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ABSTRACT

A tw o-dim ensional num erical m odel is developed to stu d y  the  tid a l 
p ropagation  in the St. Law rence E stu ary . L inearized vertica lly  in teg ra ted  
equations of m otion and  co n tinu ity  are  used. C entral fin ite difference 
schem e is used both in space and  tim e (fo rw ard  differences for the d issi
pative term ) and con jugate R ichardson  lattice scheme is used to  ensure 
com pu tational stability . In th is  model, th e  independent tides as well as 
w ater level varia tions due to  m eteorological causes are om itted . Hence 
the d irect tid a l forcing te rm  is set to zero, and the observed tidal con
stitu en t is specified a t the  m outh  of the  estuary . Separate ru n s  are  m ade 
for each of the five im p o rtan t tidal co n stitu en ts  in  th e  estuary , nam ely  
M2, S2, N;>, Ki and Ox and  also for th e  to ta l tide. C o-am plitude, co-phase 
lines and  tidal cu rren t ellipses are co n stru c ted  for each of th e  five tid a l 
harm onics. C om parison of the  m odel re su lts  w ith  prev ious w ork  and  
shore based gauge observations show s th a t the m odel gives good agreem ent 
and  can be used to in te rp re t tid a l p ropagation  in  the St. L aw rence E stuary .

INTRODUCTION

T he St. Law rence E stu a ry  in easte rn  C anada (fig. 1A) fo rm s a link  
betw een the G reat Lakes and  the A tlan tic  Ocean by connecting th e  
St. L aw rence River w ith  the  Gulf of St. Law rence. It is the  p rin c ip a l 
nav igational rou te  from  the  A tlantic Ocean to  E astern  U.S.A. and  Canada. 
A know ledge of the tides in  the  e s tu ary  is necessary  not only fo r nav i
gational purposes b u t also for u n d e rs tan d in g  the m ixing processes in  the  
estuary , noting th a t m any in d u stries  a re  located  along its shores.

(*) I n s t i tu te  o f Ocean Sciences, D e p a rtm en t o f  F ish e rie s  a n d  th e  E n v iro n m e n t, 
S idney , B.C., C an ad a .
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P rev ious tida l m odels include th o se  of V in c e n t  (1965), P a r t e n s c k y  
an d  L o u c h a r d  (1967), K a m p h u is  (1968), P a r t e n s c k y  and  W a r m o e s  (1970), 
O u e l l e t  and  C h e y lu s  (1971), P r a n d l e  and  C r o o k s h a n k  (1972), an d  P a r 
t e n s c k y  an d  M a r c h e  (1974). A lthough th e  resu lts  from  all these studies 
a re  qu ite  in teresting , it w as felt th a t a m odel for th e  p ropagation  of tides 
in  th e  e s tu a ry  is requ ired  fo r the  follow ing reasons. W ith  the  exception 
of th e  m odel by P r a n d l e  an d  C r o o k s h a n k  (1972), all the  o ther m odels 
re fe rred  to  are analy tical in n a tu re  an d  could not include th e  topography  
in  a  refined m anner, as w ould  be possible in  a n u m erica l m odel. P r a n d l e  
an d  C r o o k s h a n k  (1972) used a com bination  of one and  tw o dim ensional 
n u m erica l m odels, bu t did not m ake use of real tida l da ta  for the  five 
im p o rta n t tida l constituen ts  in th is estu ary , nam ely  M2, S2, N2, Kt and  Ov  
F o r th is  reason, th e ir  re su lts  could n o t d irectly  be com pared  w ith  ac tua l 
observations.

T he num erical m odel used here is two d im ensional and  m akes use 
of real tid a l da ta  as in p u t. As is trad itio n a l w ith  tida l m odels, hom o
geneity  of the  w ate r colum n is assum ed  and  vertical in teg ra tio n  h as  been 
m ade in the  equations of m otion an d  con tinu ity . Since th e  estuary  is 
w ide enough for the ea rth ’s ro ta tion  to  have influence on the  s tru c tu re  
of th e  tide, Coriolis force is included.

Next, we will briefly consider th e  lim ita tions of th e  m odel. A lthough 
it w ould have been desirab le to m odel th e  tida l p ropagation  from  the  
w estern  end of the  A nticosti Island  (fig. 1A) to  Quebec City, th is  w as 
no t done here due to  the  following reasons. C om puter storage lim ita tions 
d id not p e rm it us to  extend the m odel eastw ard  of Pointe-des-M onts. In 
th e  region between Ile-aux-Coudres an d  Quebec City, due to  th e  constric
tions an d  shallow ness, non lin ear advective te rm s w ould be im portan t. 
A gain com pu ter storage lim itations p roh ib ited  inclusion  of th is  p a r t of 
the  estu ary . T hus th e  m odel ex tends from  Ile-aux-C oudres on th e  sou th 
w est side to Pointe-des-M onts on th e  n o rth eas t side, and  a t bo th  ends 
it is open.

The es tu ary  is covered w ith  ice d u rin g  D ecem ber to  A pril, bu t in  
th is  s tu d y  no account w as m ade fo r th is . F inally , fresh w ate r d ischarge 
from  th e  rivers is no t included, bu t w e believe th is  to  be a  second o rder 
effect. A lthough no new techn iques are  p resen ted  here, th is  s tudy  is 
p robab ly  the first tid a l m odel for th e  St. L aw rence E s tu a ry  th a t  included 
top o g rap h y  and  real tid a l data .

THE MATHEMATICAL MODEL

The dim ensions of the  es tu ary  are  such  th a t a  ca rtes ian  coord inate 
system  w ill be sufficiently accurate . However, we found  it convenien t to  
ad ap t th e  spherical p o lar coord inate  m odel developed by F r e e m a n  and  
M u r t y  (1976). In  th is study , th e  in dependen t tide as well as wra te r level 
v a ria tio n s  due to  m eteorological causes are  om itted . T hen  th e  linearized, 
vertically  in teg ra ted  equations of m otion  an d  co n tin u ity  are  (H e a p s , 1969; 
F r e e m a n  and  M u r t y ,  1976):
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w here x  is longitude (positive eastw ard ;, <£ is la titu d e  (positive n o rth w ard ), 
a is th e  ra d iu s  of the  ea rth , Cl is the an g u la r  velocity of e a r th ’s ro ta tio n  
h  (/>) is the w ater dep th , tj (^, cf>, t) is the  deviation of the  w ater level 
from  its equ ilib rium  position , g is grav ity , t is tim e, r B is the  bottom  
stress, n is w ater density , and  M and N are  the  y  a n d com ponents of 
the volum e tran sp o rt.

As m entioned  above, th e  m odel is open a t both  ends (Ile-aux-Coudres 
at th e  sou thw est end  and  Les M echins a t th e  n o rth east end). The w ate r 
level 7j is specified a t bo th  ends, based  on  ac tua l tid a l observations. 
A sim ple scale analysis  sim ilar to th a t of F r e e m a n  an d  M u r t y  (1976) 
show ed th a t the acceleration

term s w ill be of th e  o rd e r of 1 0 -4 sec 1 w hereas the bottom  fric tion  term  
will be about a te n th  of th is  value. However, in very  shallow  w ater, 
bo ttom  fric tio n  becom es m ore im p o rtan t.

As is show n in  fig. IB, th e  grid  system  h as 103 p o in ts  in the  d irection  
of the  leng th  of the  e s tu a ry  an d  29 p o in ts  in  a tran sv e rse  direction . The 
grid  size is 3.7 k m  in th e  x  d irec tion  and  2.8 km  in the  <f> direction. 
T he grid  w as d raw n  such  th a t  M, N poin ts  fa ll on closed boundaries and  
r) p o in ts  fa ll on open boundaries. C entral fin ite difference schem e is used 
bo th  in  space and  tim e, except fo r th e  d issipative te rm  w hich  uses fo r
w ard  differences. C onjugate R ichardson  la ttice  schem e w as used to en su re  
co m p u ta tio n a l stab ility . In  th is  leap-frog schem e th e  horizonta l flow 
com ponen ts M, N  are  evalua ted  at even tim e steps. F or the  exact form s 
of th e  fin ite  difference form s see F r e e m a n  an d  M u r t y  (1976).

T he in itia l condition  w as of no m otion  everyw here. A tim e step  of 
At =  24 seconds w as used. T he o u tp u t is M, N, 77 as a fu n c tio n  of tim e. 
F ro m  these, tidal cu rre n t ellipses and  co-am plitude and  co-phase lines a re  
co n stru c ted .

T he im p o rtan t tid a l co n stitu en ts  for th is  e s tu ary  are M2, S2, N2, Oi 
and  K], T he bou n d ary  condition  on 77 a t bo th  open ends is prescribed a s

te rm s, Coriolis te rm s and su rface  g rad ien t

»?i(X , 0) =  Aj (X , 0) cos [CTt — Pj (X , 0)] (4)

w here I denotes the co n stitu en t and  A, and  <fii are the observed am plitude 
and  p hase  of the constituen t.



RESULTS

W ater level variations

T h e  co-tidal and  co-am plitude lines fo r the tid a l co n stitu en t M2, inside  
th e  St. L aw rence E stu ary , are  show n in  figure 2A. E x am in a tio n  of th e  
slope of the co-am plitude lines in d ica tes  th a t  w a te r level is h ig h er a long  
th e  n o r th  shore com pared  to th a t  a long  the sou th  shore. T h is d ifference 
in creases  w estw ard  from  10 cm  a t Pointe-des-M onts to  50 cm  n ea r Ile- 
aux-C oudres. The increase  in  w a te r level along th e  n o rth  shore is due, 
in  p a r t,  to th e  fact th a t sem id iu rn a l an d  d iu rn a l tides from  the  Gulf of 
St. L aw rence are b o th  p ro p ag atin g  in to  th e  e s tu a ry  along th a t shore. T he 
b a th y m etry  and  funnel shape of the  e s tu a ry  m ay  also co n trib u te  to  th is  
d ifference; th e  n o rth  shore is ch a rac te rised  by very  steep side w h ile  a 
broad  sub-tidal p la tfo rm  and  is lan d s are  found  along th e  so u th  shore.

C on trary  to F a r q u h a r s o n  (1970), th e  sem id iu rn a l tid a l oscilla tion  M2 
betw een  T adoussac an d  Ile-aux-C oudres has an  am p litu d e  in creasin g  ra p id 
ly  fro m  150 cm a t th e  fo rm er to  240 cm  near th e  la tte r , th en  decreasing  
aga in  to 160 cm n ea r S t-Jean -P o rt-Jo li. In  th is  p a r t  of th e  e s tu ary , a 
m a jo r break-in-slope an d  change in reg iona l d ep th s  along  the  axis of th e  
ch an n el occurs n ea r th e  confluence of the  Saguenay R iver an d  th e  u p p e r 
es tu ary , w here th e  bo ttom  rises d ra s tica lly  from  a d ep th  of ap p ro x im a te ly  
350 m  to  25 m over a 16 km  distance. F u rth e rm o re , n ea r T adoussac  
the  e s tu a ry  w iat'.i is app rox im ate ly  23 km , w hereas u p s trea m  of Q uebec 
City it  narro w s to  ab o u t a  m ile (1.6 k m ) in  w idth . T he co tidal lines ten d  
to  ra d ia te  from  some im ag inary  po in t near Cap-aux-Oies.

T h e  co-phase lines ind icate  th a t  th e  M2 tide en te rs  th e  e s tu a ry  firs t 
a long  the  n o rth  shore. At the  e s tu a ry  m outh , n ea r L es M échins, th e  M2 
tid e  h as  a phaselag  of 48° w hich  in creases  to  59° a t P o in te -au -P ère , to  
78° a t  R ivière-du-L oup an d  to 136“ a t  S t-Jean -P ort-Jo li. F o r a d iscu ssio n  
of tim e  lags associa ted  w ith  the  occu rrence  of low  w a te r in  th e  St. L aw 
rence system  see L e B l o n d  (1978).

F igu res 2B and  3 (A, B) p resen t th e  m odel re su lts  fo r th e  o th e r th ree  
im p o rta n t tida l constituen ts , nam ely  S2, N2 and  respectively , an d , w hile  
th ey  do not differ significantly  from  th e  M2 cotidal ch a rt, th ey  are  in c lu d ed  
fo r com pleteness. T he re su lts  show  th a t  w ith in  th e  St. L aw rence E s tu a ry , 
th e  sem id iu rn a l co n stitu en ts  do m in ate , w ith  rap id  change in th e  co-am 
p litu d e  and  co-phase lines in  th e  a rea  n ea r the  S aguenay  R iver e n tra n ce  
and  som e d isto rtion  in  the  reg ion  of Ile-aux-C oudres.

F o r q u an tita tiv e  com parisons, tab le  1 gives the  n u m erica l m odel 
re su lts  fo r the  four p rinc ipa l co n stitu en ts , nam ely  M2, S2, N2 an d  K lt as 
com pared  w ith  observations from  a n u m b er of shore-based  s ta tions. T h is  
tab le  show s rem ark ab ly  good ag reem en t: phase and  am p litu d e  ag reem en t 
fo r th e  M2 tide are generally  less th a n  5° and  5 cm respectively . A gree
m en t betw een observed and  p red ic ted  values for S2, N2 an d  is, as  
w ou ld  be expected, s im ilar to the  M2 agreem ent. T h e  re su lts  o b ta in ed  
fo r O i tida l co n stitu en t (not show n) ind icate, how ever, som e d is to rtio n
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Table 1
O bs erv ed  a n d  ca lcula ted  t ida l  con s t i tue nts  in the St. L a w re n c e  Es t uar y

Station
Tidal

consti
tuent

Amplitude (cm) Phase (°)

Obs. Sta. 
Data
( 1 )

Numer.
results

(2 )

Differ
ence

( 1 ) - ( 2 )

Obs. Sta. 
Data 
(3)

Numer.
results

(4)

Differ
ence

(3 )-(4 )

Tadoussac

m 2

S 2

n 2

K.
Total

155.4
49.5
31.9
24.0

260.8

155.1
50.0
34.0 
24.3

263.4

0.3
-  0.5
-  2 . 1  

-0 .3
-  2 . 6

67.8
105.0 
45.4

205.0

66.9
102.7
41.8

211.4

0.9 
2.3 

4- 3.6 
— 6.4

Forestville

m 2

S2

n 2

K i
Total

141.1 
44.6 
24.3 
24.2

234.2

140.1 
46.1
30.0
23.0

239.2

1

-  1.5
-  5.7 
+ 1 . 2

-  5

52.2
97.4
32.4 

200.7

57.3
92.1
33.8

207.6

-5 .1  
5.3 

-  1.4
- 6 . 9

Baie-
Comeau

m 2

S2

n 2

K i

Total

118.5
37.6
24.4
2 2 . 2

202.7

123.1
39.1
26.6
2 2 . 0

2 1 0 . 8

-  4.6
-  1.5
-  2 . 2  

0 . 2

-  8 . 1

47.2
83.1
24.9

199.0

49.3
85.4
27.5 

205.4

-  2 . 2

-  2.3
-  2 . 6  

-  6.4

Rivière - 
du-Loup

m 2

S2

n 2

K,
Total

150.8
48.1 
34.9
23.2

257.0

155.0
48.1
32.1 
24.0

259.2

- 4 .2
0 . 0

2 . 8

- 0 . 8

-  2 . 2

79.9 
115.8 
53.4 

208.3

77.7
114.9
49.1

216.7

2 . 2  

0.9 
4.3 

-  8.4

Pointe
au-Père

m 2

S2

n 2

K,
Total

126.6
41.5
29.3
24.1

221.5

130.1
43.0 
28.5
2 2 . 0

223.6

-  3.5
-  1.5 

0 . 8  

2 . 1

-  2 . 1

53.6
89.0
31.0 

204.1

' 58.5 
92.5 
35.1

208.7

-  4.9
-  3.5 
-4 .1  
- 0 . 6

Matane

m2

s 2

n 2

K,
Total

114.0
30.5
23.5 
2 2 . 0

190.0

1 1 2 . 1

36.0 
24.5
2 1 . 1

193.7

1.9
-  5.5
-  1 . 0  

0.9
-3 .7

49.0
84.0
27.0 

191.0

52.6
8 8 . 8

28.8
206.1

-  3.6 
-4 .8
-  1 . 8  

-  15.1

Les
Méchins

m2

S2

n 2

K,
Total

93.1(*) 
28.8 
19.8 
2 1 . 1

162.8

1 0 0 . 0

29.1
2 2 . 1  

2 1 . 0

172.2

-6 .9
-0 .3
-  2.3 

0 . 1

-  9.4

48.0(*)
84.3
24.0

202.7

48.0 
84.3
24.0 

202.7

0 . 0

0 . 0

0 . 0

0 . 0

(*) O b serv ed  d a ta  a t  S te -A n n e-d es-M o n ts , 40 km  e a s t of Les M cchins.



in th e  region betw een M atane and  Les M échins. T h is d iscrepancy  can  
p robab ly  be explained by th e  u n ce rta in tie s  in  th e  specified b o u n d a ry  
cond itions as well as the  sm all am p litu d es of th is  co n stitu en t, m ak in g  
d irec t com parison  w ith  gauge observations difficult, an d  th u s  fu r th e r  in te r
p re ta tio n  is no t a ttem pted .

In  o rd e r  to  co m p le te  o u r  s tu d y , w e  a n a ly se d  th e  w a te r  level v a r ia t io n  
w ith  t im e  fo r  e a c h  of th e  five t id a l  c o n s ti tu e n ts , s e p a ra te ly  a n d  to g e th e r . 
E x a m in a tio n  of th e  m o d el r e s u lts  (L e v e sq u e , 1977) sh o w s th a t  m a x im u m  
a m p litu d e  fo r  th e  M 2  t id e  m ay  re a c h  a  va lu e  o f 250 cm  a t C ap -au x -O ies, 
d e c re a ses  to  150 cm  a t S t- J e a n -P o r t- J o li  a n d  to  100 cm  a t L es M éch ins. 
T h e  b e h a v io u r  o f a ll o th e r  t id a l c o n s t i tu e n ts  is s im ila r  to  th a t  of M 2; th a t  
is, th e  a m p litu d e  d ec reases  a lw a y s  a s  th e  so u th  sh o re  a n d  th e  d o w n 
s tre a m  e n d  of th e  e s tu a ry  a re  a p p ro a c h e d . If w e  e x a m in e  th e  w a te r  level 
a t  a p a r t ic u la r  s ta tio n , w e rea lize  t h a t  th e  s e m id iu rn a l t id a l c o n s ti tu e n t  
Ml, is  th e  d o m in a n t one, fo llow ed  b y  S2, N 2, K x a n d  O x. F u r th e rm o re , 
e x ce llen t a g re e m e n t is o b ta in e d  b e tw e e n  th e  m o d e l re s u l ts  a n d  v a lu e s  o f 
th e  sam e  h a rm o n ic  c o n s ti tu e n ts  c a lc u la te d  b y  F o r r e s t e r  (1972) f ro m  
w a te r  level d a ta  a t  se lec ted  re g io n s  ac ro ss  th e  S t. L a w re n c e  E s tu a ry  
( ta b le  2). B o th  F o r r e s t e r ’s r e s u lts  a n d  th o se  d e d u c e d  by  th e  m o d e l p re 
se n te d  in  tab le  2  a re  th e  m ean  v e r tic a l tid e  fo r  e a c h  reg io n .

Table 2
Mean Vertical Tide ( cm)  at selected regions in the St. Lawrence Estuary

__ Harmonic
constituent

Region

m 2 s 2 n 2 K i

A B Diff. A B Diff. A B Diff. A B Diff.

Cap-aux-Oies
St-Jean-Port-Joli

195 186 9 59 59 0 42 33 9 25 25 0

160 158 50
Rivière-du-Loup

2 48 2 33 31 2 25 24 1

Tadoussac 152 156 — 4 50 50 0 32 31 1 23 25 _ 2

Forestville
Pointe-au-Père

133 132 1 42 42 0 29 25 4 23 23 0

Baie-Comeau
Matane 
Les Méchins

113 116 - 3 32 34 - 2 25 24 1 21 23 — 2

A : N u m er ica l m od el resu lts . 
B : F ro m  F o r r e s t e r  (1972).

Next, we will exam ine th e  to ta l tida l v a r ia tio n s  w ith  tim e, an d  
consider the  effect of all five co n s titu en ts  together, an d  com pare th e  m odel 
re su lts  w ith  ac tua l gauge observations obtained  a t selected  s ta tio n s  along  
th e  estu ary . R uns are m ade fo r a period  of 72 h o u rs  s ta rtin g  a t  0 h o u r 
of th e  15th day for each of the  m o n th s  of Ja n u a ry , A pril, J u ly  an d  
O ctober 1975. O nly th e  re su lts  for five s ta tio n s a re  p resen ted  h ere , an d  
are  show n in  figure 4. T h is  figure show s th a t th e  m odel p roduced  a good 
overall rep ro d u ctio n  of tid a l p ro p ag a tio n  th ro u g h o u t th e  estu ary . H ow ever,
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large d iscrepancies betw een the  observed an d  ca lcu la ted  values occur during  
the  w in te r period . T his can  be exp lained  by th e  fact th a t th e  St. L aw 
rence E s tu a ry  is charac te rized  a t th a t  tim e of th e  year by th e  presence 
of ice cover. As m en tioned  before, no accoun t w as m ade in  the  present 
s tu d y  for th e  presence of ice cover w hich can  influence the calculated  
sea level in  the  e s tu a ry  d u rin g  th a t  period.
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A ccording to  the m odel resu lts , tida l am p litu d e  a tta in s  its lowest 
values in  th e  so u th eas te rn  p a r t of th e  e s tu a ry  an d  increases tow ards the  
w est and  n o rth . In  O ctober, tidal am plitudes increase from  100 cm a t 
Les M échins to  260 cm  a t  Cap-aux-O ies. On th e  o ther hand , th e  largest 
difference betw een  high  an d  low w a te rs  is alw ays found in  the n o rth 
w estern  p a r t  of th e  estu ary , p a r tic u la rly  a t Cap-aux-Oies. A t th is station , 
tid a l ran g e  increases rap id ly  from  380 cm in  Ja n u a ry  to 440 cm in April 
and  reach es a value of 510 m  in  O ctober.

F ig u re  5 show s th e  w a te r level con tou rs a t the  flood an d  ebb tides 
on 18 O ctober 1975. T hese con tou rs, w hich  illu s tra te  th e  p ropagation  of 
th e  w ave fro n ts  across th e  es tu ary , w ere p rep a red  using  th e  w a te r level 
a t each g rid  po in t as genera ted  by th e  m odel and  tak in g  in to  account the 
five tid a l h a rm o n ic  constituen ts . D u rin g  flood tide, tidal w aves propagate 
progressively  along the n o rth  shore u n til T adoussac. In th is  p a r t of the 
estu ary , differences in w a te r level betw een the  n o rth  and  sou th  shores are 
less th a n  5 cm. The h ighest level is found  n ea r C ap-aux-O ies and  decreases 
rap id ly  so u th w ard  in  th e  d irec tion  of S t-Jean -P o rt-Jo li w here it reaches 
its  low est level a t th a t  sta tion . T he rap id  change in  w a te r level between 
b o th  shores a t the  u p stream  b o u n d ary  of the  m odel can be a ttrib u ted  in 
p a r t to  th e  changes in  the  axial d irec tion  of th e  estuary , an d  in  p a r t to 
the  ab ru p t rise  in bottom  to pography  ju s t  beyond T adoussac w here the 
e s tu a ry  becom es narrow . In  ad d itio n  d ep ths of up to 200 m  are found 
in  th e  N o rth  C hannel w h ich  ru n s  p ara lle l to  th e  n o rth  shore while, in 
co n tra st, a b ro ad  su b tid a l p la tfo rm  of 10 m  o r less is developed along the  
low -lying so u th  shore. As expected, th is  p ic tu re  is reversed d u rin g  ebb 
tide co n d itio n s; th e  su rface  w a te r a tta in s  slopes of exceptional steepness 
in the  u p s trea m  p a r t w ith  a h ig h er level along the  south  shore. In  the 
lower p a r t of th e  estuary , the  decrease is m odera te  an d  th e  su rface  profile 
of th e  w ave is regu la r w ith  th e  slopes sm all.

Horizontal motion

It is ev iden t th a t tides p lay  an  im p o rtan t ro le in  m ix ing  the  w ate rs  
of the  estu ary . T idal c u rren ts  exert a p ro fo u n d  influence by th e  tu rb u 
lence th ey  produce. T h is tends to  b reak  dow n th e  sep ara tio n  between 
the  u p p e r fre sh e r w a te rs  and  the  m ore dense deep oceanic w aters, th u s 
in itia tin g  a vertica l m ix ing  of th e  two. T herefo re, a know ledge of the 
tida l s tream s along th e  e s tu a ry  is essen tia l in  o rder to  u n d ers ta n d  the 
m ixing processes.

T idal s tream s are calcu lated , using  th e  p resen t m odel, a t selected 
s ta tio n s  fo r each  of the  five tid a l co n stitu en ts . As can  be seen in  figure 6 , 
the  m ag n itu d e  and  ro ta ry  ch a rac te r  of th e  M2 tida l s tream s decrease 
d o w n stream  an d  so u th w ard  of Cap-aux-O ies, w ith  m in im um  values found 
in th e  so u th eas te rn  p a r t of th e  estu ary . M axim um  cu rren ts  of the order 
of 2 kno ts are  found a long  th e  n o r th  shore betw een T adoussac and  Ile- 
aux-C oudres (S ta tions 2 an d  3) an d  decrease to 50 cm /s  in the  opposite 
side of the  e s tu a ry  (S tation  7). F o r the  re s t of th e  stations, tid a l cu rren ts  
have an  am p litu d e  of th e  o rder of 25 c m /s . I t is of in terest to note th a t 
the o rien ta tio n  of the  ellipses is largely  topograph ically  determ ined  and



is in  general parallel to the  m ain  axis of the  estuary . E xcept a t sta tions
1, 4 and  10, the M2 tidal cu rren t ellipses show clockw ise ro ta tio n  of the 
c u rre n t vector. Near T adoussac (S tation  3) a s trong  tran sv erse  cu rren t 
of th e  o rder of 50 c m /s  is noticed. Since no opening boun d ary  was 
considered  for the  Saguenay River, th is  transverse  com ponent of th e  tidal 
cu rren ts  is due in p a rt to the rap id  change of bo ttom  topography  a t th a t  
location, and  in  p a r t to  th e  presence of a progressive in te rn a l sem id iu rnal 
tide of the  Poincaré type and a d iu rn a l tide of the  Kelvin type p ro p ag a t
ing seaw ard from  the in land  end  of th e  L au ren tian  C hannel, as observed 
by F o r r e s t e r  (1974).
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F ig. (i. — Tidal ellipse for M=.

T he S2 and  N2 cu rre n t ellipses (not show n) behave in  a sim ilar m an n er 
as the  M2 s tream s: th a t is, a decrease in  am plitude from  w est to  east and 
south , a change in the  o rien ta tion  of the  ellipses w hich in  general are 
para lle l to the axis of the  estuary , an d  a weak tran sv e rse  cu rren t a t m ost 
of the  sta tions com pared to th a t  at T adoussac. F o r any  p a rtic u la r sta tion , 
th e  M2 tidal stream  h as the m ax im um  am plitudes, follow ed by th e  S2 
an d  N2 respectively. F o r exam ple, a t sta tion  11 th e  m odel re su lts  show 
an  am plitude of 125 c m /s  for M2, 65 c m /s  for S2 an d  38 cm /s  for N2. 
T he Kj tidal ellipses are  p lo tted  in  figure 7. The in ten s ity  of th e  tidal 
cu rren ts  varies from  one station  to an o th er and its behavior is s im ilar to 
th a t  of M2, S2 and N2 cu rren t ellipses. However, a t sta tions 10 and  14 near 
th e  m o u th  of th e  estu ary  the  am p litu d es of the  Kj tid a l s tream s are  m uch 
g re a te r th an  for the  o th er stream s, b u t the o rien ta tio n s of th e  ellipses are  
sim ilar. The Kx tidal cu rren t ellipse a t s ta tio n  10 show s clockwise ro ta tio n  
of th e  cu rren t vector, opposite to th a t  fo r M2 s tream , w hich  is in  agreem ent 
w ith  the  observations given by F a r q u h a r s o n  (1970).
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T id a l e llip se  fo r  Kj.

L E S  M E C H I N S

F rom  observed su rface elevations and  the  co n tin u ity  considerations, 
F o r r e s t e r  (1972) has ca lcu la ted  the  average tid a l s tream s for seven 
harm o n ic  co n stitu en ts  (M2, S2, N2, Klf Oj, M4 an d  MS4) th ro u g h  several 
sections across th e  St. L aw rence estuary . F or q u an tita tiv e  com parison, 
tab le  3 show s F o r r e s t e r ’s re su lts  for selected regions together w ith  
values ob ta ined  by the p resen t m odel and those deduced from  d irec t c u r
re n t m easu rem en ts  in  th ree  of the  cross-sections. In  com paring  the 
ca lcu lated  and  observed data , it m u st be rem em bered  th a t the  cu rren t or

T ab le  3
Observed and calculated Mean Tidal Streams (c m /s )  

in the St. Lawrence Estuary

N. Tidal 
n . Const.

m 2 S2 n 2 K .

Calcu
lated

Obser
ved

Calcu
lated

Obser
ved

Calcu
lated

Obser
ved

Calcu
lated

Obser
ved

Region M* p** p** M* p** p*» M* p** p** M* p** p**

Ile-aux-Coudres 112 116 120 41 30 29 32 20 21 28 8 7

Rivière-du-Loup 90 89 - 24 24 - 17 16 - 13 7 -

Tadoussac 95 69 - 39 4 - 27 13 - 21 6 -

Pointe-au-Père 18 14 12 5 4 3 3 3 3 3 1.4 1.3

Les Méchins 20 18 16 8 6 6 6 4 4 12 1.8 1.5

*  M o d e l  r e s u l t s .
* F r o m  F o r r e s t e r  (1972).



tida l s tream  calcu lated  by the m odel or by co n tin u ity  fo r a p a rtic u la r  
cross-section  is th e  average value fo r th e  en tire  w a te r colum n, and  th a t 
th e  c u rren t m eter re su lts  are values for a single dep th . The m odel 
re su lts  rep o rted  in  table 3 for a p a r tic u la r  region are  th e  m ean  of all grid  
p o in ts  over th e  en tire  region. F o r r e s t e r  (1972) concluded th a t  tid a l 
s tream s ca lcu la ted  by co n tin u ity  are  believed to be m ore accu ra te  estim ates 
of the  average flows th a n  could be ob tained  by d irec t cu rren t m easu re 
m en ts. E xcept for the  Kj tida l co nstituen t, tab le 3 show s th a t  th e  am pli
tu d es  of the  sem id iu rnal tid a l s tream s are  generally  of th e  sam e o rd er of 
m ag n itu d e  as those ca lcu la ted  by F o r r e s t e r . T he general d iscrepancy  of 
th e  Kj tid a l s tream  can  p robably  be explained  by the  fact th a t  th e  h o rizo n t
al m otion  com puted from  our n u m erica l m odel is no t accu ra te  n ea r the  
tw o (open) boundaries, especially  fo r the  d iu rn a l tide. U n fo rtu n a te ly  
th e  tw o sta tions Ile-aux-C oudres and  Les M échins are  a t th e  open b o u n d 
aries. At P o in te-au-P ère  the  ag reem en t w as m uch  be tte r, w hile a t R ivière- 
du-L oup and  T adoussac no observational data  ex ists fo r com parison .

SUMMARY AND CONCLUSIONS

E arlie r m odels of th e  St. L aw rence E s tu a ry  e ith er did no t consider 
th e  to pography  or used hypo thetica l tid a l d a ta  as in p u t. The p resen t 
m odel inco rporates bo th  these fea tu res  and  calcu lates the  to ta l tide  as a 
com bination  of th e  five im p o rtan t constituen ts , nam ely  M2, S2, N2, K x and  
Oj. In  th is  s tu d y  the  independen t tide generated  in  th e  e s tu a ry  d irec tly  
by th e  astronom ica l forces is neglected  as being insign ificant, and  w a te r 
level deviations due to  m eteorological forcing a re  also no t included . T he 
a rea  of th e  m odel is from  Ile-aux-C oudres to L es M échins. B oth th e  u p 
s tream  an d  dow nstream  ends are tre a ted  as open bo u n d aries  w here the  
observed tide is used as inpu t.

T he calcu lated  w a te r levels are com pared  w ith  observed values as 
well as values from  earlier w orks. T he agreem ent in  th e  w a te r levels is 
b e tte r d u rin g  th e  period  w hen th ere  is no ice p resent. In  th e  p resen t m odel 
no allow ance w as m ade fo r the  fresh w ate r in p u t in to  th e  es tu ary  from  
su rro u n d in g  river system s.

A n exam ination  of tab le  3 show s th a t F o r r e s t e r ’s  (1972) re su lts  are 
som ew hat closer to the  observed values for all com ponen ts of th e  tid a l 
s tream s a t  the  various sta tions considered. At th e  ou tse t it m ay  no t be 
obvious w hy th e  d ifferences betw een th e  p resen t tw o-d im ensional m odel 
re su lts  an d  observations w ere sligh tly  g rea te r th a n  the  differences betw een 
F o r r e s t e r ’s  re su lts  and  observations. The exp lan a tio n  is th a t  F o r r e s t e r  

(1972) used th e  co n tin u ity  equation  to  fit the  observed d a ta  an d  in  a 
s tr ic t sense h is  w ork  is n o t a p red ic tiv e  model. T herefo re  a d irec t com 
p ariso n  betw een F o r r e s t e r ’s re su lts  and  th e  p resen t m odel m ay  no t be 
too ap p ro p ria te . However, in  an  abso lu te  sense, ou r re su lts  agree q u ite  
sa tisfac to rily  w ith  observation (the d iscrepancy  fo r th e  co n stitu en t 
ap p ears  to  stem  from  th e  fact th a t o u r in p u t d a ta  fo r th is  co n stitu en t 
ap p ears  to  be in  erro r).
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