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"non-Tinear and-exhibited characteristihs similar to those‘qf solitary

|
o

Topographically in cedﬁhigh-frequen&y (0.2-0.5 cycles/min) o

o \
interna] waves inla styatified medium are studied both from the

theoretical point of view aRd from observations taken during the

summer of 1975 in the midd]g.estuahy of the St. Lawrenceé River, near ’
Pointe-au-Pic. Characteristics of the density and tidal current ‘
field in'ihis par@ of the es&dary during the sdmmer_(dune-du1y) are ’
presented. Different mo;;&iafljdear and non—]ineahi are used té

egplain the gené%ation, properties and decay ofaéhe obsgyved high-

frequeney internal -waves. ‘The importance of ve%tiCEl shear of the

horizontal velocity is J{SO discussed. A description of the internal

3
-

waves is given, accmeanied by the current and densigy values\

| L 4 "
prevailing at the time of the.observations. The waves are observed

over ghért intervals of time, usually 10 to 20 minutes, when the

’

Richardson number, takes its lowest values. The waves rapidly became .

i

waves.  "Blocking" effects upstream of the obstacle are also evident.
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Le bhénoméne des ondes internes de haute fééquence (0.2-0.5 cpm)
créées derriére un obstacle dans un fluide stratifié est €tudié autant *

du point de @ue théorique qu'a partir d'observations prises dfraﬁ%"
1'6té de 197% dans 1'estuaire\moyé du St-Laurent prés de Pointe au- "

|
Pic. Des vaEeurs de courant et de dens1té caractéristiques de cette ; .

rég1on durant 1 été (Juin- Ju111et) sont présentées ‘Une va1¢ur

moyenne du gtad1ent vertical de 1 v1tesse est également Evalué. \ ) -
. N f 3

Différents mﬁdé]es (Tinéaires et pon-linéaires) sont utilisés pour .

exp11quer 1a générat1on, les pro r1étés et la dégradat1on des ondes
77y
internes de haute fréquence obse vées prés "de Pointe-au- P1c Enf1n

l
une descrwptlon de ces ondes internes Cst accompagnée des gpnnées de
. : A Je

courant et de densité qui prévalaient lau moment des observations.
4 \ I} .

* M - ) “)
Leur durée est d'environ 10 a 20 minutes alors que Tle nombre de

Richardson est a son plus faible. Ces ondes internes deviennent

rapidement non-lindaires et peuvent &tre classées dans la catégorie

des ondes so11ta1res ’ Des effets de "b1ocaggﬂ aln avant de 1' obstac]e "

sont éga]ement év1dents.
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1.1 INTRODUCTION

This thesis will be devoted to the study of a natural phpnomenog
~called internal waves. Even thohgh their existence is well known,

J]. ) 3’”"’1'.r|'\‘§%er‘n211 waves are not very well undetstood;'because of the difficulty
in describing’@heir characteristics. The best known external mani-
festatjons of internal waves in fluids are the cloud patterns often

- found behind mountgin ranges, the "deq@-water" phenomenon in certain

highly stratified waters,- surface slicks occurring on the sea surface,

and observations in cqrtaih laboratory experiments (e.g., Long,‘1955).

. The impor;ance of inferna] waves and their role in natuge is not

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

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

increase mixing of difféerent w§ter ,masses and that they may cause 1
significant changes in the local distribution of nutrients and other

© water properties in shallow areas. Therefore, it‘is certain ‘that

internal waves, similar to those reported inkggis.work, do significantly

perturb in one way or another the marine environment and the 1ife
A\
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within it. \\
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Numerous studies have already been devoted to describing

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

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

It is :a.difﬁ'cult problem to distinguish high-frequency internal
waves from the natural turbulence present in the sea withinvthe same
range of frequenéy. Furthermore, to understand the behgyiqur of
these waves, wavelength, frequency, shape, amplitude, aqnd many other
properties of the ambiept fluid have to be measured simultaneously at
more than one location. For examg]eg the vector velocity of the
current, the vertical shear of the horizontal velocity field and the
density stratification must be obtained in order to compare

~
observations and existing theory on internal waves.

In the ocean many factors can cause the generation of internal
waves (see Thorpe, 1975). They can be created by the tide, atmospheric
pressure disturbances and current shear in the presence of a stratified
water c;olumn. In the present work, we were specifically interested
in those that occur\* behind an obstacle in the f]ow,fcligssicaﬂy called
"lee-waves". These waves were first Studied by meteorologists behind

mountain ranges, and later were noticed in the ocean and in many

=

§

" estuaries and bays of the world.

p This thesis is based on observations=taken in the St.Lawrence

]

estuary and will treat the generation of high-frequency internal
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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 'hom‘zo.ntal scale and their
proximity to an area of rapidly changing biological .and sedime’nto]ogica];S

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

In this theéis, I shall describe a series of high f'requency
oscillations of the density field in an estuarine environment. Most
of the events described. are believed to be internal waves, g<enerated
by bottom topographic irregularities. A general desch‘ption of tidal
circulation and isopycnal distribution is also given, so as to describe
conditions during the internal wave observations. Prior to a discussion
of twhe field data, a summary of the relevant theoretical considerations

is presenteg in Chapter 2. 8

/

!
DEFINITIONS/AND METHODS

~

The reader should note that all directions mentioned in this paper

_are relative to True North (T.N.) and positive in the clockwise

direction. The time used is Eastern Standard Time (E.S.T.). A1l
averages of vbctor properties will be assumed‘to be a vector average
unless otherwise stated. Current meter observations were made with
an Aanderaa RCM (sampling inter;/al = 30 sec), while salinity-

temperature profiles were déne with an Inter-0Ocean 513A.
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INTERNAL WAVES
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2.1

INT\RODUCTION

"We have very little knowledge of which
physical processes are most important in
controlling internal gravity waves in the
deep ocean. We do not know precisely how
or even where internal waves are -generated.
We do not know how, by the propagation and
interaction of waves, the observed spectral
shapes are established. We do not know what
processes dominate in the d1ss1pat1on of
internal waves."

Thorpe (1975)

Thorpe's citatilon refers to deep ocean waves but is just as
appropriate for estuaries where a widé‘variabﬂity] in space and time
often makes the p‘ro\b1en} more complex. For many years now,‘\researchers
in meteorology, oceanography and engineering have been interested in«
the subject of internal wa;/es. A large number of sophisticated theories
have been put forth in an effort to understand the phenomenon, leaving
us with a hard choice, especially when one tries to apply theory to
field observations made at a particular location. Most models do not

v’

include appropriate conditions or are incomplete,

One approach is to describe the subject in three 1og1'c§a1 steps:
generation, propagation and decay. The -aythors cited below have
usually treated these topics separately. The different aspects of .

!
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2.2 GENERATION

N ”

the theory should, however, respect the same basic hypothesis and be

complementary. to one another as much as possible.

N

[

Many ideas have been put forward and proved useful in exp]aining
why and how coherent oscillations can be generated in a stratified
fluid. Past e;perience shows us that internal waves exist in so many %
different situations that any scientist interested in this study has
to start with a preconceived idea (a starting hypothesis) of what he
is looking for and where he is to find it. In this case, the possi-
bility of internal waves in the study region w%s suggested from(data
taken for another purpose. After examining a bathymetric chart of the
region (and having\ﬁo %nformation on the curre;t and dénsity values),
the most plausittle reason for the oscillations.is the bottom ‘opography
(lee waves). Right or wrong, this intuitive choice will orient oqe's

data collection as well as one,s interpretatioﬁ of these data.

This choice was fqéther reinforced by the circulation pattern,‘
which will be described in Chapter 3. Water flows on eachlside of the
English Bank, creating in the narrow north-west passage adjacént to the
mainland the appropriate conditions for the appearance qf 1é§ QEVes:
(i) large obstacle (70% of the total depth of the channel), A

l . . |



(i1) moderate density stratification, and (iii) suitable shear

conditions in some instances.

\

Internal waves have been studied for many years, but it was

1

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

have extensively treated the subject of high-frequency lee waves.
Although this work was published over %wenty years ago, its
explanation- remains simple and close enough to fhe physical

situation to be affinterest in our case. Furthermore, the current
s

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

mate those required in Long's theories. i

As long as the obstacle is neither sharp nor abrupt, its shape
is of ®#ittle importance to the %heohy. Knowing thegheight of the
_barrier (relative to the surrounding flat horizontal bottom), Long
determjnea fgr what conditions of current and density stratification
osci%]ations will exist. His theoretical devé1opments were supported

by a }emarkable series of -laboratory experiments that gave chh

9

credibility to his mathematical treatment.

-
¢

.

He was concerned with the two-dimensional steady state motion

<

» 1

of an incompressib]e; inviscid, stratified f]uid in ; horiibnta]]y‘

-
_

~

see Long, 1953, 1955.
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infinite channel. (- o <a<

botindaries. *

-

|

1

d

» ) with rigid and parallel upper and lower
§ B -

fh

The two dimensionality of the f]bw‘rqquired the neglect of the

Coriolis effect, which ig also applicable here because of the small

-

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

because of the short ﬁeriod of these waves (2-3 minutes) compared

1
with the inertial period. The steady state requirement, on the

other hand, is not appropriate for conditions in the St. Lawrence

€

estuary.

<

However, the fact that high-frequency internal waves have

been observed for time.intervals of only 20 to 60 minutes a]]ow% one

to consider the background tidal flow as a quasi-static medium.

situation is his assumption of an Tnviscid fluid in a bounded channel.

Another difference between Loﬁg's ﬁode1*and the ‘real physical

l

As McIntyre (1972) suggests, an ugpounded viscous medium (1ike the

'Y

estuary) “can only support decéying wave phenomena. As Long“f'theory

is used to examine only the generation of the waves, it does not

: v
matter if it deals with decaying or' permanent waves (no viscosity).

The viscous effects wil)] only change the shape and the reabsorptién

of the waves.

-~

In an early publicatio

>

L, Loﬁg (1953) derived tpe equation of

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

t

°

-
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and density are only a function of z (vertical axis) and are definled
far upstream (negativé x-direction) where he assumed the flow to be
undisturbed. He also defined a streamfunction Y which varies

monotonica*ly with z, such that the Tongitudinal velocity u ='3(P/.az,

the vertical velocity-w :D‘P/,Qx and the densityS are uniqué‘

functions of q)(i.e. streamlines reﬁresent Tsopycnﬁ”]s). Note that

because. of the mopotonicity of the streamfunction there should be no
|
reversal of the flow in any vertical Section.\ ‘1

3
>

The full inviscid equations and the preceeding assumptions lead,

to the folTowing equation for the streamfunction \}J(Long, 1953):

2 A 2 2 - ;
V \’J+lé_§[%(u+w)+ gz] z f(q)) (2.1)
Sd Y *
where f (\P) is a Specified function of‘\}’. This equation is highly
non-linear except if one choosesfa. particular initial density and
e ) -

\ t

! i

velocity distribution.

-
If both the density gradient,/d‘f//c(z , and the dynamic pressure;
%SUZ, are assumed constant upstream o_f the barrier, equation (3.1)

is simplified gréat]y. With "L b_eingJ the displacement of. streamﬁnés

from their initial level (Zg), Long reduce;~eqi;at_;1’on (2.1) to

V 2’ll+ I R0 . | ' (2.2)

1
.

R
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}
' \r{here"( =7 -1pand J. = 3—| f dz,‘ = N2[2)2 » also called the
- U
u2

overall Richardson number (see Turner (19735 for a definition), N is

the Brunt-Viisdli frequency based on the linear density distribution

" away from the source (or before the beginning of the p&rturbation) and

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

This particular kind of flow Corresponds quite well to what was
observed in the region of our study (see Chapter 3). It should also -
be noted that the space var1ab1es are d1mens1on1ess, hav1np been scaled

to the total depth of the channe] D; J should then be considered as

a pure number.

As it is a]most 1mposs1b1e to f1nd a solution ta the ab0ve

equat1on when the f]ow is over a f1n1te obstac]e many researchers use

. an 1nd1rect method. As a\f1rst step, Long used Fourier integrals to
‘ AN

obta1n the streamlines for a rounded infinitesimal barrf\r\(at x'=0).
Nhe resu1t1ng curve Zo - 0 corresponds everywhere to the bottom of

the channe] except near the origin whene 1t ,rises .and deviates from

v

the exact shape of the sttacle. The amount of *deviation is controlled

by the shape of the obstacle and can be increased to finite values.
The'fina1 step is to replace this small obstacle by another one whﬁqhn
,Aas the same shape as the above bottom stream11ne w1th the new

obstacle the flow automatically satisfies the bouﬁdary cond4t1ons

The disadvantaQe of this method is thgt the shape of the barrier cannot
¢ ! > 2Nape o] o .
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N B 1 b7 §>
be predicted a priori and only partiéu]ar obstacle shapes, sometimes
\ N R ) e
asymmetric about the line x = 0, cag be found to satisfy the boundary

equations.

Long's main conclusion was that for a particular barrier of
finite height, the existence of a solution depends on J or the flow
conditions.  He developed a relation betwgen the relative height Qf
the obstacle (compared with the channel) and J; 1% one knows the
barrier hgight, a range of values for J c;n be ca]culgted for which
1ee—waveslcan exist. With the same conditions, Huppert and Miles
(1969) arrived at a similar conclusion for an infinité half-plane

space.

-

Another pbint to consider in Long's early gheories is the question
of "upstream influence". Aware of the problem, Long simply neglected
the possibility of "columnar disturbances" which: could change upstream
conditio e ject bf‘upstream‘a%sturbances was treated in a
later paper (Long, 1970j. |

Unfortunately the depth (D) of our channel is not constant,

making it difficult to determine the relative amplitude of the sill

y ° ! ’ / . .
compared to the tofal depth of the channel. The obstacle 1sqgerta1n1y

. 1arge,;répre§enting over half the channel depth, when compared to the

deepest parf'of tﬁe downstream section (over 180 m). With such a

| co

(\ ’ ' ‘
v .



‘large obstacle non-linear effects can be e;pected to appear, tﬁus ‘
making Long's linear model non-applicable. Even so,’the preceding

discu§sioq‘of Long's model provides some insight into some ﬁossib]g/
mechanisms. It is also useful in determining what flow conditions *| .

are suited for the appearance of.-lee-waves. For such a large

obstacle, Long predicts the existence of waves only when jJ < .
, . . -

‘More recently, Bell (1975) studied the generation of internal o ‘ .
gravity waves by the simple harmonic flow of a stqb]y stratified
" fluid over an obstéc]e. He examined the general problem with n6
upper” boundary. Assuming that the obstacle was'a small localized

disturbance, he found that the enefgy propagated away from the source

region in, the form of an internal gravity wave field. The angle of

RN Y

propagation of the wave front in the vertical was dependent on the

W S
}y

stratification. Furthermore, the §o1ut10n.suggested that different
harmonics are sensitive to varying féa%ures of the obstacle: the

waves of fundamental frequency being sensitive to the stope of the \
Q - o .\’- ,

obstacle, the first ha}monic to its curvature and so forth for the
!

higher harmonics. Although interesting, the theory is not directly

3
3
i
H
X

applicable to the present study, as-the sill near Pointe-au-Pic is

very large compared to the total depih of the water and cannot be

considered as a small localized distuqbance.
€

I
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Gargett i1976) proposed a different mechanism to explain the
generation of internal waves in tHe_Strait of Georgia (British
Columbia). The wave chéractgristics that she describes are Jimi]ar to
th;se which will be discussed in the present work. In-situ observations,
combiheqﬁwith aerié] phqtography,.permitteq hér to describe the wave
properties. The field results suggested thﬁt a submarine ridge acted
as a bapndarylbetween a we]]-mixéd and a stratifiq@ water mass at an
linterﬁisland pass. The generation mechanism was in the form of an

impulsive disturbance through the pass to the stratified water mass of

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

. . N E2S

Linear and non-linear effects were discussed.

Halpern (1971) observed short-period internal Q;ves in Massaé%usetts
Bay very éimi]ar to the‘ﬂype of waves describegigiljghis thesis. _Although
-he did not g1ear1y anerstand the mechanisﬁ of w%ve generation, Halpern
suggested’tgat the abrupt rise in temperature accompanying a discrete
group of\short-period internal wa;es and the subsequent formation of
these groups are probably due to shearing instability in the qida1 flow

when the'current floods over the crest of an upstream bank. In

Ly

contrast; theoretical arguments by Lee and Beardsley (1974) "suggest
that neithgr\shear jnstabi]ity nor a quasi-steady lee wave mechanism
was ;é%pén;ible for wave generationi They assume that the temperature
rise results from "b]ockiné‘ by the bank and non-linear properties
associated with the front. As a result of dispersion and non-linear

effects, large amplitude internal waves are (generated at the front.

)
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2.3 WAVE PROPERTIES

~

. @, t v
_ In considering the propeqties and propagatigw of inte-p@hwaves,-
~ the classical linear theory will be presented first, to be followed

.by a disdussion of non-linear effects.

~ ' -

In-the reglon of a diffuse pycnocline and weak meéan shéar, the
. ) \
Brunt-Vaisi18 frequency and the vertical velocity gradient can, l

&) ., Tocally, be .considgred constant. For these conditions, Phillips ~
. . ’ /’M ‘ - . “k
. . (1966),using®the method of asymptotic expansions described by Erdelyi
t
(1956), found a solution for the governing equations of- motion.  He

. (
obtained an equation for the vertical component of|the velocity: :

R FVRNRAT Y PRI T P

sl R
= Y N

WG o) ool towipekn ] of 1qel}
. o (2.4) -

fod

wher_e(?,w = 3U/y7 is theymean rate of shear; cos"?g = ky (%442

|

specifies the initiaT™rientation of the wave number vector (k, 1) in

[ Ay

R the)or‘izonta] plane; Gis an arbitrary constant and

4

i
g
1
i
4
:
L]
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e S '
o N ’g@*c“‘*(m-ﬂ)-% N 0.5)
E—— - = .
: (5 cos d
‘ where T =(&t cos tﬁ - o C
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The vertical displacement of a fluid element is .
R / \

€= - 1+e 'tzcosqu % exp{ -kufg-{@tkz)} eXP{h‘Z(t)}
) N < . . (L 6)
. ! 4 | z
The wavelength continually diminishes as the wave-number magnitude
G(.%.,. 12 ,_éz‘-tz,kfz)%)in—c%eases wij:h time. A;l important effect/o»f/ the -
shear is to rotate the directign of the wave-nygber-—vector in the
vertical p]z‘ine.v The expressi’o'n for the ’ar'}gie e 01;\ the Laye—nurﬁbéh i

vector and the horizontal is

i ;

- K
. ‘

[ -

. |

’ N .
| 2 g2 : | : “
cos @ = 'A + 4 - (1+ﬁ2t2 c052¢) -1, ~ - (2.7) ‘
’?_ 12 6 ~ ) ‘ N o ;
i - ot |
Ty, \_One notes° that when ﬁt-’ G0 , the wave- umber vector becomes vertical . *
“ ( 9_» TT/A and the motion tends t ards the steady hor1zonta1 shdmg
of each layer past the next. A L L . ‘
. ‘ - | ' 4

7

The frequency of the wa

1 1—@ 21:2 co;2¢)‘% ﬁi N cos @ and 11‘5 1:a gest for s

i

< | : |
» when @ = N. Another consgquence of this limitation is that the
' /




k}’gﬁ

’ G
waves are confined to a layer where N is larger than the wave frequency.

Note finally that w is independent of the wave-number magnitude and

is only a function of its direction.

v

" The phase velocity of the waves is C = W /i "with K being the

wave-number amplitude and the group velocity being CSr- c -¢ = N -W.

cos® K

-

Note that Cq—>0 when Q-N.

'

As previously mentioned“in section 2.1, non-linear effects can be
very important if the obstacle in the channel is large compared to the
total depth of the fluid. Gargett (1976) explained the propert{és of
her waves by usinq:a non—1inea§ approa?b. She used a two layer model
in which the thin top-layer is of slowly.varying density,and the deep
bottom layer.is of constant density. The classical linear theoéy was'
sufficiént]y accurate to describe the shape of the waves but_féi]eglko

predicf the waveilength and the spacing between each group. Considering

first order non-1inear. effects in thewave equation (of the initial value

L

problem), she obtained a straigtl:c%orward solution for the constant
density bottom layer. For the thin upper layer with varying density,
the solution was more complex. ‘L({s*ing the b0undqry condit1ons\at the
bottom and matching conditions at the interface of the two layers, she

obtained an equaffion similar to the Korteweg-de Vries equation for the

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

s S L ST A N I T e, 1
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obtained, except for the caSe of a steady wave. The general shape of
the steady solution is very similg[\gg that of the classical solitary
ané: Furthermore, a numerical solutio;\sf the Korteweg-DeVries
equation by Z;;usky%and Kruskal (1965) resulted in a train of solitary
waves similar to the waves observed by Gargett in Georgia Strait.

For this reason, and also because of the close resemblance of her
equation to the Korteweg-DeVries equation, she developed a non-steady
so]htion, for a particular class of initial conditions (harmonic
functions). The asymptotic behaviour of the two solutions was '
similar. _For 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 "leading edge”.
Each wave finally achieves a limiting amp]itude, and then moves at a

speed proportional to its amplitude, such that waves of a group slowly

separate, with the largest amplitude waves leading.

\

)

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

non-1inear theory to explain the behaviour of internal waves observed
by Hé1pern (1971) 1in Massachusetts Bay. Following BenJam1n ,(1966)

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

basic shear) that separated the influence of the non-linear, dispersive
and non- Bouss1neq effects, by using a three—parameter perturbat1on
expansion method. They computed numerically the va]ues 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 and
their own observations in a small Taboratory model. Their main
conclusion was that a warm front in typical summer oceanic conditions
'w111 steepen and long non-linear internal wave trains will be generated
'on this depression owing to the dispersive effeqt of the sharp front.
The p;operties of the front and the following waves are dependeﬁt upon

the particular density and velocity profiles, as they control the

dispersive and non-1linear effects of the water.

2.4 DECAY

As noted in the preceding sectio;, a small amplitude linear inter-
nal wave in a shear region»w111 have a constantly changing frequéncy,
wavelength, amplitude and direction of prdpagation. Because of these .
changes, the Qave energy 1is also altered. The mean kinetic energy
density of the wave motion is‘(Phillips, 1966):

|

Ec = % Py G20 .g—ﬁz-tz cos? b )

Thus, EK diminishes as the motion vanishes, for .8t cos f+ao, The

I
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energy loss 1is compensated by a small energy gain in the mean 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 near the trough and the |
crest giving rise to a p&tch 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 amplitude is limited to a certain magnitude.

Phillips (1966) comments on the consequences of this decaying:

"It provides a means for the mixing of the fluid in
the thermocline below the region of direct action of
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 SO that the condition for stability is
restored (even if the wave slope is maintained) dnd the
breakdown will tend to stop. The occurrence of the

* turbulent patches is therefore sporadic in space and
time." (p. 187)

Anotﬁer kind of turbulence was observed experimentally by Long
(1955)."In several of his pictures, taken of the flow behind an
obstac]e, one can see a patch of turbulence near the bottom under the
first crest of the wave. Long related this turbulence to boundary

layer separation. Since the turbulence is only present close to the




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 that could rapidly damp any oscillation
(see McIntyre, 1972). It is important to note that the wave will
lose energy to the mean flow even in the ab‘ence of any dissipative

\

effects. \

»~

_ In suymmary, gﬁzertical'oscillation in a fluid having a diffuse
pycnocline, with a w;hk‘vertica1 shear, will become more and more
horizontal; its amplitude, wavelength and frequency witl diminish
constant1y and the w;ve motion, if not completely decayed to turbulence,

will ultimately lose all of its energy and disappear.



CHAPTER 3

GENERAL CIRCULATION IN THE AREA OF STUDY
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3.1

DESCRIPTION

-~

The St., Lawrence river system extends from the Atlantic Ocean
on the east coast of Canada to the Great Lakes, 1200 km inland. It
is divided into four\parts: (i) the fresh water river, (ii) the.

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

The region of major interest in the present work is the midd]é
estuary whvch extends from Ile d'Or]éansd(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 %any small tributaries
that flow intp 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 characteristics. _ \

-

The mgst impbrtant batﬁymetric feature of the St. Lawrence eétuary
is the deep Laurentian channel, which extends from the Sagenuay River
tQ«Fhe Aplantic Ocean. Upstream of Pointe des Monts, a shallow plateau
can be found on the sduthgrn'side, From Tadoussac to PointeZau-Pic, a

basin and si11 configuration i¢ found on the north side and a shallow

plateau to~ the south. Upstrﬁam of this si1l the river is quite sha]iow.

N hed

. The focus of the presen£ work is on a 40 km section-of the N

midd]e‘estuary near Pointe-au-Pic, which is some 120 km -
\ ' -
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aownstream from Québec City. At this point of the estuary, a large:
bank ("English Bank") partially obstructs the north side of the river,
leaving a 6 kmlwide 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,
Eﬁfi | a cu¥Ved line passing through several stations is also plotted. A
bathyme%{ig section along this Tine can be found in Figure 3.3. It
shows the profile of the English Bapk and the relative position of

the principal measuring stations. It should be noted that the verti-
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 so, this natural obstacle to the
prolongation of the north channel appeared to be a suitable area in

which to observe topographica11y induced internal waves.

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

) general idea of the circulation in this region, three properties were

mgdsuKed; the currents, the vertical graqient of the horizontal

\ velocity (shear) and the density (inStanpaneous profiles and time
series at a constant depth)}. The following sections of this chapter
present these results aJH also provide a description of the general

oceanography in this--part of the middle estuary during the summer.

n —
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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 unpub-
lished report by theJCanadian Centre for Inland Waters (CCIW)
(Budgel and Muir, 1975), and data taken personally in*June and
July 1975 (at stations numbered 75-2, 75-;43'75-6 and 75-11). .
1tation position.is shown in Figure 3.1, while the exaé% location

s given in Appen \\1. -

e
-

Current rmeter data were obtained during two cruises. On the -

first occasion the current was measured at a fixed depth for 13 . 2

\qours at\three stations (sampling therval = 30 sec).’ During the
Second cruise, curren?s were recorded at the same locations over a
similar interval of time but at different depths. «Although measure-
ments should hav% been taken at the same depths on both cruises, ‘

this did not occur for reasons explained in Chapter 4.

These data, taken at different depths and on different days, ‘ p

were not overly useful in their original form, but required a certain

readjustment in time before comparison. Instead of using ‘local
1
I 1 "
time as a reference for when measurements were taken, the most_ :

appropriate time reference available was the tidal predictions of the .




”//l//////fhe'tide is turning at slack), the average speed is shown instead

_ depth_recorded for every hour of the semi-diurnal tidal cycle. Also

Canadian Hydrograph1c Sbrv1ce (hereafter ca]]ed CHS) (1975) for‘
the nearest reference pért, which is Po1nte -au-Pere (see ApLend1x
By combining all our observations at different depths and different

times relative-to the pred1cted tides at Po1nte-au/Pé/e, a gener AV\*~\M‘Q;“eE“‘¥*
picture of tidal currents in this area can 6’*0bta1ned Figures 3.4, ‘

3.5 and 3.6 show tbese results at phe three main stations.

In these diagrams, ti&a] currents are represented byfvectors L

4

_pointing in the direction in which the current is Flowing relativg

M

to trué?North (top of the page), wﬁi]e the overall 1eﬁgth ;} the
centered arrow is proportional-to the speéd_qf the curkent. The
magnﬁtude was calculated from a vector average of 120 values
observed over a one hour period, centered on. the appropriaﬁe téda[

¥

phase;//puriﬁﬁ/;imes of rapidly varying current direction (as when
|

R R L

P

.t

. = T

of an arrow. ’ N

| . N

~o

‘Also calculated were U depth and 9 depth * which represent the
depth-averaged current vector, computed (scalar average) over the 4
appropriate water column height. These are shown under the last ‘

shown is the semi-diurnal tidal average (vector) at each depth, -~

-
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\

Included in Figure 3.5 are the current vectors obtained by

CHS (1939) at a depth of 6. m for their station 63. These data were

taken in surveys during the mid-1930's. Station 63 was the only -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 lTow tide
at Pointe-au-Pére 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 locations in the summer \of 1974.‘ Their
stations are those numbered with "74" prefix in Figure 3.1. Average
directions at these stations are computed and shown in a histogram

fortn on Figures 3.7, 3.8, 3.9 and 3.1(5. These diagrams will be used

in conjunction with qur own observations to map the general
circulation in this region. Note that the mooring at station 74-12c-07
lasted for two months whereas the other stations were held for

approximately one month.

One of the ways to illustrate the circulation in this part of the
\ middle estuary is to plot the direction of the ebb and flood at many

differing Jocations. Mean ebb and flood directions at the CCIW stations
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and at those of the present study are listed in Table 3.1. .

Station Ebb Flood
74-12¢-01 329 209°
74-12c-04 450 2199

/ 74-12¢-07 17° 1990
78-12¢-11 320 1999
75-2 48° 2379
75-4 420 2179
75-6 220 2240

TABLE 3.1: AVERAGE EBB AND FLOOD DIRECTION

These 'averages weﬁp obtaiped. from direction histograms at one or more
depths and over a one or two month period ;or the CCIW data and 13
hour intervals for fhe remaining data. The information shown in

Table 3.1 has been summarized 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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3.3

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

L 4

i
each side of the English Bank.

&

VERTICAL SHEAR

As explained‘in Chapter 2, any discussion-of interral wave
generation or their‘properties requires knowledge of the local
velocity shear. I; the present case, only the vertical shear of the
horizontal velocity field can be calculated. These considerations
are useful, since internal waves behave differently in a "strong" or a
"weak" shear. To differentiate between these two cases an argument

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

column will be employed.

Unfortunately, velocity shear over the complete water column was
not measured routinely during the cruises. In order to estimate
shear values in the region, current’profiies from. theg CCIW report
were used. They obtained a large number of current p;ofi1e; with an
Endeco model 110 direct readout current meter at gach\one—tenth
fraction of depth. Samples were taken every forty-fi&e minutes err a

&
period of thirteen hours. The station locations do not exactly



- Tocal Richardson number, J, can be calculated: \
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coincide with those of the present study but are usually close enough

to be representative of the area.

The shearB= _B_QI = (35)2+ (ay_)z }'/2 where U= U (u, v)
97 dz dz

was computed at different depths from the individual velocity
profiles taken at their 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 togethér on the same figure. The méan
shear (the simple average of the individual values 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") (Q u being
. ; yzZ

the more important term of @ ). With this value, an argument similar
to that used by Phillips (1966) can be employed to determine the

importance of shear on the internal wave properties.

It is generally accepted that a local Richardson number larger

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 Ju]* 1975 varied from 10‘2 sec'] to 10"1 sec'1,»th§%‘

L
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3.4

7

, or <0.02 sec”!

For the least stable case (N = 10°2 sec‘]lekz Nax

is an upper 1imit on shear for the existence of small amplitude
O +
internal waves.

In the present ca§e: it is difficult to sgy if the shear was
“"small" or “]arg;". Va]ues of N which were used represent a large
range and are not actuaTl values measured simultaneously with the
vertical shear (8) and‘the wave properties. Also, shear values
presented in Figure; 3.11, 3.12 and 3.13 are subject to a large

variance (50% to 70%) and are based on data collected a yg¢ar before

-

the actual study. Thus, without an exact and simultanéfus measure of
N and 6 , it is not possible to determine if J is smalle? or ldrger

than 0.25 for each case.

-DENSITY

Den§ity information came from STD profiles taken hourly (more or "

l

less) -at* three stations: 75-2, 55—4‘and 75-6, in the summer of 1975,

In a similar manner to the<current récords, the observations will be

-

related to é,connmn reference, namely the tidal prediction at Pointe-

4 1

au—fgég. Assuming that density changes are linear in time be

v

. | '

'
bty st Fomone < e

e s R s 3 s

% 3




hourly 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. All densities
3

are, in ot units. The assumption of linearity between profiles does

not hold in all cases. 1

Except at station 75-6, profiles a}e regular and with no evidence ,°
of rapid change in density.e For most cases, density varies linearly
withfdepth below 20‘m. By combining the information contained in these
three figu}es tpe two-dimensional pattern of the isopycnal lines between
stations at eaéh hour of the ti&%l cycle can be calculated (Figure 3.17).

Ip‘is-not surprising to expect the bathymetry of the region to have an

K

1nf1uenCe on the shape of these lines. The bank seems to act as a
barrier (espec1a11y at h1gh t1de) preventing denser bottom water
01t923) from go1ng further up tm.river, so that density is always

higher on the downstream side of the sill.

o

LS

Also of intePest is the distinctive shapé of the. isopycnals at
ebb and flood: -almost straight (or even concave) at ebb, they become.
convex at flood, following the shape of ;hé bank. This can be
explained when we. consider that the denser water carried from the
downstream side probably s1nk§aunder the fresher water on the up- . \

stream side, after passing the obstacle at f]ood At ebb, the opposite

phenomenon occurs,~w1th the fresher water s1iding over. the denser

SRR W st s AN e Sl e S
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rd

water on the downstream side df the sill.

The vertical spacing between density lines in Figdre 3.17
differs on each side of the bank: near station 75-6, probably due
to the depreésion lying at the base of the sill in this area (see
Figures 3.1 and 3.2), the iscpycnals are more wide\y separated
(especially at slack water) than near station 75-2. Greater spacing
between isopycnal Tines implies a smaller density gradient or less

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 ka~region of sudden change in density)\can be
expected somewhere in the water column. At this stage of %he éide we
can see that théisopycna]s are closer together due to #his intrusion
of saltier water, creating a more stable regime. When the tide goeﬁl “.
out (H +5 L + 2) the water column becomes more homogeneous and

less stable.

@

In addition to the STD profiles, time series of density were
obtained from the salinity and temperature values recorded at fixed

depths by the Aanderaa current meters. The sampling interval and =
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response time of the instrument were 30 seconds and 1 second respec-
ti;ely, allowing observation of any high-frequency phenomena of period
1 minute or greater, with ahpfecision Timit of tO.Z;units. This error
results from both digitization of the data and the sensor accu;acy.

These time series will be used extensively in Chapter 4.

A good example of density variation is given in Figbre 3.18.
This graph shows the density fluctuations at 30 m for mooring station

75-11 from 1215 EST July 22 to 0220 EST on July 25.

Part (a) is ‘the complete three day record. For clarity, values
of density have been smoothed by using the formula:
i+h

o

t

. _  kai-5 ¥
.I .
11 \

The time interva] between each-point is 30 seconds. ,Partsn(b), (c),
(d), (e) and (f) present the same data as part (@) but tpiE;Iime un-
Lmoothed énd cut into exactly five semi-diurnal tidal cyé\es. The
predicted times for high and low water at Poipte-au-Pére are shown.

Marks on the abscissa are tidal phases (in hours) betweén these Tow
’ \

- \

\ \ ¢

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 103 water in parts (b), (d) and (f). The alternating
pattern (diurnal) in part (a) of Figure 3.18 resulted from an
asymmetry of sequential tidal waves. The abrupt increase in density
observed\everx two tidal cycles seems to be of fronfal origin, although
the generation of these fronts remains unexplained. The appearance of
Targe 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 change by one
or two ot 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 importént in an estuary and great care ;
should be taken to consider the high frequency changes of the watef

properties. .

|
Prioﬁ to a ébnsiderétion of internal waves, the main interest of

this study, the main features of the circulation will be summarized.

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

\

between Pointe-au-Pic and thg English Bank is quite predﬁFtable. Slack

~

u s
e

-

e
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occurs 2 to 3 hours after low tide and 3 to 4 hours after high tide
at Pointe-au-Pére. The maximum curreng recorﬁed Quring 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 vert%ca] shear was typicai]y

less than 0.1 sec™].

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/cm>, over a
semi-diurnal tide cycle. Longer tidal period and seasonal density

changes cannot be discussed using these records.

\
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CHAPTER 4

INTERNAL WAVE OBSERVATIONS




EXPERIMENTAL LAY-OUT -

azr

D-ata wére collected in the’region of Pointe-au-Pic during two
cruises on the 100 foot ogeanographi'c(vessel M/V METRIDIA. From
22-25 June and - from 22-25 July 1975, three fixed stations (75-2,

75-4 ar‘ld 75—6) wére held, each for‘ a périod of time varying between

13 and 22 hours. In order to obtain space and time information on
internal waveg three Aanderaa current meters were used simultaneously:
CM 1 and CM 2 were fixed, oune over the other, on line 1 attached to the
ship and CM 3 was on line 2 fixed under an ORE float a certain distance
(44 m) behind tmm'ﬁgure 4.1}. S%D profiles were routinely
taken from the ship. o '

From wavelength and phase velocity measurements obtained under
similar conditions at a 'neighbouring location,
the supporting buoy44r/nbehind the ship (approximate t
expected yavelength). As a result of the depth-dependent shear

. ¥
(especially near slack water) and because of the wind pushing the stern

of the ship, the.relative distance betvi\een the two lines was constantly

varying, ‘making precise determinati\on of phase speed and wavelength

very difficult. N , /‘\\\ \ |
/ : , -

o re e w hrwe . s g
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4.2

"this‘section. .

"
_,Pc\_‘// Y R R
B . — ' '

" Another problem occurred due to the length of each line. The

original idea was to keep CM 2 and CM 3 at the same depth, and CM 1

- some 15 m higher. Unfortunite]y, this plan was not realized and in .

most cases the lower current meters were at slightly different depths.
< . ' -

During the second cruise a fourth Aanderaa current meter (30 sec
sampling) was moored at station 75-11 in 43 m of water for a period

of 3% days. - ’ .

- s -

EXP{RI“ENTAL RESULTS

~

From tﬂe two cruises, 17 current meter recorditii/gijguﬁﬁﬁ§>1ength
and numerous STDsprofileS'were taken and analysed. -Xalues of depth,
§a]ihity'and teﬁperatureeweré u;ednto calculate the deﬁsity of the
water every 30 seconds and STb profiles were used t9~plot graphs of

density and of the BV fréqyency at various Jepths. Evidence of

coherent, periodic density osétllations can be observed at least once

on each of the ]7 series 6bta}ned. A 1ist of these occurrehces and

N . {

complementary igformation is compiled for every station in Tables 4.1,
N [ - )

4.2 and 4.3. Predicted tidal conditions at Pointe-au-P2re are given

with the time interval over which the oscillations are observed. The

meaninq of the underlining in the tables will be explained later in
! . L3 "

i

v \ -
5 - -
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Station 75-2
™M Depth From To
" (m) . (EsT) (EST)
1 15 l%i%9 Junpe 23 1334% June 23
3 32 12:44 June 23 14:00 June 23
: (1+5) . (H.W.)
2 32 ; 13100 Jung 23 %4;53 June 23
2 32 17:43 June 23 22:28 June 23
(H+4) (L+3)
3 32 19:44 June 23 21:59. June 23
(L.W.) - (L+2)
15 ;14 J 23 : 4
2 o 32 22:48 June 23 1:18 June 24
1 21 6:02 July 24 7:52 July 24
(H+3) (H+5)
3 23 ‘6:10 /&uly 24 7:46 July 24
(H+3) (H+5)
2 26 22:51 July 24 0:46 July 25
. (L+2) (L+4)
<2 26 1:14 v 25 : 1y 25
2 26 i July 25 (%1.@.? July 25

Table 4.1

25995

50

60

20

2 .




¢y S1qeL

24
14

20

24

Station 75-4

From

12:39
(L+4)
20:04
(H+5)

1:19
(L+5)
20:48
(L+1)
23:26
(L+4)

(EST)

June
June
June

July

July

Table 4.2
£

24

24

25

22

22

13:29
(L+5)
22:00
(L+2)

3:37
(H+1)
23:04
(L+4)

2:36
(H+1)

(EST)

June
June

June

July

July

24

24

25

22

23

Direction

240
60

230°

65

230

Current

(cm/sec)

105

105

120

90

110

-9~
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M

Depth
(m)

3i-
33

33

25

23

20

25

Station 75-6

From
(EST)
11:00 June 22
(L+4)
11:00 June 22
(Lfé)
_0:00 June 23
(L+5)
3:00 June 23
(H+2)
11:43 July 23.
(L+3)
13:23  July 23
“(L+5)
17:28 July 23
(H+3)
19:22 July 23
(H+5)
1:03 July 24
{(L+5) .

To
(EST)
16:00 &une 22
(H+3):
16:00 June 22
(H+3)
4:00 June 23
(H+2)
6:00 June 23
(H+4)
16:23 July 23
(H¥2)
16:33 July 23
{H+2)
€20:33 July 23
(L.W) «
21:22 _July 23
(L+1)
4:20 July 24
(H+2)

Table 4.3 «

Direction

o
240

240°

O
250

180°¢— 230°

245

Current
(cm/sec)

110



Figure 4.2 groups all this 1'nformati‘or; on one graph. Each event
is represented at ﬁ\:s recording depth by an arrow, the length of which
shows the time interval of the oscillation. The direction of the
arrow shows the current directioh (flood 6r‘ ebb) during ‘this interval

(flat lines are used when the tide is turning). When several arrows

are superimposed the hatching inside (fhé‘.arr:‘rows is meant to differentiate

~
S

their individual length. o

N

From all of the above, five series were chosen to be studied in
more detail. In Figure 4.3, we see the variability of the density
field taken 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
to make a distinclion between what we have called "waves" anc;
"Qécﬁ]ations". Internal waves (see Figure 4.3 from 12h50 to 1 3h10
are more organized than the oscillations preceding and following them.
They have a larger amplitude and a well-defined periodici»%y (2-5 m‘in/).
On the oth;er' hand, oscillations are characterized by an absence of
structuré and are of small amplitude. The less well-defined longer

period oscilTations (>6 min) wﬂ‘] not bé discussed, as this work is ’

mainly concerned with higher frequency phenomena.

14

In most cases, oscillations of the density fiejd start 2 to 3

hours before the current reaches its maximum speed and stop 2 to 3

° :

A
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hours ther this maximum. Waves, in contrast to oscillations, are
"short-five ", lasting from 10 to 20 minutes, and occur when the
current has its largest value 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
crgated mowe often at flood than during ebb. This may be‘explained by
the fact th;t the current is generally stronger during flood at our
observation depths (see Figures 3.4, 3.5, 3.6). This corresponds to
smaller ya]ues of J and more suitable conditions for the generation of
waves. It was shown in Cghpter'B, section 4, that the water on the
upstream side of the bank was less stratified than on its downstream

side, which may explain why interna]xwgves are more frequent when the

tide is flooding than when it is ebbing.

Returning our attentionuto Figure 4.3, we see that the same wave
is recorded by three instruments at differentc1ocations: the top
curve was taken at i& m.by CM 1, the centre curve at 32 m by CM 2, and
‘the bottom one by CM 3 also at 32 m, but a certain distance behind the
ship. Although the three curves are similar; the close resemblance

\
between the centre and bottom.curves is of special interest. A careful

o 4+

comparison of-the two series between 12h50 and 13h10 shows an average
~1ag of about 40 seconds. On-considering the magnitude of the time Tag,

the imprecisfon in estimating the horizpnta] separation of the two

\

o 2
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instruments (see sect.4.1) and the 30 second sampling time of the
current meters, it proved impossible to determine the wavelength.
Furthermore, with all these limitations,one can only give the order

of magnitude estimate of the phase speed of these waves as ~ 1 m/s.

Figure 4.4tsh6ws the density and the Brunt-Vaisala frequency (N)
profiles, as obtained from our STD 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 Tlists the main
features o? the wave series, as measured by the top current meter

(15 m depth) and the calculated range of J = NZD2 » which depends on
> 2 A
U

‘ | \

Station 75-2
’;‘
. 15 m

June 23, 12h51 to 13h07

.
w

Frequency = 4.76 X 1073 sec™]

Period = 3.5 min
N (15 m) = 5.45 X 10-2 sec™ 1.

(12h48) .
T (15 m) = 36 cm/sec 8 (15 m) = 2570

12.87 < J < 27.25

) i\\\\\ r ) Table 4.4 \
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DENSITY (SIGMR T VALUES) B.V. FREQUENCY (xi0-2 sec-t )
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the value taken for the total depth of the chqpne] (85 m< D< 180 m).
The value of J was calculated using the value of N at 15 m and the
vector average speed (U, 0) measured by the current meter during the

interval the wave existed. o
. . ”
Although the frequency of the wave increases continuously, an

est%mate of its magnitude can be obtained by measuring the number of
peaks observed over a short interval of time. This frequency and its
related period are shown in Table 4.4. Note finally thatha, 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 tide we find much larger variability in the density field than
during flood. Attention will be focuésgd on the large amplitude waves
occurring after 2018 EST. ‘Here again, the lag in time between the two
instruments is too small to permit any significant calculation of the
waveilength. The }op curve is from CM 2 on 1line 1 attached to‘the ship
and the bdttbm\one is from CM 3 under the float. The only available
density prof%]e at this t}me was taken after the disappearance of the
waves at 22h17 and is shown in Figure 4.6. It should be mentioned
that no-ihstantaqgous picture of the oscillations was gxailable on the
shib from -the current meters, as thex were of the selﬁfrecor&ing type
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32m
June 23, 20h18 to- 2\)h38

Frequency = 6.73 X 10'3 sec! ‘-.\
Period = 2.48 min
N (32 m) = 2.97 X 1072 sec”!
a2 (22n17)
- 2 - .
U (32 m) = 33 cm/sec 8 (32 m) = 88°
765 <J < 16.20 ‘

xTab]e 4.5

type and analysis of the magnetic tapes was done at a later date. In
this 1nstance, there is JUSt one maximum of the BV frequency, a'»t 23 m.

HAwever. the d1rect1on f the current (880) was appropmate for the

o~

" generation of lee-waves. Wave frequency and .other charactens;h ¢s are

'|<'

given in Table 4.5.

In Eigure 4\7, we see ‘anot‘?\er examp]e, th1s time ﬁaken at’ station

75-6. The top curve was from CM 3 at 23 m and the bottom one ?rom cM ?

"at 25 m. Thus, the current meters were at sliyhtl% different depths
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and horizontally séparateq% "The profiles in Figure 4.8 were takgn

when the waves were well established (14h08). Note the maximum of
o

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

.amplitude of the wave at this depth (23 m) is smaller than the ampli-

tude 6? the same wave two méters below. Jhdging from the variability

we might expect to see similar changes in the shape of the curves

plotted in Figure 4.8, 'ii_previously remarked in Chapter 3 (éect. 4),

3

profile§ are more comp]icated_at this station than at 75-2. The wave

. N ™
pro&erties at 25 m are given in Table 4.6. The high velocity and the

Tow value of J should be noted. Although we have chosen to™examine

\

the waves occurring between 1354 and 1406 EST, one can see a sizeable

amount of high frequency vafﬁabi]it& in the 45 minutes preceding the

) o

Station 75-6
25m

July 23, 13h54 to 14h06

Frequency = 8.70 X 1073 sec”]

i Q

Period = 1.92 min

N (25 m) = 4.80 X 1072 sec”] .
(14h08) . : \

« ' S ‘,r,
u gg; m) = 144 cm/sec’ - 0 (25 m) = 2470
' . 2.83 < J<6.00

-

Table 4.6 : .
\ 8 . S
d - .

~
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passage of ‘a front-like phenomendn at 1515 in Figdre 4.7.

‘

Figure 4.9 shows us one of the most striking sets of observations
obtained from our measurements. The presence of sych waves at
station 75-4 would 1ndicate\that'fhe.top of the obstacle is paesibly
the best place to observe large-amplitude waves: In Figure 4.10,
the charécteristics of the water‘column immediately after the waves

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

w As before, a large current and a low Vagge of J was found. Because of
the shallow depth at §tation 75-4, one\might expect to observe the
highest current velocities (compare Figures 3.4, 3.5, 3.6).
\
N\ . . >
- " Station 75-4
a o . \
24 m
‘ - ‘ \ July 23, 1h04.7 to 1h23.7
. © - I3 &
Y1073 cep-ti o,
Frequency = 7.89 X 107 sec™! ™~ =
Period = 2.11 min . - |
N §é4 m) = 3.46 X 10°% sec-] \ ’ ‘
1h37) ' ) '
_ Ve o _ T
g .U (24m) %117 cm/sec .-~ <. 0 (24 m) = 2400
‘ 2.51 < J <5.32
¢ , TTe— Table 4.7 :

PR RLTP. < UL AEr DR 01 7. 17 AR ORISR b
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In our last examp]e; F{gure 4.11 shows another case of internal
waves measured at two different depths and separated horizontally
from one another. The top curve was recorded by CM 2 under the ship
and the bottom curve by CM 3 a certain distance Away. ‘Figure 4,12

and Table 4.8 give the related profiles and ﬁvoperties.

%

Station 75-2
& - 23m
- Jduly 24, 6h53 to 7h08

l/‘

Frequency = 6.45 X 10°3 sec-] ) o
Period *»2.58 min

\ "N é23 m) = 3.25. X 10-2 se}c'1 . s
6h56) ’ . \
U(23m) =75 cm/éec .8 (23 m) = 640

Y

3.68 < J < 7.80

; | \

Table 4.8 ’ ' \

;

Note the absence of waves (from 6h53 to 7h08)\at the' ]ower depth

gust three meter;\below. From this record one has either an 1nd1cat10n
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of the wave amplitude or the possibility of a dampening mechanism

which prevents the wave energy from propagating to lower ]evé1s:

DISCUSSION -

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

fo describe the characteristics of internal waves in the lee of an

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

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

function of time, but poorly in space.. Aanderaa current meters, with
. 4

a 30 second sampling time, were deR1oyed in a triangular array

(x - 2 plane)‘io determine both spatial and temporal characteristics.

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

sampling rate, the phase velocity or wave]engﬁh could not be estimated

with any confidence.

The observations do ihp]y that “classical" lee

waves were not present. However, the resu]ts(;uggest that the intefgal

wavgijrecorded in this area of the St. Lawrence estuary may result from

the presence of the sill, e\therﬁihrough chdﬁﬁés of local velocity

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

For example, waves were observed in»frbnt of the obstacle during f1ood~\

#

<

9
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at station 75-2 and during eBb at 75—6 (see underlined values %n

Tables 4 1 to 4.3 for all .such cases), suggesting some other me;han1sm

than 1ee-waves ‘(similar to Long's work) for their generation. It is

known, experimentally and theoretically, that the influence of a

barrier on the flow will allow waves to propagate on both the\gee side

and upstream (“Blocking"). Trﬁstrum (1964) described the "blocking"

in this way: "the upstream solutions are periodic in z and independen h
. of x, and therefore descr1be one-dimensional flows extending to

x. = + = (the columnar modes)". Turner (1973), presenting the same

phenomenon, explains in his book thét "... what is observed. experimentally

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

motion is not so simp]e; however. In addition to a plug of finite

length directly ahead of the body, an array of alternating jets develops

at other horizontal levels. These jets become more numerous as F = 1/J

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

approaching flow." .

These two descriptibns\of the "blocking" ahead(bf the obstacle
were made for a steady state\ ;f the flow (F) is allowed to vary in
time (as 1; does in\pur'case) the number and‘the height of these jets
w{ll vary in time, providing to an observer at a fixed depth the kind
of oscillations obtained in our serges (vertical motion of the water

particles) ahead of the obstacle. Another poss1b111ty o explain these.

-
Wy
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"upstream waves" comes from Long's laboratory experiments. In several ﬁ
of his pictures and graphs of the flow it can be seen that at the top

of (%s at 75-45 or close to the edge of the obétdc]e (as at 75-2 and
75-6) one will be ahead of the 'p]ud' dgscribed by Turner and in thé

wave itse]f.( The wave is created by the entire obstac]é, not just by

one of its sides. Unfortunately, stations 75-2 and 75-6 were too close
to the‘baffier'to properly discriminate between lee-waves and upstream
blocking. If this is true, it is nﬁt surprising to observe osci]]ations;
when the conditions (curkent direction and J) are inappropriate: they
are just the deformed prolongation of a wave created on the ophosite

side of the sill. Our vessel could not be anchored inlth% deeper

region of the basin downstream of Pointe-au-Pic, where the most

suitable observations may have been made.

. wg .
‘Although it was not possible to determine the direction of wave

propagation in most cases, the re®rds are suggestive of propagating N

"internal waves, pﬁgbably large aﬁp]itude, similar to those described by

- Halpern (1971) and Gargett (1976). Both of these authors found a

series of internal waves associated with the arrival of a warm front

in the upper layers. The waves were characterized by long flat cngsts
and sharp narrow troughs. Both Gargett &Fd Lee and Beardsiey's (1974)
analysis of Halpern's data suggest that the generated waves are of the

so\jtary type. They were generated at “the frontal bahndany by non-
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~ linear steepening of the interface and subsequent effects of dispersion

and non-linearity. : .
LY

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

internal wave train acéompanying a deepening of the isopycnals.” Every
other case shows an appedrqnce of waves at the time of_a rise in the
mean density. This relationship is most clearly seen in Figure 3.18,
where large amplitude oscillations of the density f1e1d are observed
at the time of sharp increases in tde mean density. At this site, the

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

< b

Wave generation was found only during front-ldke increases of density.

No oscillations are seen'whenmthe density values increase gradually.
Because of‘the alternating pat‘ern found in the temporal variation of
densityz waves were generated during the flood gt-sgption 75-11 with a ~
diurnal \ periodiqity.' At the other stations, appearance of waves
was not so easily re]ated’to changes in the mean conditions. The

possibility of rapid dens1ty changes at all s1tes dur1ng both ebb and

flood. can be seen by examining the 1sopycna1 distribution in Figure 3.17.

In Figures 4.3, 4.5, 4.7 and 4.9 a high degree of var1ab111ty‘“s

found 1mmed1ape1y before increases of density were recorded. For most
of the cases mentjoned, the density shift is abrypt, resembling a front.
Thus, it can be seen that jn the presenr work conditions differ‘from

those reported’py"Halpern and Gargett. Instead of a surface front

[

Vo N
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. preceding less dense water,thére exists a sub-surface front of denser ‘

water in the 1ower\ha1’£lof‘ the column. Theoretically, the analysis )

by Lee and Beardsley (1974) must be altered 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

T generated 1'n’ this depth interval. Waves with these char‘acteriustics
can be seen in Figures 4.5 and 4.7. A]so seen in these and the other -
figures are both symnetmc waves and waves with flat crests and sharp
troughs. Depend1Lg on the non-linear and dispersive effects, "soli-
tary or non solitary internal waves may be generated. ‘At mid-depth

\ locations, symetmc waves are quite 11k?\1y The presence of sohtary

waves does offer an explanation for the decreasing time between crests, \

. as crest speed.is a functioh of wave he'ight and the-individual peaks .
arrive non-periodically (see Lee and Beardsley, 1974). Since the

amp1itude of‘the fronts and the waves is not known, as we]? as the

wavelength, it is not possible to directly compare’the theoretical

) predictions and the field observations. -

ThUS, it was difficult to separate waves generated by "upstream ¢
influence", steepemng of an internal &\ensﬂ:y front or "lee wave"
pr‘ocesses. In many of the observatlons, the generation of internal

-

i waves, either soHtav‘y or non-solitary, at an internal density front ‘ \

\
seemed to provide é plausibTe ‘explanation. *At other times, the dens1 ,y

o ’ _ characteristics were suggestive of d1fferent/ mechamsnis, possib] "

- I
-

those mentioned A bove. e
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In summary, numerous points can be made concerning the waves

found in the region of our study:

b
\
\

(i) The internal waves {not the oscillations seen before-
and after) exist for a short time, typically 15 minutes;

, (i) They are of a short‘period (or high frequency), Lanying
between 2 and-4 minutes; ‘
[ o .__f J—_—
(iii) "Longer period'ihterna] oscillations of tidal (semi-

d1urna1 and diurnal) origin are also present in the

density field, but have not béen treated in the presen
works; \ ":,
é

(iv), Contrary to the predi¢tioh of 1eé-wave“theory (in Chapter 2),-

U

the frequency of the observed waves- was found to increase

continuously. The calculated frequency was a]ways éma11er h

than the local N (Brunt-Viisiii);

N\

' © (v) The Yert1ca1 d1str1but1on of the waves presented gives us

a further insight into- the1n propert1es As suggested by
t. b

' . many theor1es, these” waves seem to be generated where the

BV frequency 1s‘a maximum. In fact, pbservat1ons of the
density above the BV frequency maximu&‘leyel show the-.
appearance of denser water pushed by the wave fnto the
higher 1e9ei (é.g. Figure 4.5). Observations below the
maximum BV .level show an incursian of'1e§§?dense water at
this level (e.g. F{gggg,4.9).‘°Fiﬂally, ;glthe generation
1éve1 a symmetrical pattern-(upward and downward) is

\

- : observed (e:g.'?jgurea4.11); . \
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(vi) As predictgd by Long, values of'J (the overall ‘Richardson

‘

numbed’are usually low, mainly because waves a]wayﬁs occur
when the currents a‘re strong; >
(v1'1')' .There is strong evidence of upstream propagation of the
- waves at “least 10 km from their suspected source (the
' obstacle in the channel); .
(viii) Th.e waves characteristjcs often resemble those found by
others in shallow areas, and have the form of a serids of
"solitary-like" waves, whose propagation spekd 1s“dependent
on wave amplitude. On these océasions, the waves preceded
the arrival of a front-like change of density. At the

[ . N
depth of the present observations, density increases over

the front were more common. . s

.




< A g e MA RS TING A o ket

. AN
CHAPTER 5
CONCLUSION

|
©
3,

AT DN R TR Y



" . o i

In this chapter, the general characteristics of the region will

be summarjzed and the main pkoperties of the internal waves found there’ g

will be presented. ’A few suggésgions for further investigation follow

\

this discussion.

The region 1§ characterized Ly strong tidal currents during flood,
with a maximum sub-surface velocity of-180 cm/sec over the sill. The
main bathymetric feaEyre.is tﬁe English Bank, an extension of which
obstructs the channel running along thF north shore of thgfriver, near,
Pointe-au-Pic. The Bank div;&es the’ circulation into two main flows,
one passing to the south and the other to the north. The flood ends
4 to 4 hours after high tide at Po1nte-au-Pére, wh11e the low water
slack occurs 2 to 3 hours“after low tide. The verfica] shear of the
horizontal velocity rarely exceeded 0:1 sec™T, as measured in the L

summer of 1974 by ‘the CCIW (the average never exceeds-0.01 sec™!).

©

] = A
Vertical strat1f1cat1on of the water column is relatively weak in

this part of the estuary.s Dens1ty values near Pointe-au-Pic change "x
almost 11near1y with depth below 20 m, except during flood in the area
upstream of English Bank. Values are characteristic of those found in

an estuary, with o, varying between 13 and 25.

-
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* these become non-Thinear and form waves due to the interplay of dis- .
- L:)" » ¥
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For almost every semi—diyrnai'tide,‘when the current is near its.
maximum velocity, fﬁterﬁal waves are formed in the narrow passage
between the. English Bank and the mainland. These waves exist for 10
to 20 mﬁﬁutes and have a period of 2 to 4 minutes. At the mooring
site, waves were generated with diurnal peﬁiohicity, this resulting
from the diffeqingvdensjty characteristics between suceessive semi-

diurnal tides. 0 .

o

In:1ight of the different theories p;esented, most. of the density
f]ucggations“shown in ghapter 4 seem to be retated to the “influence of
the local bottom topography (English Bank). Fuethermore, as these
waves closely resemb]é Ihqse described by Halpern (1971), the most
acceptable exp1anation for their generation is the instability of the
flow as 1t passes over Engijsh Bank from e1ther direction. In all of
the presentexampTes waves were accompanied by an abrupt change in o

density. -

£y

Lee and Beardsley (1974) suggest that density fronts 1ike
S :

persion and non—]ineaéfty. Unlike their work, waves we%eﬂobserved

durrng an 1ntrus1on of‘both more dense, and less dense water masses.
Deﬂend1ng ‘on the 10ca1 depth and strat1f1cat1on, 1nterna1 waves of the

solitary or'non sol1tany type could be form?d

ES

9

-

”As Long (1955) had pred1cted, 1nterma1 waves were observed in the .

lee of the barrier only when the overall R1chardson number, J, was

s *

0
o
\
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sma]]?r than'w (see Figures 4.7, 4.9, 4.11). As our measurements

were limited in number,and because of the height of the obstacle . ‘ -
re]ative»to downstream depth to the flow, Bell's (1975) prxedictions )

cannot be tested using the present observations.
' \

As discussed in Chapter 2, the waves created in such a dispersive
n'lf_d]um as the estuary and by such a large obstade tecome rap1d1_y non-
linear. The asymmetric shape of the waves g1ven as éxamp]es in Chapter
4 are effectively non-]1nePr: density values at a given depth always
start from some basic 1eve1 and rapidly reach a higher or Tower level
(example: Figure 4.9). The re]at1ve sign of this peak (pos1§1ve or
‘negative) depends on the d1str1byt1on of the BV frequency N a;d other
factors. If Noa 1is above the observation level, incursion of less
dense water is recorded by the insﬁrument and negative peaks result; if
the N 1eve1 is deeper than the 1nstrument denser water goes up to
"the current meter and positive peaks are recorded. Thus it is inferred }

that internal waves are produced at a 1eye1 of maximum N.

| ) ’ ’ i :

o 1 Some of the internal waves observed were probably of the solitary . ]

P Y # N ]
type, as described by Halpern (1971), Lee and Beardsley (1974) and o

o Gargett (1976). If this classification is justified, the speed of
each crest (anlindependeﬁt wave) is,p?oportiPnai to its amplitude. —
As tha waves following the leading wave are of smaller amplitude,

0 they travel at smaller speeds. - Unfortumately, no reliable measure of o

(:) “wave amplitude was obtained, but the speed vhwiation (and thus/ o -

P A H - t-
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separation) between each wave can be used to explain the frequency
ihcrease found infthe present work. According to prediction, this
distance (as measured at one location) diminishes between the suc-

ceeding wanes of Tower amplitude. Without a reliable estimate of

wave]ength Doppler shifting of the observed frequency by the mean

[ \ |

Although the direction of wave propagation is unknown, it is i .

g f1ow cou]d not be determ1ned

evident that internal waves created over the English Bank propagate

in beth d1re4t1ons, upstream and downstream, for at 1east 5-10 km

away from the top of the obstacle. As an example, the osc111at1ons

§hown,in Figure 4.3 nid not occur in the lee of the obstacle (re1a£ivq

to the current direction at this time) but ahead of it. In generaA”J 2

it was difficult to separate waves generated at a steepening 1nFerna1

front from upstream influences or advected lee waves because OZJF lack

“of supporting data. The resu1ts do indicate that internal fro 3 are-

W2

Y
o
s +

' the most Tikely source. ,23/99f1n1te conclusions can be drawn from the“

~ observations about the presence of a "columnar mode". . . -
L o .
In regard to the above conclusions, it should be remembered.tnat

e , ° :
velocity shears were not measured uniformly over the water cotumn and

that S.T.D. profiles were not taken simultaneously with the arrival Qf
\ \ ’ .
the internal waves. Therefore, the stability and water stratification
s (and thus the BVlfrequency dispripufibn) are not always known at the

- time that waves were recor&edﬁ Simultaneity of all observations would - -

-
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" mental program to study the formation and behaviour of tnese wavé§

have allowed for a more rigoreus analysis and perhaps more interesting :

’ -

-

e AL e R

conclusions. . \ . ]

A few suggestions for the preparation of a more complete experi-

1

£11 now be given. S1mu1taneous observat1ons on both s1des of the

cle ( Fhe Eng]1sh Bank) shou]d be undertaken, but suff1c:ent1y far

aw y so as to discriminate ¢learly between stationary lee waves, .

Yol d e 1 A e ke L S

propagating internal (small-amplitude) wave groups, and solitary wave
tréins, from thei; upstream disturbances. Density and current profi]és
should be taken regularly at a 30,minute interval or less. Wavelength, ’ !
creﬁﬁ speed and amplitude of the ipterna] waves should be measured. As - ot '
the speed of wave propagation is faster than we h Cg§anticipated,
either the samp11ng'rate shou]d be increased OF'the separation distance
of the sensors lengthened. Thg gqug;eymef/fhe sensor array musd, remain ‘
constant. This cou]d'be dgnp ﬁ§ mooring closely spaced current meter

strings. ﬁgta obt?WC;dﬁfnythis manner would be used to supplement

the shipboard observations. “"Reaijtime" observation ofsihe waves would

allow for increased sampling during intervals of particular interest. = %

»
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‘Station

75-2

75-11
74-12e~01 °
~ 74~12c-04

74-12c-07 °

74-12c-11
10

11

31

36

1

37

43

STA 63

APPENDIX
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l: 'List of Stations

|Latitude (N) -

Longlthde*(ﬂ)

ol

4 . . 47°%39.1" 70°03.4"
O  47°37.5' 70°06.7 .
O 47°35.0° 70%09.3
W  ¢7%38.7" © '70%s4.4'
8 47%30'15" ’ 70°12 'o1"
M 47%27'54" : 70°07.'10"
. @  47%°s8'06" 69°57 '05"
. 47%45 '36" 6951 30"
. A 47%0 54" 70°01'12"
A 47%0'30" ~70°00'12"
O . 47°38'30" 70°04 '24"
Y v, .
A 47936 42" 70%s ‘18"
A 47°35754" 70°06 42"
A 47°38'48" 7607 '00"
O  47°37'04" . 70%7 44"
. . - ,
V(A‘
. {f] 2 months mooring ’
\ /M 1 month-mooring
Q3 days mooring ! :
' / QO cHS tidal survey statlon (1934-37)
’ / O 13 to 22 hours Fixed station’
/& 13 hours profiling station

/ . B
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APPENDIX 2: Tidal Prediction at Pointe-au-Pére
l ‘ |
(48°31'N - 68928 'wW) -
Hour ‘Height , Hour Height
(EST) (M) % (EST) (M) . w
N \ ) ‘ ) R - - i
June 22 0:45 4.1 b July 22 1:20 4.1
s+ 9:20 0.7+~ | 7:55 0.7 .
- 13:25 3.4 S - 13:45 3.4
y ~19:00 1.0 e 19:35 1.0
June 23  1:30 4.3 (July 23 2:00 4.2 !
8:05 0.6 " 8:35 . 0.7 - f
14:10 3.5 - ~_ .- 14:25 - 3.5
1945 0.9 20:20 - 0.9
]
* June 24  2:10 4.4 July 24 2:40 4.2
B:45 0.5 v 9:15 + 0.6 l
14:50 3.5 15:05 3.5
20:35 0.9 20:50 0.9
-~ June 25 4:50 4.4 July 25 3:05 4.2
9'3,0‘ O.6ﬂ , 9:30 0.7 s
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