurnal,
there are low-frequency fluctuations as well. Reynaud et al. (1992) found that the

low-frequency variability can be explained by both the average atmospheric pressure
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and Lhe longshore atmospheric pressure gradient.

To determine the dynamic stability of the water column, the gradient Richardson
number (eq. 2.2) was calculated for stations L1 and L3. Stable conditions occurred
throughout the sampling period with a minimum value of Ri = 9.0 on April 28, 1990.
The estuarine Richardson number (eq. 2.4) was evaluated at the mouth of the river.
Results for 1988 and 1990 were greater than 1 at the time of the field work. This
indicales a strongly stratified system with little mixing.

The internal Froude number calculations (eq.2.6) yielded results much less than
I at both L1 and L3. This suggests subcritical conditions downstream of the river

month,

4.4 CTD Data

From the CTD plots, the boundary between the plume water and the Hudson Bay
basin water can be easily distinguished by the sharp pycnocline and halocline. Fig-
ures 4.12, 4.13, 4.14, 4.15 and 4.16 show salinity, sigma-t and temperature curves
with depth for the stations L1 to L5 at high and low tide during spring and neap
tides in 1990.

The temperature at L1 is slightly above 0°C for the first 3 to 4 m followed by
a sharp thermocline and a decrease in temperature to below ~1°C . Below a depth

of about 15 m, there is a slight warming. However, the salinity data do not show
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Figure 4.13: CTD data at station L2
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Figure 4.14: CTD dala at station L3
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Figure 4.15: CTD data at station L4
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Figure 4.16: CTD data at station L5
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a change, indicating that a mass ol warmer water with the same salinity as the
surrounding Hudson Bay water enters the region. A possible source is the shallower
Manitounuk Sound situated to the north of the study area. The salinity and sigma-t
curves follow each other, indicating that the salinity has a stronger influence on the
density than does the temperature. Sharp haloclines and pycnoclines occur at depths
of around 3.5 to 4.0 m. Maximum salinity values are 30 °/,, . At station L2, the
profiles are similar to those at 1. The depth of the [resh water layer is between 3.5
and 4.0 m, Closer inshore, profiles at station L3 reach only a depth of 5.0 m, which
is almost entirely in the fresh water plume region. At neap low tide there was no
indication of a pycnocline or halocline. Station L4, with maximum depth of about
3.5 m, is tolally in the freshwater plume. Temperatures are 0°C and salinity values
are 0 °/,, . With readings only down to a depth of about 3.0 m at high tide, all that
can readily be observed at this station is that salinity values always indicate fresh
waler.

While these are the patterns most often observed during the period studied, irreg-
ular patterns occurred on the afternoon of April 27, 1990, as shown in Figures 4.17
and 4,18.

At 17:20, the freshwater layer increased to a depth of 6.5 m at station L2. A
sccond reading was Laken three minutes later and once again a deeper fresh water

layer was observed, indicaling the possibility of vertical motion. At 17:40, an erosion
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of the well defined halocline began. Mixing is defined by Fischer ef al. (1979) as any
process which causes one parcel of water to be mingled with or diluted by another.
The salinity values belween 4 and 15 m are neither those observed in the freshwater
plume layer, nor in the Hudson Bay waler in other profiles which suggests mixing, The
reading a few minutes later shows a similar patiern at station L1, The measurement
taken at 17:58 also indicates a situation in which mixing is occurring. While there
were no measurements taken at that station shortly hefore this event, it is assumed

that a deepening of the freshwater layer preceeded it, similar Lo what was observed

at station L2.

4.5 General Flow Pattern

In order to gain lurther insight into the flow pattern within the 2 km downstream
of the river mouth, a vertical cross-section along a line joining the five stations was
analysed. From the RCM measurements, the speed and direction of the flow in the
freshwater layer and in the Hudson Bay basin could be obtained. The location of the
pycnocline was determined from the CTD profiles. Cross-sectional sketches were gen-
erated for spring and neap, high and low tides. The spring tide conditions are shown
in Figures 4.19 and 4.20, while neap tide conditions are presented in Figures 4,21 and
4.22, The mean flow in the upper layer is always directed outward from the river

mouth. The low-frequency variability in the Hudson Bay flow was southward during
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the spring tide period and northward at the time of neap tide conditions. The speeds
at spring and neap low Lide are aboul the same as are the speeds al spring and neap

high tide. Thus, the magnitude of the flow is the same and the direction fluctuates.
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Chapter 5

Discussion

5.1 Tides

Tidal analysis of the 1990 data confirmed the work by Godin (1986) and Prinsenberg
(1988), since both a damping of the amplitude and a phase advance of the tide were
observed. When the predicted tide for 1988 are compared Lo Lthe analysis of the river
mouth RCM data it was found that the maximum velocities occur abont four honrs
after the time of predicted high tide. However, for under-ice conditions one would
expect to find this time difference to be even greater due Lo the phase advance of the

tide. This would in fact give the maximum flow speeds closer to the time of low tide,
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5.2 Nearshore Conditions

In the previous chapter, the data analysis and results were presented. While the
maximun velocity at the river nouth depends both on freshwater discharge and tidal
effects, the Ministere de I'Environnement du Québec provides only daily values. This
limits the accuracy of the hourly time scale calculations for which discharge values
are needed. We assume that the variations over the day were not large. The RCM
recordings taken in 1990 indicate that the flow in Hudson Bay is approximately at
right angles to the direction of the flow in the plume region immediately offshore of
the mouth of the river. Due to the small upper layer speeds, the calculated internal
Froude numbers were much less than 1. The large density difference between the
lighter upper waler and the salty lower water caused very stable conditions, giving
large Richardson numbers. The CTD profiles taken in 1990 provide a snapshot of
the salinity, temperature and density changes with depth. The patterns showed little
variation between high and low tide conditions which suggests the tide has little effect
oil the plume depth under subcritical conditions. Data collected at the time of the
spring low tides in 1990 did not fit the patterns taken at other times during the study

period. This cvent is the subject of the following section.
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5.3 Internal Hydraulic Jump

From the RCM measurements taken at L1 and L3 and CTD profiles at L1 and 1.2,
rapid fluctuations in the salinity field were observed between April 27 and 30, 1990,
Echosounder data taken at the same time period confirms a {luctuation of the pycno-
cline depth with the tide. Figures 4.9, 4.10, 4.17 and 4.18 show these events in detail.
During the period when the RCM recorded events occurred, no CTD profiles were
taken., The events detected in the CTD profiles on April 27, 1990 are not evident. in
the RCM data at 6.0 m depth. An explanation for this lack of signal is not allogether
clear. Perhaps the duration of the anomalous event at the RCM depths was not. long
enough to be recorded. However, there is strong evidence to suggest the events did
occur. One possible explanation is the occurrence of an internal hydraulic jump.
According to Fox and MacDonald (1985), for subcritical flow (/7r < 1), the adjust-
ment of the flow to disturbances caused l‘)y a change in the slope of the bathymetry
or flow in the cross section are smooth. However, when supercritical flow (Fr > 1)
occurs in a section and downstream conditions require an adjustment to subcritical
flow, a gradual change with a smooth transition through the critical point is not
possible. The transition may occur abruptly in the form of a hydraulic jump.
Internal Froude numbers calculated at L1 and L3 always were less than 1, indicat-
ing subcritical conditions. The ohserved salinity anomalies cccurred on April 27, 28,

29 and 30, 1990, at times which corresponded to the times of lowest low tides during
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spring tides. From the echosounder data, it was determined that the surface ice,
while heing landfast, did indeed move up and down with the tides. Therefore, at the
lowest low tides, the depth of the water at the sandbar, the shallowest region through
which the water must flow, is greatly reduced. Since the cross-section geometry is far
from rectangular, the cross-sectional area is reduced significantly. The reduced area
also results in high flow velocities across the mouth at this time, Figure 5.1 shows a
schematic diagram of the cross-section over the sandbank for average ice conditions
al high tide and during spring low tide.

Since there are no direct current velocily measurements available for 1990, the
method discussed in Chapter 4, section 1 was used. The bulk densimetric Froude
numbers obtained are given in Table 5.1. Values are greater than 1 indicating su-

pereritical conditions. Figure 5.2 shows the variation of the cross-sectional arca, the

Bulk Densimetric Froude Numbers
Date Fr

April 27, 1990 1.07

April 28, 1990 1.11

April 29, 1990 1.16

April 30, 1990 1.25

Table 5.1: Froude numbers at the mouth of the Great Whale River

river outflow velocity and the Froude number with the tides for April 28, 1990. An
ice thickness of 1.5 m was used to obtain these results. If a rectangular cross-section

were used, the arca through which the water flows would be much larger resulting
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Figure 5.1: Schematic diagram of the ctoss-section over the sandbar at average high tide and at
spring low tide.
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in lower velocities. The maximum densimetric Froude number would be about 0.5,
which implies subcritical conditions. These calculations only consider the decrease in
arca due Lo tidal fluctuations. Frazil ice formation (Hydro Québec, personal commu-
nication) could further decrease the area, thus increasing the discharge velocity and
resulting in even larger Froude numbers. The formation of frazil ice is a function of
the velocity. For stronger flow, the growth of frazil ice increases. Average frazil ice
thicknesses of 4 to 5 m were measured 5 km upriver from the mouth of the Great
Whale River (Hydro Québec, personal communication).

From the monthly mean values of the discharge from the Great Whale River
(Figure 3.2}, it is apparent that the maximum runoff does not occur at the same time
every year. [n 1988, values of 1200 m3/s occurred in early May, which are much higher
than those at the same time of the year in 1990. If one made the assumption that all
the conditions are the same as those described above, but took a discharge value of
1200 mz‘/s, then a minimum densimetric Froude number of § was calculated for spring
high tide conditions. Thus, as the rate of discharge increases, supercritical conditions
hecome possible, even at high tide. This would produce a thicker freshwater layer.
However, with higher river outflow, the mean level of the water would rise slightly as
well and would increase the outflow area. If an increase of 0.5 m in the water level
were assumed, spring high tide Froude numbers would be less than 1. However, at

neap high tide, conditions would still be supercritical. Analysis of the 1988 Great
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Spring Tide Conditicns April 28, 1990
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Figure 5.2: Tides, cross-sectional areas, river outflow speeds and Froude numbers for April 28,
1990.
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Whale River plume was carried oul by Veilleux (1990). The river velocities were
calculated using the same method used in this analysis, however, values were less
than expected for the high flow conditions. One explanation for this is that the area
she used was nol over the sandbank but rather in a deeper area of the river mouth
and the change in outflow area due to the rise and fall of the ice cover with the tides

was nol considered.
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Chapter 6

Conclusions

Previous plume studies (Chao and Boicourt, 1986), (Chao, 1988a; 1988h; 1990}, (Free-
man, 1982), (Garvine, 1974; 1977; 1982; 1987), (Ingram, 1981; 1987), (Lepage and
Ingram, 1991), (Luketina and Imberger, 1987), and(O’Donnell, 1990) have considered
the plume as a whole, with a focus on its leading edge and the fronts thal may or may
not be present. The purpose of this work was to provide a clearer understanding of
the nearshore characteristics of an under-ice river plume. The time period over which
data was collected in both 1988 and 1990 was early spring, providing a complete ice
covered offshore yet increasing river discharge because of the thaw on land.

The general characteristics of the plumein the first 2 km from the river mouth were
determined using the continuous data record obtained from the RCMs, the profiles

of the CTD and echosounder readings. Stations I.4 and L5 were located in shallow
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water, therefore all measurements were taken solely in the fresh plume water region.
Stations L1, L2 and L3 were situated further offshore resulting in observations being
taken in the fresh waler region and the saltier Hudson Bay water.

The nearshore characteristics were determined. The river outflow velocities vary
depending on the river discharge and the tides. The first several hundred meters
from the river mouth are characterized by freshwater. At a distance of 1.5 km off-
shore, we sce evidence for Hudson Bay waters. From the CTD profiles, the depth
of the pycnocline is between 4.0 and 4.5 m at all five stations. Calculations of the
Richardson number and the internal Froude number at the offshore stations suggest
stable, subcritical conditions, The general pattern in the nearshore region did not
always have similar characteristics. During the spring tides of April 1990, short-lived
perturbations to the depth of the freshwater upper layer occurred. Froude number
calculations at the river mouth indicated supercritical conditions which strengthens
Lhe assertion that an internal hydraulic jump formed at this time. Nearshore analysis
ol flow conditions at other rivers would be useful. If internal hydraulic jumps, or
the deepening of the freshwater layer occur more frequently or even regularly during

certain discharge conditions, there could be significant biological consequences.
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