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Topographi ca lly (0.2-0.5 cycl'es/min) 

, \ 

internal waves in\ a st 
, , \ 

tified medium are studied both from the 

theoretfcal po_int of view a~d from observations taken during the 
A .. : 

$ummer of 1975 in th'e middle estuary of .the S~. Lawrencè River, near 

Pointe-au-Pic. Characteristics of the density and tidal current 
1 

field in- this part of the esttrnry duri,ng the sLimmer (June-July') are . 
presented. Different mO~l in'ear and non- Hnear} are used to 

explain the generation, propert~es and decay of· th; o~served high-
" - ,;; . 

frequertey internal·waves. The importance of vertical s'hear of the 

horizontal veloctty is ~so discussed. A description of the internal 

wa~e~ is given, accom~anied bY';he current and denSi~y values\ _ 
1 • ..- • 

prevail ing at the time of the Jobservation.s. ,The waves ,are observed 

over \short intervals of time, usually 10 to 20 minutes, Wh~~ the 

Richardson number, takes its lowest value~. The ~aves rapid1j became 

'~on-linear and"exhibited characteristi'cs simi1ar to thos~'of solitary 
r , 

, 
, '\ 

\ 

waves. "Blocking l' effects upstream of the obstacle are a1so evident. 
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de haute fréquence (O.2-p.5 cpm) 

créées derr\~re un obs'tacl e fluide ~trattfié est étudjijé autant . 
du pOlnt de '~ue tMorique qu;A,part'r d'observations prises d~rarPt· . 

;' " 1 
1 I~t~ de 1971 dans l'estuaire\ioye du St-'Laurent près de POiinte-au-, . 

Pi c. Des va leurs de courant et de dens'i té caractéri s ti ques de cette 
" ' ! • 

régidjn duran~ l l été (JÙin-Juillet) sont présentées. ,Une val+ur" 

moyenne du gradient vertièal de l 

Différents ~dèles (linéaires et 

vitesse est également éva I1ué., 
j 

on-linéaires) sont utilis~s pour . , , 

e,xpliquer 1,â gén~ration, les pro" riétés et la dégradation des ondes 

\ ' 

, ~ , 1 C[!,.\ 

internes dé haute fréquence Obse vées près' de Pointe-au-Pic:, Enfin 
i • '1 J 

1. ' -Jo 

une descr'ipti on de ces ondes in r~es lest ,a(!:compagn~e des !Prinées de 

courant et de densité ~ui préva aient ~u moment des observations. 
\ ", ' , l ' 

Leur durée est d'environ la minuUes alors que le nombre de 

~;chardson est A son plus faJb e. 
1 

Ces ondes internes deviennent , 

rapidement non-linéaire's et pe.uvent être cJassées dans la catégorie 

des ondes solitaires.' Des effets de "blocag~ ,A l'avant de l'ob~~le 

sont également évidents. . " 

, , 

\ . 
\' 

'" , 

. .. 

'f 



n 1 

~ r. ~ 
1 

\ 
\ 
1 
\~ 

1 
i 

~ 1 

1 1 • ... 

,1 
\ 

AiKNOWLEDGEMENfS 

~, 1 \ 
l " \ 

The auth'or wishes 'to thank all th~se peopl~ Who.h'è;tped in the 
1 , 

c mpletion 'of this thesis', in particJ'}ar the Groupe' In-ter niversitair 
, '. 1 / .. 

Recherches Océanographiques'du Qu~tlec'for financiai an 'lpgistic 
.... J., , . 

upport, the crew.of the M/V METRIDIA, and Miss Patricia Ch artkowski 

or the cor~ection"Of the first :a~ujcriPt. ,1 would ~lSo \ ~e 'to" 
, fl~ 

, thank niy thesis director, Professor 'R'.G. Ingram, for 

" suggesti 0!1s, and cbnstant encouragement' during mYe studi.es. 

" 1 

:. \ 
, \ 

• 1 , " 

( 

.\ l ' -

, i 

.. 

" 

. " 

" 

\ 
\ , , 

,) 
" 

~ 

t 
! 
-! 
A 

~ 
" , 

f 
t 
~ , 

j 
i ,! 

~f 



~-,r 

( 

.... -

'. -

, 
.~ 

/ 
1 
l" -

( 

TABLE OF CON~ENTS 

, 1.1" IntrodlJc ion 
\ 

1.2 \ Defi ni ti 0 ana Methods 
• 1 \ 

Chapter 2. Interna1 aves 

, 2. 1 - ntroducti'on 

2.2' eneration "\ 
2.3 Jave Properti es 
2.4 D cay 

C' 

\\ 

, , ' 

\ 

. 

\ 
\ e ' 

.. r ~1 ,,\ 1 

J' 

, , 

Il 1 
)1 

\ \ 
\1 . \ , 

• 

~ ", 
\ 

1) 

:\ 

3. 1 
3.2' 

3.3 

3.4 

General Ci ~~ulat;.on. i,~\ th\ Ay;ea of Study-
, - \ es cr; pti on ' '\ 

Shear 

\ 

\ 
\ 

1 

Chapter 4. Internal Wave Observatio~s 

" 

, 

~. 1 "Exp~ri~ental Lay-out 

,4.2 ,Ex~erim~nt~l\ResUl~S 
4.3 - Discussion 

Chapt.er 5. - Concl usion 
, . 

, ~ , 

\\-, 'BibliOgraPhy " - : 

Appendix l~ Li~t of Statiôns c , 

'1 Appendix 2: iïdal Prediction at PQint.e:"au-P~re 

.! - . .J ..... , . __ '"" ' ? 

l, 

Page 

1 

'1 

3 

4 

5 
13 

17 

20 

.25 

36 

41 

52 

54 

77 

84 

89 

'92 

93 

.:..../ 

" 

r 

, 
1 

1 
l 



'··~/· 

... 

- .... -

"\ 
\ 

Fi gure 

Figure 

Figuré 

Fi gure 

3. 1 

3.2 

3.3, 

3.4 

Figure '3.5 

Figure 3.6 

Figure 3.7 

Fi gure ,3.8 

Figure 3.9 

Figur~ 3.10 

Figure 3.11 

Fi gure 3. 12 

Fi gure 3.13 

Figure 3. 14 

Figure 3.15 

, Figure 3.16 

Figure 3. 17 

Figure 3. 18 

Fi gu~e 4. l 

Fi gure 4.2 

Fi gure 4 .. 3 

Figure 4.4 

Figure 4.5 

FiQ.ure 4.6 

~, , 

\ 
\ ' 

~LIST OF FIGURES '0' 

The area Qf study 

Bathymetric chart of the re9ion,a~d av~raged 
tidal circulation " . 1 

, Longitudinal s'ectio'n of'the bottom in th~ : ,', 
study area , 

'ridal current distribution (station, 75-2) 
. . , , 

Tida1 current distribution.(stat~on 15-4) 
" Ti da1 currenf di s'tribut; on (s t~t;on 75-6) , 

Di rection hi stograms {station 74-J2c-01) 

Direction histogram~ (station 7'4-l2c-9~ , 

Direction histograms (st~~ori 74-12c-97) 

Direction histograms (station 74-'12c-ll) 

Velocity shears (stations 10 a'nèl 11) 

Velocity shears (stations 31 and 43) 

Ve10city shears (stations 36 and 037) 

S\gma-t' profiles' at 75-2 

\\ \ 

Sigma-t profiles at 75-4 
" Si gma-t profi les at 75-6 

Isopycnal lines \ 

Density vari~tions over. three day's at 75-11 , \ 

Experimental set-up 

Observed oscillations 

Density variations at 75-2 ' 
l , 

. Density, an,d B. V" frequency (station 75-'2) 

Density variations at 75-2 \ ' 

Density.a'nd B.V. frequency (station 75-2) 

\ 

" , 

\ . 

, . 

1 

Pagel, 

.. 
l! 

• 1 

, . 21 

23 

1 

~4 ' 

2"7 

2~ , ' 

29 ' 

31 

,32 

33 ' 

34. 

38 

39 
. 40 

43 

44 

45 

47 

.49 

53 

59 

60 . \' .'. . 
63 

'f , 

65 

66 



- .. -

\ 

C· 
\ 

Figure 4.7 Density variations~ at 75-6 
Figure 4.8 Density ~nd B.Vr frequency (Jt~tion 75-6) 
Figure 4.Q Density variations at 75-4' . . 

+ • 

Figure 4. la Density and B. V. frequency (stati~n 75-4) , , 
Fi gure '4.11 Density v~riat;ons at 75-2 
Fi gure ~.12- Denstty and B.V. frequency (station 75-~) 

" 

/ 

, . 

l, 

. / 

" .. 

.' 

.. ~ 
," 1 , 

" ' 

.. 

, . 

1.' o,f> 

, 

Page 

68 
bo ,. ;~-~ 

72 ~ 

73 

75 
76 

j 

" 

... 

\, 
\ 

.. 

') 

... -

/ 

• i 



, ' 

1 > 

1 

• 1 

, J 

table 3.1 

Table 4:1 

Table 4.2 

Table 4.3 

", Table 4.4 
Table \4.5 
Table 4.6 

Table 4.7 
Table 4.8 

/ ,-

, r 

,: 

~ 
>. 

LIST OF TABLES ' 

. 1 \ 

Average ebb'and flood d,ireètion 

Station 75-2 
Station 75-4 
Sta ti on 75- 6 
Station 75-2 (15 m) 
Sta~ion 75-2 (32 m) 

Station 75-6 (25 m) 
Stati'Dn 75-4 \(24 ml' 
Station 75-2 (23 m) 

, " 

l' 

\~ 
1 

• 

.. l> .... 

, 
'. 

1 , , 

,\ Page 

, ' 

35 

55 
56 ' 

57 
62 -~ 
67 
69 
71 

74 

,1 
1 

• _ 0 1\ 
l, 

" 
r. 

.-



" r~ .. 
\ ,\ 

" 
\ 

\ \ 

-\ \ -, l' 
, 11 ' ' 

\ 
\ 

',J \ 
\ , 

j 

~ 
~ 

(. 1 
\ 

l' 

\{ 
; 

î 
, \ 

}: 

" ... t .... " 
t , ... ~~ 

" 
"'5' , 

, 

.' " .. 
,~ 

~ 

:1 
.~ 

"' 
, , 

-1\ .' i 
1 • 1 

! . / 
( 

s 

CHAPTER 1, 

INTRODUCTI0N 

! • . , , . 
. \ .·v·· ...... 

y\ 
-r' 

\ 

1 '" '" .. 
'"' 

1 Cl " 
" f 

1 =) 
1 

.., 

" . ,1 

'" 
il " 

" 
:e, 

\' 
\ 

" , 

• 
\\ 



( 

.11. 

~I 

, , , , 

1. 1 INTRODUCTION 
" 

This thesis will be devoted to the study of a natura1 ph,enomenon 
o 

.;called interna1 waves. Even though the;r existence is well known, 
... 

". rt.1. ~ 

- ~~ il1terna1 waves are not very well understood, because of the difficu1ty 

in describing'~hejr characteristics. The best known externa1 mani

festations of interna1 wa~es in f1 uids are the cloud patterns often 
• 1 

found behind mountain ranges, the "dead-water" phenomenon in certain 

high1y stratified waters.' surface slicks occurring on the sea surface, 

and observations in cE~rtain 1aboratory experiments (e.g .• Long. 1955). 

The importance of internal waves and their role in natu~ ;s not 

very weill known. We do know that they have in certain cases a large 

influence on surface currents (e.g.,' Forrester, 1974), that they 

;ncrease m;x;ng of différent water ma'sses and that they may cause 
1 

significant changes in the local distribution of nutrients and other 

water properties in shallow areas. Therefore,;t;s certa;n'that 

.. interna1 waves, s;m;lar to tho,se reported o;n~~~i,s- ~or~, do ,significant1y 

perturb in one way or another the marine env;ronment and the lite 
, 1 

within H. ~"~ 
. \ 

\ 

\ 
\ 
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Numerous studies have,already been devoted to describing 

internal waves 'of long peHod (hours), usually of tidal origin, but 

, fewer people have looked at"shorter period (a few minutes) phenomena. 

It is a difficult problem to distinguish high-frequency internal 
. -

w~ves from the natural turbulence present 5n the sea within the same 

l' range of frequency. Furthermore, to unders tand the behpJli~ur of 

these waves, wavelength, frequency, shape, ,amplitude, and many other 

properties of the ambient fluid have to be measured simultaneously at 

mo~than one location. For example .. the vector velocity of the 

current, the vertical shear of the horizontal velocity field and the 

density stratlfication must be obtained in order to compare 

observations and existing theory on internal waves. 

In tpe ocean many factors can cause the gener:.ation of internal 

waves (~ee Thorpe, 1975). They can be created by the tide~ atmospheric 

pressure disturbances and current shear in the presence of a stratified 

water column. In the present work, we were specifically interested 

in those that occuf behind an obstacle 'in the flow,' clJ.ssically called 

1I1ee-wavesll. Tnese waves were first ~tudied by meteorologists behind 
, 

mountain ranges, and later 'r'Iere noticed in' the ocean and in many 

. estuaY.'i es and bays of the worl d. 

Th i s thes i sis based on observa ti ons <'>taken in the St . Lawrence 

estuary and will treat the generation of higt1-frequency internal 

r 
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.. 

waves behind a submerged obstacle-(a bank in the middle of the river). 

The regular appearance of these waves (occurring almost every cycle 

of the semi-diurnal'tide), their small'horizontal scale and their 

proximity to an area of rapidly changing biological .and sedimentological 

properties provided a great stimulus in the pursuit of this study. 

In this thesis, l shall describe a series of high frequency 

oscillations of the density field in an estuarine environment. Most 
\ < 

of the events described. are bel ieved ta be iriternal waves, generated 

by bottom topographie irregularities. A general description of tidal 

circulation and isopycnal distribution is also given, 50 as to describe 

conditions during the internal wave observations. Prior ta a discussion 

'" of the field data, a s'ulTlllary of th~ relevant theoretical considerations 

i s presente~ i'n Chapter 2. ft 

~~\ 

• 1\ 

DEFINITIDNSj AND METHODS 

The reader should note that all directions mentioned in this paper 

are relative to-True North (LN.) and positive in the clockwise 

djrection. The time used is Eastern Standard Time (L5.T.). All 

a v-erages of v~ctor properties wi 11 be assumed to be a vector average .. 
un 1 ess otherwi se s tate'd: Current meter observati ons were made w; th 

an Aanderaa RCM (-sampl ing i~terval = 30_ sec), while \salinity-

temperature prof; les were done with an Inter-Ocean 5l3A. 

, 1 
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CHAPTER 2 
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1 NTERNAL WAVES 

\ 
\ 

o • 

\ 

1 

1 



( 

2.1 1NYODUCTION 

- 4 -

"We have very li\ttle knowledge of which 
physical processes are most important in 
controlling interna1 gravity'waves in the 
deep ocean. We do not know preei sely how 
or even where interna1 waves are -generated. 
We do not know how, by the propaga ti on and 
interaction of waves, the observèd spectral 
shapes are established. We do not know what 
processes dominate in the dissipation of 
internal waves." 

Thorpe (1975) 

L 

Thorpe's citation refers to deep oceah waves but is just as , 

appropriate for estuaries where a wide'variability, in space and time 

often makes the pro,ble~ more complex. For many years now, (eSearChers 

in meteorology, oceanography and engineering havE: been interested in" , 
the subject of internal waves. A large number of sophüticated theories 

have been put forth in an ~effort to understand the phenomenon, 1eaving 

us with a hard choice, especial1y when one tries to app1y theory to 

field observations made at a particular loc~tion. Most mOQels do no"t 
ù 

inc1ude appropriate conditions or are incomplete. 

One approach is to describe the subject in three logÎ<~ai steps: 

generati on, propagati on and decay. The -a!.tthors ci tee! below have 

usually treated these topics separately. The di.fferent aspeCts of , 

\ 
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the theory should. however. respect the same basic hypot'hesis and be 

complementarYoto one another as much as possible. 

2.2 GENERATION 

Many ideas have been put forward and proved useful in explaining 

why and how coherent oscillations can be generated in a stratified 

fluide P~st e~perience shows ~s that in~ernal waves exist in so many 

different situations that any scientist interested in this study has 
( 

\ to start with a preconceived idea (a starting hypoth'esis) of what he 

is looking for and where he is to find it. In th'is case, the possi-

bility 'of internal waves in the study region w~s suggested from data 

taken for another purposè. After examining a bathymetric chart of the 
, ~ 

region (and having'~o information on the current and densit,x values), 

the most plausiGle reason for the oscillations, is the bottom ~opography 

(lee waves). Right or wrong, this intuîtive choice w,ill orient onels ' 
. 

data collection as well as one!s interpretation of these data. 

This choice 'was further reinforced by the circulation pattern, 

which will be described in Chapter 3. Wat~r f.1ows on each side of the 

En.91ish Bank, creating in the narrow nor~h-west passage a'djacênt to th~ 
" 

ma1n1and the appropriate conditions for the appearance of lee wates: 

(i) large obstacle (70% of the total depth of the channel), 

... 

. 
J 
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(ii) màderate density stratification, and (iii) suitable shear 

conditions in some instances. 

Internal waves have been studied for ~~ny years. but it was 

R.R. Long of John Hopkins Universityl who was one of the first to 

have extensively tr.eated the subject of high-freq~ency lee waves. 

Although this work was published over twenty years ago, its 
• 

explanation- r-emajlJ.,,~ simple and close enough to the physical 

situation to be of linterest in our case. Furthermore, the current 
) 

and density distribution in the area of our study closely approxi-

mate those required in Longis theories. 

As long as the obstacle is neither sharp nor abrupt, its shape 
1 

is of~ittle importance to the 'theory. Knowing the height of the 

barrier (relative to the surrounding f1at horizontal bottom), Long 

'determined f~r what condi.tiJns of current and density stratification 
1 

oscillations will exist. His theoretical deve10pments were supported 

by a ~emarkab1e serie,s of -laboratory experiments that" gave inuch 

credibility to his mathematica1 treatment. 

He was concerned with the two-dimensiona1 stea~y state mo~ion 
"-

of an. incompressible, inviscid, strat-ified f1uid in a horiz~ntal1y' 

lSee Long, 1953, 1955. 

, \ 

'. 
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, 
infinite channeL (-00 <~< 00) with rigid and paralle1 upper and lower 

, Il 

b'Otmda ri es .. 

The two dimensiona1ity of the flow're,quired the ne-glect of the 

Coriolis effect, which i~ also app1icable here because of the smal1 

scale of the waves (assumed to be order of one km or less) and 
" 

because of the short period of tbese waves (2-3 minutes) compared 
\ 
1 

with the inertial period. The steady state req,uirement, on the 

other hand, is not appropriate for conditi'ons in the St. Lawrence 

estuary. However, the fact that high-frequency in,termal waves have 

been observed for time· intervals of on1y 20 to 60 ~inutes all'ow~ one 

to consid~r the background tidal flow as a quasi-static medium. 

. . 

Another difference betieen Longis mod~l and the 'real physical 

situation is his as\sumption of an fnviscid fluid in a bounded channel. 

As McIntyre (1972) suggests, an unbounded viscous medium (like tbe 

estuary) ~can "only sùpport decaying wave phenomena. As ,LOng Il theory 

is used to examine on1y the ~enerat1pn nf the waves, it does nQt 
'Y 

matter if it dea1s with decaying or' permane,nt waves (no, viscosi,ty). 

The viscous effects wi1J on1y change the shape and the reabsorption 
1 

of the waves. 

In an ear'ly PUb.l·icatio~, Lo~g (1953) derived the equation of 
\ 

, ... 

motton for the-stratified flow as described above, in which velocity 

.' 7 

, 
, \ 
\ 
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and density are only a function of z (vertical axis) and are defined 
, 

far upstream (negative x-direction) where he assull)ed the flow to be 

undisturb~d. He also defined a streamfunction ~ which varies 

monotonicafly with z, such that the longitudinal velocity u .. :~<v/~z, 
~ 1 ~ ~ 

the vertical velocity-w =d'f/jJX and the densitYj are uni,qu!2 

functions of 4J (i. e. s treaml ines represent lsopycn-âl s) . Note 'that 1 
because. of the mOQotoni city of' the streamfuncti on there shoul d be no) 

1 reversa·l of the flow in any vertical section.\ 1 

The full inv1 seid eqùati ons .nd the preeeedi ng assumpti :ns le.) 

ta the fol'-owing equation for the streamfunction \J}(Long, 19S'J): 

(2.1) 

where f (1.p) is a S'pecified function of''f>. This equat10n is highly .. 

non-linear except if one chooses -a particular initial density and 

velocity di stributi on. \ 
\ 

If both the density gradient,~t/A% ' and the dynamic pressure'~ 

t~ U2, are assumed constant upstream o,f the barrier, equatio'n (a.1) 

is $implified greatly. With t ~eing' the, displacenient of, streamlin~s 

from their initial. level (Zo)' Long reduceJ,~qua1;ion (2.1) ta 

(2.2) 

/ 
/ 

: , 
/ 

>, 
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, ~here "1. = l lo and J, =ili*.1 
U2-

<1 

': N202 , 

U2 

\ 
\ 

also called th.e 

overall Richardson number (see Turner (1973) for a'definition), N is 
e 

the Br~nt-Va;sala frequency based on the li.near density distribution 

away from the source (or before the beginning of the p~rturbation) and 
, ~, , ". 

'U is "the Gon'stant speed of the' flow (no shear) at the same location. 
, " 

This particular kind Df flow ~orresponds quite wel} to what was 
,~ 

observed in the region of our'study (see,Chapter 3). It should also " 

be noted that the space variables are dime~sionless. 'havin~ been scaled 

-to the total depth 'of th~ channel 0; J shquld then be considered as 

a pure number. 

As it i5 almost impossibl'~ to find a solution ta the abùve 

eq'uation when the flow is ove,r a finite Dbstacle, many researchers use 
, -'. , " , 

an i.n'direct method. As a \fir'st' stêP, Long used Fourier integrals to 
, " . 

obtain the streamline~ for a rounded infinitesimal barri~~a~' x': 0). 

ifhe resul ti ng' curve l~. 0 correspon'ds everywhere' t~ th~' bottom of 

the channel except near- the Origi~ w~e~.e it .. rises ,and ~eviates' from \. 

the exact shape of the o~stac1e: The amount of\deviation is controlie'd 

by tAe shape of ~he o~stacle and can be increased to finite values . 

.The'final step is to replace this small obstaèle by another one whtch 
, " # ~ 

.~as th.e·sa~e shape as th~ above bottom 'streamline;",w.ith the new 
" • 

obstacle the flow automatically satisfies the bouridary c'OniH-tions. , . 
The di ~~dvantàg'e of thi s rnethod' i s' ~ha~ the ~hêipe of the ba"rri er c:.annot .. ,( 

, . 

1 
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.. 

" 1-)· "
be pr~dicted a p;iori

l 

and only partidular obstacle shapes, some~imes 
\ ' 

asymmetric about the line x = 0, caq be found to satisfy the boundary 

eq ua t ion s. " 

, 
Long's main conclus{on wai that for a particular barrier of 

finite height, the existence of ~ solutinn depenHs on J or the flow 

conditions. ,He developed a'relation between the relative height of , 

the obstacle (compared with the channel) and J; if one knows the 

barrier height, a range of values for J can be calculated for which 
1 , 

lee-waves can existe With the same conditions. Huppert and Miles 

(1969) arrived at a similar conclusion for an inf;nite half-plane 

space.. 

, 

Another point to consider in Long's early theories is the ~uestion 

of "upstream influence". Aware of the problem, Long simply neglected 

the possibi1ity of "columnar disturbances" which'could change upstream 

COnd~jeC~ ·of~ u~stream è1isturbances was treated in a 

l ater paper (Long, 1970). 

Unfortunately the depth (0) of our channel is nct' constant, 

making i~ di\ficult to 'determine the relative amplitude of the sill 
"" ~ \ '" ~ .. 

cbmpared ta the total depth of the channel. The ob~tacle is~ertainly 

, large, ;repre~e:nting a,ver half the channel depth, when compared to the 
, 

deepest part of the downstream section (over 180 ml. With such a 

/ 

.. 
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'l,arge obstacle non-linear effects can be expected to appear, thus 

making LongIs linear model non-applicable. Even so, the preceding 

discussion of LongIs model provides sorne insight into sorne possibl~ 
1 

mechanisms. It is also useful in determinirlg whêl:.t f10w conditions '\ 

are suited for the appearance of.·1ee-waves. For sueh a ~a~ge 

obstacle, Long predicts the e~;stenee of waves only when ~ < w. 

'More recently, Bell (1975) studied t~e'generation of interna1 

gravit y waves by the simple harmonie f10w O,f a stab1y stratified 

fluid over an obstacle. He examined the generà1 ~roblem with no 

upper~ boundary. Assuming that the obstacle was' a small loca1ized 

disturbanee, he found that the energy propagate9 away from the source 

region ino the form of an internal gravit y wave fiel~. The angle of 

,propagation of thewave front in the vertical was dep,endent on the 

stratification. Furtherrnore, the sOlution.suggested that different 
. 

harmonies are sensitive to varying features of the obstacle: tne 

waves of fundamental frequency being sensitive to the slope of the 
Q •• ~ 

obstacle, the first harmonie to its curvature and so'forth for the , 
higher harmonies. Although interesting, the th~ory is not directly' 

app.licaliJle ,to the present study, as·the sill near Pointe-au-Pic is 

very large compared ta the tatal depth of the wfter and cannat be 

cvnsidered as a sma'l 1aca1ized distu~bance. 

"', 
" . , \, 
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.. 
Gargett (1976) pr6posed a dfffer~nt mechanism to explain the 

generation of internal waves in the.Strait of Georgia (British 

Columbia). The wave ch~racteristics that she describes are Jimilar to 

those which will be discus'sed in the present work. In-sJtu observations, 
, 

combineq.with aerial photography, permitteg her t'o describe the wave 

properties. The field results suggested that a submarine rjdge acted 

as a bQ,~ndary between a well-mixed and a stratifi~? water mass at an 

inter~island pasSe The generation mechanism was in the form of an 

impulsive disturbance through t~e pass to the str~tif-ied wat~r mass of 

the Strait. This occurred at times of abruptly changing tidal flows. 

Linear and non-linear effects were discussed. 

l HaJpè~n (1971) observed short-period internal w)ves in Massac'husetts 

B -. . l h .... - f d' b Vd(· t/h . h .' Al h h ay very Sl·ml ar tp tel:J'lle 0 waves escrl e U!!.. .... lS t eS1S,. __ t oug 

ohe did not rlearly ~nderstand the mechanis~ of w~ve generation. Halpern 
, i 

suggested that the abrupt r,i se in tempera't:ure accompanying a dfscrete 
1 

group of.short-period internal waves and the subsequent formation of 

these groups are probably due to shearing instability in the tiidal flow 
1 

- when the'current floods over the crest of an upstreàm banK. In 

éontrast; th.eoretical ~rguments by Lee and Beardsley (1974) 'suggest 

that neither' shear jnstability nor a quasi-steady lee wave mechanism 
f~" ... 

was r~spônsible for wave generation. They assume that the temperature 

rise results fram "blocking" by. the bank and non-linear properties 

associated with,the front. As a result of dispersion and non-linear 
, . -

effects. large amplitude internal waves a~e fenerated at the front. 

1
\ " 
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2.3 WAVE PROPERTIES 

. ().' 

,. In considering the propey\ties and propagâ'titnr of ;nm!la:l--waVes,· 
" 1 

the classical 1inear theory w.ill be presented first, to be followed 

. by a dis~'Qssion of non-linear effects. 

1 n .. the region of a di!ffuse pycnoc li ne and wea k mèan s h~a r, the 
~ y 

Brunt-V~is~lH frequency and the vertical velocity gradient can, 

o locally, be $onsid~'red constant. For these conditions, Phillip"s 
~~. . 

(1966),using~tt.le method of asymptotic expansions described by Erdelyi 
1 

(1956). found a solution for the governing equations of- motion. He 
1 

1 

obtained an equation for the vertical component oflthe velocity: 

1, ~~ -f\- w~ --

W ~ G (l ~ 2t 2 cos2 tp )-3/4 exp {i (kx+ l~-~t.ki-) J eXPt i.q.( tj-} 

(2.4) 

whe~e~ ~.~U/~L. is ~herean'r.ate of shear; cos'+;= ok / (-il+t 2 )! 

specifies the- init'Î~rientation of the wave number vector (k, 1) in 

the )lOrizontal plane; Gis an -arbitrary. constant and 

(2.5) 
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The vertical displacement of a f1uid e1emeflt is 

( . \ 

, ." 
i 

~ = - i G- (i +~2 t2cos2~ )-à expt i (-k(+l!j-@tk!) J exp { iJ?(t)1 
'1'4 '!,l. 1 

II> " (2.6)' 
"'-. 

~, 1 

the wa~elength ~ontinually diminishes as the wave-number magnitudi 
\ - '" 1 

o (~+ t 2 t-~~-t:2-1i2)l, increases wi~h tim~. An important effect~of the 

shear i 5 to rotate the di recti'Qn of the wave-nlfJ\l~vector in the 

vertical plane. The expressior for the 'a~gle e O~l the ~aYe-nutnb~Y' "

vector and the hori zonta li? 

v 

(2.7) 

1 

_ ·One noteso that -when ~F~ co , the 'wave- umber vector beco~es vertical 

( é4 1T / ~ ) and the motion ten?s t ard5 the steady horizontal 51i ding 

of each layer past the next. . 

1.' = ."V 

1 

The frequency of the wa 
! 

otJ2.( t) • 
dt 

1 

1 

) 

\ 

when fla = N. Anot~er con,s~~~nce of this Umitation is that the 

l' 

.' 
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waves are confined to a layer where N is larger than the wave freque~cy. 

Note finally that W ;s independent of the wave-number magnitude and 

.' 
is only a function of 5ts di.rection . . 

nIe phase veloci ty of the waves is C = (Al II(, "with 1<. being the 

wave-number amplitude and the group velocity being ~;: _C_ - C = N -(.J. 

Note that c.~ ~O when GJ+N. 

r 
.' 

cose 

As previ OUS ly men ti oned in secti on 2. 1. non- 1 i near effects can be 

very important if ,the obstacle in the channel is large c~mpared to the 

total depth of the fluid. Gargett (1976) explained the properties of 
~ 

her waves by using~ a non-line~ approac~. She used a two layer model 

in wMich the thin top-layer is of slowly,varying densitYnPnd the deep 

bottèlm layer,is of constant density. T.he classical linear theory was 

sufficiently accurate ta describe the shape of the waves but failed to 

predict tt-le wavellength and the spacing between each group. Considering 

first order nbn-linear:. effects in theWive eqtfation (of the initial value 
c- .!- .. 

problem), she obtained a straightforwqTd solution for the constant 
-ft 

density bot~om layer. For the thin upper layer with varying density, 

the solution was more complex. '~sing the bounda,ry conditions\at the 

bottom and matching conditions at the interf~ce of the two layers, she 

obtained an €quation s imilar to the Korteweg-de Vri es equati on for th.e 

upper layer. No exact solution of the resulting equation has been 

, 1 
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obtained, except for the cage of a steady wave. The general shape of 

the steady solution is very s~o that of the classical solitary 
-~ 

wave. Furthermore, a numerical solution of the Korteweg-DeVries 
~ 

equation by Zabusky and Kruskal {1965} resulted in a train of solitary 

waves similar ta the waves observed by Gargett in Georgia Strait. 

For this reason, and also because of the close resemblance of her 

equatlon to the Korteweg-DeVries equation, she developed a non-steady 

solution, for a particular class of initial conditions (harmonie 

functjons). The asymptotic behaviour of the two solutions was 

similar . .Jor this special class of solutions, the initial wave form 

steepens in regions of negative slope, followed by the development of 

an increasing number of waves behind each steepened IIleading edge ll
• 

Each wave finally achieves a limiti~g amplitude, and then moves at a 

speed proportional to i~s amplitude, such that waves of a group slqwly 

separate, with the largest amplitude waves leading. 

As previously mentioned, Lee and Beardsley (1974) examined a similar' 

non-linear theory to explain the behaviour of internal waves observed 

by Halpern (1971) in Massachusetts Bay. Following Benjamino(1966) 

and Benney (1966), they developed a time-dependent model (with a 

basic shear) that separated the influence of the non-linear, dispersive 

and nOlr-Boussineq effects, by us in9 a three-parameter perturbati on 

expansion method. They computed numerical1y the values of these 

parameters from certain cases and compared their solution of the 

--~ 

" , 
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Korteweg-deVries equation to the field observations of Halpern antl 

thei r own observa tlons in a sma 11 l abora tory mode 1. Thei r main 

conclusion was that a,warm front in typical summer oceanic conditions 
/ 

will steepen and long non-linear internal wave trains will be generated 

on th~s depression owing to thè dispersive effe9t of the sharp front . 
. 

The properties of the front and the following waves are dependent up9n 

the particular density and veloc.ity profiles, as they control the 

dispersive and non-linear effects of the water. 

2. tl OECAY 
( 

" 

As noted in the precffding section, a small amplitude linear inter-

nal wave in a shear region will have a constantly changing frequency, 

wavelength, amplitude and direction of propagation. Because of these • 

changes, the wave energy is also altered. The mean kinetic energy 

density of the wave motion iS'(Phillips, 19~6): 

Thus, EK diminishes as the motion vanishes, for d3t cos 0~. The 
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energy loss is compensa,ted by a small energy gain in the mèan flow 

(Phillips, 1966). 

One way for the wave to lose its energy is by decaying (partially 

or totally) into turbulence where the shear is maximum. For an 

internal wave, local instabilities occur neaY" the trough and the, 

crest giving rise to a patch of intense, small-scale turbulence. 

This occurs when the amplitude of the wave becomes sufficiently 

large. Each time this 'breaking' phenomenon occurs the wave loses 

energy and thus its ampli~ude is limited to a certain magnitude. 

Phillips (1966) comments on t~e consequences of this decaying: 

"It provides a means for the mixing of the fluid in 
the thermocline below the region of direct action ~f 
the surface layer. It is self-limiting; if a break-

. down occurs, the subsequent turbulent mixing ultimately 
reduces the mean density gradient and decreases 
Nmaximum 50 t1hat the' conditi on for stabil ity ; s 
restored (even if the wave slope is maintained) ànd the 
breakdown will tend to stop. The occurrence of the 

" turbulent patches is therefore sporac!ic in space and 
t i me. Il ( P • 187) 

Another kind of turbulence was observed experimentally by Long 

(1955). 'In several of his pict~res, taken of the flow behind an 

obstacle, one can see a patch of turbulence near the bottom unâer the 

first crest of the wave. Long related this turbulence to boundary 

layer separation. Since the turbalence is only present cl~se to the 
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barrier it is of no importance except to transfer a certain amount of 

energy from the waves to the flow. 

One should also consider the dissipative effects present in any 

real physical environment ~hat could rapidly damp any oscillation 

(see M"cIntyre, 1972). It is important to note that the wave will 
1 

abrence 'of any 
, 

lose energy to the mean flow even in the dissipative 

effects. ( 
In summary, ~~:rtical oscillation in a fluid having a diffuse 

pycnocline, with a wèak vertical shear, will become more and more 

horizontal; its amplitude, wavelength and freqùèncy will diminish 

constantly and the wave motion, if not completely decayed to turbulence • . 
will ultimately lose all of its energy and disappear. 
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CHAPTER 3 

GENERAL CIRCULÂTION IN THE AREA_ OF STUDY 
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3. l DESCRIPTI ON 

.. 
The St .. Lawrence river system extends from the Atlantic Ocean 

, 

on tne'éast coast of Canada to the Great lakes, 1200 km inland. lt 
~ 

is divided into four\parts: (i) the fresh water river, (in the-

middle estuary, (iii) the maritime estuary, and (iv) the gulf. 

The region of major interest in the present work i, the middl'e 

estuary wh~c~ extends from Ile d'Orléans (near Quebec City) to 

Tadoussac (see Figure 3.1) and can be classified as a "well-mixed" 

body of water. In this section there are many small tributaries 

that flow into the St. Lawrence. Only the Saguenay River, located at 

the downstream end of the middle estuary, is of sufficient size to , , 

significantly influence, the water charatteristics. , \ 

The most important bath~metri~ feature of the St. Lawrence estuary 

is the deep Laurentian channel, which extends from the Sagenuay River 

t~,the Atlantic Ocean. Upstream of Pointe des Monts, a shallow pla~eau 

can be ,found on the southern side. From Tadoussac to Pointé=au-Pic, a 

basin and sill' configura,tion iS' found ory the north side and a shallow 

plateau ti:fthe south. Upstr1am of, this sill the riv-~r is' quite shal 'ow. 
" \, ~ 

, 
The focus of the present work is on a, 40 km section "of the 

middle estuary near Pointe-au-Pic, which iS,some 120 km 

\ 
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downstream from Québec City. At this point of the estuary, a large-

bank (IIEnglish Bank") partially obstructs the north side of the river, 
, 

leaving a 6 km wide passage for the water to flow between the bank 

and the mainland. It was in this narrow passage that we hoped to 

observe internal waves. 

In ~igure 3.2, which shows the bottom topography of this region, 

a cufVed line passing through several stations is also plotted. A 

bathyme"trj.~ section along this line can be found in Figure 3.3. It 

shows the profile of the English Bank and the relative position of 

the principal measuring stations. It should be noted that the vert;.

cal scale of this section is exaggerated (185 times) compared to the 

horizontal scale. Thus, in reality, the bank is just a gradual change 

in the depth of the river. Even sa, this natural obstacle to the 

prolongatiofi of the north channel appeared to be a suitable area in 

which to observe topographically induced internal waves . 

Ta understand the behaviour of the internal waves and to have a 

general idea of the ,circulation in this region. three praperties were 

measur.ed: the currents. the vertical gradient of the horizontal \ . 

velocity (shear) and the density {instantaneous profiles and time 

series at a constant depth}. The following sections of this chapter 

present these results an~ also provide a description of the generpl 

pceanography in thi-s-part of the middle estuary dur;ng the summer. 
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3.2 . CURRENTS 

In describing the circulation'of this region,·two sources of 

information were 'used: current meter data obtained from an un pub-

lished report by the Canadian Centre for Inland Waters (CCIW) 

(Budgel and Mui.r, 1975), and data taken personal1y in .... vune and 

July 1975 (at stations number~d 75-2,75-4;75-6 and 75-11) .. 
l , 

tation position.is shown in Figure 3.1, whi1e the ex~t location 

s given in ~~. 

Current rilete'r data were obtained during twq cruises. On the 

first occasion the current was measured at a fixed depth for 13 

\~ours at ~h ree s ta ti ons (samp 1 i ng i~terva 1 = 30 sec). Duri"9 the 

second cruise, curren;s were recorded at the same locations over a ,1 

similar interval of time but at different depths. ~lthough measure

ments should hav, been taken at the same depths on both cr~ises, 

this did not occur for reasons exp1ained in Chàpter 4. 

These data, taken a.t different depths and on different C1ay,s, __ _ 

were not overl.y useful in their original form, but required a certain 

readjustment in time before compari~on. Instead of using ·local 
\ 

• 1 

.time as a reference for when measurements were taken, the most .... ' 
, 

appropriate time reference available was the tida1 predictions of the \ 

Il 
.. 
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\ 
Canadian Hydrographie Service (hereafter called CHS) (1975) for 

f' 1\ '.' \ 

the nearest referenee port. which is Pointe-au-P~re {see A~bendiX 
By combining all our ~~servatians at differen~ dePths __ ~ent 
times relative-to the predicted tides pt Pointe-~lb-~:-agenerat-~~_~_ 

~-

picture of tida1 currents in this area can b~~btained. Figures 3.4. 

3.5 and 3.6 show these results at the three main ,stations . 

• 
In these di agrams, ti dal currents are repreSejted by: vectors 

poi nti ng in the di recti on ; n whi ch the current i s f1 owi ng, rel ati v~ 
.... 

ta tru~North (top of the page), whi1e the overa11 1ength of thé 
. \ 

centered artow is propartional,to the spe~d_~f the curr.ent. The 
, 

magnitude was ealculated from a vector average ot 120 values 

observed aver a one' hour peri ad. centered, on,. the apprapri ate ti.dal 

Pha\e~imes of rapid1y va~ying c~rrent direction (as when 

~e 'tide is turning at slack), the. average speed is sh.own ins,tead 

of an arrow. 
'. . ) 

Alsa calculated were U depth and 9 depth ' which represent the 

depth-averaged current vectQr", computed (scal ar average) over the 

appropriate water column height. ~hese are shown under the 1ast 

depth,recorded for eyery hour of the semi-diurnal tidal cycle. Also 
_. 

shown is the semi-diurnal tida1 average (vector)' at ~ach depth. ~~ 
\ , \ ' 

< U, 9 >. 

, , 

l 
-~ 

i 
,J 
î 
" 
'\ 



o 
\ 

\ 
.' 

(-

o 

'-

0" 

15" 

?1" 
23" 

26" 

. ~ . 
j2" 

(lOE':TH 

tIIoe"'H 

"t 

<' 

H W H+ 1 ' H+2 H+3 

":/\ / 

/\~/ 
; \~ 
/ r 
84 7~., 

C"/SEC Cil SEC 

,229° '2 6°, 

\. 

\.; 
\ 

" , .. 
1 

-'fl> 
I~t 

1 

.... 

37 
""/5fC 

9 
CII/UC 

13 
eN/ne 
~2 

,",,(C 

• 

16 
C"/SEC 

231° 60 0 

q' 

FIGURE 3.4 

r 

-' 

STRTION 
H+4 H+S L W 

,. 

\ 

'\ 
\ 

/ 

/ 
/ 

./ \\/ 
,\ 

, /', 

; 

~ 
/-

JI 

",'1 

-r5-2 

L+l L+2 

/' 
\ , 

... 

/ ' 'lçt"\O , 0 "~CC 

23 
• ne 

... • 

50 6B 66 ~~O 24 
C"'SEC CH'SEC 

49" 49 0 

<:"/5EC 
!rZ.~ 0 

CII'S(C CH/SEC 

51" 5ll" 

\ 

\ 
TIDAL CYRRENT DISTR~UT~ON 

~ 

-

L+1 

5 t,,,,,, 

18 
t"lUe 

*" 
25 

c"~nc 

.. 
19 

CH'SEC 

2lt6° 

l, • 
~1î' 1 

~' 
, \0> 
\' 

L+4 

......... , 
t 

L+54!,e) 

'. • 

IICIII:; \~Ch~nnel 
aXIs 

\ 100 200 1 "ttD 

\ 
\ 
\ 

\ 

-
"., 

''; .., 

31 
C"'SEC 

256': 

\ 
\ 

IClI/SECI 

,/ 

\ 
~ 

'~OI23r 

./ ,~2.35,. 
.; "l7.34y 
/' ~,20~ 

l(" 
\ 

\ 
\ 

\ 

-
~2,2 4~ 

57 \ 
C"'5fC \ 

234 0 
\ 

~;. 

t 
• l' 

\' 

;:.'; -' 

N ...... 
-----f) 

, 1 
, 

.' 

J 



'. 
~ FIGURE 3.5 TIDAL CURRENT DISTRIBUTION 

'" 

ens'cnmore- iBdroP't St ~t1tfM'Ht'"Lid!.d.n.;u!'dlt-j-~~3<'--''' t'-"\· .. ~ ~ 1<. -l,.!.. _ 



o ~ , . 

~ 
{1 ... 

<' • ... 
.... '1"-

STRTION 75-6 

Pi W H+ r H+2 H+3 H+ll H+S L W L+l L+2 L+3 L+4 LtS ( U 1
e) " ,-

" , 
<, 

0,. 
~ 

~ • j 

\,::::c NOI\T~ C' 

f +;;'"00' (". ax 1 5 

0 -, 
"1 100 200 'fcca . ' IC"/5EC) , 

1 6" /, 1 / 25 1 1 ,/ 1 1 1 ~OI21~ N 
~ , \.0 

t"'Ut 

.... 
/"" f 1 // ~·O.29~ 20,. / /' .;r /. f /' 

23.j/·1 / .".. '1\ + 1 ~ 1 1 / 1 ~6.27~ 
.-/ 

,~ 

/ ~O.230> .25,. / 0 / f 1 ..- / 
(, 

~~:,j:/ :Î / 1 
28 1 1 ~ "" -/ / ~3.235) . G 

0 t""tt ! ~e 1 \ 1 1 A 1 / ,/ 3.226) ,0 bll,"" o..,,'c 

133 90 41 27 75 77 75 33 o 37 7s..-. 102 
("''\(( C",SEC C"'5fC C",SH Ct.,~rc rM/'\fC c"''ire r,,,srr C"FlfC C/vsrc C"/src C"/O;fC 

224 0 220 0 218 o. 227 0 loa o 10 a 28 a 28 0 20 0 238" 226" 214 0 

" 
~r7 

l' 

c 

FIGURE 3.6 TIDAL CURRENT DISTRIBUTION 

"CWc* ........ s .. 'II!IIrI6iO.i. .. .... '.... .... A.,..,o.--<;-..:iM:W~1 "'_ ...... _ 



( 

( 1 

- 3b 

" , 

Included in Fi gure 3.5 are the current vectors obtai ned by 

" CHS (1939), at a depth of 6. m for thei r station 63. These data were 

taken in surveys during the mid-1930 ' s, Station 63 was the on1y<one 

close enough to the region of the present study to be of interest. 

From Figures 3.4, 3.5 and 3.6 it can be seen that the water 

turns~ slack water, 2 to 3 hours after the predicted time of low tide 

at Pointe-au-Père and 3 to 4 hours after the predicted high water, in 

agreement with CHS (1939) results. 

The CCIW'report includes data obtatned from'moored current 

meters at four different location.s in the summer of 1974. Their 

stations are those numbered with "74" prefi x in Fi gure 3. 1. Average 

directions at these stations are computed and shown in a histogram 

fortn on Figures 3.7, 3.8, 3.9 and 3.10. These diagrams will be used 

in conjunction with our own observations to map the general. 

c\irculation in this region. Note that the mooring at station 74-12c-07 

lasted for two months whereas the other stationc; \vere held for 

approximately one month. 
" 

One of the ways to i 11 ustrate the ci rculati on in thi s part of the 

middle estuary is to plot the direction of the ebb and flood at many . 
differing.]ocations. Mean ebb and flood directions at the COIW stations 

", 
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and'at those of the present study are listed in Table 3.1._ 

TABLE 3.1: AVERAGE EBB AND FLOOD DIRECTION 

These 'averages we~e obtai~ed, from direction histograms at one or more 

depths and over a one or two rnonth period for the CCIW data and 13 

hour intervals for the remaining data. The infonnation shown in 

Table 3. l has been sunmarized in Figure 3.2 as two, arrows representing 

mean ebb and flood directions at each station. The length of the 

arrows is not proprtional to the current magnitude. Plotting the 

\ 
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data in this manner is useful, in that it shows how the water flows on 

each side of the English Bank. 

3.3 VERTICAL SHEAR 

As explained in Chapter 2, any discus~ion-of internal wave 

genera ti on or thei:,' properti es requi res knowl edge of the l oca l 

velocity shear. In the present case, only the vertical shear of the 

horizontal velocity field can be calculated. These considerations 

are useful, since internal waves behave d;ffer~ntly in a IIstrong li or a 

"wea k" shear. To differentiate between these two cases an argument 

based on the gravitational stability (Richardson number) of the water 

column will be employed. 

Unfortunat~ly, velocity shea r over the complete water column was. 

not meas ured routinely during the cruises. In order to estimate 

shear values in the reg ion, current profiles from. th~ ~CIW report 
" 

were used. They obtained a large number of current profiles with an 

Endeco model 110 direct readout current meter at each\one-tenth . \ 
fraction of depth. Samples were tpken every forty-five minutes over a 

tt, 
period of thirteen hours. The stat;.ion locations do not exactly 

\ 

\ 
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coincide with those of the present study but are usua11y close enough 

to be representative of the area. 

l'/Z 
The shear~~ 1 :~ l'{{~;r + (tY f whore U· u (u. v) 

was computed at different depths from the individual ve10city 

profi les taken at the; r stations 10, 11, 31, 36., 37 and 43 

(Figure 3.1). These shears were scalar averaged over 13 hours at 

every depth and plotted in Figure 3.11, 3.12 and 3.13. Graphs of 

adjacent stations are grouped together on the same figure. The mean 

shear (the simp1e average of the individual va1ues plotted) and the 

total depth are given with the station number. From these graphs it 

can be seen that the mean shear never exceeds 0.1 sec- 1) (~ b~ing 
()'Z 

the more important tenn of ~ ). With t/lis value. an argument similar 

to that used by Phillips (1966) can be emp10yed to determine the 

importance of shear on the internal wave properties. 

It is generally accepted that a local Richardson number large~ 

than 0.25 is a sufficient criterion for the existence of stable 

,internal waves (see Howard (1961) and Miles (1963)). Considering that 

characteristic values of the Brunt-Vaisala frequency, N, in the region 

during June and JU1* 1975 varied from 10-2 sec- l ta 10- t sec-l,.the~. 

" local Richardson number, J, can be calculated: 

J ~ 
" 

\ 
\ 
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For the least stabl e case (N = 10-2 sec'" l ) Dc2 N or ~.( 0.02 sec- l 
:If' - max' t" 

p 

is an upper limit on shear for. the existence of small amplitude 
Q 

interna l waves . 

~ 'l ç • 
In the present case, it is difficult to say lf the shear was 

\' ' . 
"small" or "largell. Values of N which were used represent a large 

range and are not actuar valu~s measured simultaneously with the 

vertical shear (6) anc;i the wave properties. Also, shear values 

presented in Figures 3.11,'3.12 and 3.13 are subject to a large 

variance (50% to 70%) and are based on data collected afar before ~ 

the.....actual study. Thus, without an e.xact and'simult~nè us meas\ure of 

N and ~ , it is not possible to determine if J is smalle or la1rger 

than 0.25 for each case. 

/ 

! 

3.4 ,DENSITY 

Density information came from STD profiles taken hourly (more or 
, -

less) 'a~ three stations: 75-2, 75-4' and 75-6, in. the summer of 1975. 

I.n a s imilar manner to the °current records, the obse.rvations will be . 

r~la,ted to a,c?fTIl1on referen~i' na.mely the, tidal p~edict~on' at Pointe

au-~e. Assu~in~ thatoden~ity changes are linear in time b tween 

.. 
\ 

., \ 

, . 

1 

-i 

1 
1 
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hour1y profiles, an interpolated density profile can be calculated at 

any particular time in the tidal cycle. The values shown in Figures 
.' 

3.14,3.15 and 3.16 have been computed,in this manner. A11 densities 

are~ in 0t units. The assumption of linearity between profiles ooes ., 
~ 

not hold in all cases. 

Except at station 75-6, profiles are r~ular and with no evidence 

of rapid change in density. For,most cases, density varies linearly 
,. 

with depth below 20 m. By combining the information contained in these , 

three figures the two-dimensional patt-ern of the isopycnal lines between 
!I 

stations at each hour of the tidal cycle can be calculated (Figure 3.17). 

_ I~ ~s .no~t surprisin9\ to expect the .b~thymetry, of the region to have an 

influenCe on the shape of these lines. The bank seems to act as a 
" 

barrier (especially at high ~ide), preventing denser bottom water 

(otj23) from ~oing further up tl1i..riyer, so that density is always 

hi gher on the downstream si de of the si 11. 

Also of i~te?est is. the distinctive shape of the. isopycnals at 

ebb and flood: "almost straight (or even concave) at ebb, they become 

convex at flood s following tihe shape of thJ bank. This can be 

explained when we.consider that the denser water carried from the 

downstream side probably sinks under the fresher water on the up-
PI ~ • 

. \ 
stream side, after passing the obstacle at flood. At ebb. the oppo~ite 

1:- .. 
, 

pnenomefJon occurs,-with the fresher water sliding oyer.. the denser 
\ 
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water on the downstream side of the sill. 

-
The vertical spacing between density lines in Figure 3.17 

differs on each side of the bank: near station 75-6, probably due 

to the depression lying at the base of the sill in this area (see 

Figures 3.1 and 3.2), the iso;:Jycna1s are more wide\y separated 

(especia11y at slack water) than near station 75-2. Greater spacing 

between isopycnal lines implies a smaller density gradient or 1ess 

stability over the water column. 

These two properties of the isopycnals can be used to explain 

why the density profiles at station 75-6 are more irregular than at 

the other two sites. At flood (L + 5 ~ H + 2), when the heavy water 

sinks under the fresh after being pushed over the bank by the tide,. a 

stronger pycnocline (aregion of ~udden change in density) \can be 

expected somewhere in the water column. At this stage of ~he tide we 
, 

cé3:n see that the isopycnals are closertogether due to othis intrusion 

of sa1tier water, creating a more stable regime. When the tide goes 

out (H + 5 ~ L + 2) the water column becomes more homogeneo~s and 

less stable. 

In addition to the STO profiles, time series of density were 

obtained from the salinity and tempe rature values recorded at fixed 

depths by the Aanderaa current meters. The sampling interv.al and ~, 

." 
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response time of the instrument were 30 seconds and l second respec-

tively, allowing observation of any high-frequency phenomena of period 

l minute or greater, with a p'recision limit of ±O.~units. This error 

results fram bath digitization of the data and the sens or accuracy. 

These time series will be used extensively in Chapter 4. 

'"' A good example of density variation is given in Figure 3.18. 

This graph shows the density fluctuations at 30 m for mooring station 

75-11 fram 1215 EST July 22 ta 0220 EST on July 25. 

Part (a) is -the compl\ete three day record. For clarity, values 

of pens,ity have been smoothed by using the formula: 

i .... 5 
E ott( 

0- t. k.i-S = 1 

11 
\ 

The time interval betweeri each-point is 30 seconds. -Parts (b), (c), 

(d), (e) and (f) Rresent the same data as part (Go) but this~me un-
\ ' .. -.F 

~moothed ~nd eut into exactly five' semi-diurnal tidal cyc)es. The 

predicted times for high and low~ater at Pointe-au-Pêre are shown. 

Marks on the abscissa are tidal phases (in hours,) between these low 

and high, tides. 
) \ \ 
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Notice the striking repetition of the pattern every two cycles 

and the appearance of large amplitude. high-frequency fluctuations 3 ,. 
hours after low water in parts (b'), {'dl and (f). The alternating 

pattern (diurnal) in part (a) of Figure 3.18 resulted from an 

asymmetr~ of sequential tidal waves. The abrupt increase in density 
, 

observed ever1, two tidal cycles seems to be of frontal origin. although 

the generation of these fronts remains unexplained. The appearance of 

large fluctuations of the density field may be related to the presence 

of this frontal phenomenon (Halpern, 1971). 

Looking at Figure 3.18 reminds one to be careful in the inter-

pretation of data recorded over a single tide cycle or with a long 

sampling period in this region. Since density values ch.ange by one 

or two at units in five or ten minutes. data collected in hourly sampling 

programs in this area would be subject to considerable aliasing. 

Temporal variability is usually important in an estuary and great care 

should be taken to consider the high frequency changes of the water 

propert1\es. ... '. 

prio~ to a tonsider~tion of ;nte~nal wavés. the main interest of 

this study, the main fèatures of thê circulation will be summarized. 

\ During a twelve-hour interval, circulation in the small passage" 

between Pointe-au-Pic and t~e En~lish Bank is quite pred~ctable. Slack 

• J • . • 

o ~ 
\ 
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occurs 2 to 3 hours after low ti de and 3 to 4 hours after hi gh ti de 

at Pointe-au-Père. The maximum current recorded dur;ng the present 

survey.was 180 cm/sec at a depth of 14 m (station 75-4). The flood 

waS .usually longer than ebb and the mean vertical shear was typically 

less than O. 1 sec- l . 

The range of densities over the water column, as obtained from 

Figures 3.14, 3.15 and 3.16, was 1.013 gm/cm3 to 1:026 gm/cm3, over a 

semi-diurna1 tide cycle. Lonyer tidal period and seasonal density 

changes cannat be discussed using these records. 
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INTERNAl WAVE OBSERVATIONS 
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EXPERIMENTAL LAY-OUT < 

Data were collected in tht:rregion of pojrite-au-Pic during two 

cruises on the 100 foot o~e-anograPh{c(vessel r~/v MçTRIDIA. From 

~2-25 June and-from 22-25 July 1975, three fixed stations (75-2, 
, 

75-4 and 75-6) were held, each for a period of time varying between 

13 and 22 hours. In order to obtain space and time information on 

internal waves three Aanderaa curren't meters were used simultaneously: 

CM 1 am CM2 \'Jere fixed, one over the other, on line attached to the 

shi~ and CM 3 was on line 2 fixed under an ORE float a certain distance 

(44 m) behind ~~~ 'Figure 4.l}. STO profiles were rout'nely 
~ 

taken fram the shi p. ' 

From wavelength and' phase velocity measurements obtained under 

similar conditions at a neighbouring location, t wa ecided to att 
, "-.. 

the supporting ruoy 44 m behind the ship (approximate the 

expected wavelength). As a result of the depth-dependent shear . , ~ 

(especially near slack water) and becaU,se of the wind PUS,hi~g\the stern 

of the ship, the,relative distancè be~een the,two lines -was constantly 

varying s 'making precise ~etermination of phase speed and wavelengtn 

very diffïcult. 

\ 
\ . 
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Another prob1em occurred due to ~he 1ength of each 1ine. The 
ç 

original idea was ta keep CM 2 and ÇM 3 at thi same depth, and CM l 

sorne 15 m higher. Unfortunate1y, this plan wa's nat rea1ized and in 

most cases the lower current'mete:s were at slight1y different depths . .. 
. Duri ng the ~econd_ crui se a fourth Aanderaa currènt meter, (30 sec 

s~mpling) was moored at station 75-11 in 43 m of~ wa~r f9r v a\,period " 

of 3i days. 

• .0 

4.2 EXP\RIMENTAL RESULTS 
, 

From the two cruises, 17 current mater recordtngs of~v )engt~ 

and numerous STO profi1es'were taken and analysed . 
• 

S"alfnity and temperatureGwer~. used.,to ca1cu1ate the density of the 

water every 30 seconds and STO profiles were used to plot graphs of 
J .... , , 

density and of the BV freq~ency at various depths. Evidence of 
<2 

coherent, periodi C densj ty osatll ations can be obse,rved at l,east once 

., on each of ,t~e ) 7 serie~ obtai~~d. A l~st of these occurrehces and 

comp1ementary i~formation is compi1ed fOr every station in Tables 4.1, 
( 

4.2 and 4.3. Predicted tidal conditions at \~ointe-au-~re are given 

with the time interval over which the oséil1ations are ·observed. The 

meanin~ of th~ under1ining in the tables ~ill ~: explained later in 

, . thi S" secti on. 
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De,Eth 
, (m) 

li 

32 

32 

32 

32 

li 

32 
0-

21 

23 

26 
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station 75-2 

From To Direction 
(EST) (EST) 

'0' 
lfJiY "IYDe 2~ 13:44 June 23 250-

(H. W. ) 

12:44 June 23 
(L+S) 

14:00 
(H. W.) 

June 23 260° 

13:GO June 23 t4 : 53 June 23 2609 
(L+S) H+l) 

17:43 June 23 22:eS June 23 70° 
(H+4) (L+3) 

" 85° 19:44 June 23 21 :59. June 23 
(L. w.) (L+2 ) 

i1i4f June 23 &* .IUDSil 24 275 0 

L+2 c: 
22:48 June 23 1:1S June 24 260

0 

(L+Bj {L+5) 

6:02 Ju1y 24 7:52 Ju1y 24 rO
o 

(H+3 ) (H+5 ) 

t6: 10 IJuly 24 7:46 July 24 700 

(H+3) (H+5) 

22:51 July 24 0:46 July 25 90° 
(L+2f (L+4) 
, 

245° ~ J:uly: 25 &ffi- J:u1::t: 25 
L+ 

Table 4.1 
" " r' 

r .... -~~~~~~~- ... '" 

~ / 

l 

Curretlt 
(cm/sec) , l 

50 

\ 
2.Q 

90 

40 

1 

25 JI 
Ul 
1 

40 

2~-195 

50 

60 

20 

.§Q. 
4' 

r). 

; 
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Station 75-4 

CJ 

CM ~Pth From To Direct~on CUrrent 
I(m) (EST) (EST) Cern/sec) 

3 24 12:39 June 24 13:29 June 24 <240° 105 
(L+4) (L+5) 

3 24 20:04 June 24- 22:00 June 24 60° 105 8 
(H+S) (L+2) DI 

tt 
1 14 1,19 June 25 3:37 June 25 23Do 

120 1-' 
ID (L+5) (H+l ) 1 

'''' ,J:>. 
l 20 20:48 July 22 23:04 July 22 65° 90 cr . 

N (L+J) (L+4) 
'3 24 23:26 0u1y 22 2:36 July 23 230

0 
110 (L+4) (H+l) 

") , 
Table 4.2 

" 

;' 

.. 
-If 
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tt 

Station 75-6 .&~~ 

, 
- .Q!.. Depth From Ta Dlrection Current 

(ml (EST) (EST) .ccrn/sec) 

3i· 
0 

3 Il:00 June 22 16~OO June 22 240 110 
(L+4) (H+3) , 

2 33 11:00 June 22 16:00 June 22 240
0 

125 
, (L+:H (H+3) 
" 

~;00 
, 0 

2 33 June 23 4:00 June 23 250 180 
(L+5) (H+2 ) ,J~,.._ 

t-3 1 

~. 
3:00 June 23 6:00 June 23 1800~2300 lS0~0 QI 

0" (H+2) (H+4 ) 
1-'-

245 0 1 ID 2 25 11:43 Ju1y 23 . 16:23 July 23 120 V1 
~ (L+3,) (H+2) '-J .. . 

245.0 1 
w 3 2~ 13:23 Jul'y 23 16:33 July 23 Ibo 

~ (L+S) (H+2 ) ---.. 
40° 3 23 ,17: 28 Ju1y 23 "20:33 JuIl: 23 95 

(H+3) (L. W.) "- -0-- .. 
l 20 19:22 July 23 21:22 July 23 

-~ (H+S) (L+l) , 
Î • 2 25 1:03 Ju1y 24 4:20 July 24 ,..! 2400 140 "'-~ l 

(L+5) (H+2) ~ 

Table 4.3 .:, 

..--r 

... 
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o 

Figure 4.2 groups all this information on one graph. Each event 

;s represented at its recording depth by an arrow, the length of which 

shows the time interva1 of the oscillation. The direction of the 
" , 

arrow shows the current direction (flood or ebb) during this interva1 

(flat lines are used when the tid~ is turning). When severa1 arrows 

a,re,superi,mposed the h.atching insiderthé-~rows is meant to differentiate 
. ' " 

the/ r i ndi vi dua 1 1 ength . 

From all of the above, five series were chosen to be studied in 

more detail. In Figure 4.3, we see the variabi1ity of the density 

field ta ken at two different depths (15 m ,.,and 32 m) for station 75-2. 

In considering the time series shown in Figure 4.3, ,it is perhaps time 

iJl make a distincLon between what we ~ave caTled IIwaves" and 
. 

II Qscil lations". Interna1 waves (see IFigure 4.3 from 12h50 Dt~ l3h1Q1 

are more,organized than the oscillations preceding and 'f.ol1.owing them. 
,) / 

They have la larger amplitude and a well-defined periodici\ty (2-5 rmn). 

On the other hand, oscillations are characterized 'by an absence of 

structure and are of small amplitude. The less well-defined longer 
.. 

period oscil'tations (>6 min) will not bf discussed, as th.is work is -

mainly concerned with higher frequency phenomena. 
o 

J 

In most cases, osciUations of the density fi~ld start 2 to 3 

hours before the cùrrent reaches i ts maximum speed and stop 2 ta :3 

o 

\ Il • \ yi 
" \ 
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hours after this"maximum. Waves, in contrast tO,oscillations; ane 

II s hort-live-4 l1
, lasting from 10 to 20 minutes, and occur when the 

current has its largest va1ue in the tidal cycle, corresponding to low 

values of J. the overall Richardson number (see Chapter 2 for a 

definition). It is also evident from Figure 4'.2 that waves are 

cr~ilted mo~e often at flood than during ebb. This may be ,explained by 
\ . 

tlie'fact that the current is gener~lly stronger during flood at our 

observation depths (see Figures 3.4,3.5,3.6). This corresponds to 

smaller values of J and more suitable conditions for the generalion of 
\ 

waves. It was shown in Chlapter '3, section 4, that the water '011 the 

upstream side of the bank was less stratified than on its downstream 

side, whïch )l1ay explain why internal waves are more frequent when the 
\ 

t ide i s f1 oodi ng than w~en it ; s ebbi ng . 

. 
Returning our ,attention to Figure 4.3, we see that the same wave 

1S recorded by three instruments at different locations: the top 

curve was taken at 15' m. by CM l, the centre curve at 32 m by CM 2, and 

,the bottpm _one by CM 3 also 'a.t 32 m, but a cert;ain distance behind the 

ship. Although the three curves ~re similar.' the close resemblance 

between the centre and bottornccurves is of special ~nterest. A careful 
"-

compari son of' the t~o seri es between 12h50 and 13h10 shows an a ve.rage 

lag of about 40 seconds. On 'considering the magnitude of the time rag, 

the imprecision in estimating the hori.zontal separation of the two .. 

\ 
\ 

\ 

\ 

\ . 
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instruments (see sect.4.1) and the 30 second sampling time of the 

current meters, it proved impossible to de~ennine the wavelength. 

Furthermore, with all these limitations ,one can only give the order 

of magnitude estimate of the phase speed of these waves as ~ lm/s. 

Il. Il Il ( ) Figure 4.4...shows the density and the Brunt-Valsala frequency N 

profiles, as obtaiPled from our STO record at 12h48,. just before the 

arrival of the wave packet shown in Figure 4.3. There is only one 

maximum in the BV curve, at around 12 m. Table 4.4 lists the main 

features of the wave series. as measured by the top curren t meter 

(15 m depth) and the ca 1 cul ated range of J = N202, 'whi ch depends on , lT 

Frequency = 

Period_ = 

N (15 m) = 
02h48) 

'TI (15 m) = 

Station 75-2 
~ 

15 m 

\ 

June 23, 12h51 ta 13h07 

4.76 X 10- 3 
~ 

sec- l 

3.5 min 

5 45 X 10-2 
" 

sec-l' . 

36 cm/sec g (15 m) = 2570 

12.87 < J < 27~25 

\ 

,- \ 
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the value taken for the total depth of the channel (85 m < 0 < 180 m) . • 
The value of J was calcu1ated using the value of N at 15 m and the 

vector average speed (U. Q) measured by the current meter during the 

interval the wave existed. 
., 

Although the frequency of the wave increases continuously. an 

estimate of its magnitude can be obtained by measuring the number of 

peaks observed over a short interva1 of time. This frequency and its 

re1ated period are shawn in Table 4.4. Note finally that Q, the 

average direction of the current, is in the "wrong" direction for these 

waves to be considered as a lee phenomenon at this station. 

" 

The series in Figure 4.5 were recorded at the same station and at 

the same depth (32 m) but 6 hours later. at the ebb. At this phase of 

the tidê we find much larger variability in the density field than 

during flood. Attention will be focussed on:the large amplitude waves 

occurring after 2018 EST. 'Here again, the lag in time between the two 

instrum~nts ls too small to permit any significant calculation of the 

wave length. The top curve is from CM 2 on line 1 attached to the ship ., 

and the bottom one 15 from CM,3 under the float. The only available , 
density profile at thi,s time was ta ken after t'he disappearance of the 

waves at 22h17 and is shawn in Figure 4.6. It should be mentioned 

that no -instantan~ou~ picture of the oS,cillations was ~~ai1able on the 
• 

ship from-the current meter5, as they Were of the sel~-recording type 
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75-2 

32 m 

June 23, 20h18 t~ 2bh38 

Frectueflcy = 6.73 X 10-3 sec-1 

Period = 2.48 mi n 

, 
" 

N (32 m) = 2.97 X 10-2 sec-1 ' 
a (22hl7) 

U (32 m) = 33 cm/sec Q (32 m) = 880 .. "" 
.~ .. 

7 .65 < J <- 16.20 

. 
\ 
Table 4.5 

- 1 , 

type ~nd analysis of the magnetic tapes was done at a later date. In 
..".. ~ "'4 ./ 

this instance, there is just one maxjmum of the BV frequency,., ê:=t 23 m. 

H~w~ver. the dIrectIon r the":,,rrent(llrl w~s ~pp",pr~at.e for ~h. 
- - generation of 1ee-waves. Wave frequency-ahd,other characteristfcs are 

\ 

'" .. , , . 
given in Table 4.5. 

In Eig~re -~:7, we s>ee llnotter,examPle,' th1s Ume ~aken at's.tat1on 

75-6. The top curve '~as from C~ 3 at 23 m and the bottom one from CM f 
. at 25 m. Thu.s, the current meters were at sl i7ht~ different ,de~ths 

\ . 

1 
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and horizontally séparate4~ The profiles in Figure 4.8 were taken 
,,} 

when the waves were well established (l4h08). Note the maximum of 

,the BV frequency at 25'm and the minimum at 23 m and also how the 

.amplitude of the wave at thi~ depth (23 m) is smaller than the ampli

tude of the same wa've two ~ters bèlow. Judging from the variability 

- we might expect to s.ee similar c~anges in the shape of the curves 
'" , 

plotted in Figure 4.8. As previously remarked in Chapter 3 (sect. 4), 
/ ',' , 

profile~ are more complicated.at this ~tation than at 75-2. The wave 
~ . Ii 

properties at 25 mare given i,n Table 4.6. The high velocfty and the 

low value of J should be noted. \ Altho-ugh .we have chosen to"'examine 

! 
,the waves occurdng between 01354 an~ 1406 ES~, one can see a sizeable 

amount of high frequency variability in the 45 minutes preceding the 

) '() 

, 1 

Station 75-6 

25 ni . 

July 23, 13h54 to 14h06 

Frequency = 8.70 X 10-,3 sec- l 

Period = 1.92 min 

N (25 m) = 4.80 X 10-2 se~l 
( 14h08) 

TI ~5 m) = 144 cm/s~c' 

~ 2 . 83 < JP < 6. 00 
'" , . 

Table 4.6 

\ 
.i 

l(. 

Q (25 m) = 

1 

2470 
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passage of'a front-like Figure 4.7 . 

Figure 4.9 shows us one of the most striking sets of observations 

obtained from our measurements. The presence of ~ch wpves at 

station 75-4 would indicate that -the, top of the obstacle is PQdJsibly 

the best place to observe large-amplitude waves; In Figure 4.10, 

the characteristics of the water column immediately after the waves 
-

disappeared are shown. Wave properties are given in Table 4.7. 

As before, a large current and a low v~e of J was found. Because of 

the shal10w depth at station 75-4, one\might expect to observe the . - , 

highest current ve10cities (compare Figures 3.4, 3.5, 3.6). 

\ 

. ' 

\" 

Station 75-4 

24. m 

, \ Ju1y~3, lh04.7 to lh23.7 

Frequency = 7.89 {107 3 
, ~ 

'Peri od = 2. 11 mi n 

N (24 m) = 3.46 X 10-2 
(lh37) 

.{.-
'-'r 1. l')~~ 

. 1" 
sec- ~\\ ~:-. 

'---

sec-le \ 

~ ~, ~;: - . 
• U (24 m) =f 117 cm/s1!c .- -:-, -".~ Q (24 m) = 2400 

2 • 51 < J < 5.32 

\ 
j 
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" 
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In our last example, Figure 4.11 shows another case of interna1 

waves measured at two different depths and separated horizonta11y 

from one another. The top curve was recorded' by CM 2 under 'the shi p 

and the bottom curve by CM 3 a certain distance away. Figure 4:12 

and Table 4.8 give the re1ated profiles and p~opertiès. 

\ 

\ 

Station' 75-2 

23 m 

July 24, .6h53 to 7h08 

Frequency = 6.45 X 10-3 sec- 1 

Period 1,2.58 min 

N (23 m) = 3.25. X 10-2 s~c-l 
(6h56) 

TI (23 m) = 75 cm/sec 

3.68 < J < 7.80 \ 

Table 4.8 

i 

\ 

Q (23 m) == 640 

, ' 

Note the absence of waves (from 6h53 to 7-h08) \at the'lower dept.h, 

- '3ust three meters\ bel'ow. From this record, a'ne has either a~ -;ndi~atio"n 
\ 
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of the wave amplitude or the possibility of a dampening mechanism 

which prevents the wave energy from propagating to lower levels. 

4.3 DISCUSSION' 

Although one of the original aims ,of this. research program was 

to describe the characteristics of internal waves in the lee of an Q 

obstacle, we were unable to successfully complete this aspect of the 
-

study. The individual wave series have been well described as a 

func~ion of time, 'but poorly in space., Aanderaa current meters, with 
~ 

a 30 second sampling time, were de~loyed in a triangular array 

(x - i!! plane)to detennine both spatial an'd temporal'charâcteristics. 
, 

As a result of geometric changes in the array and the relatively slow 
\ 
\ 

sampling rate, the phase velocity or wavelength could not be estimated 

\ with any confidence. T~e observations do imply that "classical" lee 

waves were not present. However, the results suggest that the internal 
Q ~ ... 

waves recorded in this area Df the St. -Lawrence estuary may result from 
/ ' 

the presence of the si11, e~ther, through chan~es of local velocity 

shear, blocking, non-linear effects, or stratification changes, etc. 

For exa~ple, waves were observed in frOnt of .thè o~stacle during flood, '\ 
~ 

\ 

\ 
\ 
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at station 75-2 and during ebb at 75-6 (see underlined values in 

. Tables 4.,1 to 4.3 for a11 ,such cases), suggesting sorne other mechanism 

than lee-waves '(simila'r to LongIs work) for the;r generation. It is . . , . 

known, experimenta lly and theoretica 11y, tt.1at the i nfl uènce of a 

barrier on the f10w will alloW,waves to propagi)te on both the \lee side 

and upstream ("trIocbng"). Trustrum (1964) described the "b10cking" 

in this way: "the upstream solutions are, periodic in z and independen~
<;>f x, and therefore describe one-.dimensional flows extending to 

x: = + 00 (the col umna r modes)". 
~ 

Turnér (1973), presenting the same' . 
phenomenon, explains in Ms book that " ... what is observed. experimentally 

just after such a body (the barrier in the lab model) is set into slow 

motion is not so simple, however. In addition to a p1ug of finite 

l~ngth directly ahead of the body, an array of alternating jets develops 

a t other hori zonta 1 l eve l s'. These jets become more numerous as F = l/J 

is reduced, and they all propagate upstream in time, altering the , 

approaching flow." 

These two qeScriPtions\of the "blocking" ahead of the obstacle 
\ /-

were made for a steady state. If the flow (F) is allowed to vary in ... 
• 

time (as it does in \pur'case) tne number and the height of these jets 

will vary in time, providing to an observer a~ a fixed depth the kind 

of oscillations obtained in our se~ies (vertical motion of th~ water 
~ 

'---.. ... / 
partiel es) ahead of the obstacle. Another possibility \0 explain these 

. \ 
\\ t, 

; 

i 

l 
1 
~ 
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"upstream waves" cornes from Longis laboratory experiments. In several 

of his pictures and graphs of the 'flow it can be seen that at the top 

of (as at 75-4) or close to the edge of the obstacle (as at 75-2 and 
-

~ 75-6) one will be ahead of the 'plug' descriped by Turner and in the 

f wave itse1f. The wave is created by the ent~re obstacle. not just by 

'\ 

one of its sides. Unfortunatel~, stations 75-2 and 75-6 were too close 

to the barrier-to properly discriminate between ]~e-waves and upstream 

blocking. If this is true, it is fl~t surprising to observe oscillations; 

when the conditions (cur\ent direction and J) are inappropriate: they 

are just the deformed prolongation of a wave created on the opposite 

si de of the si 11. Our vesse 1 coul d not be anchored i n ',t~~ deeper 

region of the basin downstream of Poi,nte-au-Pic, wneTe the most 

suitab1e observations may have been made. 

o 

o 
~""---__ -.Jf, 

'A1though it was not possible to determine the direction of wave 

propagation in most 'cas'es, the re~rds are suggestive of propagating 
, , ~ 

interna1 waves, probab1y large amplitude, similar to those described by 

\ 

, Halpern' (1971) and Gargett (1976). Bath of these authors found a 

series of int~rna1 waves associated with the arriva1 of a warm front 

in th~ upper layers. The waves wer~ characterized by long fl~t c~~sts 

and sharp narrow troughs. Both Gargett a'rd Lee and, Beardsley's (1974) 

analysis of Halpern's data suggest that the generated waves are of the 

sO\itary type. They ~ere generated at -the frontal b~ndary by non-

\ 

\ 
"" 
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, 

linear steepening of the interface and subsequent effects of dispersion 
<> 

and non-l i nea rit y . 

For the examples shown herein, there is only one instance of an 
, 

internal wave train accompanying a deepening of the isopycnals.- Every 

other case shows an appea1rance of waves at the time of a rise in the 

mean density. This relationship ts most clearly seen in Figure 3.18, 

where large amplitude oscillations ~f the density field are observed 

at the time of sharp increases in t~e me~n d,ensity. 'At thïs site, the 

occurrence of waves was dependent on the time rate of density change.~ 

Wave generat;on was found only during front-l~ke increases of density. 
- , 

No oscillations' are seen when the density values increase gradually. 

Because of the a1ternating patrern found in the temporal variation of 

density, w~ves were generated during the flood ?t-s~tion 75-11 w~th~a ~ 

diurnal \ periodi~i1:y. At the other stations, appearance of waves 
. 

was not 50 easily rela~edfto changes in the mean conditions. The 
~ 

possjbility of rapid density changes at al1 ~ites during b9th ebb and 
• flood, can be seen by examining ,the isopycnal distribution in Figure 3.17. 

; 

lr:' figures 4.3, 4.5, 4.7 and 4.9 a high d~gree of variability ~s \ 

found irTmedia~ely berore increases of density were recorded. For mo.st 

of the cases ment1oned, the density shift is abr~pt, resembling a front. 

lhus, i t can be seen that fn the present work condi tions di ffer from " , , 

. those reported by"Halpern and Gargett. Instead of'a surface front , _. 

, \ 

\ o \ 

\ 
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preceding 1ess dense water,th~re exists a sub-surface front of denser 

waÎter in the lower haÙ::,of the column. T-heoretically, the analysis 

by Lee anq Beardsley (1974) must be al tered to include the case for a 

deep front' of higher density. Under appropriate conditions, a train' 

\Of solitary waves, exhibiting sharp crests and flat troughs, may'be 
• .l 

geherated in th i s depth i nterva 1. Waves with these cha racteri s ti cs 

can be seen in Figures 4.5 and 4.7. A1so seen i~ these and t~~ other' 
• 

figures are both symmetric waves and waves with fla~ crests and sharp 

troughs. Dependihg on t~e non-linear and dispersive, effects, 'soli-;

tary or non'-sol itary internal waves may be generated. 'At mi d-depth 
o , , 

\ locations, syl1111etric waves are quite lik~ly. The presence<>of solitary 

waves do~s offer a!:l explanation for the decreasing time between crests, \ 

as crest speed.is a function of wave height ançt the·individual peaks 
~ 

arrive I1on--periodica11y (see Lee and Beardsley, 1974). Sinc~ the 

amp 1 itude of the fronts and the waves i s not known, as wel\t as the 
\ ' Î 

wavelength, it is, not possible to directly compareJthe theoretical 

predictions and the field observations. 

1:hus, i t was di ffi cul t to separate waves generated by "UpS tream 

infl uence". ste~pe~ing of an internal Jensity front or "lee wave" 

processes. In many of the observations, the generation of internal • i"'"--'" 

waves, efther solitary or non-solitary, at an internal density front", 

seemed ta proY1 de /, ~ 1 aus 1 b te exp 1 ana t ; on. \ At other t 1 mes. the dens l' 
characteristics wer~ suggestive of different/me~hanis~, possi~ly~'\, / 

, /" '-

those menti oned !above. 
1 

\ , . 
<0 
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'In summa.ry, ~umerous points can be made cdncerning the waves 

found in the region of our studY': 

. \ 

\ 

J 

(i) The interna1 waves (n9t the oscillations seen befor~"'" 

and after) exist for a short time, typical1y 15 minutes; 

(ii) They are of a short period (o~ high frequency), ~arying 
\ 

between 2 and'4 minùtes; 
-', 

'" ~ ... .,...y.--

(ii;) "Longer pe,riotiilternal oscillations of tidal (semi-

diurnal and diurnal) origin are also prèsent in the 

density field, but have not bêen :treated in the pre~ 
'. 

~ , . 
J ~ 

(iv), Contrary to the prediqtion of lee-wave\\theory , (in Chapter .2),~ 

the frequency of the observed wavès-was found ta increase 

continuo~sly. The' calculated f~quency was always ~mal;er . 

than the local N (Brunt-VSisSla); " 

" (v) The yertical distribution'of thé wa"ves presented gives us 

~ a' fu~lther i nsi ght i nto, theb prop~rti es. -As sugges ted by 
'f • 

many theories, these~waves seem ta be generated where the 
• 

BV frequency is a max.imum. In fact, pbservations ~f the 

de~sity above the BV frequency max4mu~ le~el show the~# 

appearancé ~f den~er water pushed by the wave into the 

higher level (à. g. Figure 4.5). Observations below the 

maximum SV Jevel -~haw an incursion of lesj~ dense water at 
\f 

this leve'l (e.g. Fi~4.9). ,~Firiàlly~ ~t the generation 

level a symmetrical pattern-(upward and downward) is 
~- , 

obser.ved (e:g. F!gure 4.11)r 
1 

\ 

, 
" 

, 
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.~. 

(vi) As predi ct~d by Long, val ues of~ J (the overa 11 °Ri chardson 
" 

number)'are usually low, mainly because waves always occur 

when the currents are strong; 
~ 

(Vii) ,There is strong evidence of upstream propagation of the 

waves at ~east 10 km from their suspected source (the 

obstacle in the channel); 

(viii) The wa~es characterlstics o~ten resemble those found by 

others in sha llow areas, and have the form of a seri~s of 

," 

"solitary-like" waves, whose propagation spe~d is dependent 

on wave amplitude. On these occasions, the waves preceded 

the arrival of a 'front-like change of density. At the 
C, , 

depth of the present observations, dens i ty i:ncreases over , . 
the front were more comman. . ' " 

, r 
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In this c~apter, the general characteristics Of! th~ region will 

be summarjzed and the mai,n properties of the internal waves found there' . 
, 

will be presented. A few sug'gestions for further investigatio.n fol1ow 
p • 

this discussion. 

The ~egion i~ characterized by strong tida1 currents during flood, 

with a maximum sub-surface ve1ocit~_of,180 cm/sec over the sille The 
" main bathymetric fea~re-is the English Bank, an extension of which 

"" obstructs the channel running along thr north shore of th~ river, nea~ 
1 ~ 

Pointe-au-Pic. The Bank divides the' circulation ~nto two mai~ flows, 

one passing to the south and the other,to the north. The flood ends 

1 to 4 hours after high tide at POi~te-au-P~re, while the low wat~r 
slack occurs 2 ta 3 hoursOafter low tide. The vertiça1 shear of the 

horizontal velocity rarely exceeœd O. l sec-l, as measured in the 
c • 

summer of 1974 by'the CCIW (the average never exceeds-O.Ol sec-1). 

/. 1 

Vertical stratification of the water column is rela,tively weak in 
- -~ -

this part of the estuary.· Density values' near Pointe-au-Pic change \ 

almost linearly wi~h depthobelow 20 m, except during flood in the area 

upstream of English Bank. Values are characteristic of those found in 

an est~ary, wit~ dt varying between 13 and 25. 

.. 

,f 

------------------------------------........ ~ 

0' 
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For a lmost every semi -di ~rna l ·ti de, when the current i s near i ts 

maximum velocity, l~terrral waves are formed in the narrow passage 

betw~en t~e. English Bank and ·the,main1and. These wavés exist for la 

to 20 ~nutes and have a period of 2 ta 4 minutes. At the,mooring 

site, waves, were generated with diurnal perio~icity, this resulting 

from· the di ffer,i ng dens i ty cha racteri s ti cs between s ucces S l ve semi-
o \ .. 

di urna 1 ti des. .7 

'" In,flight of the different theories presented, most_of the qensity 

fluc~uations shown in Chapter 4 seem to be related to the 'influence of 
tl 0 

the local bottom topography (English Bank). Furthermore, as these 

waves closely resembl~ those described by Halpern (1971), the most 

àcceptab1e explanation for their generation is the instability of the 
, 

flowas it passes over En'gljsh Bank from-either direction. In a11 of~ 

the present EKamples, waves were accompanied by an abrupt change in 

density. ' [ée and Beardsley (1974) suggest that density fronts like , 
, these become non- Nnear and form waves due to the interp1ay of dis-. "-' . >, 

persion and non-linearity. Unlike their work, waves we~eil\observed 

dûrtng an intrusion of bath more dense .. and less dense water masses. 
~ . 

'Oè~eFlding 'on the ~ocal depth and "stratification, internal waves of the . . 1 

solitary orlriô~-solitary type coula be for~ . 
'" 

, l' 

-As Long (1955) had predicted, intern?l waves were observed in the 
. 1 

lee of the barrier on1y when the overall Richardson number, J, was 

1 
; 

, , 

o 1 .. 
, . 

" , 

,', 
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sma 11 fr than' 1T (see Fi'gures 4. 7, '4.9, 4. 11 ). As our measurements 

wére limited in number~and because of the height of the obstacl~ . . . 
relative to downstream depth. to the flow, Bellis (1975) p.:edictions 

-", 

cannot be tested using the present observations. 

As discussed in Chapter 2, the waves created in suCh a dispersive 
l ' • '\\ 

7~ium as the 'estuary and by such a" large ~bstade "œ\ome rapidly non-

linear. The asymmetric shape of 'the waves given as examples in Chapter 

4 are effectively non-linerr: density values at 'a given depth always 

start from some basic level and rapidly reach a higher or lower level 

(example: Figure 4.9). The relative sign of this peak (positive or 
,.;f 

'negative) dépends on the distribution of the BV frequency N and other 

<, fac~ors. If Nmàx is above the observation level, incursion of less 

dense water is recorded by the instrument and negative peaks result; if 

.. 

\ , 
the N~ax level' is deeper than the instrument, denser water goes u~ to 

1 the,current meter and positive peaks are rec~rded. Thus it -is inferred 

that internal waves are produced at a level ~f maximum N. 

h Sorne of the internal waves observed were probably of the soJitary 

type, as described by Halpern (1971), Lee and Beardsley {l974} and 

Gargett (1976). If this classific~tion is jus,~ified, the speed of 

each cres,t (an' independerit wave) is ,proporti!'na'l to its à,mplitude. 

As the waves following the leading wave are of smaller amplitude~ 
\ . . 

they travel at sma11er speeds .. Unfortunately, no reliable measure of 
1 

'wave amplitude was o~btain,ed, but the speed vaiiat-ion (and thus , 

Il 

" 
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separati;(}n) between each wave 'canr be used to explain the frequency 

increase found'in'the present work. A~cordin9 to prediction, this 

distance (as measureq at one location) diminishes betweeA the'suc-
" " ceeding waves of lower ~mplitude. Without a reliable estimate of 

:-< 

wavelength, Doppler ~hifting of the observed freRuency by the mean 
T -

, flow could n~t be qetermined. 

AlthO~gh the dir,ction ofwave propagation is unknown, it is 

ev; dent th,at i nJernal waves created over the Engl i sh Bank propagate 

in b~th diredt;ons, upstrea~ and downstream, for at lea~t 5-10 km 
.' away from the top of the obstacle. As an example~ the oscillations 

, . 
shown in Figure 4.3 did not occur in the lee of the obstacle (relativ~ , ' 

f'r: 

to the current direction at this time) but ahead of it. In gener~ ~ 
, 1 

it was difficult ~o separate waves generated'at a steepening infernal 
. . ~ 

front from, upstream influenc~s or advee~ed lee waves beeause of ro1aek, 

'of supportfng data. The results do indicate that interf.1al frod~ are' . 
. 

\ the mas t li ke 1 y source. ~; n; te conclus; ons can be drawn from t~.Er~, 

observations abou~, the presence of a licol umnar mode". , 

,/,./ , 

In regard to the above conclusiohS, it shoui~ bè remembered,that 
. " 

velocity shears were no~~measured unifor~.ly over the water column ,and, 

that S.T.O. profiles were not taken simultaneouslY with the arrival of 
ô t ~ " 

\ " 

tne internal waves. Therefore, ~he sta~ility and water stratificat~n 
" 

(and thus the SV 'frequency dist,ri~u'tibn) ~re not always known at the' 

time that waves were recorded~ Simultaneity of all observations would 

, . 
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have a.lloWed for a more rigoreus analysis and perhaps more inter~sting 

conclusions., . 

A few suggestions for the\preparation of a more complete experi

mental progra~ ta study the formation and behaviour of these waves 

now be g;'ven. Simultaneous, observations on both sides 'of the 
1 • 

• 1 • 

cle ,~he English Bank) should be.undertaken, but s~ffic~entl~ far 

aw y so ~s to di"5'Criminate é1early between statjonary lee waves, 

propagating inter'nal (sma ll-amp1i:tude) wave groups, and sol i tary wa-ve . 
trains, from their upstream disturbances. Densityand current profiles 

should be taken regu1ar1y at a 30_minute interval or less. Wavelength, 

cres~ speed and ampJitude of the irternal waves should be measured. As 

the speed of wave propagatio~ is faster than we fJ'I.;'ticiP.ted •. 

either the sampling rate'should be increased ov the separation distance 
'y 

of the sens~rs lengthened. Th~ ~~~~he ~~nsor array mus~ remain 

constant. This could be done-t>,ç- mooring closely spaced current meter ' 
// 

strings. Ô~ta obt~~,;;1n'''''thi s manner would be used to sU,Ppl ement 

the :shipboard observations. ""Real :time" observation of ~the waves would 

, . 

,) 

al10w for increased sampl ing durin~ intervals of parti cular ,i nterest. .,,-

r 
! '\ , 

< 

fI 
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:(; APPENDIX 

'Station 
( 0 

7'5-2 .10, '1 
-

-,\ 75-4 0 

fi 

> 
--'j~ 

~" --
-------

III 

./ 

Il 

o 

75-6 

75-11' 

74~12c-ol' • 

74-12c-,04 

74-12c-07 

. 
74-12c-11 

1'0 '\ 

11 

31 

36 
/, 

37 

43 

'STA 63 
'" • r 

. 1 
J ,(, 

,J.-
.. 

·0" 
< ~ 

• 
• 
• 
tU 
ÎI 
~ , 

1:::. 

A 

1::::.. 
.... 
D. 

D. 

D. 

0 

' .. 
\. 

1: 'List of stations 

-
III Lati tude (~) Longi t'ude - {w) 

.47°39.1 ' 

4'7°37.5' .. 
4,7°35.0 

, 
. 

47 0 3S.7 " 

.47°30'15" . -
47°27

1
54 " 

47D.sS'06" 

47°45' '36 " 

47°40 '54'\ 

47°40'30 " 

47°38'30" 

47°3'6' 42" , 

47°35 • 54'1 

41°38~48" 
, 

4:7°37 '04" 
1 
1 '. . 

ID 2 montps mooring 
;_ 1: month-mooring 

1 

1 \ l 
70°03.4 ' 

70°0'6.7 
, . 

,< 
, 

70°0.9'.3 
, 

. 
<l 

70°04.4 ' 

70°12'01" 

° " 70 07,'10' 

69°57 'OS ,1 

69°51 
, 

" 30 

70°01'12" 

..-70°00'14" 

79°04 '~4" 

700 S8'18" 

70°06'42" 
< , 

76°0'7 '00 '1 

.70J:j07 i 44" 

, \ 

: 0 3 days mooring , 
{I
/O ' (0 CRS tida1 survey s~ation 19~~-37) 

; 0 13 t'o 22 'hours fixed statio,n' 
~ 13 hours'profiling station 

1 

o 

" 

• ! 

~ \ . \ 

, , 

" , 
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\ , APPENDIX 2: Tidal Predict~on at Pointe:"aû-père 
,1 , 

June 22 
.. 

June 23 

Jun~ 24 

June 25 

~ 
(EST) 

0:45 
9:20 

13:25 
19:00 

1:30 
8:05 

14\: 10 
19:45 

2:10 
13:45 

11:50 
20 :'35 

4:50 
9:3,0 ' 

1 

(48°31 'N - 68°28 'W) 

, . 
J 

~ --
'Height 

(M) 

4.1 
,4 

Ju1y 
,0.7-" 

' ---......... 3.4 '--,_ , 
1.0 " 'j" 

~ Ju1y 

\ 

-'\ 
22 

23 4.3 
0.6 
3. 5 ~ 
0.9 

'. /-----
4.4 
0.5 
3.5 
0.9, 

4.4 
o. 6~' 

\\ 

Ju1y 24 

Ju1y 25 

• 

"" 
~ 

(E\T) 

1: 20 
7:55 

13 :45 
19 :35 

2 :00 
8 :35 

_14?25, 
20 :20 / 

2 :40 
9~15 

15:05 
20J50 

J' 

3 :OS 
9:30 

Height 
(M) ~ 

, 

4.1 
0.7 
3.4 
1.0 

4.2 
0.7 ~ 

3.5 
' 0.9 

4'.2 
0.6 
3.5 
0.9 

4.2, 
0.7 r 


