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Abstract

Undcr-icc rivcr plume data wcre collectcd in the spring of 1988 and 1990 at the

mout.h of the Great Whale River, Hudson Bay, Canada. Tidal analysis of tide gauge

dat.a and predict.ed tides shows a phase advance and amplitude decrease of the tide

ullder continuous landfast sea ice. Curl'Cnt meter and echosounder measurements, as

weil as t.cmperat.urc·salinity profiles were taken within the first 2 km off-shore of the

rivcr mouth to pl'Ovidc a detailed picture of the nearshore plume conditions. Stable,

subcritical "ow conditions wcre observed for most of the sampling period, with the

buoyant freshwater plume maintaining a depth of about 4 m almost continuously.

During spring low tide (the lowest low tide), the cross-sectional area through which

t.he river discharge must f10w decreases substantia1ly, resulting in supercritical (Froude

nUl1lber> 1) conditions over sorne periods and the formation of an internaI hydraulic

j ump.

ii



•

•

Résumé

Des mesures du panache sous la glace on été effectuées anx print.emps des 1\.11111'eS

1988 et HJ9D près de l'embouchure de la Gl'and() rivière de la Baleine, dans la Baie

d'Hudson, au Canada. L'analyse des marées prédit.es cl. des marées obt.ennes il.

l'aide d'un marégraphe démontre qu'il y a un avancement de la phase et. une haisse

d'amplitude des marées lorsqu'une couverture de glace océaniqne l'l'couvre la baie,

Des mesures de courantomètre, de profils de tempémt.lll'e el. salinit.é, ainsi qne dl'

sondeur à ultra-sons ont été prises à l'intérienr d'une régiou s'ét.endanl, jusqn'il. 2 km

de l'embouchure de la rivière afin de fournir une image dét.aillée des condit.ions dn

panache près de son origine. Des conditions d'écoulement. sLables eL sous-crit.iques ont.

été observées durant la majelll'e partie de la période d'échantillonnage, avec le panache

d'eau douce maintenant une épaisseur d'environ 4 m an dessus de l'ean salée presque

continuellement. Durant la marée ba.~se de vive eau (la marée la plus basse), l'aire

à travers laquelle la décharge de la rivière doit s'écouler décroît, 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 atmosphcrc and t.he hydrosphere, have

been studied in laboratories and in dilfercnt field expcriment.s in l1lany part.s of t.he'

world. A jet is the discharge of lIuid from an opening into a large hody of thc SIUlJe

01' similar lIuid with the 1I0w driven by the momentul1l of the discharged water. A

plume is flow that looks like a jet, however, the discharged f1uid has positive 01'

negative buoyancy relative 1.0 its surl'Oundings. Fol' plumes, the huoyancy forces have

the greatest inlluence on the 1I0w. Buoyant jets also occur, in which momemtul1l and

buoyancy are important. At the source of the discharge, moment.nm inflnences t.he

1I0w, while beyond this region, buoyancy forces can become more important. At a

far enough distance, the jet will begin 1.0 behave like a plume (Fischer ct al., 1979).

Under-ice river plumes have received limited attention due mainly 1.0 their remote
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locations and the diHiculty 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. cl al. (I!J92) and Fortier et al. (1995) showed that the plume of the Great

Whale River adverscly affeded the foraging of first feeding Arctic cod (BOl'eogad1ts

sltidn) and sand lance (Ammodytes sp.). Feeding was reduced because freshwater ice

associat,ed with river discharge is less favourable to the growth of ice algae. Calanoid

copepods graze on the ice algae, which triggers early reproduction and a better chance

of survival. Theil' eggs are the main source of food for the first-feeding fish larvae.

Also, Hsh larvae are visual predators. Theil' ability to feed depends on how much

light. is availahle for them to see their prey. The river plume water is more turbid

than the ocean wat.ers, resu1t,ing in enhanced attenuation of light, which hinders the

fish from finding their food.

ln t.he early seventies. Hydro-Québec proposed to dam severallarge rivers Rowing

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

wat,er 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).

2
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While the above studies described the shape and extent. of t.hc plllllles in t.It/'

offshore waters under different conditions, the work present.cd hel'C focllses on t.hc

near shore aspects of the under-ice plullle of the Great. Whale River. The objectives

of this study include a discussion of the tides and circulation ill Hudson Bay and lt

characterization of the near-shore region of the IInder-iee plullle.

1.1 Previous Work on Plumes and Jets

The present work focuses on the outflow of river wat.er into IL large recciving bay, so

previous work on hydrological plumes is of most interest. Most studies have been Illade

based on laboratory experiments, although field data analyses, theoretical analyses

and numerical models have also been emlAoyed.

A majority of the experiments have been carried out in engineering laboral.ories.

The lab setting allows for complete control of the out.f1ow, the shape and size of t.he re·

ceiving basin, as well as the characteristics of the ambient wat.er. Bo Pedersen (1987)

describes how 1.0 build and operate a multipurpose stratified f10w Il Il l11e. Densit.y

differences can be produced by either using water of different tcmpcrat.llres or wit.h

dilferent. salinities. In anot.her study, Kranenberg (1987) invcstigat.ed t.wo-Iayer st.rat.

ified f1ow. He used an annulaI' IIlIme with a horizontal bot.t.om and vertical sidewalls

1.0 study entrainment.

3
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III lah st.udies, jet.s, rat.her t.hall plumes are more ort,ell the main area of investiga

t.ion. Thejet,s cali be charaderized by inject.illg dye into the flow, projecting shadows,

I(JIOWIIIl.~ shadowgl'ltphs, or t.aking photographs. Safaie (1979) looked at. t.he Illixing of

l>lIoyallt. surfaee jet.s over an adjustable sloping bott.olll. The buoyant flow of a fresh

water river discharge into a salty basin often occurs over a sloping bottom, therefore,

t.his t.ype of experiment provides a good representation of naturally occurring events.

Dye was used 1.0 follow t.he evolution of the jet and the patte1'lls were recOl'ded by a

caillera. His conclusion was that the characteristic geollletry of a buoyant surface jet

discharged ovm' a sloping bottom is detel'mined by the huoyancy spread, the spread

duc t,o t,he formation of large-scale vortices, and the spread due 1.0 turbulent mix

ing. However, fol' low densimetl'ic Froude numbers, buoyancy is predominant, which

allows lat.eral spl'eading 1.0 occur al. the source.

The Fl'Oude number, a dilllensioniess nUlllber that describes the state of an open

chanuc1 flow, is a comparison between the fluid velocity and the wave speed. When

FI' < l, the flllid moves slower t.han the wave speed and downstream conditions can

afrect, t,he flow upst,ream, since distllrbances can travel upstream. This condition is

t,erllled stable or sllbcl'itica1. Unstable or supercriticai conditions occur when the

fluid velocity is greater than the wave speed. Fr > 1 and disturbances cannot travel

upstream .

4
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Baddour and Chu (19ï5) also l'Ousidcred a buoyaut, dischal'ge o\'t'r 11 slopiug hol

tom. They observcd that t.he bchavior of t.1lt' jet. d'~peudcd ou bot.h \.h.. Ups\.I'l'alll

aud downstream condit.ions. Theil' expcrillleut.s also showcd t.ha\. \.he iullu"lll:e of \.I\('

bo\.tom slope was negligible whcn l,he slope angle is > 25", FOI' less s\.("'P slopes, l,ul'

bulent entrainment. was gene1'1llly lower t.hau in oth..r coudil.ious. Lower cU\.I·aiUIll('ul,

occasioually result,ed iu a jet. pal'l.ially att.ached t.o I.he chauuel bo\.\.olll. FOI' 1,1\(' Great.

Whale River, the slope angle is low enough thal., should jet. condit.ious OC<:l\I', t.he pos

sibility of boLtom at.\.achmeut does occur, as discussed by Vdlleux (I!J!JO). Chu aud

Jirka (1986) studied surface buoyant. jet.s, plumes aud iul.emal hydl'llulk j UlllpS iu I.h..

laboratory. Shadowgraphs wcre used 1.0 illustrat.e their result.s, Aloug wil.h I.he SOl\l'e<)

characteristics, discharge dynamics were strongly influenccd by the propel'I.ies of I.he

receiving wat.er. Cross currents in the receiving water l'an deflect a jet 01' plullIe so

much sa that il. may l'ven attach 1.0 the dowustream shoreliue, lu thcil' experillleul.s,

il. was also determined that when the densimct.ric Fl'Oude numbcr al, t.he SOl\l'C" Wl~"

< 3, the presence of a surface jet was not. always possible since mixing could oœur

before the jet could develop. The formation of a plullle does uol. appear 1.0 he arreded

by this criterion.

Laboratory experiments arc important siuce they provide a controlled envil'Oumeut

in which specific aspects of hydrological phenomena l'an be varied a.nd relatiouships

amongst the variables determined. While field measurements of hydrologic plumes

5
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have hœn limited, data collection has nonetheless occurred in many regions of the

world. In sorne of the following field studies, numerical models have been used in

intel'prding t,he data.

Gal'vine (1974) foclIsed on t.he physical feat.ures of the Connecticut River plume

t.hat. is fOl'llIml in Long Island SOllnd (USA). The aim of the field program was 1.0 deter

mine t,he hOl'izont,al distrihution of t.he near-surface river outflow. From observations

of the areal cxtent of the river outllow during high discharge, several important results

were obtained. The outflow of the river was found 1.0 be highly variable. A great part.

of the variahility was attributed to the strong tidal currents and the volume of fresh

water discharged ove.' the tidal cycle. Local variations of wind stress were unimpor

tant during the experiment. As the discharge volume of the river increased, so did

t.he horizontal area, defined by the 20 0/00 isohaline. Once a critical discharge value

was reached, t,he plume deepened and the horizontal area decreased. In spite of the

int,ernal densimetric Froude number being > 1, the interface between the two water

layers was <tuite stable.

Fnrther field studies of the Connecticut River plume were carried out by Garvine

(197i). He determined t,hat the dominant parameter governing plume formation is

the 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. Observations of drifters and drogues in the plume region

6
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indicated t,hat t.he ambient water follows the geneml t.idal motion along t.he ('oa.'t.

and was decoupled from the plume. This suggests that the plume sit,s on the sllloface

abo~e the heavier bottom fiuid and does not. affect. the dynamics of t.he lowm' layer in

any way. Frontal zones were also observed, marked by convergence of slll'face dl'ift.ers,

On the scale of t.he plume as a whole, a discont.inuous chamet.er of l,he ve1neit,y and

density fields was displayed at the front. siucc t.hel'C wCl'e high conl,rallt,s in ve1oeit,ies,

both in the parallel and normal directions between fiows on cit.hel' side of t.he fl'Ont..

Using the knowledge gat,hered from the field sl,udies, Garvine (1 !)82) developed a

small scale numerical plume model in which the eart,h 's rotat.ion was neglect.ed. Hori

zontal gravitational spreading, frontal boundarics, and an ambicnt alongshore cnlTent.

wcre included, The frontal zone was analysed and it was concluded that the mode!

resu\t.s explained quite weil the features of the Connecticut River plnme. Expanding

on this work, Garvine (1987) creat.ed a model whieh eneompa.~sed both large and

small scale plumes, thus including the effeets of the earth 's rot.ation. The major goal

of this work was 1.0 ereate a layer model that included fronts as diseontinuities. Sinee

the fronts were treated as discontinuities, their structure was not resolved but. t.he Ulle

of approximate jump conditions maintained the mass and momentum balancell, 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 snpercritical conditions near the rival'

7
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out.flow.

Bowman and Iverson (1 !)77) also studied estuarine and plume fronts. They con

!'eutrat.ed on small scale fronts, t.hus excluding Coriolis effecLs. Field observal.ions

Wl're made of t.he Hudson River plume (USA). By measuring salinity, temperature,

chlorophyll Il, alllmonia, and suspended particulate mat.ter concent.rations, a three

c1imensioual Vil'W of t.he plume was possible. In the coastal regions, the physical and

hiological effect.s of a river plume were found 1.0 depend upon the seasonal discharge

pat.t.ens aud t.he st.ability of the water column. Fronts were examined and it was

found t.hat the~' will only persist as long as the discharge and the receiving water are

confluent..

Field work has not been Iimited to the Northern Hemisphere. Luketina and Im

herger (1 !)87; !!l8!)) examined plumes and jets in Koombana Bay, Western Australia.

The Cut, a man-made channel and the source of the fresh water into the bay, created

a jet which transformed into a plume some distance offshore. The first of these two

papers presented the general plume characLeristics. They investigated the shape of

the plume, associated fronts, the streamline patterns in the frontal region, and the

developmeut of inst.abilities. The seaward portion of the plume front was found 1.0

be 'luite weil represented by a semicircle. The centre of this cil'cie was defined as the

vi l'tuai origiu of the plume. The plume was characLel'Ïzed by a c10sed rotorlike circu

la.t.ion iu the vertical at its leading front, associated with strong convergence ahead

8
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of the plume. Maximum entrainmenl, oœurred at, the bo(,\,om of the rotor. Furt.111.'r

study of the same area of the plume was used 1,0 disl'USS the t,urhull'nl'l' and entrain

ment chamctel'istics in the plume. The plume was round 1,0 be divided vert.ieally

into a surface layer, a st,able layer, a sheared mixing layer and, hc\ow th" phlll1<', a

quiescent layer. The generation and collapse of turbulence was invest,igated in this

stratified area. The surface layer and the sheared mixing layer were found 1,0 havI'

more turbulent behaviour than the othel' two layers. The entrain ment vel()cit~, was

found 1.0 be a maximum al. the leading edge and 1,0 decrease exponcnl,ially inwarc1

towards the source.

In regard 1.0 numel'ical modelling of plullles, Chao and Boiconrt (\!)~lfi) used Il.

three-dimensional primitive-equation model with a rigid !id t,o st,udy l,he general,ion

of estuarine plumes. Coriolis effeds were included in their analysis. 'l'he lIIean circn

lation pattern was taken 1.0 be an offshore upper layer river outllow IUld a landward

boUom layer 1I0w. Ocean salinity was assumed 1.0 be :35 "/"" 1.0 dramal,i~e the modc\

response. This value is much larger than that, found in Long Island Sound (25 "/,,"

Garvine 1974) or under the Hudson River plume, ( :32 "/,," , 130wlllan and Iverson

1977). Chao and Boicourt (1986) determined that the initial injection speed from

the est,uary mouth had little influence on the model results. This contradids t,he

significance of the discharge ve1ocit,y in the Froude number calculations. IIigher dis

charge speeds would tend 1.0 produce supercritical conditions. River-forced est,uarine

9
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plllllles were fllrther illvest.igated by Chao (J988a) using the same numerical model

discussed ahove. In t.his ca.~e, Froude number analysis was performed. However,

a sharp l,mnsil,ion bel.ween sllbcrit.ical and supercritical conditions Wa.~ not possible

becallse of lIIixing err.~cls. Chao (l!l88b) next. considered the effeds of wind on es

l,narine pillmes. Wind-indllced mixing was found 1.0 occur dlll'ing offshore as weil

ail dnring landward and downwelling favourable winds. Only upwelling winds were

found 1.0 enhance st.ral,ificat.ion. 1'0 complete his series of investigations on estuarine

plllllles, Chao (I!J!JO) looked al. how these plumes might be modulated by a semidi

IIl'1lal l,ide. Aga.in, a three-dimensional primitive-equation model, which included the

Coriolis force, wa.~ used. The rigid-Iid was replaced with a free surface. One result

of t.his analysis wall that tides enhance and speed up the expansion of a river-forced

plnme off the mouth of an estuary.

O'Donnell (1 !J90) created a numerical model to investigate the growth of a river

plume in a ballin with a steady crossflow. Included in this model were the effects of

nonlinear advection, Coriolis acceleration, time dependency, mixing, friction, and a

free front.al boundary. It was assumed that a st.rong front surrounded the plume and

(,hat this (ould have consequences on the f10w in the plume itself. It was determined

t.hat for sllIall scale river plumes, the direct effcct of a moderate wind is of secondary

impOl'l.ance 1.0 its cvolution. However, for larger plumes the wind has a more pre

dominant effcct.. If the shape of the plume wa.q defined by the position of its fronts,
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t.he magnit,ude of t.he cl'llssflow ouly slight.ly modili('d t.h,' g('IIl'ral plunll' shal"" Ivlo\'('

rapid spreadiug occul'l'ed in t.he downst.rClllu dil'('ct.ioll, howe\'er t.lll' t.ot.al ar('lt was

only weakly affect.ed, When t.he crossflow diredion wa.~ c\mnged gl'luluall~' fmm llIll'

direet.ion (,0 the opposit,e, a hasic representat.ion of a t.idal patt,el'll wall oht,ailll'd, Th"

results of t.his experiull'nt. suggest.ed t.hat. oncc the sprllluling of t.11<' pluull' was ('on

straiued t.o a particular direct.ion, mixing t,hl'llugh shear f10w iust.ahilit,y would l'''sult,

if the crossflow vclocity were chauged, It, also became appareut. l,Ill'" whell<'v(,I' t,Ill'

tidal flow changed direction, the plume would be destroyed, aud t,heu devclop aud

grow on the opposite side of the river mouth,

Under-ice plumes, with a solid upper bouudary (i.e, cout.iuuous landfalll, sea kl')

have rarely been studied. Freeman (I!J82) performed Iieldwork at. t.wo major "ivers

f10wing into Hudson Bay, Canada, the La Grande Rivel' aud the Great Wlmle lliw!I'.

He observed a sharp density front 20 km offshore from t.he La Graude Biver ami a

sharp halocline at a depth of 3 t.o 4 111 out. to 40 km fmm t.he river 1lI0ut.h. From

t.he kinetic energy distributiou, it seel11ed that t.he tide 1110dulat.ed t.he river dischlU'ge

rat.her than contributed to plume mixing. To charaet.erize rnixing condit.ious iu t.he

plume, he calculated the estual'Ïue Richardsou number and t.he plume densimetric

Froude number. He found that mixing in the nearshore was ouly weakly depeudent.

upon the Richardson number, but once li critical value was reached (~ 1.0) depen

dence on Richardson number increased significantly. From this analysis, I~recmau
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sllgg"st"d that th"!,,, lU'" th!'ec dirferellt dynamical regions in the under-ice plume

of the La (ll'llnde River. He described a thinning of the halocline interface along

with a large horizontal divergence of the outfiow, as well as a reduc.tion of the flow

sp""c1 wit.hin the fil'st ;, 1.0 LO km froll1 the river 1I101lth. Downward entrainment, and

conl.inned I.hinning of the UPPCI' layer charact.erized the next region which eXI.ended

downsl.l·call1 of l.hc fi l'si. by about 25 to 30 km. This region was bOllnded by a plume

fl'Onl.. Beyond this front, substantial mixing took place. Freeman used the field data

1.0 help forll1ulate a I.wo layer plume mode!. Alt.hough Coriolis effects were excluded,

the smfacc ice layer was incorporated. Using field data fol' calibration, the model

wa.~ nsed 1.0 simula!.e the La Grande River plume. Bot.h the areal extent. of the plume

IIllller t.he icc and the horizont.al salinit.y distribut.ion for different discharge conditions

werc weil prediet.ed. However, the modcl did not reproduce the distinct frontal region

sat.isfact.orily.

Ingl'llll1 (1981) IIsed field measurements to characterize the Great Whale River

plllll1c. 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 events could influence flow conditions at the river mouth. While open water
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conditions arc such t.hat, t,he "rfeds of t.he surfllcc wiud st.ress on 1.IIl' )o('/l! slll'flll'c

circulat.iou arc greater t.han t.he t.idal inlhl<'nces, t.11(' wint."r Ïl'" ('ov('r PI·",·,'nt.s t.h,'

wind fl'Om having a direct iufluence. Il. WIlS determiued t.hat. t.h" l'illlrart.('rist.ics of

t.he plume varied great.ly bet.ween open wat.e1· and ke covercd wnditious. Thc winl,,,r

plume was found to be mnch t.hicker and covered a great.er arell t.han "id t.h" sumull'r

plume d()spit.e lower river discharge values iu wiut.er and carly spring.

St.udies of t.he under-ice plume of t.he Great. Whale !livel' were cont.inued hy Ingl'ltm

and Larouche (1 987b). Six dirferent. under-ice plume configurat.ions were compared. /\

power law relationship, A =aQb, was found t.o adeqnat.e1y det.ermine t.he erfecl. of t.he

river discharge, Q, on the snrface area, A, of the plume. /\ mean ellt.rainmenl. vdocit.y

of 6 x 1O-6cm/ 8 was estimated for the January to Mareil period. Lower ent.rainmellt.

mt.es are expected in late April and early May mostly due t,o increased w/ü"r cohlmn

st.ability. Downward entrainment seemed present sillcc t.idal ve10eities wl'rl' hi~h('r

be10w the plume than within it. The confignrat.ion of the plume, which delllonst.mt."d

either radial spreading, along shore orientation, 01' a tongllelike intrusion, dl'pended

on several factors: time since the freeze-up, the stability of the watel' col Il III Il and t.he

low-frequency (5 - 10 days) coastal circulation generated by large scale atlllospheric

pressure forcing (sec also Heynaud cl, Ill. (HJ92)). The landfast ict' extellt was also

found 1.0 have important consequences on the plume dynamics silice it influences the

response to wind forcing and the tidal current strellgth and phase.
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St,udics of the verual icc coYer breakup in Hudson Bay and its effects on the upper

layer c1yuamics Wel'C made by Lepage and Ingram (1991). Calculations of potential

aud kiuet.ic e1lCJrgy, buoyaucy fluxes and dissipation rates were made, II. was found

t.hat. uude!' a complet.c icc coyer, low t.urbulence levels, caused by weak circulation,

pl'OJllotcd t.he expausion of the plume and resulted in highly stratified conditions in

the upper 10 1I1 oC the water column. II. was also shown that the ice coYer has an effect

on t.he amplitude and phase of the semi-diurnal tide. A more detailed discussion of

t,his .pheuolllcnou can be found in Chapt.er 3.

The precediug parts of t.his chapter provided an overview oC some of the plume

studies previously carried out. In Chapter 2 the background theory required Cor the

aualysis of plumes and jets will be described. In Chapter 3, the study area in Hudson

Bay aud a c1escript,ion of data collection and methods will he given. Chapter 4 will

iuclude thc data aualysis and result.s. A discussion oC resuIts will he presented in

Chapt.er 5 wit.h t,he conclusion in Chapter 6,
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Chapter 2

Theoretical Aspects

While plumes and jets are present in fluids thal, are both ga.~eous and liquid, t.hc

discussion here will focus solely on the hydrological casc. Although t.hey are oft,cn

considered concurrently, there are significant distinctions which must, be madc bc

tween jets and plumes. First, a bricf discussion of jet.s will bc prcscnLcd. 'l'hcreaft.er,

a more detailed look al. plumes and sorne aspects of the theory requircd for thcir

study will be given.

Jets in the ocean are usually generated by human activity. In gencml, a jcl,

occurs when a fluid is released from a smail opening into a larger ba.~in of fluic!.

If the two f1uids have the same density, a jet will occur whose driving force is its

own momentum. When the two fluids have dilrerent densities, buoyant jets fonn,

which are influenced by both momentum and buoyancy..Jets have been studied in
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many controlled laboratory experiments, as discussed in Chapter l, and are quit,e

weil understood. As t.he distance rrom t.he outflow increases, ail jets tend t.o become

plnllles.

Plumes are more commonly round in nat,ure than arc jets. River discharges into

lalms or oceans are orten plume-Iike. They are usually present because the outflowing

wat.er is less dense than the wat.er in the receiving basin. The density differences are

eit,her duc t.o dissimilar t.ernperatures 01' salinities 01' a combination of t.he two. Theil'

devclopment and persist,encc is, however, only possible provided strong mixing does

not occur, as discussed by Garvine (1977). While turbulent stresses, entrainment,

rol,ational elfeds, as weil as the characteristics of the receiving water ail have im-

port.ant, consequences on the plume, the buoyancy is the most important fador. In

order to better underst,and plumes and plume dynamics, il. is worthwhile 1.0 look al.

the individual charaderistics and governing parameters.

2.1 Buoyancy

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

b,.Po Q 1
8=g- =goQ

P
(2.1)

•
whel'e 6.po is t,he density dilference between the outflowing and receiving waters al.

the river mouth, p is the density of the plume water and Q is the initial volume rate
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of flow. g is the acceleration dne to gravity and go' = q~ is t.he init.ial l'ednced
• l'

gravity.

Although t.he blloyancy is often dete...nined by t.he t.empemt.ure of t.he flllicl, in

open ocean applications the form presented here is reqnired sinee both salinit,y and

temperature variations are important.

The spreading of the pillme a.~ it el1f.C1·S the reccivillg basin of wat.el' is dlle t.u

blloyancy. The less dense plume water rises to a highel' levcl t.han t.he SllITOllllllillg

water and a horizontal pressure gradient. result.s. This gradient, prodllces spl'eading of

the river water over the denser basin wat,er. If mixing bet,ween t.he t.wo layel's cloes 1101,

occllr, the thickness of the pillme will decrea.~e as it expands horizont..tlly (Bowden,

198:3).

The buoyancy is dependent only on the initial redueed gravit.y and t,he river dis-

charge. The greater the river discharge, the greater the buoyancy, and ail ot,her fadors

aside, the great,er the horizontal extent.

2.2 Turbulence and Entrainment

Turbulence is an important element when considering plume dynamics since mosl,

l1uid 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 dct.cet.ed a.~

follows:
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• MiL~S inll'Oduced at a point will spread much faster in turbulent f10w than in

laminaI' f1ow.

• Vclocities and pressures measured at a point in the f1uid are unsteady and

posscss an apprcciable random componcnt.

TlII'bulcncc OCCltrS over a range of scales due 1.0 the strong nonlinearity of the

cquations of fluid motion at large Reynolds Ilumbers (Fischer et al., 1979). For river

ont.llow of Jess dense water into more dense water, turbulence is an important source

of mixing bel.ween the two layers. The greater the speed of the discharge, the greater

the possibility for mixing. If the recciving basin of water is relatively deep, both

vel·t.ical and horizontal turbulence arc possible, and therefore mixing occurs in three

dimensions. Lateral as weil as vertical expansion of the plume is possible, with the

amount of lateral spreading reduced 1.0 compensate for that occurring in the vertical

(Bearlllan, 1989).

Entrainment is associated with the presence of turbulence. lt is the physical

transport of mass across the interface between the two layers of differing pl'Operties.

I~nt.minment of fluid most often OCCltrS from the non-turbulent f10w into the more tur

bnlent region. While lateral entrainment is also possible, most laboratory researchers

have bccn conce1'lled with the vertical exchange between stratified f1uid layers. Work

on entrainment has been carried out by Ellison and Turner (1959), Luketina and

Imberger (1989), Q'Donne\l (1990), Freeman (1982) and others.
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2.3 Receiving Basin

The characteristics of t,he receiving basin into which the river disdlltrge enters are illl-

port,ant in deterlllining the transit,ion from freshwater to the oceanic regime. Salinit,y

differences between the river water and the basin water can be bet,ween 25 "/,," and

32 "/00 . When crossflows are present, shear instability across the pycnocline is possi-

ble (Garvine, 19ii). The depth of the basin mnst also he t,aken int,o accon nt, since a

very shallow and/or a sloping bottom would l'l'suit in bottom attachlllent of the river

outflow (Safaie, 19i9).

2.4 Richardson N umber

The Richardson number is used to determine the dynalllic stability of the wal,er. II,

compares the stabilizing influence of density stratification to the destabilizing effect of

the velocity shear. Different forms of the Richardson nUlllber have beon fornllliated.

The gradient. Richardson. nnmber is delined as

(2.2)

•

(Pond and Pickard, 1983) whl'l'l', N2 = -g(~*) is the Brunt-Viiisiiiii frl'qnency. If

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

possible (Fischer et al., 1979).

The flux Richardson number is the ratio of turbulent energy which is taken up in
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vertical mixing to t.he buoyancy force. It was defined by Officer (1976) as

R· J('R'
!J = N. ! (2.3)

N. is t.he cddy viscosity and 1\. is the eddy diffusivity. Neither of these two coefficients

has a fixed value for a lIuid. They vary both spatially and temporally. According

to OffiCe(' (1976), N. and 1\. are derived quanti tics which are often estimated from

cxperiments. In order to determine the lIux Richardson Illllnber, details of the lIow

diffnsion properties mnst, be known, while the gradient, Richardson number can be

del,ermined from more easily obtained physical observations.

The csl.ltarinc Ric/umlson 1I1lmber is often used when considering the influence of

river outllow on t.he offshore lIow. (Fischer el, al., 1979). It is defined as

R' b.p Q
,l,. = gr; IVv3 (2.4)

•

where Q is t.he fresh water discharge, W is the channel width, v is the root-mean-

square (l'ms) horizontal velocity and gb.p/p is the reduced gravity. Small values of

this number imply that the estuary is weil mixed, while large values suggest that

the estuary is strongly stratified and density currents dominate the f1ow. According

to FischCl' el. al. (1979), the transition from a weil 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. Richardson numbers cau ail be cakn1;ued once cerl,ain hasic dllll'll"-

t.erist.ics of t.he now are known, They vary Ils does t.he vdo.. it,~, or l,Ill' rivel' diNdmrg<',

2.5 Froude Number

The Froude number iN defined as t.he rat.io bel,ween t.he incrt.ia and t.he gravit.y rorce

(Kundu, 1990) and is given by t.he rormula:

Il
FI' = --

VfiTJ
(2.!i)

where Il is t.he now speed and li is t.he dept.h of t.he discharge channel. The now iN

designated supercritical or subcrit.ical when FI' > 1 or FI' < l, respect.ive!y. In t.he

case of st.ratified nows, the int.el'llal Froude number iN mOl'e inrorlllat.ive. The eqnat.ion

roI' the internai Froude number iN

Il
FI'j= --

,fifTT
(2.(1)

•

(Kundu, 1990), where gin equat.ion 2.5 has been replaced by g', t.he reduced gravit.y

as defined earlier, Fischer el al, (I!J79) replace 7t in t.his equat.ion by t.he rat.io Q/A

where Q is t.he discharge of freshwat.er and A is t.he cross-sect.ional area or t.he channel.

They refer 1.0 t.his ratio as t.he freshwater discharge vclocit.y and use the t.erm "bulk

densimetric Froude number" 1.0 designate Fr; in t.his rormulation .
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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 SI9 000 A:7n2 • Hudson Strait connects the bay to the Atlantic Ocean while Foxe

Channel provides a link with the Aretic Ocean, while James Bay is joined to it in the

south (Figure 3.1). Despite its vast areal extent, it is, in faet, qui te 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 are typical1y 29 0
/ 00 in mid-April (Ingram and Larouche, 1987b). Bottom
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salinity values increase ta 33 0/00 at the deep oceanic infiow in the northern part of

the bay (Freeman, H)82). Fol' the first four ta five months of t,he year, Hudson Bay is

covered by a 1 ta 1.5 m thick ice caver which t~'pical1y breaks np in mid-t.o-Ia\.(' May.

The ice is usually of the landfast. type in the sout,heast part. of t.he bay (Lal'Ondll' and

Galbraith, 1989).

The Great Whale River, with its mouth locat,ed at, 55°l()' N and 77"'18'W, is on.' of

t.he major sources of freshwater into Hndson Bay. A sandbank is sit.llitl.ed just, offshore

of the river mou th, resulting in wat.er depths of about, 2 m. Depths l'ail t,o CiO m

within two kilometers l'l'am the shore. The freshwater disclliU'ge of t.he Great, Whale

River Huctuates seasonally and intemnnual1y, ranging l'l'am 100 111
3 /'~ t.o 2000 In:

1/'~'

The mean annual discharge is around 600 111.3 / s (Lepage and Ingram, 1!)!)I). Spring

discharges (May-June) are t.he highest" since melting ice and snow rapidly increase

the freshwater input ta the river. Figure 3.2 shows the discharge values for 1988, l!)89

and 1990. Annual and interannual variations l'an c1early be seen.

3.2 Circulation and Tides in Hudson Bay Under

an Ice Cover

The general circulation in Hudson Bay is counter c10ckwise resulting l'rom winds,

Arctic surface ocean waters entering l'rom Foxe Basin, and freshwater input l'rom
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r

~ : Study Area

Figure 3.1: Map of Hudson Bay. The Great Whale River is at 55°16'N and 77°48'W.
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Monthly Means of the Great Whale River Runoff

1400,.....----------------------,

-'-1988
-6-1989
-1990

SeptJuly

Month

MayMarch

O-r--:..;.....;.~~;......;.,....:..+_;..;..;..+~+...;....~~~~;..;""",,;~..;.;.;;..~__"_l

Jan

200

400

1200·

..~

1000
..

' .
....... .

.... ;.

i' 800u
:i5
!..
~
la ""<

" .
-'= "

J 600
Q

•
Figure 3.2: Mean monthly Great Whale River runoff for 1988,1989, llnd 1990. (Source: MiniRtère
de l'Environnement du Québec.)
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rivers (Pl'Ïnsenbel'g, 1987). l'l'Ïnscnberg and Freeman (1986) determined that. the

major por'Lion of t.he CIment. encrgy is associat.ed with the tides.

A t.ide gauge was deployed in the spring of 1988. However, equipement mal

fnndion l'esnlted in an nnreliahle data set. Thcrefore, only tidal predictions were

availahle. The predict.ed Lide was calculated using the Canadian 'l'ide and Current

Tahl<'s pl'Oduced by Lhe DepartmenL of Fisheries and Oceans (DFO) (1988). The

lIIeLhod involves t.aking act.ual Lide gauge data collected at specific ports over long

pel'Ïods and using I.his informaLion Lo pl'edict the t.ide using harmonic analysis. The

I.ime and llCighl. of the high and low tides are determined. '1'0 calculate the tide

Iwight. al. t.il11es oLher t.han high or low Lide, an interpolation must be made, with the

IlSsull1ptiou that. the tidal curve is a simple cosine CUl've. In the description given

on t.heir technique, seasonal variations are not taken into consideration. Only data

collectcd under ice free conditions are used to determine tidal constituents.

ln 19!JO, a tide gauge was deployed at 55°28'N and 77°52'W. The water depth is

over 100 m al. this location. Significant readings were taken from April 21 to May

Il. After May l, howevC1·,.the high tide values were no longer correct, due to a

defcct.ivc pressUl'e sensor iu the instrument. Figure 3.3 shows t.he 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 t.he signal mean and trend were removed. From analysis of this tidal height
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datll, il, wns detel'mined t.hnt. t.hl' sellli-dinl'llai t.idal conlponellt. is pl'e<iOlllinlUlt., wit.h

othel' constituent,s, such n•• t.he dinl'llili COIllPOlll'lIt" mOl'e t.hnll ail arder of nmgnit,u<i.,

Sl11allel'.

The pl'edicted t.ide (Canlldinn 'l'ide and CUI'l'ent. Tahll's, I!}!JO) WIIS also ('lIknlat.l'd

fol' 1990 (Figure :3.4). The neap (millimuml'ange) and spring (nlllximnm mllg(') t.i<1<os

can c1early be scen. Figlll'es :1.5 and 3.6 show t.he pl'edict.ed alld t.11l' act.nal t.ides fl'OIII

April 21 1.0 May 1, which corresponds to the time when the best actual tide dat.a WI~.

collected. When cOll1pal'ing the two graphs, it. becomes apparent. t.hal, l,h,'J'(' is sOin"

discrepancy between the actual alld the pl'edicted t.ide. 'Ièl iIlVl'st,igat.e ill gl'l'at.el' d"t.ail

the differences between the two, a slllallcr timc pCl'iod was ploued alld is showli ill

Figure 3.7. When comparing the curves, il. is evidellt. t,hat. t.he act.nal t.ide IUL. snlllllel'

amplitudes by ~ 22 %and is advanced by about. :la millllt.cs compal'cd t.o pl'edidioll,

A possible explanation for this phenomenon follows:

The M2 (principal lunal' semi-diurnal) tide ent,el'S fl'OlI1 Hudson St.rait. and pro

gresses counter-c1ockwise around Hudson Bayas a Kelvin wave (FI'c<'mall, 1!182; Prill

senbel'g, 1987). Two amphidl'omic points, (\ocatiolls of Hull' 01' 110 tide), OCCIII' ill

Hudson Bayas the offshore components of the Kelvin wave interfere alld cancel each

othel' out as discusses by Prinsenberg and Freelllan (1986) (Figure 3.8 frolll Forrester

(1983)) .
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Figure 3.4: Prcdictcd tides rar 1990.
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Figure 3.5: Tidal observations between April 21 arnd May l, 1990.

30



•

o
~...
CIl
1II

~
~
~
i
i
.~
o...
i
1II

~
~I,;:::;,;:::;,;:::;,;:::;,;:::;,;:::;,:;,::;'::;I~':;:' :;:,:;:,:;:,:;:.:;:,:;:,:;::,:;::,:;::,:;,
~ 0 ~

(w) 14619H

•
Figure 3.6: Prcdicted tidcs bctwcen April 21 and May l, 1990.
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Figure 3.7: Comparison of predicted and observed tides from April 26 to 28, 1990.
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Figure 3.8: Willter locations of amphidromic points in Hudson and James Bays (adapted from
Forrester (1983)) .
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Godin (l!/8(i) looked al, the modification of the tide due 1.0 an ice cover by col

leding data in Hudson Bay, .James Bay and the Arctic Ocean. From this analysis

he det.erlllined I.hat while seasonal variations in the tide due 1.0 an ice cover did not

oe<:ur al, stations Iying around the perimeter of the ocean or connected 1.0 il. 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 t,ides in Hudson Bay. He 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 Great, Whale River and by Lepage and Ingram (1991). Prinsenberg concluded

t,hal. t.he incoming waves, which rel1eeted off the western coast of Hudson Bay prop

agat.ed eastward parallel to the southern shore. Due 1.0 the increased friction caused

by the ice cover, the amplitude of t.he rel1ected waves was smaller relative 1.0 the inci

dent waves. This resull.ed in the two open water amphidromic points moving further

sout.hward, since t.he pattern results from a combination of the incident and reflected

waves. This result,s in one seeing more of the incident wave than the reflected wave

in Hudson Bay in the winter time.

The predieted t.ide at the Great Whale River was calculated using data from the

reference station al. Sand Head in James Bay. There is no distiction in the methods

used to prediet the tides during the ice free or ice covered periods of the year. This

faet explains the discrepency between the predicted and actual tides al. the Great
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Whale River. Thus, care must be taken when using predicted tides for ice ('ovel'ed

regions.

3.3 Data Collection and Methods

The research presented here focuses on data colleet.ed offshore of t.he Great. Wlmle

River bet.ween April 21 and May 6, 1990. Dat.a collect.ed from April 2:1 1.0 May 7,

1988 al. the Great. Whale River will also be used, A cont.inuons landfa.~t. ice cover of

about 1.5 m on Hudson Bay provided a solid working plat,rorm fOI' t.he field wOI'k in

both years, Five sampling stations, denoted LI 1.0 L5, were set up in a nearly st.raight.

line offshore from the river Inouth. Theil' locations arc shown in I~igure a.!J. At. a

distance of 1 km offshore, the st.at.ion c10sest 1.0 the rivCl' mouth, L5, had a maximnlll

depth of 3.5 In, while the farthest station, LI, was situated 900 In orfshore of 1.5, in

waters of 30 m depth. Table 3.1 lists distances between the stations and the river

mouth and the water depth al. those locations.

Distance from river mouth and station water depth
Station Distance (m) Depth (m)

LI 1900 27.0
L2 1750 16.0
L3 1480 10.0
L4 U80 4.0
L5 1000 :3,5

Table 3.1: Distances between stations LI 1.0 L5 and the river mouth and station water depth,
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STMON I.OCAAO'JS

L1: 55°16'44.S·N 7f"J48'32.4·W •
L2: 55°16' 39.8' N 7-,0 48' 26.0' W
L3: 55°16'29.7"N n048'24.1·W
LA: 55°16'20.9·N n048'19.6·W
L5: SSoI6'16.3·N n048'l1.3·W

77'49'00'
1

77'48'00'
1

•
l"igurc 3.9: Locations of U1C live data collcction sites and the near-shore bathymetry at the mouth
of the Great Whalc River. Bathymetry was obtained from uncorrected hydrographie survey by
Canada Cent.re for 1I11811d Waters,
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Several Lypes of measmemenLs IVcre Laken dlll'ing l,he sampling perim\. Ali inst.ru-

menLs were moored 01' deployed fl'Oml,he ice surface. ConducLivit,y-t.empemLlII'e-dept,h

(CTD) profiles were t.aken regnlarly aL t.he five st.at.ions, LI \.0 1,5. A Seacat, SBEI!I

inst.l'llll1ent. was used. ILs pl'Ccision is given in Table :1.2. In 1,0Lal, t.hel'C were 182

profiles t.aken bet.ween April 24 and May Ci, 1990, wit.h I,wice as many at. st.aLiou 1,2

than al. any of the other four.

Seacat SBE19 CTD profiler
temperaLllre ±O.OI"C
condllctivity ±0.01m11lho/cm

depth ±0.3m

Table a.2: Precision of the conducLivity-tclIIl'ernturL~del'l.h ins\,run",nl"

Aanderaa RCM7 eurrcnL meLers were 10caLed aL st.aLious LI, 1.:1 aud lA. The

precision of these instruments is given in Table :J.3. Measurements were taken every

two minutes from April 25 1.0 May 7, 1!J90. Two ReM were loeated aL LI, al. depths

of 2.8 m and 6.Ci m from the surface. At 1.3, the instruments were placed al. depl.hs

of 2.1 m and 6.0 m. Only one RCM was 10eaLed aL 1.4 aL 3.7 m from the surface.

Eehosounder readings were taken al. specifie times during the 1990 field study

using a Ross SL-CiOOC eehosounder with a frequeney of 103 kHz. Profiles were taken

al. LI from 17:30 on April 29 1.0 7:30 on April 30, al. L2 from 17:00 on April 27 ta

10:30 on April 28 and again from W:OO April 30 ta 11:30 on May 1 and al. L:J from

17:30 on April 28 ta Ci:OO on April 29.
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RCM7 current meter
cond lIctivi ty ±O.025mm/w/cm
\.emperatnre ±O.l°C

depth ±l.Om
specd ±l.Ocm/s

direction ±5°

Table :3.:3: Precision of Lhe Aallderaa Savollius roLor cnrrellL mel.er.

FJ'Om April 18 to May l, 1988, an ReM was placcd at the mOllth of the Great

Whale Rivel'. Data WilS collected every t.en minut.es, providing measurements of the

river ont.llow veiocit.y.
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Chapter 4

Data Analysis and Results

Using moored cn1'l'ent. met.er records, condnet.iviLy-t.empcl'at.nrc-dl'pl.h profiles, cchosollllri

ing and tide gange measurenient.s, the nearshore charact.crist.ics of t.he IIndel'·iœ phlllll'

were determined. The analysis and resulLs of t.he dat.a collect.ed al. t.he GreaI. Whale

Rivel' in 1988 and 1990 are present.ed here.

4.1 Outflow Velocity

ln 1988, an Aanderaa RCM7 cll1'renL meLer (RCM) was deployed aL Lhe GreaL Whalc

Rivel' mouth upsLream of the river sill, pl'Oviding a continnous data set of the river

veloeity from April 18 1.0 May 1. Figure 4.1 shows the u and v componellts of the

veloeity along with the predicted Lide curve and the river discharge values obtained

from the Ministère de l'Environnement du Québec. The channel direction(CD) was
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t.akell I\S 2(jO", which r()slIlt.ed in t.he u component. of t.he velocity representing the

along channel Great. Whale River outflow. As was discussed above, there is sorne

discrepallcy bet.ween t.he actllal tide and the predicted tide. However, the general

pattel'II is still useful in explaining, in part, the observed fluctuations for the u velocity.

'l'he spring and neap tide variations can be easily seen, as weil as the increasing

f10w magnit.udes t.owards the end of the sampling period. This resulted from the

increasing river discharge. A harmonie analysis of the current velocity was perCormed

and compared 1.0 the 1.0 the predicted tide. For the M2 tidal constituent, the maximum

positive Il velocity will occur 3.6 hours aCter the predicted high tide. II. should be

1I0ted that. t.he cUl'I'ent vclocity record was the minimum length 1.0 do a harmonie

allalysis oC the M2 eomponent.

ln 1990, a cUITent meter plaeed near the same location was 1051. during spring

breakup. In order 1.0 approximate the outflow velocity Cor 1990, the single-velocity

met.hod Cor measuring discharge, discussed by Strilaelf and Bilozor (1973) was used.

The vclocity (11) is related 1.0 the river diseharge (Q), and the cross-seetional area (A)

by

Q
11=-

A
(4.1)

•
The river discharge data Cor the time periods studied in 1988 and 1990 are given

in Fie:ure 4.2. The source oC this data is the Ministère de l'Environnement du Québec.

Considerably larger spring discharge values occurred in 1988 than did in 1990.
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Figure '1.1: Circulation at the mouth of the Great Whale River in 1088. \1 finel v velocity corn
ponents are obtained from the IteM inRLrument aL a depth of 4.1i lIJ. Tidcs arc predicLed lII:1ing the
Canadian Tide Tables (DFO) and river discharge information was obtained from the MiniHtère de
l'Environnement. du Québec.
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Figure 4.2: Great Whale River rUilaIT for the study periods in 1988 and 1990 (Source:Ministère
de l'Environnement du Québec).
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The cross-secLional area was det.ermined from bat,hymeLrÏl' charl.s of t.11l' riv,'r

obtained from an IIncorrecLed hydrographie sm'vey IIndert.akclI hy t.he Canada (:ent.l'<'

for Inland Waters as weil as from t.he Canadian Hydrogmphir Service hat.hymet.ric

charts. At the mOIlI,h of the Great Whale Rivel" a sand ridge is IIsnally fonned. While

its exact. size and location may vary slightly from year t.o year, l,he dal.lt ohl,ained from

these two hyc1rological smveys arc considerec1 accllrat.e represent.at.ions of t.he snHtll

sca.\e bathymetry occurl'ing in l!J88 and 1990. This is t.he shallowest, a!t.hollgh nol, t.he

narrowest, part of t.he river mouth. When taking into consideml,ion t.he iœ layel' and

the increase and decrease in height. that OCCIII'S at. high and low t.ides, the area t.hrollgh

which the water f10ws can be calcu!ated over the tidal cycle. The discharge area and

outflow velocity for spring and neap high and low tides arc givell in Table '1.1.

1990 River Mouth Conditions
Q(mJ /.9) 1A(m') u(m/s)

Spring Tide
High April 28 110.5 2743.1 0.04
Low April 28 1l0..'i 426.0 : 0.26
Neap Tide
High May 4 229.5 2160.3 0.11
Low May 4 229.,) 908.2 0.2.5

Table 4.1: Discharge, cro....sectional area and velocity al. the Great Whnle River month in W!JO

The cross-sectional area decreases considerab!y at low tide, being betwcen one

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

At. t.he t.irnes t.he echosounder was deployed, measurement.s were t.aken cont.inuously

for over 12 hrs. These recordings indicat.e t.hat. t.he pycnocline dept.h varied wit.h

t.inw. Figure 4.:l shows t.he difference from t.he mean of the distance between the

surface and the pycnocline and the difference from the mean of the total depth of the

wat.el' column for one of t.he four periods during which soundings were taken. Values

were t.aken every half hour t.o plot. t.hese CUl·ves. Posit.ive values represent. deeper or

t.hicker surface layers, while negat.ive values represent shallower or thinner layers. The

posit.ive and negat.ive dept.h values correspond t.o high and low tide respectively. The

py<:nocline varies Jess (± 0.4) t.han t.he depth of t.he water column. The pycnocline

nuct.uat.ions arc ncgat.ivcly correlat.ed with tide height, giving a correlation coefficient

of -O.SO. This suggcst.s t.hat. at. Jow t.ide the pycnocline is deeper than al. high tide

for t.he part.icular period under investigation. In other words, the fresh water layer is

t.hickcl' during Jow tides. Since dept.h variations are observed, the sea-ice, while being

considcl'ed landfast. , does move up and down elastically with the tides. For the other

st.iüions invest.igat.ed, maximum pycnocline depths were observed between 3:00 and

3:30 April 29, 1990 al. L3 and at t.he same t.ime on April 30, 1990 at LI.
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4.3 ReM Data

From the data collected with the five ReM instruments, t.he speed, direction, u and

v COlllpCllWllts of t.he velocity, the temperature, and salinity, could be determined.

Figul'l's 1.'1, '1.5, '1.6, 1.7 ami ,1.8 show t.he salinity, t.emperature, and u and v velocity

COlllpOlWIlI.s fOi' t.he t.ime period data were collected. The following observations can

he lIIade,

The upper levcl insl.ruments are in the freshwater plume region since the salinity

values arc 0 0/00 , while those al. around 6 m depths are within the saltier Hudson

Bay water. The salinity values for the deeper location measured at stations LI and

IJ:l (Figures 1.5 and 1.7) are hetween 26 and 27 0/00 almost continuously. However,

bct,w()Cn April 29 and 30 at LI and in an even more pronounced fashion between April

28 and :l0 at. L:l, there was a decrease of the salinity over a certain period. For L3,

t.here wa.q also an increase in t.he temperature. Figure 4.9 and 4.10 show these periods

wih an expanded scale. At. LI, salinity decreases 1.0 24.69 0/00 al. 2:45 and down 1.0

21,58 ·/0. at 15::l6. On April :l0, there are again fluctuations with values reaching

25.:l0 • / •• ' The fluctuations arc even more pronounced al. station L3 with a lowest

da.ily va.lue of 20.04 ·/0. recol'Cled on April 28 al. 14:18, 17.85 0/00 al. 3:08 on April 29

and 21.(jj •/ .. at 4:02 on April 30.

The tcmperature CUl'Ves show that the plume is slighUy above O°C while the Hud

son Bay water is about -l°C (Figures 4.4, 4.5, 4.6,4.7 and 4.8). Diurnal fluctuations
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Unfiltered Data for Station l3 al 6.0 m
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Figure 4.9: ReM data at station Li for April 28 to May 2, 1990.
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Figure 4.10: ReM data al. station L3 for April 28 to May 2, 1990.
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in the upper water temperature arc apparent with maximum values in the late aftllr

nooll. After May 2, t.he upper level t.emperatures remain coldel' t.han the maximum

t.empel'atures al.t.ailled before t.his date in the sampling period. This coincides with

t.he ilicrelL~e ill freshwater discharge from the Great Whale Rivel'. This increase in

discharge is due to ail increase in ice and snowmelt. There is still a daily cycle of

maximul11 and minimum t.emperal.ures. The deeper water readings do not show any

1I0t.able daily l.el11perat.ure variat.ions, however, there are smalt fluctuations recorded

t.hroughout t.he day. ln Figure 4.7 an increase in the water temperature coincides

with a decrease in t.he salinity, as was discussed earlier.

Fol' t.his allalysis, the coordinate axes fol' the u and v velocit.y components have u

pamllel t.o the shoreline of Hudson Bay and v perpendiculal' 1.0 it, along the direction of

I.he Great Whale Rivel' outflow, as shown in Figure 4.11. The upper level ReM graphs

indicate that the v component of the velocity is predominant which corresponds 1.0

the Great. Whale Rivel' outnow, and in the lower levels, the velodty is primarily in

the u direction which confirms that t.he circulation pat.tern in Hudson Bay is parallel

to the shore. Figures 4.5 and 4.7 show low-frequency velocity fluctuations in the u

velocity component. 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,

I.here are low-frequency fluctuations as weil. Reynaud et al. (1992) found that the

low-frequency variability can be explained by both the average atmospheric pressure
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Figure 4.11: \1 and v coordinlltc IlXca for the 1990 ReM datu lUlItlYlliH.
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and the longshoJ'() atmospheric pressure gradient.

'nI det<lrllline the dynamic stability of the water column, the gradient Richardson

nUlIlber (eq. 2.2) was calculated fol' stations LI and L3. Stable conditions occurred

throughout the sampling period with a minimum value of Ri = 9.0 on April 28, 1990.

The estuarinc Richardson number (eq. 2.4) was evaluated at the mouth of the river.

Rcsults fol' W88 and 1990 were greater than 1 at the time of the field work. This

indicates a strongly stratified system with little mixing.

The internaI Fronde Humber calculations (eq.2.6) yielded results much less than

at both LI and L3. This suggests subcritical conditions downstream of the river

rnouth.

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 LI to L5 at high and low tide during spring and neap

tides in 1990.

The temperature at LI is slightly above O·G for the first 3 to 4 m followed by

a sharp thermocline and a decrease in temperature to below -l·G . Below a depth

of about 15 m, there is a slight warming. However, the salinity data do not show
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Figure 4.12: CTD data at station Ll
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Figure 4.13: CTD data at station L2
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Figure 4.14: CTD data at station La
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)"igure 4.15: CTD data at station L4
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Figure 4.16: CTO data aL station Lli
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a change, indicat.ing t.hat. a mass of warmer wat.er wit.h t.he same salinit.y as t.he

surronfl(ling IIudson Bay wat.er enters the region. A possible source is t.he shallower

Manit.ounuk Sound situat.ed t.o the nort.h of t.he st.udy area. The salinity and sigma-t

I,urves follow each ot.her, indicating that. the salinity has a st.ronger influence on the

densit,y t.han does t.he temperature. Sharp haloclines and pycnoclines occur al. depths

of al'Ound :I.li t.o 4.0 m. Maximum salinity values are :30 ·/0• . At stat.ion L2, the

profiles are similar t.o those at. LI. The depth of t.he fresh water layer is between 3.5

and /1.0 111. Closer inshore, profiles at. station 1.3 reach only a depth of 5.0 m, which

is alrnost entirely in the fresh wat.er plume region. At neap low tide there was no

indicat.ion of a pycnocline or halocline. Station L,j, with maximum depth of about

3.5 m, is tot,ally in the freshwater plume. Temperatures are O·C and salinity values

are 0 0/00 . With readings only down 1.0 a depth of about 3.0 m al. high tide, 11.11 that

can readily he ohserved at. this st.ation is that salinity values always indicate fresh

wat.er.

While these are t.he patterns most. oft.en ohserved during the period studied, irreg

ular pat.t.el'lls occurred on t.he afternoon of April 27, 1990, as shown in Figures 4.17

and /1.18.

At 17:20, the freshwater layer increased 1.0 a depth of 6.5 m al. station L2. A

second reading \Vas t.aken t.hree minut.es later and once again a deeper fresh water

layer \Vas observed, indicating the possibility of vertical motion. At 17:40, an erosion
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Figure 4.17: Anomalous CTD curves at station L2 taken on April 27, 1990.
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of the weil delined haloclinc began. Mixing is dcfined h~' Fisdlt'r ri ,,/, (t nin) a" any

process which causcs onc parcel of water t.o be mingled wit.h 01' dilut.ed hy IInot.hl'r.

The salinity valucs between 4 and 15 mare ncither t.hose observecl in t.he fl'l'shwllt.('r

plume laycr, Bor in the Hudson Bay waLer in other profiles which suggest.s lIlixing. 'l'hl'

reading a few minut.es later shows a simital' pat.t,el'll at, station LI. The meMUrenlt'nt,

taken al. 17:58 also indicat.es a sit.uation in which mixing is occu\'l'ing. While t.hel'C

were no measurement.s t.aken at. that st.ation short.ly herme Lhis eveuL, it. is a"sullled

that a deepening of the freshwater layer prcceeded il., similar 1,0 what, wa.~ ohserved

al. station 1.2.

4.5 General Flow Pattern

In order 1.0 gain further insight into the 1I0w pattel'll within the 2 km downst.rmull

of the river mouth, a vertical cross-section along a line joining t.he live st.at.ions WI~~

analysed. From the R.eM measurements, the speed and direction of the 1I0w in t.he

freshwater layer and in the Hudson Bay basin could he ohtained. The locat.ioll of t.he

pycnocline was determined from the CTD profiles. Cross-sectional sketches were gen

eral.ed for spring and neap, high and low tides. The spring tide conditions are shown

in Figurc:s 4.19 and 4.20, while neap tide conditions are presented in Figures 4.21 and

4.22. The mean 1I0w in the upper layer is always directed outward from t.he river

mouth. The low-frequency variability in the Hudson Bay 1I0w was southward during

65



•

•

t.he spring t.ide perim) and nort.hward at. t.he t.ime of neap t.ide condit.ions. The speeds

al, Sil/'ing ami neap low t.ide are ahout. t.he same as are t.he speeds at. spring and neap

high l,ide. ThuR, t.he magnit.ude of t.he lIow is t.he same and t.he direction lIuctuates.
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Figure 4.19: Schcmatic diagram or the croS8-section along the sampling transect nt. Ilpring high
tide.
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li'îgl1l'c 4.20: Schcmat.ic diagram of the cross-scction along the sampling transect spring low tide.
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Figure 4.21: Schematic diagram of the cro88-sccLion along the sampling tranflcct at IIcap high Lide.
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Figure 4.22: Schematic diagram of the cross-section along the sampling transect neap low tide.
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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 t.he amplitude and a phase advanee of t.he t.ide Wel'<~

observed. When the predicted tide for 1988 are eompared to t.he analysis of t.11l! river

mouth ReM data it was found that the maximum vclocities occur abont. fo\ll' honrs

lifter the time of predicted high tide. However, for under-iee conditions one would

expeet ta find this time difference ta be even greater duc ta the phase advance of t.he

t.ide. This wouId in faet give the maximum f10w speeds c10ser t.o the time Of low tidc.
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5.2 Nearshore Conditions

III t.he previous chapt.er, t.he dat.a analysis and results were presented. While the

maximum velocity at. t.he river rnouth depends both on freshwater discharge and tidal

dfecLs, t.he Ministère df' l'gnvironnement du Québec provides only daily values. This

limit.s the accuracy of the hourly time scale calculations for which discharge values

are needed. Wc 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 rnout.h of the river. Duc 1.0 the small upper layer speeds, the calculated internai

Froude numbers were much less than 1. The large density difference between the

lighter upper water and the salty lower water caused very stable conditions, giving

large Richardson numbers. The CTD profiles taken in 1990 provide a snapshot of

the salinit.y, temperature and density changes with depth. The patterns showed little

variation between high and low tide conditions which suggests the tide has little effect

on the plume dept.h under subcritical conditions. Data collected al. the time of the

spl'ing low tides iu 1990 did not fit the patterns taken al. other times during the study

perim!. This event is the subject of the following section.
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5.3 InternaI Hydraulic Jump

From the RCM measurements taken al. LI and L3 and CTD profiles at. (, 1 and (,2,

rapid fluctuations in the salinit.y field were observed between April 27 and :\0, 1!)!lO,

Echosounder dat.a taken a,t the same time perim\ confirms a f1udllll.tion or l.\\(' py('no·

cline depth with the tide, Figures 4,9,4.10,4,17 and 4.18 show t.hes" event.s in c1<'1.ait.

During the period when the RCM recorded event.s occurred, no CTD prolilcs Wl'I'C

taken. The events detected in the CTD profiles on April 27, IlJlJO arc not. ('videnl. in

the RCM data al. 6.0 m depth, An explanation roI' t.his lack or signal is not. alt.ogel.her

clear. Perhaps the duration or the anoma\ous evenl. al. the RCM depths was not. long

enough t.o be recorded. I-iowever, t.hel'C is strong evidencc 1.0 suggest the evenl.s did

occur. One possible explanation is the occurrence or an intel'llal hydraulic jUIl1P.

According 1.0 Fox and MacDonald (1985), roI' subcriticalllow (1"1' < 1), l.he adjust.·

ment of the flow 1.0 disturbances caused by a change in the slope or the Imt.hyrnel.ry

or flow in the cross section are smooth. However, when supercritical llow (Fr> 1)

occurs in a section and downstream conditions require an adjusl.nwnt 1.0 sllbcritical

flow, a graduai change with a smooth transition through the critieal point. is nol.

possible. The transition may occur abruptly in the form or a hydraulic jnlllp,

InternaI Froude numbers calculated al. LI and L3 always were less than l, indicat·

ing subcritical conditions. The observed salinity anomalies occurred on April 27, 21!,

29 and 30, 1990, al. times which corresponded 1.0 the times of lowest \ow tidcs during
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spring tides. Frolll the echosounder data, it was determined that the surface ice,

while Iwing landfllst., did indecd move up and down with the tides. TI1<'refore, at. the

lowesl. low tides, the depth of t.he water at t.he sandbar, the shallowest region through

whkh t.he wilter IIII1St. flow, is great.ly reduced. Since the cross-section geometry is far

frolll redanglllal', t.he cross-sectional area is l'educed signi ficantly. The l'educed area

also reslllt,s in high flow velocities across t.he mouth at this time. Figure 5.1 shows a

schenuüic diagl'ltlll of the cross-section over the sandbank for average ice conditions

at. high tide and during spring low tide.

Since t,here arc no direct current velocity measurements available for 1990, the

method discussed in Chapter 4, section 1 was used. The hulk densimetric Froude

nllll1hers ohtained arc given in Table 5.1. Values are greater than 1 indicating su-

percritical conditions. FigUl'e 5.2 shows the variation of the cross-sectional area, the

Bulk Densimetrie 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 uUlllbers nt the 1II0uth of the Great Whale River

river out,flow velocity and the Froude number with the t.ides for April 28, 1990. An

ice thickness of 1.5 III was used to obtain these results. If a rectangular cross-section

were used, the area through which the water flows would he much larger resulting
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Figure 5.1: Schematic diagram of the cross-section over the sandbar at average high tide and at
spring low tide.
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UI Inwer vdocities. The maximum dcnsimetric. Froude number would be about 0.5,

which ilTlplies subcritical conditions. These calculations only consider the decrease in

area due to tidal fluctuations. Frazil ice formation (Hydro Québec, personal commu-

nication) could further decrease the area, thus increasing the discharge velocity and

resulling iu even larger Froude numbers. The formation of frazil ice is a function of

the veiocity. For st ronger flow, the growth of frazil ice iilcl'eases. Average frazil ice

thicknesses of 1\ to 5 m werc measured 5 km upriver from the mouth of the Great

Whale River (Hydro Québec, personal communication).

Fl'Om the monthly mean values of the discharge from the Great Whale River

(Figure :1.2), it is apparent that the maximum runolf 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 t.he slUne time of the year in 1990. If one made the assumption that ail

t.he coudit.ions arc t.he sarne as t.hose described above, but took a discharge value of

•
1200 m318, then a minimum densimetric Froude number of 5 was calcu[ated for spring

high tide conditions. Thus, as the rate of discharge increases, supercritical conditions

become possible, cven at high tide. This would produce a thicker freshwater layer.

However, with highcr river outllow, the mean level of the water would rise slightly as

weil and would increase the oulllow 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

ueap high tide, conditions would still be supercritica1. Analysis of the 1988 Great
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Sprlng Tide Conditions April 28. 1990
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Figure 5.2: Tidcs, croSH--scctional arcas, river ouLnOW specds and Fraude nlUnberH for April 28,
1990.
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Whale Rivel' plnlIIe was cal'ri(~d ont by Veilleux (HJ90). The river velocities were

ca1cniated nsing the same IIIcthod IIsed in this anaiysis, however, values were less

than cxpcct.ed fOI' the high f10w conditions. One explanation for this is that the area

she IIsed WIL~ Ilot over the sandbank but. rather in a deeper area. of the river mOllth

and the change in Ollt.flOW area dlle to the rise and fall of the ice cover with the tides

WIL~ not. considered .
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Chapter 6

Conclusions

Previous plumcstndies (Chao and Boicomt, 1986), (Chao, 1988a; 1!l88!>; 1!J!l0), (Free

man, 1982), (Garvine, 1974; 1977; 1982; 1987), (Ingram, HJ81; 1!J87) , (Lepage and

Ingram, 1991), (Luketina and Imberger, H)87), and(O'Donncll, 1!J90) havI' consideree!

the plume as a whole, with a focns on its lcading edgc and the fronts t,hal, lIIay or lIIay

not be present. The Jlnrpose of this work was 1.0 provide a c1earer nnderstanding of

the nearshore characteristics of an under-ice river plume. The time period over which

data was collected in bot.h 1988 and 1990 wa.~ early spring, providing It <:<lnlpl"I," ke

covered offshore yet increasing river discharge becausc of t.he t.haw on Iltnd.

The general characteristics of the plume in the lirst 2 km from the river month were

determined using the continuons data record obtained from the RCMs, the profiles

of the CTD and echosounder readings. Stations TA and L.5 werc locatcd in shallow
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wat.er, t.herefore ail IIwaSllremellt.s were t.aken solely in t.he fresh plume wat.er region.

St.at.ions LI, 1,2 ami 1,:1 were sit.uat.ed furt.her ofrshore rcslliting in observat.ions being

takell iu t.he fresh wat.er "egiou and the saltier Hudson Bay water.

The IIllal'shore chamcterist.ics were determined. The river ontflow velocities vary

deill'udiug ou t.he river dischargc and t.he tides. The first several hundred meters

fWIII t.he river 1II01l1.h are charact.e1'Ïzed by freshwater. At. a distance \lf 1.5 km off

shore, we sec evidence fol' Hudson Bay wat.ers. From the CTD profiles, the depth

of t.he pycnocline is bet.ween 4.0 and 4.5 m al. ail five st.ations. Calculations of the

Richardson uumber aud the internai Froude number al. the offshore stations suggest

stable, subcritical conditions. The general pattern in the nearshore region did not

always have similnr chal·acteristics. During the spring tides of April 1990, short-lived

pert.urbat.ions 1.0 t.he depth of t.he freshwater upper layer occurred. Froude number

ca.lculat.ions al. the river mout.h indicat.ed supercritical conditions which strengthens

t.he assert.ion t.hat. an int.el'l1al hydraulicjump formed al. this time. Nearshore analysis

of 1I0w conditions al. other 1'Ïvers would be useful. If internal hydraulic jumps, or

t.he deepening of t.he freshwater layer occur more frequently or even regulariy during

œltltin discharge conditions, there could be significant biological consequences.
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