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A B S T R A C T

" C o n t i n u o u s "  c u r r e n t  a n d  t e m p e r a t u r e  r e c o r d s  f r o m  i n s t r u m e n t s  m o o r e d  a t
v a r i o u s  d e p t h s  a n d  s t a t i o n s  i n  L a k e  M i c h i g a n  a n d  i n  L a k e  O n t a r i o  ( I n t e r n a t i o n a l
F i e l d  Y e a r  f o r  t h e  G r e a t  L a k e s )  a r e  h e r e  a s s e m b l e d  a n d  e x a m i n e d  f o r  e v i d e n c e  o f

i n e r t i a l  o s c i l l a t i o n s  a n d  r e l a t e d  i n t e r n a l  w a v e  r e s p o n s e s  t o  i m p u l s i v e  w i n d
s t r e s s .  P r e f a c e d  b y  a  b r i e f ,  i l l u s t r a t e d  r e c a p i t u l a t i o n  o f  w e l l - k n o w n  l i n e a r
c h a n n e l - w a v e  t h e o r y ,  t h i s  r e p o r t  ( P a r t  I )  a s s e m b l e s  a n d  p e r f o r m s  a  p r e l i m i n a r y
a n a l y s i s  o n  r e c o r d s  f r o m  a  s i n g l e  L a k e  M i c h i g a n  s t a t i o n  ( A u g u s t  t o  O c t o b e r ,  1 9 7 6 )
a n d  f r o m  t w e n t y  s t a t i o n s  i n  L a k e  O n t a r i o  ( J u n e  t o  N o v e m b e r ,  1 9 7 2 ) .  T h e  t i m i n g
a n d  m a g n i t u d e  o f  w i n d  s t r e s s e s  a r e  e s t i m a t e d  f r o m  r e c o r d s  a t  s h o r e  s t a t i o n s
( L a k e  M i c h i g a n )  o r  a t  o f f s h o r e  m o o r i n g s  ( L a k e  O n t a r i o ) .  T h e  I F Y G L  m o o r e d  s t a t i o n s
a n d  i n - l a k e  t o w e r s  a r e  g r o u p e d  a l o n g  f o u r  c r o s s - b a s i n  s e c t i o n s ;  a n d  t h e  r e s u l t s
a re  p resen ted  i n  14 -day  compos i t e  d iag rams  d i sp lay ing ,  f o r  each  c ross -sec t i on ,
t h e  c u r r e n t  a n d  t e m p e r a t u r e  r e c o r d s  f r o m  a l l  s t a t i o n s  a n d  d e p t h s  c o m p a r e d  w i t h
t h e  w i n d  r e c o r d  f r o m  4  m  a b o v e  t h e  w a t e r  s u r f a c e  a t  o n e  s t a t i o n .  I n  t h r e e  o f  t h e

c r o s s - s e c t i o n s ,  t h e  c r o s s - b a s i n  t e m p e r a t u r e  s t r u c t u r e  w a s  a l s o  e x p l o r e d  b y
s e n s o r s  t o w e d  b y  v e s s e l s  o n  c o n t i n u o u s  t r a n s e c t  s h u t t l e s  o c c u p y i n g  f o u r  d a y s  i n
J u l y ,  A u g u s t ,  a n d  O c t o b e r .

W h e n e v e r  t h e  r e c o r d  d i s p l a y s  m o r e  o r  l e s s  r e g u l a r  o s c i l l a t i o n s ,  s e e n  a s  c u r -
r e n t  r o t a t i o n s  o r  a s  t e m p e r a t u r e  f l u c t u a t i o n s  a t  p a r t i c u l a r  d e p t h s ,  s e l e c t e d  e p i -

s o d e s  ( t y p i c a l l y  c a l m e r  i n t e r v a l s  f o l l o w i n g  i m p u l s e s  o f  w i n d  s t r e s s )  a r e  f i t t e d
by eye to  one o f  the  fo l low ing "average per iod  bands"  (APB)  centered on the  loca l
i n e r t i a l  p e r i o d  ( 1 7 . 4  h )  a n d  o n  p e r i o d s  o f  P o i n c a r e  w a v e - m o d e s  i n  a  t w o - l a y e r e d
c h a n n e l  m o d e l  w i t h  p a r a m e t e r s  a d j u s t e d  t o  m e a n  c o n d i t i o n s  d u r i n g  t h e  s t r a t i f i e d
s e a s o n  i n  t h e  r e a l  l a k e ,  i . e . ,  t o  1 7 . 0 ,  1 5 . 8 ,  1 4 . 4  a n d  1 3 . 0  h  i n  L a k e  O n t a r i o .
W i t h  a n  A P B  o f  1 6 . 5  h  a d d e d  f o r  c o n v e n i e n c e ,  t h i s  s u b j e c t i v e  m e t h o d  o f  p e r i o d -
f i t t i n g  i s  a d o p t e d ,  b e c a u s e  s p e c t r a l  m e t h o d s  f a i l  t o  d i s t i n g u i s h  s a t i s f a c t o r i l y
b e t w e e n  t h e  p e r i o d s  o f  " p u r e "  i n e r t i a l  o s c i l l a t i o n s  a n d  P o i n c a r e - t y p e  n e a r -
i ne r t i a l  r esponses ,  i f  p resen t .  Comb in i ng  t he  APB  es t ima tes  w i t h  know ledge  o f
t h e  m o d e l l e d  s t r u c t u r e  o f  i n d i v i d u a l  P o i n c a r e  w a v e - m o d e s ,  i t  i s  s o m e t i m e s
poss ib l e  t o  d raw  use fu l  i n f e rences  f r om i n te r s ta t i on  compar i sons ,  wh i ch  p rov ide
c l u e s  t o  t h e  s t r u c t u r e  o r  m i x e d - r e s p o n s e  s t r u c t u r e  f o l l o w i n g  w i n d  i m p u l s e s
i n  p a r t i c u l a r  e p i s o d e s .  ( I n t e r s t a t i o n  c o h e r e n c e  a n d  p r e s e n c e  o r  a b s e n c e  o f  w h o l e -
b a s i n  s t r u c t u r e  w i l l  b e  f u r t h e r  e x a m i n e d  i n  P a r t  I I . )

P r e l i m i n a r y  f i n d i n g s  d i s c l o s e  t h r e e  t y p e s  o f  r e s p o n s e ,  o c c u r r i n g  s o m e t i m e s
s i n g l y  o r  s o m e t i m e s  i n  c o m b i n a t i o n :  ( i )  r e g u l a r  c l o c k w i s e  r o t a t i o n  o f  t h e  c u r r e n t
v e c t o r  a t  i n e r t i a l  f r e q u e n c y ,  c o m m o n l y  s e e n  a s  a  l o c a l  r e s p o n s e  d u r i n g  s p r i n g ,
b e f o r e  t h e r m a l  s t r a t i f i c a t i o n  f u l l y  e x t e n d s  o v e r  t h e  w h o l e  b a s i n ,  a n d  d u r i n g
a u t u m n ,  w h e n  s t r a t i f i c a t i o n  i s  b r e a k i n g  d o w n ;  ( i i )  n e a r - i n e r t i a l  c u r r e n t  a n d
t empera tu re  osc i l l a t i ons  assoc ia ted  w i th  s t rong  downwe l l i ng  o f  t he  the rmoc l i ne
nea r  one  sho re ,  wh i ch  a l so  gene ra tes  i n te rna l  so l i t a r y  waves  ( so l i t ons? )  t r ave l -
l i n g  a w a y  f r o m  t h a t  s h o r e ;  a n d  ( i i i )  o s c i l l a t i o n s ,  a l s o  a t  n e a r - i n e r t i a l  p e r i o d s ,
co r respond ing  to  one  o r  more  o f  t he  who le -bas in  f ree  ba roc l i n i c  ( i ne r t i a l  se i che )
modes, here interpreted as "basin-tuned", near-intertial Poincare-type responses.
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Th i s  r epo r t ,  and  t he  second  pa r t  wh i ch  w i l l  f o l l ow ,  r ev i ew  and  ana l yze  a
very large body of  physical  data f rom Lake Ontar io,  produced by the ef for ts and
sk i l l s  o f  ve ry  many  i nd i v i dua l s  who  t ook  pa r t  i n  t he  p l ann ing  and  execu t i on  o f
t he  b i - na t i ona l  p rog ram IFYGL .  A l so  r ev i ewed  a re  s im i l a r  da ta  f r om  Lake  M ich i -
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plots of  isotherm mot ions at  thermistor  chain moor ings,  to F.W.N. Bates and G.M.
Thoenes  fo r  the i r  l ong  labors  in  da ta  reduc t ion ,  to  De lp f ine  We lch  and  Joan
F lo res  f o r  manusc r i p t  p repa ra t i on ,  and  pa r t i cu l a r l y  t o  R . J .  R i s t i c  f o r  t he  monu -
m e n t a l  o f  i l l u s t r a t i o n s ,  t o  w h i c h  t h i s  a n d  p r e v i o u s  r e p o r t s  b e a r  w i t n e s s .
Where  p rev ious ly  pub l i shed  f i gu res  a re  used ,  sou rces  a re  acknow ledged  in
t h e  l e g e n d .
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Schwab o f  NOAA's  Grea t  Lakes  Env i ronmenta l  Research  Labora to ry  (GLERL) ,  Ann
Arbor,  Michigan, and with G.W. Platzman, Universi ty of Chicago. Assistance and
comments were also generously given by D.L. Cutchin and G.O. Marmorino during
t h e i r  t e n u r e  o f  p o s t - d o c t o r a l  f e l l o w s h i p  i n  C G L S .

F i n a l l y ,  i t  i s  g r a t e f u l l y  n o t e d  t h a t  t h e  w o r k  l e a d i n g  t o  t h i s  r e p o r t  w a s  s u p p o r t -
e d  b y  t h e  O c e a n i c  a n d  A t m o s p h e r i c  A d m i n i s t r a t i o n  b y  m e a n s  o f  r e s e a r c h
c o n t r a c t s  a d m i n i s t e r e d  b y  G L E R L .

C O N T E N T S P

1 .  I n t r o d u c t i o n  1

2 .  R e c a p i t u l a t i o n  o f  s o m e  t h e o r e t i c a l  r e s u l t s  4

2 . 1  I n e r t i a l  m o t i o n  p r o p e r  a n d  o b s e r v e d  a p p r o x i m a t i o n s
t o  i t  4

2 . 2  I n e r t i a l  r e s p o n s e  t o  w i n d  i m p u l s e s  i n  t h e  p r e s e n c e  o f  a
s h o r e  b o u n d a r y  9

2 . 3  G e n e r a l  e q u a t i o n s  f o r  l i n e a r  l o n g - w a v e  m o d e l s ,  w i t h
r o t a t i o n  1 1

2 . 4  T h e  K e l v i n  w a v e  1 4

2 . 5  T h e  S v e r d r u p  w a v e  1 5
2 . 6  T h e  p r o g r e s s i v e  P o i n c a r e  w a v e  1 9
2 . 7  P o i n c a r é  w a v e s  c o m b i n e d  i n  a  c h a n n e l  3 1

2 . 8  P e r i o d / w a v e l e n g t h  r e l a t i o n s h i p s  o f  P o i n c a r e  w a v e s  3 3
2 . 9  C l o s e d - b a s i n  m o d e l  r e s u l t s  c o m p a r e d  w i t h  t h o s e  g i v e n

b y  c o m b i n a t i o n s  o f  c h a n n e l - w a v e  c o m p o n e n t s  4 5
2 . 1 0  N o n - l i n e a r  w a v e s  ( s o l i t o n s )  d e s c r i b e d  b y  t h e  e q u a t i o n

o f  K o r t e w e g  a n d  d e V r i e s  4 9

3 .  P r e s e n t a t i o n  a n d  a n a l y s i s  o f  w i n d ,  c u r r e n t  a n d  t e m p e r a t u r e
o b s e r v a t i o n s  5 5

i i i



3.1  Sub jec t ive  f i t t ing  o f  an  "average per iod  band"  (APB)
t o  s e l e c t e d  p o r t i o n s  o f  r e c o r d  5 8

4 .  I n e r t i a l  a n d  n e a r - i n e r t i a l  r e s p o n s e s  t o  w i n d  i m p u l s e s  i n  L a k e
M i c h i g a n ,  A u g u s t  t o  O c t o b e r  1 9 7 6  6 3

5 .  I n e r t i a l  a n d  n e a r - i n e r t i a l  r e s p o n s e s  t o  w i n d  i m p u l s e s  i n  L a k e
O n t a r i o ,  1 9 7 2  7 5

5 . 1  D e s c r i p t i o n  o f  d a t a  s o u r c e s  a n d  t h e  m e t h o d  o f  p r e s e n t i n g
c o m p o s i t e  r e c o r d s  f o r  a n a l y s i s .  7 5

5 . 2  I n e r t i a l  r e s p o n s e s  b e f o r e  w h o l e - b a s i n  s t r a t i f i c a t i o n
h a d  b e c o m e  e s t a b l i s h e d  8 5

5 . 3  R e s p o n s e s  a f t e r  t h e  e s t a b l i s h m e n t  o f  w h o l e - b a s i n
s t r a t i f i c a t i o n  9 3

5 . 4  E v i d e n c e  f o r  g e n e r a t i o n  o f  i n t e r n a l  s u r g e s  a n d  o f
a  s e c o n d  m o d e  P o i n c a r é - t y p e  r e s p o n s e  9 9

5 . 5  R e s p o n s e s  b e f o r e  a n d  a f t e r  a  s e v e r e  s t o r m  o n  d a y  2 2 2
( 9  A u g u s t )  1 1 1

5 . 6  M i x e d  r e s p o n s e s  d u r i n g  a  m o n t h  ( 2 3 1 - 2 5 9 )  o f  m o d e r a t e ,
v a r i a b l e  w i n d s  1 2 1

5 . 7  E x p l o r a t i o n  o f  t h e  o s c i l l a t i o n  s t r u c t u r e s  o b s e r v e d
d u r i n g  a  f i v e - d a y  e p i s o d e  f o l l o w i n g  a  w i n d  i m p u l s e
o n  2 6 6  ( 2 2  S e p t e m b e r )  1 3 1

5 . 8  T h e  r e s p o n s e s ,  i n  v a r i o u s  r e g i o n s  o f  t h e  b a s i n ,  t o  a
w i n d  i m p u l s e  o n  2 7 4  ( 3 0  S e p t e m b e r )  d e d u c e d  f r o m
s t a t i o n  a n d  t r a n s e c t  c o m p a r i s o n s  1 4 1

5 . 9  E v e n t s  d u r i n g  t h e  b r e a k d o w n  o f  s t r a t i f i c a t i o n  1 4 9
5 . 1 0  I n e r t i a l  m o t i o n s  o b s e r v e d  i n  L a k e  O n t a r i o  d u r i n g

t h e  1 9 7 2 / 7 3  w i n t e r  1 5 7

6 .  S u m m a r y  o f  t h e  f i n d i n g s  ( P a r t  I )  1 5 9

7 .  R e f e r e n c e s  1 6 2

8 .  A p p e n d i c e s  :  1 6 5

8 . 1  T a b l e  o f  J u l i a n  d a t e s ,  J u n e  t o  N o v e m b e r  1 9 7 2  1 6 5
8 . 2  C o m p l e t e  l i s t  o f  c o m p o s i t e  d i a g r a m s  1 6 6
8 . 3  C o m p o s i t e  d i a g r a m s ,  o t h e r  t h a n  t h o s e  i n c l u d e d  a s  t e x t  1 6 7

f i g u r e s  i n  t h e  m a i n  b o d y  o f  t h e  R e p o r t  ( P a r t  I )

i v



1

INERTIAL  MOTION AND RELATED INTERNAL WAVES IN

LAKE MICHIGAN AND LAKE ONTARIO AS RESPONSES TO IMPULSIVE WIND STRESS :

PART I ,  INTRODUCTION, NARRATIVE, AND GRAPHICAL ARCHIVE OF IFYGL

D A T A .

1 .  I N T R O D U C T I O N

Before 1962, little attention had been paid to the hydrodynamics of lakes

large enough to be conspicuously influenced by the earth's rotation. The

decade which fol lowed, saw an upsurge of investigations on the Laurentian Great

Lakes using oceanographic concepts and techniques and culminating in a large-

scale, eighteen-month, mult idiscipl inary f ield program carried out jointly by

Canadian and United States investigators on Lake Ontario during 1972-73, the

I n t e r n a t i o n a l  F i e l d  Y e a r  f o r  t h e  G r e a t  L a k e s  ( I F Y G L ) .  T h e  f i n d i n g s  a r e  s t i l l

being analyzed; and some related to long internal waves were reviewed in previ-

ous reports in this series (Mortimer 1977, Marmorino and Mortimer 1977), also

Mort imer (1978) and G.T.  Csanady in Lerman (1978).  The physical  data base

was provided by:  a network of  current  and temperature sensors moored at

various depths at over thir ty lake stat ions and on nearshore towers, al l  record-

ing every 10 min (Canadian) or 6 min (U.S.); (ii) meteorological sensors includ-

ing anemometers at lake buoys and land stations; (i i i) airborne radiation

thermometry; (iv) regular two-weekly bathythermometry at over 90 stations; (v)

current and temperature prof i les obtained at buoyed f lag stat ions along f ive

"coastal chain" l ines 12 km in length and aligned perpendicular to shore; (vi)

moored and towed thermistor chains; and (vi i )  depth-undulat ing ("porpoising")

thermographs by vesse ls  cont inuous ly  shut t l ing  to  and f ro  across three

selected cross-sect ions dur ing 5-day intervals in July,  August,  and October,

1972 (Boyce and Mortimer 1977).
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I n  L a k e  M i c h i g a n ,  a n  e x t e n d e d  s e r i e s  o f  c u r r e n t  a n d  t e m p e r a t u r e  r e c o r d s

were  ob ta ined a t  34  s ta t ions  dur ing  1962-64  by  the  ( then)  U.S.  Federa l  Water

Po l l u t i on  Con t ro l  Admin i s t ra t i on  (U .S .  Dep t .  I n te r i o r  1967 ,  Mor t imer  1971 )  and

at  10  s ta t ions  in  a  nearshore  reg ion  by  Sato  and Mor t imer  (1975) .  And in  1976,

the records reported on here were obtained from instruments moored approxi-

m a t e l y  3 0  k m  o f f s h o r e .

The Michigan and Ontar io  data sets  were in i t ia l ly  examined for  responses

t o  a p p l i e d  w i n d  s t r e s s ,  i . e .  f o r  c h a n g e s  i n  c u r r e n t  o r  t e m p e r a t u r e  s t r u c t u r e

a n d ,  i n  p a r t i c u l a r ,  f o r  l o n g  i n t e r n a l  w a v e s  r e p r e s e n t i n g  f r e e  m o d e s  o f  o s c i l -

lat ion excited by the wind-induced perturbat ions. Observed waves were compared

wi th  and  fa i r l y  we l l  descr ibed  by  the  we l l - known mode ls  o f  t i da l  ( i .e .  l ong)

waves  i n  s t r a i gh t ,  r o ta t i ng  channe l s  o f  un i f o rm  dep th  and  rec tangu la r  c ross -

s e c t i o n ,  f i r s t  a p p l i e d  t o  i n t e r p r e t a t i o n  o f  t h e  r e s p o n s e s  o f  l a r g e  l a k e s  b y

Mort imer (1963,  wi th more detai led t reatment in 1971).  The rotat ing channel

waves,  in  the s implest  two- layered models  corresponding to  the d imensions and

i n t e r n a l  d e n s i t y  s t r u c t u r e  o f  t h e  G r e a t  L a k e s ,  f a l l  i n t o  t w o  c l a s s e s ,  w e l l -

s e p a r a t e d  i n  f r e q u e n c y .  T h e  f i r s t  c l a s s  i s  r e p r e s e n t e d  b y  i n t e r n a l  K e l v i n

waves of  low frequency (much less than the local  inert ia l  f requency,  f )  wi th

a c t i v i t y  c o n f i n e d  t o  a  n e a r s h o r e  " c o r r i d o r "  o f  a b o u t  1 0  k m  w i d t h .  T h e  s e c o n d

c lass  i s  represen ted  by  in te rna l  Po incare  waves ,  i .e .  a  se t  o f  c ross -channe l

in ternal  se iche modes involv ing the whole thermocl ine and wi th f requencies

c lose  to  bu t  g rea ter  than  f .  The  w ider  the  channe l ,  o r  the  smal le r  the  dens i ty

d i f fe rence  be tween  the  two  mode l  l aye rs ,  t he  c lose r  do  the  Po inca re  mode

f r e q u e n c i e s  a p p r o a c h  f .  T i d a l  w a v e  t h e o r y ,  i n c l u d i n g  i t s  a p p l i c a t i o n  t o

in ternal  waves, has been extensively t reated elsewhere (Krauss 1966, Platzman

1970, LeBlond and Mysak 1978). Therefore, Sect ion 2 of this report is conf ined

t o  a  b r i e f  i l l u s t r a t e d  r e c a p i t u l a t i o n  o f  t h o s e  p a r t i c u l a r  m o d e l s  w h i c h  a r e
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helpfu l  in  the in terpreta t ion o f  mot ions observed in  large lakes and shal low

s e a s .

I n t e r n a l  w a v e s  o f  t h e  K e l v i n  a n d  P o i n c a r e  t y p e  a r e  n o t  t h e  o n l y  r e s p o n s e s

to  impu ls ive  w ind s t ress .  Another  i s  the  re la ted  response o f  iner t ia l  mot ion ,

in which the acquired momentum of a water mass causes motion to continue after

the wind impulse has ceased. In the simplest model of  such mot ion, no forces,

except  the Cor io l is  force,  act  on the mass af ter  the in i t ia t ing d is turbance has

passed. With acquired inertia, the mass continues to move at steady speed, S,

a n d  f o l l o w s  a  h o r i z o n t a l  c i r c u l a r  t r a c k  ( t h e  i n e r t i a l  c i r c l e )  i m p o s e d  b y  t h e

C o r i o l i s  f o r c e ,  f s ,  i n  w h i c h  f  =  2 5  s i n  ;  S o  d e n o t e s  t h e  a n g u l a r  s p e e d  o f  t h e

e a r t h ' s  r o t a t i o n  a n d  t h e  l a t i t u d e .  T h a t  c i r c l e ,  r e s p e c t i v e l y  t r a v e r s e d  i n

c l o c k w i s e  a n d  c o u n t e r c l o c k w i s e  d i r e c t i o n s  i n  t h e  N  a n d  S  h e m i s p h e r e s ,  i s  c o m -

ple ted in  an iner t ia l  per iod o f  12/s in  & hours .  I ts  rad ius  is  s / f ;  and wi th

current speeds of order 10 cm -1 at mid-latitudes, inertial circle radii are

o f  o r d e r  1  k m .  T h e  f e a t u r e  o f  t h i s  m o d e l  o f  " i n e r t i a l  m o t i o n  p r o p e r , "  f u r t h e r

t r ea ted  i n  Sec t i on  2 ,  i s  t ha t  a l l  ho r i zon ta l  g rad ien ts ,  ve r t i ca l  mo t i ons ,  and

f r i c t i o n  a r e  e l i m i n a t e d  a n d  t h e  e n e r g y  i s  e n t i r e l y  i n  k i n e t i c  f o r m .  I t  m a y

a lso  be  v iewed as  an  " ine r t ia l  osc i l l a t ion , "  a  l im i t ing  case  o f  wave  mot ion  when

the wave frequency o becomes equal to f and the potential energy content falls

t o  z e r o .

I t  i s  o b v i o u s  t h a t  i n e r t i a l  m o t i o n  p r o p e r  o r  e v e n  c l o s e  a p p r o x i m a t i o n s  t o

such  mo t i on ,  canno t  t ake  p l ace  ve ry  nea r  an  obs t ruc t i ng  sho re l i ne .  And ,  i ndeed ,

a p p r o x i m a t e i o n s  t o  i n e r t i a l  m o t i o n  i n  t h e  G r e a t  L a k e s  a r e  n o t  s e e n  c l o s e r  t h a n  a -

b o u t  f i v e  i n e r t i a l  c i r c l e  d i a m e t e r s  f r o m  s h o r e .  T h e  m o d e l  d e s c r i b e d  i n  t h e  p r e v i -

o u s  p a r a g r a p h  i s  m o d i f i e d  b y  t h e  p r e s e n c e  o f  t h e  s h o r e  b a r r i e r .  T h e  f r e q u e n c y  i s

i n c r e a s e d  s l i g h t l y ,  a n d  s o m e  v e r t i c a l  m o t i o n  i s  i n t r o d u c e d .  T h e  p o t e n t i a l  e n e r g y

c o n t e n t  o f  t h e  o s c i l l a t i o n  t h e r e f o r e  n o  l o n g e r  z e r o ;  a n d  c u r r e n t  r o t a t i o n  i s
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commonly  accompan ied  by  in te rna l  thermoc l ine  waves  o f  the  same f requency ,  a t t r i -

b u t a b l e  t o  t h e  p r e s e n c e  o f  s h o r e  b o u n d a r i e s .

D i f f i c u l t i e s  a r i s i n g  i n  t h e  a n a l y s i s  a t t e m p t e d  i n  t h i s  r e p o r t  s t e m  f r o m

t he  f ac t  t ha t  - -  depend ing  on  t he  s t r eng th ,  t im ing ,  and  va r i a t i ons  o f  t he  w ind

s t r e s s  i m p u l s e  - -  t h e  w a t e r  r e s p o n s e  i n  a  p a r t i c u l a r  r e g i o n  o f  t h e  b a s i n  i s  a

combinat ion of  pre-ex is t ing mot ions and newly generated components,  which may

i n c l ude :  l oca l  i ne r t i a l  mo t i on ,  one  o r  mo re  i n t e rna l  Po inca re  wave  modes  co r -

respond ing to  bas in  topography,  and ( i f  near  shore)  cont r ibu t ions  f rom Kelv in

waves .  Two approaches  toward  unrave l l i ng  th is  complex i t y  have  been  taken :

( i )  spec t ra l  ana lys i s  and  ( i i )  v i sua l  i nspec t ion  o f  reco rds  f rom many  ep isodes

and  many  s ta t ions ,  i n  the  hope  o f  encoun te r ing  par t i cu la r  even ts  dur ing  wh ich

o n e  o r  t h e  o t h e r  o f  t h e  r e s p o n s e  c o m p o n e n t s  w a s  d o m i n a n t  a n d  i n  w h i c h  i n t e r -

s ta t i on  cohe rence  i s  de tec tab le .  App roach  ( i ) ,  us ing  max imum en t ropy  spec t ra l

analys is  for  example,  met  wi th only l imi ted success (Marmor ino and Mort imer

1977)  because o f  shor t  dura t ion  o f  the  f ree  response ep isodes  and  because o f

smal l  f requency separat ion between the inert ia l  and Poincare mode responses.

T h i s  r e p o r t  a t t e m p t s  t h e  s e c o n d  a p p r o a c h  a n d ,  a s  e x p l a i n e d  i n  t h e  a b s t r a c t ,  i s

d i v i d e d  i n t o  t w o  p a r t s .

2 .  R E C A P I T U L A T I O N  O F  S O M E  T H E O R E T I C A L  R E S U L T S

2 . 1  I n e r t i a l  m o t i o n  p r o p e r  a n d  o b s e r v e d  a p p r o x i m a t i o n s  t o  i t .

A s  m e n t i o n e d  i n  t h e  i n t r o d u c t i o n ,  a  c h a r a c t e r i s t i c  r e s p o n s e  o f  t h e  u p p e r

l a y e r s  o f  t h e  o c e a n  o r  a  l a r g e  l a k e  t o  s u d d e n l y  i m p o s e d  o r  s u d d e n l y  c h a n g e d

w i n d  s t r e s s  i s  m o t i o n  i n  a  h o r i z o n t a l  c i r c l e ,  c l o c k w i s e  i n  t h e  n o r t h e r n  h e m i -

s p h e r e ,  c o u n t e r c l o c k w i s e  i n  t h e  s o u t h e r n .  I f ,  a s  a  r e s u l t  o f  a  w i n d  i m p u l s e ,

a  w a t e r  m a s s  h a s  a c q u i r e d  a  s p e e d  S  a n d  i f  f r i c t i o n  a n d  a l l  h o r i z o n t a l  p r e s s u r e

g r a d i e n t s  c a n  b e  i g n o r e d ,  t h e  m a s s  w i l l  c o n t i n u e  t o  m o v e  u n d e r  i t s  o w n  m o m e n t u m

( i ne r t i a )  a t  speed  s  a f t e r  t he  w ind  s tops .  Then  the  on l y  f o r ce  ac t i ng  i s  a
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deflect ing force, fs, the Coriol is force arising from the earth's rotat ion, in

which f is the Coriolis parameter defined in the introduction. The Coriolis

force is  d i rected always perpendicular  to the di rect ion of  mot ion,  so that  the

i n e r t i a l  t r a c k  i s  a  c i r c l e  ( t h e  i n e r t i a l  c i r c l e )  o f  r a d i u s  s / f ,  w h i c h  i s  c o m -

pleted in  an iner t ia l  per iod (s ider ia l  day/2 s in  = 11.97/s in 0 h) .  At

l a t i t u d e s  ( o )  o f  i n t e r e s t  i n  t h i s  r e p o r t ,  t h e  i n e r t i a l  p e r i o d ,  P i ,  i s  n e a r

1 7 . 5  a n d  t h e  i n e r t i a l  c i r c l e  r a d i u s  i s  a b o u t  1  k m  i f  S  i s  c m  S  I f  t h e

c u r r e n t  v e c t o r  i s  r e s o l v e d  i n t o  h o r i z o n t a l  c o m p o n e n t s ,  u  ( x - d i r e c t e d )  a n d  v

(y-di rected),  the X y equat ions mot ion for  " inert ia l  mot ion proper,"  as

d e s c r i b e d  a b o v e ,  r e d u c e  t o :

a u / a t  f u  a n d  a u / a t  =  - f u  ( 1 )

w h i c h  h a v e  s o l u t i o n s :

u  =  S  s i n  ( f t )  a n d  V  =  S  c o s  ( f t )  ( 2 )

2 =u2++ 2w h i c h  d e f i n e  c i r c u l a r  m o t i o n  a n d  i n  w h i c h  S  =

Approximations to this simplified model of proper or pure inertial motion

are often seen in the oceans (examples on pp. 158-9 in Neumann and Pierson 1966)

and in large lakes when not masked by a variety of similar motions, termed

"near-inertial," which arise when boundaries are present, as described later.

A further complicating factor in real oceans and lakes is the presence of

currents generated by mechanisms other than those causing inertial motion, for

example, whole-basin circulations or individual eddies and gyres, or nearshore

geostrophic currents and low-frequency internal waves. Such low-frequency

motions combine, as relatively steady unidirectional currents, with the inertial

or near- inert ial  rotat ions, to produce a current pattern, which may be looping,

cusping, or meandering (Figure depending on the relative proportions of the

"steady" and rotating components. Such patterns, changing with time and with

the incidence of wind impulses, are seen as a characteristic and universal
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F i g .  1 .  C o m b i n a t i o n s  o f  i n e r t i a l  c u r r e n t s  ( r o t a t i n g  v e c t o r  o f  c o n s t a n t  s p e e d ,
r ,  a n d  u n i d i r e c t i o n a l  c u r r e n t s  a t  v a r i o u s  c o n s t a n t  s p e e d s ,  v )  i l l u s t r a t e d
a t  2  h  i n t e r v a l s  f o r  a  P .  o f  1 6  h  a n d  f o r  t h e  f o l l o w i n g  c a s e s :  v  =  0
( m o t i o n  i n  i n e r t i a l  c i r c l e ) ;  V  =  r / 2  ( l o o p i n g  t r a c k )  ;  V  =  r  ( c u s p i n g
t r a c k ) ;  V  =  2 r  ( m e a n d e r i n g  t r a c k ) .  T h e  h o d o g r a p h s  ( v e c t o r s  w i t h  c o m -
m o n  o r i g i n )  a r e  p l o t t e d  o n  t w i c e  t h e  s c a l e  o f  t h e  p r o g r e s s i v e  v e c t o r
( t r a c k )  d i a g r a m s .

r e s p o n s e  t o  w i n d  f o r c i n g  i n  l a r g e  s t r a t i f i e d  b a s i n s ,  u n d e r  m a n y  d i f f e r e n t

c i r c u m s t a n c e s .  T h e  u p p e r - l e f t  e x a m p l e  i n  F i g u r e  2  i s  a  w e l l - k n o w n  t e x t b o o k

e x a m p l e  o f  i n e r t i a l  m o t i o n .

P o l l a r d  ( 1 9 7 0 )  c o n c l u s i v e l y  d e m o n s t r a t e d  t h a t  i n e r t i a l  m o t i o n  i n  t h e  o c e a n

i s  g e n e r a t e d  b y  w i n d  i m p u l s e s  a c t i n g  i n i t i a l l y  o n  t h e  u p p e r  m i x e d  l a y e r .  I n

h i s  m o d e l ,  t h e  w i n d  s t r e s s  i s  s i m u l a t e d  a s  a  b o d y  f o r c e  w i t h  h a r m o n i c  h o r i -

z o n t a l  d e p e n d e n c e  o f  w a v e l e n g t h  L  a c t i n g  f o r  t i m e  i n t e r v a l  T  o n  t h e  m i x e d

l a ye r .  I n  t he  response  o f  t he  m ixed  l aye r  t o  t he  body  f o r ce ,  pa r t i t i on  be tween

energy E in inertial motions (rotating currents) and energy Bg in geostrophic

mot ions ( "s teady unid i rect ional "  currents)  is  s t rongly  dependent  on the durat ion

of T. As expected, the E component is large when T is P/2 (or an odd number

mul t ip le  o f  P1/2,  Table 1)  and smal l  when T is  a  mul t ip le  o f  a  whole iner t ia l



Fig. 2. Examples of looping current tracks (plotted on a common scale and with distances from shore and depths
indicated in brackets) from: Central Baltic (31 km, m, Gustafson and Kullenberg 1936): ; Lake Baikal (6 km,
1 0  G a l a z i i  1 9 6 9 )  L a k e  M i c h i g a n  m ,  S a t o  1 9 7 5 )  ;  M e d i t e r r a n e a n  ( 1 0 0  k m ,  1 0  m ,  G o n e l l a  1 9 7 4 ) .
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p e r i o d .  T h e  p h y s i c a l  r e a s o n  i s  c l e a r .  M o t i o n  i n  t h e  i n e r t i a l  c i r c l e  i s  a c -

ce le ra ted  i f  a  un i f o rm ly -d i rec ted  s t ress  ac ts  du r i ng  the  f i r s t  ha l f  o f  P i ,  bu t

i s  d e c e l e r a t e d  i f  t h e  s t r e s s  c o n t i n u e s  t o  a c t  d u r i n g  t h e  s e c o n d  h a l f .

TABLE1. Partition between (energy in inertial motion) and Bg (energy in
geostrophic mot ion)  predicted by Pol lard 's  (1970) model  for  L = 500

k m .

T (inertial period units)*  B 1* Eg gE /Total Energy
0 . 58 . 82 . 00 . 8 1
1 0 . 18 . 00 . 0 1
1 . 58 . 61 8 . 00 . 3 2

* U n i t s  o f  u n i t  s u r f a c e  K - e r g  c m - 2 ,  ,  f r o m  T a b l e  2  i n  P o l l a r d

( 1 9 7 0 ) .

2

Eg is proportional to (ToT)2, , and E1 is given approximately by:
2

( 3 )
E 1  ( 1  c o s  f T )

i n  w h i c h  i s  t h e  a m p l i t u d e  o f  t h e  s t r e s s ,  f  i s  t h e  C o r i o l i s  p a r a m e t e r ,  a n d  a
-

a n d  a r e  t h e  t h i c k n e s s  a n d  m e a n  d e n s i t y  o f  t h e  u p p e r  m i x e d  l a y e r .  I t  f o l l o w s

from this harmonic dependence of E1 on T that oscillations generated by a

pa r t i cu la r  w ind  impu l se  can  a l so  be  des t royed  by  ano the r  app rop r i a te l y -

t i m e d  i m p u l s e .  A s  P o l l a r d  n o t e s ,  t h e

" s t r e s s  b u i l d s  i n e r t i a l  m o t i o n s  w i t h i n  h a l f  a n  i n e r t i a l  p e r i o d  a n d
t h e n  d e s t r o y s  t h e m  i n  a  s i m i l a r  t i m e .  T h e  a n g l e  b e t w e e n  t h e  w i n d
v e c t o r  a n d  t h e  c u r r e n t  v e c t o r  i s  t h e  i m p o r t a n t  f a c t o r  i n  d e t e r m i n i n g
w h e t h e r  m o m e n t u m  w i l l  b e  a d d e d  t o  o r  r e m o v e d  f r o m  o s c i l l a t i o n s

D i s p e r s i o n  o u t  o f  a  f o r c e d  r e g i o n  i s  n o t  s u f f i c i e n t  t o  e x p l a i n  t h e
t r a n s i e n t  b e h a v i o u r  o f  i n e r t i a l  m o t i o n s ,  n o r  t h e i r  r a t h e r  r a p i d  d e c a y
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r a t e s .  I t  i s  p r o b a b l e  t h a t  w i n d  s t r e s s  m u s t  b e  i n v o k e d  t o  d e s t r o y  a s
w e l l  a s  c r e a t e  t h e m . "

Several of the above predict ions were conf irmed in a comparison between a

simpler  vers ion of  Pol lard 's  model  and a long ser ies of  current  and wind ob-

serva t ions  a t  an  ocean moor ing  (Po l la rd  and Mi l la rd  1970) .  The main  purpose

of the comparison was to determine whether the observed rapid changes in

amplitude of inert ial oscil lat ions could be reproduced by incorporating observed

w i n d  s t r e s s e s  i n  t h e  m o d e l .  I t  w a s  f o u n d ,  i n  f a c t ,  t h a t

" the phase,  ampl i tude,  and in termi t tency of  bursts  of  iner t ia l  osc i l -
l a t i ons  i n  t he  m ixed  l aye r  a re  su rp r i s i ng l y  we l l  r ep roduced ,  cons ide r i ng
the  s impl ic i ty  o f  the  model ,  and one conc ludes that  such osc i l la t ions
are predominantly locally generated by surface winds [, and] that the
f e a t u r e s  i n  t h e  w i n d  f i e l d  w h i c h  a r e  m o s t  e f f i c i e n t  i n  c h a n g i n g  [ i n c r e a s -
ing or reducing] the ampli tude of inert ial  motions are ( i)  a strong
wind  b l ow ing  i n  one  d i r ec t i on  f o r  a  f ew  hou rs  up  t o  ha l f  an  i ne r t i a l
per iod,  and ( i i )  a  s t rong wind combined wi th  a  fa i r ly  sudden sh i f t  in
d i r e c t i o n . '  [  ]  i n d i c a t e  m y  i n s e r t s .

Examples from Lake Ontario, which also support these conclusions, will be

d e s c r i b e d  i n  l a t e r  s e c t i o n s .

2 .2  Ine r t i a l  response  to  w ind  impu lses  i n  the  p resence  o f  a  sho re  boundary .

I n  t h e  m o d e l  o f  i n e r t i a l  m o t i o n  p r o p e r ,  t h e  f l o w  i s  f r i c t i o n l e s s  a n d  e x -

clusively hor izontal  and the period Pi and diameter of  the perfect ly c ircular

t rack (2 s/ f )  do not  change.  Close approximat ions to th is  model  are seen in

large lakes and seas, as responses to short wind impulses, particularly when a

steep density gradient has developed in the thermocline, permitt ing the upper

mixed layer to move easi ly as a slab on the "sl ippery" thermocline surface.

But  even under  these c i rcumstances,  dev ia t ions f rom the s imple  model  are  ob-

se rved .  The  pe r i od  i s  o f t en  a  f ew  pe rcen t  l ess  t han  P i  and  mus t  t he re fo re  be

desc r i bed  as  nea r - i ne r t i a l ;  t he  c i r c l e  d i ame te r  dec reases  w i t h  t ime  unde r  t he

i n f l uence  o f  f r i c t i on  ( see  F ig .  2 ) ;  ve r t i ca l  mo t i ons  a re  p resen t  i n  t he  f o rm

o f  i n te rna l  waves  o f  nea r - i ne r t i a l  pe r i od  on  t he  t he rmoc l i ne ;  and  the  nea r -

i n e r t i a l  m o t i o n  i s  n o t  c o n f i n e d  t o  t h e  s u r f a c e  l a y e r ,  b u t  p e n e t r a t e s  t o  d e e p
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l ayers  o f ten  exh ib i t ing  a  near ly  180°  phase d i f fe rence  across  the  thermoc l ine .

T h i s  b e h a v i o u r  i s  a  c o n s e q u e n c e  o f  t h e  f a c t  t h a t  t h e  m o t i o n  t a k e s  p l a c e  i n

a  c l o s e d  b a s i n  o f  n o n - u n i f o r m  d e p t h .  A l t h o u g h  t h e  i n e r t i a l  f l o w  i s  p r e d o m i n a n t -

l y  ho r i zon ta l ,  p rogress  over  a  s lop ing  bo t tom genera tes  some ver t i ca l  mo t ion ;

and onshore/of fshore movements dur ing the in i t ia t ing wind impulse and dur ing

t h e  s u b s e q u e n t  o s c i l l a t i o n  a l s o  g e n e r a t e  h o r i z o n t a l  p r e s s u r e  g r a d i e n t s  t o  w h i c h

the  who le  water  co lumn must  ad jus t .  Thus,  Crepon (1974)  showed tha t  the  coast -

l i ne  cou ld  be  a  sou rce  o f  nea r - i ne r t i a l  mo t ions  p ropaga t i ng  i n  t he  cou rse  o f  a

g e o s t r o p h i c  a d j u s t m e n t  p r o c e s s ;  a n d  t h e  f a c t  t h a t  i n e r t i a l  ( o r  n e a r - i n e r t i a l )

m o t i o n  i s  s e e n  i n  t h e  l o w e r  l a y e r s  o f  t h e  B a l t i c  S e a ,  t y p i c a l l y  o u t  o f  p h a s e

w i t h  i n e r t i a l  m o t i o n  i n  t h e  s u r f a c e  l a y e r s ,  w a s  a l s o  i n t e r p r e t e d  b y  K r a u s s

(1979) as a consequence of  geostrophic adjustment  of  the iner t ia l  f low near a

shore boundary.  Mi l lot  and Crepon (1980) developed a model  of  a two- layered

o c e a n  w i t h  a  s i n g l e  c o a s t l i n e  t o  i n t e r p r e t  t h e  r e l a t i o n s h i p  b e t w e e n  w i n d  i m p u l s e s

a n d  t h e  i n e r t i a l  o s c i l l a t i o n s  o b s e r v e d  i n  b o t h  c u r r e n t  a n d  t e m p e r a t u r e  r e c o r d s

n e a r  t h e  c o a s t  i n  t h e  M e d i t e r r a n e a n  S e a .  T h e y  l i n k e d  t h e  g e n e r a t i o n  o f  t h o s e

o s c i l l a t i o n s

" t o  t r a n s i e n t  g u s t s  o f  w i n d  o c c u r r i n g  i n  t h a t  r e g i o n .  S p e c t r a l  a n a l y s i s
a n d  t h e  s y s t e m a t i c  s t u d y  o f  m a n y  e v e n t s  s h o w  t h a t  t h e  p e a k  o f  t h e
t e m p e r a t u r e  s p e c t r u m  i s  a t  a  f r e q u e n c y  t e n  p e r  c e n t  g r e a t e r  t h a n  t h e
peak  a t  f c  o f  cur ren t  spec t rum.  Coherence ana lys is  shows tha t  cur ren t
o s c i l l a t i o n s  a t  t h e  C o r i o l i s  f r e q u e n c y  a r e  i n  o p p o s i t e  p h a s e s  i n  t h e  t w o
l a y e r s .  T h e s e  p h e n o m e n a  c a n  b e  l i n k e d  t o  t h e  g e n e r a t i o n  o f  i n t e r n a l  d i s -
pe rs i ve  waves  a t  t he  sho re  du r i ng  t he  geos t roph i c  ad jus tmen t  p rocess
w h i c h  d r i v e s  t h e  u p w e l l i n g .  F u r t h e r m o r e ,  w e  a r e  a b l e  t o  g e t  t h e  d i r e c t i o n
o f  p r o p a g a t i o n  o f  t h e s e  w a v e s  u s i n g  c o h e r e n c e  r e s u l t s  b e t w e e n  c u r r e n t s
and  a  pseudo- tempera tu re  vec to r .  These  d i rec t i ons  o f  p ropaga t ion  wh ich
a r e  p e r p e n d i c u l a r  t o  t h e  n e a r e s t  s h o r e  a r e  i n  g o o d  a g r e e m e n t  w i t h  t h e
process above ment ioned."

Millot and Crépon's f indings demonstrate that a shore boundary imposes

w a v e l i k e  c h a r a c t e r i s t i c s  t h e  i n e r t i a l  a n d  t h i s ,  a s  w e  s h a l l  s e e ,

c a n  b e  a b u n d a n t l y  d e m o n s t r a t e d  i n  l a r g e ,  s t r a t i f i e d  b a s i n s ,  i n  w h i c h  s o m e  o f

the  f ree  in te rna l  modes  o f  osc i l l a t ion  possess  f requenc ies  c lose  to  ine r t ia l ,
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s o  t h a t  t h e  p o s s i b i l i t y  o f  r e s o n a n c e  e x i s t s .  W h i l e  l a r g e - s c a l e  h o r i z o n t a l  c o -

he rence  o f  i ne r t i a l  mo t i on  p rope r  i s  no t  t o  be  expec ted  - -  because  i ne r t i a l

c i r c l e  d i a m e t e r s  a r e  a  f e w  k i l o m e t e r s  a t  m o s t ,  a n d  t h e  s t r e n g t h  a n d  t i m i n g  o f

the wind impulses vary from place to place -- the basin modes (internal, baro-

c l i n i c  s e i c h e s )  i n v o l v e  t h e  w h o l e - b a s i n  t h e r m o c l i n e  o r ,  a t  l e a s t ,  a  l a r g e  c o m -

ponent section of it. Then, cross-basin coherence is commonly seen, and whole-

bas in  coherence  can  somet imes  be  demons t ra ted ;  bu t  the  p i c tu re  i s  comp l i ca ted

by the possib i l i ty  of  s imul taneous generat ion of  ( i )  an approximat ion to pure

i n e r t i a l  m o t i o n  i n  o f f s h o r e  r e g i o n s ,  ( i i )  n e a r - i n e r t i a l  m o t i o n  i n t e r a c t i n g  w i t h

o n e  s h o r e l i n e  ( c f .  M i l l o t  a n d  C r é p o n ) ,  a n d  ( i i i )  t h e  b a s i n - t u n e d  o r  t w o - s h o r e

tuned near - iner t ia l  responses .  The  components  o f  the  mixed  response are ,

t he re fo re ,  d i f f i cu l t  t o  d i s t i ngu ish  f rom each  o ther .  Never the less ,  such  d is -

t i nc t i on  i s  a t tempted  in  th i s  repo r t  and  pa r t i cu la r l y  i n  Pa r t  I I ,  wh ich  examines

selected wind- forced episodes in  deta i l .  Before embark ing on th is  a t tempt ,  and

because we must  now deal  wi th the wavel ike propert ies of  shore-dominated near-

iner t ia l  mot ion,  i t  w i l l  be he lp fu l  to  rev iew br ie f ly  some s imple ,  l inear  models

of long waves in straight ,  rotat ing channels of  uni form rectangular cross-

s e c t i o n s .

2 . 3  G e n e r a l  e q u a t i o n s  f o r  l i n e a r  l o n g - w a v e  m o d e l s ,  w i t h  r o t a t i o n .

I t  c a n  b e  s h o w n  t h a t  s e v e r a l  o f  t h e  o b s e r v e d  c h a r a c t e r i s t i c  f e a t u r e s  o f

long waves in lakes, responding to applied wind stress, are reproduced fairly

closely in l inear models of long waves in rotat ing channels of uniform depth

(h) and that these models may be convenient ly combined to yield solut ions which

f i t  particular boundary condit ions (Platzman 1970, Mortimer 1971). Consider a

long plane wave of horiztonal wavenumber kh (wavelength 2TT/Kh, long compared

w i t h  h )  t r a v e l l i n g  n o  r e s t r i c t i o n s  o n  d i r e c t i o n  o n  t h e  s u r f a c e  o f  a n

o c e a n  o f  i n f i n i t e  e x t e n t  d e p t h .  A d o p t i n g  C a r t e s i a n  c o o r d i n a t e s  i n
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a  reg ion  su f f i c ien t l y  sma l l  to  permi t  the  Cor io l i s  pa ramete r  f  to  be  cons idered

c o n s t a n t  a n d  t h e  s u r f a c e  t o  b e  a p p r o x i m a t e d  b y  t h e  l o c a l  h o r i z o n t a l  p l a n e ,  t h e

s o l u t i o n  f o r  w a v e  e l e v a t i o n  n  a s s u m e s  t h e  f o r m :

n  n  e x p [ i ( k w  +  z y ) ]  ( 4 )

in which n is an amplitude constant, i is V-1, and k and Z are the horizontal

wavenumber components in the x and Y directions, respectively, such that kh2
(k2+22). The wave frequency is given by:

( 5 )

i n  w h i c h  i s  t h e  a c c e l e r a t i o n  o f  g r a v i t y  a n d  g h  d e f i n e s  t h e  p h a s e  v e l o c i t y

( p h a s e  s p e e d  o r  c e l e r i t y  c o )  o f  t h e  w a v e  w h e n  f  i s  z e r o  ( n o  r o t a t i o n ) .  F o r  a

g i v e n  v a l u e  o f  h ,  c o  i s  t h e r e f o r e  a  c o n s t a n t  a n d  a p p l i c a b l e  t o  a  l o n g  s u r f a c e

w a v e .

A n  e q u i v a l e n t  n o - r o t a t i o n  c e l e r i t y ,  C i ,  c a n  b e  d e f i n e d  f o r  l o n g  i n t e r n a l

waves .  I t s  magn i t ude ,  much  sma l l e r  t han  t ha t  o f  CO,  depends  on  t he  s t ruc tu re

o f  t h e  v e r t i c a l  d e n s i t y  p r o f i l e .  T h e  s i m p l e s t  m o d e l  o f  s t r a t i f i c a t i o n ,  a d o p t e d

here ,  d iv ides  the  wate r  co lumn in to  an  upper  and  lower  layer  ( respec t i ve ly

designated by subscripts 1 and 2) of uniform densities P1 and P2 (P2 > P1) and

of thicknesses h1 and N2. The interfacial density discontinuity models the

t h e r m o c l i n e  i n  r e a l  o c e a n s  a n d  l a k e s ,  a n d  t h e  i n t e r f a c i a l  w a v e  c e l e r i t y  i s

g i v e n  b y

( 6 )

(p2(h1+h2)

This is analogous to co(= Jgh), but with g and h replaced by a "reduced gravity,"

g(P2 - P1)/P2 (typically 0.001 g or less), and a "reduced depth," N1N1/(h1 h2).

The ratio of reduced to total depth (often < 1/10) cannot be > 1/4. Typical Co and
- 1

c i  v a l u e s  i n  t h e  G r e a t  L a k e s  a r e  3 0  a n d  0 . 4  m s ,  r e s p e c t i v e l y .  I t  i s  c o n -

v e n i e n t  t o  p r e s e n t  t h e  f o l l o w i n g  o u t l i n e  o f  t h e o r y  i n  t e r m s  o f  s u r f a c e  w a v e s ,

using co. But the equations also apply to two-layer interfacial waves if ci
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i s  s u b s t i t u t e d  f o r  I n  t h a t  c a s e  e l e v a t i o n s  r e f e r  t o  e l e v a t i o n s  o n  t h e  i n t e r -

face ;  and (where  ment ioned)  ve loc i t ies  and t ranspor ts  re fe r  to  those in  the

lower  layer .  Cont inu i ty  in  the two- layered model  requi res that  the ver t ica l ly

integrated transport in the lower layer is balanced by oppositely-directed

vert ical ly- integrated transport in the upper layer (neglecting small perturba-

t ions o f  the water  sur face,  in  phase oppos i t ion wi th  the much larger  per turba-

t i o n s  o n  t h e  i n t e r f a c e ) .  T h e r e f o r e ,  u p p e r - l a y e r  t r a n s p o r t s  m a y  b e  c a l c u l a t e d

by multiplying the lower-layer transports by -h2/h1.

The general wave equation (4) can be expanded to yield expressions, not

only  fo r  (e levat ion  o f  the  f ree sur face or  in ter face) ,  but  a lso  for  U and V

(hor i zon ta l  components  o f  par t i c le  ve loc i t y  in  the  x  and  Y  d i rec t ions ,  respec-

t ively) and W (vert ical  component of part ic le veloci ty).  An i l luminat ing exposi-

t ion  o f  these expans ions and o f  the  spec ia l  so lu t ions  fo r  p ropagat ing  waves

derived from the general solution and described below, was given by Platzman

(1970). The general solution is formally valid when k and Z are complex; and

k and Z can be real or imaginary, subject to the condit ion for pure harmonic

waves that o and (k2+z2, must be real. If, for a wave travelling in the x-

direct ion,  is  real  and posi t ive and Z is purely imaginary ( to make th is

explicit, Platzman replaced the purely imaginary Z by il', in which i = -1),

a special class of progressive wave solutions appears, which Platzman called

"inhomogeneous plane waves," characterized by a sinusoidal variation of wave

amplitude in the x-direction and an exponential variation in the y-direction.

But, if both k and Z are real (and for convenience the direction of propagation

is made to coincide with the x-axis, so that k = kh and Z = 0 in a plane wave)

the Sverdrup wave solution emerges with sinusoidal amplitude variation along

x and no amplitude variation along Y (Z = 0). Platzman summarized these results

in a diagram (Fig. which illustrates the relationship between o and k for

various values of (2')
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F ig .  3 .  F requency  ve rsus  wavenumber  d iag ram f rom P la tzman (1970) .  The  un-
shaded por t ion is  the domain of  inhomogeneous p lane waves,  as
e x p l a i n e d  i n  t h e  t e x t .

2 . 4  T h e  K e l v i n  w a v e .

Platzman's inhomogeneous plane waves (unshaded domain in Fig. 3) are

cha rac te r i zed  by  an  exponen t i a l  dependence  o f  n  and  u  a l ong  t he  y -ax i s .  Fo r

given values of  o and k,  and depending upon the s ign of  Z ' ,  two wave types are

p o s s i b l e .  I n  o n e ,  n  a n d  U  d e c r e a s e  t o  t h e  r i g h t ,  i n  t h e  o t h e r  t h e y  d e c r e a s e  t o

t h e  l e f t  w h e n  l o o k i n g  i n  t h e  p o s i t i v e - x  d i r e c t i o n  o f  w a v e  p r o g r e s s .  I n  o n e

m e m b e r  o f  t h a t  p a i r  t h e  C o r i o l i s  f o r c e  i s  c o u n t e r a c t e d  b y  t h e  p r e s s u r e  g r a d i e n t

( g r a v i t y  a c t i n g  o n  t h e  a n / d y  s l o p e ) ;  i n  t h e  o t h e r  i t  i s  n o t .  I n  o t h e r  w o r d s ,

c o m p l e t e  o r  p a r t i a l  g e o s t r o p h i c  e q u i l i b r i u m  o c c u r s  o n l y  i n  l e f t - d e c r e a s i n g

waves in  the N.  hemisphere ( r igh t -decreas ing in  the S.  hemisphere) .  The degree

of geostrophic balance is determined by the rat io -g(an/dy)/fu; and Platzman

shows that the above ratio approaches unity as the frequency, o, decreases from

the Sverdrup frequency cut-off o2 = -- defined later and corres-

ponding to the shaded/unshaded demarcation l ine in Figure 3 -- and approaches
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2 2  2  2  2

A t  t h a t  p o i n t ,  c o r r e s p o n d i n g  t o  Z '  I f  =  1  i n  F i g u r e  3 ,  t h e  g e o -

s t roph ic  ba lance is  exac t .  There  Z '  =  - f /co ,  k=  o /co ,  and the  wave so lu t ion

t a k e s  t h e  f a m i l i a r  K e l v i n  w a v e  f o r m .  P l a t z m a n  r e f e r s  t o  t h i s  a s  t h e  " p r o t o t y p e

K e l v i n  w a v e , "  c h a r a c t e r i z e d  b y  v e r t i c a l  p o l a r i z a t i o n  o f  t h e  p a r t i c l e  o r b i t  ( F i g .

4 a )  a n d  b y  a  n o n - d i s p e r s i v e  c e l e r i t y  C O ,  i . e .  n o t  i n f l u e n c e d  b y  r o t a t i o n .

B e c a u s e  o f  t h e  v e r t i c a l  p o l a r i z a t i o n ,  t h e  p r o t o t y p e  K e l v i n  w a v e  s o l u t i o n  s a t i s -

f i e s  t h e  s o l i d  b o u n d a r y  c o n d i t i o n  a t  a  v e r t i c a l  s h o r e  b o u n d a r y  a l i g n e d  a l o n g

t he  x -ax i s  and  l y i ng  on  the  r i gh thand  s ide  (N .  hemisphe re )  when  l ook ing  i n  t he

d i rec t i on  o f  wave  p rog ress ;  e l eva t i on  and  cu r ren t  amp l i t udes  dec reases  exponen t i -

a l l y  i n  t h e  d i r e c t i o n  n o r m a l  t o  t h e  s h o r e ;  V  i s  z e r o ;  a n d  f l o w  u  i s  e v e r y w h e r e

d i r e c t e d  s h o r e - p a r a l l e l .  T h e  c o n s e q u e n t  t r a p p i n g  o f  K e l v i n  w a v e s  t o  s h o r e

b o u n d a r i e s  i s  v e r y  e v i d e n t  w h e n  i n t e r n a l  K e l v i n  w a v e  m o d e l s  a r e  a p p l i e d  t o

c o n d i t i o n s  i n  l a r g e  l a k e s ;  b u t  t h e s e  w a v e s  a r e  n o t  t h e  s u b j e c t  o f  t h i s  r e p o r t .

O b s e r v a t i o n s ,  w h i c h  m a y  b e  i n t e r p r e t e d  a s  e v i d e n c e  f o r  i n t e r n a l  K e l v i n

waves,  have been rev iewed by G.  T.  Csanady in  Lerman (1978) .  A lso bear ing on

t h i s  i s  C l a r k e ' s  ( 1 9 7 7 )  r e v i e w  o f  e v i d e n c e  f o r  s h o r e - t r a p p e d  l o n g  w a v e s ,

inc lud ing those seen in  the Great  Lakes,  and Bennet t 's  (1973)  ana lys is  o f  non-

l inear  behav iour  o f  la rge-ampl i tude in terna l  Ke lv in  waves.  Kanar i ' s  (1975)

i n te rp re ta t ion  o f  observa t ions  in  Lake  B iwa is  a lso  re levant .  For  a  rev iew

of  the proper t ies  of  " inhomogeneous p lane waves"  not  in  geost rophic  equi l ibr ium

( i . e .  n o t  o n  l i n e  1 . 0  i n  t h e  w h i t e  d o m a i n  o f  F i g .  3 )  I  r e f e r  t h e  r e a d e r  t o

Platzman (1970). In such cases the rat io g(an/dy)/fut deviates from unity; and

t h e  C o r i o l i s  f o r c e ,  n o t  i n  e x a c t  b a l a n c e ,  i n d u c e s  m o t i o n  i n  t h e  y - d i r e c t i o n .

2 . 5  T h e  S v e r d r u p  w a v e .

When K and Z are both real  (shaded domain in Fig.  3) the elevat ion does

not a long the wavecrest ;  and there is ,  therefore,  no gradient  force (as

in the "inhomogeneous" wave) to oppose the Coriolis force. Consequently that

force generates part ic le mot ion t ransverse to the direct ion of  wave progress.
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Fig.  4 .  D ispos i t ion o f  wave- f ronts  and o f  orb i ta l  p lanes o f  par t ic le  mot ion in
(a) a prototype Kelvin wave and (b) a Sverdrup wave, with the vertical
sca le  great ly  magni f ied  in  both  cases.  The whi te  ar rows ind ica te
direct ion of wave progress (along the x axis).  The orbi tal  plane at y
= 0 in the Kelvin wave model coincides with a vert ical solid boundary
(shoreline). No such boundary is present in the Sverdrup wave model
shown in Fig. 4b (modified from Platzman 1970).
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The cor respond ing  so lu t ions  and  equat ions  de f in ing  the  po la r i za t ion  o f  the

p a r t i c l e  o r b i t  w e r e  g i v e n  b y  P l a t z m a n  ( 1 9 7 0 ,  3 . 2 . 1  t o  3 . 2 . 3 ) .  T o  e x a m i n e  t h e

p r o p e r t i e s  o f  t h i s  " h o m o g e n e o u s "  p l a n e  w a v e  i n  d e t a i l ,  i t  i s  c o n v e n i e n t  t o

c h o o s e  t h e  d i r e c t i o n  o f  i n c r e a s i n g  x  a s  t h e  d i r e c t i o n  o f  w a v e  p r o g r e s s ,  i n  w h i c h

case K >  0  and Z  =  0 .  Tak ing  rea l  par ts  o f  the  genera l  so lu t ion ,  P la tzman

d e r i v e d  t h e  f o l l o w i n g  s e t  o f  e q u a t i o n s  d e f i n i n g  e l e v a t i o n  ( n ) ,  t h e  h o r i z o n t a l

c o m p o n e n t s  o f  p a r t i c l e  m o t i o n  ( u  a n d  V ,  d i r e c t e d  a l o n g  t h e  x  a n d  y  a x e s ,

r e s p e c t i v e l y ) ,  t h e  v e r t i c a l  c o m p o n e n t  o f  p a r t i c l e  m o t i o n  ( w ) ,  a n d  w a v e  f r e q u e n c y

( o ) :

[ n , u ]  =  [ h ,  o / k ] c o s ( k x  -  o t )  ( 7 )

[ v ,  w ]  =  [ f l k ,  o ( z  +  ] s i n  ( k x  -  o t )

+

For mathematical  convenience, Platzman scaled wave ampli tude (which is of course

a rb i t r a r y  and  can  be  ass igned  any  va lue )  t o  make  t he  amp l i t ude  o f  n  equa l  t o  t he

d e p t h  h  i n  t h e  f i r s t  e q u a t i o n  o f  s e t  ( 7 ) .  I n  t h e  s e c o n d  e q u a t i o n  t h e  v e r t i c a l

v e l o c i t y  v a r i e s  l i n e a r l y  f r o m  z e r o  a t  t h e  b o t t o m  ( z  =  - h )  t o  a n / a t  a t  t h e  f r e e

sur face .  Toge the r ,  t he  equa t ion  se t  de f ines  a  wave  ( i l l us t ra ted  in  F ig .  4b )

w i t h  t h e  f o l l o w i n g  p r o p e r t i e s ,  e a r l i e r  t r e a t e d  b y  S v e r d r u p  ( 1 9 2 6 ) . *

* T h e  S v e r d r u p  w a v e  i s ,  i n  f a c t ,  a  m e m b e r  o f  a  m o r e  g e n e r a l  c l a s s  t r e a t e d  b y
P o i n c a r e  ( 1 9 1 0 )  a n d  h a s  b e e n  r e f e r r e d  t o  a s  a  P o i n c a r e  w a v e  b y  s o m e  a u t h o r s
(LeBlond and Mysak,  1978,  for  example) .  However,  others (Platzman 1970,
Mort imer 1963,  1971) f ind i t  convenient  to conf ine the designat ion "Poincare"
t o  w a v e s  w h i c h  s a t i s f y  t h e  b o u n d a r y  c o n d i t i o n s  a t  a  s t r a i g h t  v e r t i c a l  w a l l  o r
w a l l s  i n  r o t a t i n g  u n i f o r m - d e p t h  m o d e l s .  A s  d e m o n s t r a t e d  l a t e r  i n  t h i s  r e p o r t ,
P o i n c a r e  w a v e s  s o  d e f i n e d  c a n  b e  c o n s t r u c t e d  a s  c o m b i n a t i o n s  o f  S v e r d r u p  w a v e s .
To quote Platzman,  the Sverdrup waves"  may be regarded as an e lementa l  propa-
g a t o r  l o n g  w a v e ]  s i g n a l s " ,  a n d  i t  i s  c o n v e n i e n t  t o  r e t a i n  t h e
specific name to identify that property. The reference is Sverdrup (1926).
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( i )  T h e  p a r t i c l e  o r b i t  i n  t h e  S v e r d r u p  w a v e  ( F i g .  4 b )  i s  p o l a r i z e d  i n  a

p l a n e  p e r p e n d i c u l a r  t o  t h e  w a v e f r o n t .  I n  t h e  a b s e n c e  o f  r o t a t i o n ,  t h e  o r b i t a l

p l a n e  i s  v e r t i c a l ;  b u t  w i t h  r o t a t i o n  i t  t i l t s  f r o m  t h e  v e r t i c a l  ( i n c l i n i n g  u p w a r d

t o  t h e  l e f t  o f  t h e  d i r e c t i o n  o f  w a v e  p r o g r e s s  i n  t h e  N .  h e m i s p h e r e )  a n d  t h e

h o r i z o n t a l  p r o j e c t i o n  o f  t h e  p a r t i c l e  o r b i t  i s  a n  e l l i p s e  w i t h  t h e  m a j o r / m i n o r

ax is  ra t io  de f ined  by  o / f ,  wh ich  a lso  de f ines  the  speed  ra t io  v  max /u  max .  The

e q u a t i o n s  f o r  U  a n d  V  i n  ( 7 )  d e f i n e  c l o c k w i s e  r o t a t i o n  o f  t h e  h o r i z o n t a l  c u r r e n t

v e c t o r ,  i l l u s t r a t e d  f o r  a  p a r t i c u l a r  c a s e  ( o / f  =  3 / 2 )  i n  l a t e r  F i g u r e  5 .

( i i)  The third equation in (7) defines the frequencey dependence on f and

wavenumber K and, for given k, sets a frequency limit below which o is no longer

real  and below which Sverdrup waves cannot exist .  The absolute low-frequency

cut -o f f ,  when K decreases to  zero ,  i s  f .  A lso ,  fo r  g iven k ,  the  th i rd  equat ion

a p p l i e s  t o  a  p a i r  o f  w a v e s ,  o n e  f o r w a r d - t r a v e l l i n g  ( o  >  0 ,  i . e . ,  i n  t h e  d i r e c t i o n

of  increasing phase angle,  kx -ot )  and the other  backward- t ravel l ing (o < 0) .

The two waves possess  the  same abso lu te  f requency  o  and there fore  the  same

celerity o 1k. The dependence of the speed on k makes the wave dispersive, in

c o n t r a s t  t o  t h e  n o n - d i s p e r s i v e  p r o t o t y p e  K e l v i n  w a v e .

( i i i )  Compared  w i t h  l ong  p lane  waves  i n  t he  absence  o f  r o ta t i on  ( f o r  wh i ch

the phase speed and group speed are both equal [gh) the Sverdrup wave phase

speed (celerity) and group speed are respectively increased and decreased by

r o t a t i o n ,  a s  f o l l o w s :

phase speed, olk = co/V(1-5710)
( 8 )

g r o u p  =

in which = Sgh. The frequency dependence of K and of the phase and group

speeds  a re  i l l us t ra ted  by  P la tzman (1970)  fo r  su r face  Sverd rup  waves  in  wa te r

d e p t h s  f r o m  0 . 1  t o  4 . 0  k m  a n d  f  =  1  c y c l e  p e r  d a y ,  c o r r e s p o n d i n g  t o

l a t i t u d e  2 9 . 9 1 ° .

http:wavefront.In


1 9

( i v )  T h e  p a r t i t i o n  o f  a n d  k i n e t i c  i n  t h e  S v e r d r u p  w a v e s

is also frequency-dependent, being governed by the ratio:

kinetic energy density (02 + 22)
( 9 )

p o t e n t i a l  d e n s i t y  ( 0 2 - f 2 )

At  the  l im i t  f  =  0  there  i s  equ ipar t i t i on ;  bu t  as  o  approaches  the  l im i t  f ,

the rat io approaches inf ini ty (as does also the celeri ty, see 8), and more and

m o r e  o f  t h e  w a v e  e n e r g y  a p p e a r s  i n  t h e  f o r m  o f  c u r r e n t s  a n d  l e s s  a n d  l e s s  i n

the form of elevation change. Also, as o approaches f, the polarization of the

orb i ta l  p lane (F ig .  4b)  approaches hor izonta l i ty ;  the e l l ip t ica l  t rack o f  the

horizontal current vector approaches circulari ty (v u) ;  and the l imit ing state

of  the  Sverdrup wave is  tha t  o f  iner t ia l  mot ion  (de f ined in  Sect ion  2 .1)  re -

str ic ted to the hor izonta l  p lane,  and appear ing sole ly  as a current  of  uni form

speed u traversing an inert ial  circle in a clockwise direct ion (N. hemisphere)

a t  a n g u l a r  f r e q u e n c y  f .

2 . 6  T h e  p r o g r e s s i v e  P o i n c a r é  w a v e .

The single Sverdrup wave model (with v > 0) is obviously not a permissible

so lu t ion in  the presence of  a  shore boundary .  However ,  per fec t  re f lec t ion o f

a Sverdrup wave at a straight vertical wall (model shore boundary) generates a

second Sverdrup wave with amplitude and frequency (but not phase) unchanged

(see Platzman 1970). This Sverdrup wave pair (incident and reflected) combine

t o  f o r m  a  t y p e  o f  w a v e  ( a  p r o g r e s s i v e  P o i n c a r e  w a v e )  w h i c h  s a t i s f i e s  t h e  s o l i d

boundary  cond i t i on  a t  t he  wa l l .  I n  t he  d i rec t i on  pa ra l l e l  t o  t he  wa l l  t he  wave

is a propagating sinusoid of wavenumber KS COS 0, in which ks is the wavenumber

o f  t h e  w a v e  a n d  O  i s  i t s  a n g l e  o f  i n c i d e n c e  a t  t h e  w a l l .  P e r p e n d i c u l a r

t o  t h e  w a l l ,  t h e  c o m b i n e d  w a v e f o r m  i s  s t a n d i n g ,  w i t h  a  s e r i e s  o f  w a l l - p a r a l l e l

nodal lines spaced at intervals II/Ks sin O. The combined wave -- now to be called

a  Po inca ré  wave  - -  r e t a i ns  t he  Sve rd rup  wave  f r equency ,  O ,  and  exh ib i t s  a
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Fig. 5. Horizontal projections of current vectors in a half-wavelength portion
of a Sverdrup wave progressing from left to right in the N. hemisphere,
and for which o/f = umax/Umax = 3/2. The horizontal current vectors
a r e  p l o t t e d  a s  a r r o w s ,  w a v e  e l e v a t i o n s  a r e  e n t e r e d  ( a s  a
row of numbers in the bottom third of the figure) at 1/12 wavelength
(30° phase angle) intervals.
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s t r u c t u r e  o f  c e l l s  w i t h i n  w h i c h  t h e  h o r i z o n t a l  c u r r e n t  v e c t o r s  r o t a t e  c l o c k w i s e

(N .  hemisphe re )  a t  f r equency  O .

The wave equations which describe Sverdrup wave reflection and further

combinations of Poincare waves, introduced later, become somewhat unwieldly when

wri t ten out  and expla ined.  Here I  prefer  to  in t roduce the reader  to  the geometry

of  these combina t ions  by  means o f  d iagrams,  wh ich  i l l us t ra te  the i r  c res t  pa t te rns

(F ig.  and thei r  current  vector  pat terns (F igs.  7  to  9) .  The geometry  of

re f lect ion at  a  ver t ica l  wal l ,  w i th  one Sverdrup wave inc ident  a t  angle O and

a second identical wave reflected at angle 0, is i l lustrated by Platzman (1970). .

Approaching same phenomenon in a different way, Figures 6 to 9 do not speci-

fy a wall at the outset, but commence with consideration of pairs of Sverdrup

waves, identical in wavelength (1s) and frequency (o), and differing only in the

angle (20) between the directions along which the partners in each pair are propa-

gating. Permissible locations for walls become evident when the combined hori-

z o n t a l  v e c t o r  f i e l d s  o f  t h e  p a i r s  a r e  i n s p e c t e d .

The "building brick" or component of each pair is the Sverdrup wave il- -

lustrated in Figure 5. In that part icular example, the o/f  rat io was chosen

to be 3/2, corresponding to a wave of 12 h period at latitude 41.8° (inertial

period 18 h) . The horizontal current vectors were plotted at 1s/12 intervals

(i.e. at hourly or 30° phase intervals) * and the wave elevations (relative to

unit amplitude were also entered. The wave, as illustrated in Figure 5, pro-

gresses from left to r ight. A f ixed observer therefore sees the current

*It should be noted that, for graphical convenience, the vectors in Figure 5
w e r e  d r a w n  f o r  3 0 °  i n t e r v a l s  ( a s  i n  t h e  u p p e r  l e f t  p o r t i o n  o f  t h e
ellipse) whereas angular spacing of the vectors corresponding to 1s/12
wavelength fractions, i.e. to 30° wave phase intervals, are not uniformly
s p a c e d .  B u t  t h e  e r r o r  t h u s  u n i m p o r t a n t  i n  t h i s  d e m o n s t r a t i o n .
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v e c t o r s  r o t a t i n g  c l o c k w i s e .  T h e r e  i s ,  h o w e v e r ,  n o  r e s t r i c t i o n  o f  t h e  d i r e c t i o n

of  wave propagat ion ;  and pa i rs  o f  F igure  5  waves can be super imposed and made

t o  move  (s tep  by  s tep  fo r  g raph ica l  comb ina t ion )  i n  d i rec t ions  wh ich  sub tend

a n y  d e s i r e d  a n g l e .

The current  pat terns of  four  such combinat ions (O chosen for  geometr ica l

s i m p l i c i t y  t o  b e  t h e  v a l u e s  l i s t e d  i n  T a b l e  2 )  a r e  s h o w n  i n  F i g u r e  6 .  I n  c a s e

F i g .  6 .  C r e s t  p a t t e r n s  p r o d u c e d  b y  f o u r  p a i r s  o f  S v e r d r u p  w a v e s .  I n  p a i r s  ( a ) ,  ( b ) ,
( c )  a n d  ( d )  t h e  c o m p o n e n t  w a v e s  a r e  t r a v e l l i n g  i n  d i r e c t i o n s  w h i c h  s u b t e n d
ang le  2  O  o f  180° ,  126 .86° ,  90° ,  and  53 .14° .  r espec t i ve l y  ( see  Tab le  2 ) .
Cres ts  o f  t he  r i gh t -p ropaga t i ng  and  l e f t - p ropaga t i ng  componen ts  a re  shown  as
u n b r o k e n  a n d  b r o k e n  l i n e s ,  r e s p e c t i v e l y ;  a n d  d o t t e d  l i n e s  i n d i c a t e  t h e  c r e s t s
o f  t h e  c o m b i n a t i o n  ( p r o g r e s s i v e  P o i n c a r e  w a v e ) .  T h e  l e t t e r s  E ,  B ,  a n d  D  a r e
r e p e a t e d  a t  c o r r e s p o n d i n g  p o s i t i o n s  i n  F i g s .  7 ,  8 ,  a n d  9 .

( a ) ,  desc r i bed  i n  connec t i on  w i t h  F igu re  7 ,  O  i s  90°  and  the  Sve rd rup  pa i r  a re

moving in  exact ly  opposed d i rect ions.  In  the o ther  cases,  O < 90° ,  the wave

c r e s t s  ( s h o w n  u n b r o k e n  a n d  b r o k e n  f o r  t h e  r i g h t - p r o p a g a t i n g  a n d  t h e  l e f t -
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propagat ing partner of  the pair ,  respect ively)  form a network of  paral le lograms

(on ly  one  o f  wh ich  i s  shown)  o f  w id th  AB and he igh t  CD.  AB and CD in te rsec t  a t

E; AE = EB; and CD bisects the angle 20.  Passing through C and D are dot ted

l ines perpendicular to CD which mark the crests of  a combined wave formed by

the paired Sverdrup combination. For later references, CD defines a Poincaré

wavelength, Ap, infinite in case (a); and EB defines the width (but not the
pos i t ion)  o f  a  channel  (w id th  b)  .

TABLE 2. Crest geometr ies of the Sverdrup wave pair  combinat ions i l lustrated
in Figure 6 and described in the text. The Sverdrup wavelength, 1s'

i s  t h e  s a m e  i n  e a c h  c a s e .

CaseC D / A B0 A B /  SC D / X  S

= p/2b - = arctan 0degrees= 2b/x - S = 1/sin 0= Ap/̂s = 1/cos 0
a infinity9 01 i n f i n i t y
b 2 6 3 . 4 3V5/2 = 1.118=  2 . 2 3 6
C 1 4 5V2 = 1.4142  =  1 . 4 1 4
d 1 / 22 6 . 5 75 = 2.236V 5 / 2  =  1 . 1 1 8

T h e  c u r r e n t  a n d  e l e v a t i o n  p a t t e r n s  o f  c o m b i n a t i o n  ( a )  a r e  s h o w n  o n  t h e  l e f t -

h a n d  a n d  r i g h t - h a n d  s i d e s  o f  F i g u r e  7 ,  r e s p e c t i v e l y .  T h e  n u m b e r e d  r o w s  c o r r e s -

p o n d  t o  h o u r l y  i n t e r v a l s  i n  a  1 2  h  c y c l e .  T h e  S v e r d r u p  w a v e  c o m p o n e n t s ,  d i r e c t -

l y - opposed ,  p ropaga te  ac ross  t he  page ,  and  t he i r  r espec t i ve  ho r i zon ta l  cu r r en t

v e c t o r s  a r e  s h o w n  a s  t h i n  l i n e s  ( u n b r o k e n  r i g h t - g o i n g ,  b r o k e n  l e f t - g o i n g )  i n

p l a n  v i e w .  T h e  v e c t o r s  o f  t h e  r e s u l t a n t  w a v e  a r e  s h o w n  a s  t h i c k  a r r o w s .  T h e

h o u r l y  e l e v a t i o n s  o f  t h e  w a t e r  s u r f a c e  a r e  s h o w n  f o r  t h e  E B  p o r t i o n  o f  t h e

sec t i on  a l i gned  a long  t he  d i r ec t i on  o f  Sve rd rup  wave  p ropaga t i on .  The  e leva t i on

s e q u e n c e  a  s t a n d i n g  w a v e  w i t h  a  n o d e  a t  N  a n d  a n t i n o d e s  a t  E  a n d  B ,
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Fig.  7.  Two opposi tely-propagat ing but otherwise ident ical  Sverdrup waves
(ho r i zon ta l  cu r ren t  vec to rs  shown as  th in  b roken  and  unbroken  l i nes ,
respect ive ly)  combined to  form a "s tanding Sverdrup wave"  correspond-
i n g  t o  c a s e  ( a )  i n  F i g u r e  6 .  T h e  c o m b i n e d  h o r i z o n t a l  c u r r e n t  v e c t o r s
( th ick  ar rows)  and wave e levat ions across the sect ion EB (see F ig .  6)
a r e  i l l u s t r a t e d  a t  1 / 1 2  c y c l e  i n t e r v a l s ,  i . e . ,  h o u r l y  i n t e r v a l s  f o r  a
w a v e  o f  1 2  h  p e r i o d .  N  m a r k s  t h e  p o s i t i o n  o f  a  n o d e ;  E  a n d  B  c o i n c i d e
w i t h  a n t i n o d e s .
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spaced  (as  can  be  seen  by  compar ison  w i th  F igure  5 )  ha l f  a  Sverdrup-wave leng th

a p a r t .  I n  t h e  c u r r e n t  f i e l d ,  t h e  r e s u l t a n t  c u r r e n t  i s  a l w a y s  z e r o  a t  t h e  a n t i -

n o d e s .  T h e r e f o r e  t h i s  s t a n d i n g  w a v e  c o m b i n a t i o n  ( t e r m e d  " s t a n d i n g  S v e r d r u p

w a v e "  b y  M o r t i m e r  1 9 6 3 )  c a n  s a t i s f y  s o l i d  b o u n d a r y  c o n d i t i o n s  a t  a n y  p a i r  o f

v e r t i c a l  w a l l s  c o i n c i d i n g  w i t h  a n t i n o d e s ,  f o r  e x a m p l e  a t  E  a n d  B  a n d  a l i g n e d

p e r p e n d i c u l a r  t o  t h e  d i r e c t i o n  o f  S v e r d r u p  w a v e  p r o g r e s s .  S u c h  a  w a l l  p a i r

c o r r e s p o n d s  t o  a n  i n f i n t e l y  l o n g  c h a n n e l  o f  r e c t a n g u l a r  c r o s s  s e c t i o n ,  w h i c h

m a y  c o n t a i n  a  s i n g l e  n o d a l  l i n e  ( a s  a t  N  i n  F i g .  7 )  o r  a n y  i n t e g r a l  n u m b e r ,

N ,  o f  s u c h  l i n e s .  E a c h  i n t e g e r  n  c o r r e s p o n d s  t o  a  n o r m a l  m o d e  o f  o s c i l l a t i o n

o f  t h e  c h a n n e l ,  i . e . ,  c r o s s - c h a n n e l  s e i c h e  m o d e s ;  a n d  a n y  c o m b i n a t i o n  o f  s u c h

m o d e s  c a n  c o - e x i s t .  F i g u r e  7  p r o v i d e s  a  s e t  o f  h o u r l y  s n a p s h o t s  o f  t h e  c u r r e n t

f i e l d  a n d  s u r f a c e  e l e v a t i o n  f o r  t h e  f i r s t  s e i c h e  m o d e  ( n  =  1 )  i d e n t i c a l l y  r e -

p e a t e d  a t  a l l  p o i n t s  a l o n g  t h e  c h a n n e l .  A l o n g - c h a n n e l  v a r i a t i o n  a n d  t h e  a l o n g -

channe l  wavenumber  a re  the re fo re  ze ro ;  and  the  c ross -channe l  wavenumber  ( l a te r

referred to as kx) is equal to 2111/1s, in which As is the component Sverdrup

w a v e  w a v e l e n g t h .  T h a t  w a v e l e n g t h  i s  t w i c e  t h e  c h a n n e l  w i d t h  ( b )  f o r  t h e  f i r s t

mode  and  2  b /n  i n  gene ra l .  The  co r respond ing  gene ra l  exp ress ion  fo r  t he  se t

of  c ross -channe l  wave  numbers  i s  /b ,  co r respond ing  to  f requenc ies ,  der i ved  f rom

(7 )  and  g iven  by :

( 10 )

i n  w h i c h  m  i s  d e f i n e d  i n  t h e  f o l l o w i n g  p a r a g r a p h .

I f  f  i s  z e r o  ( n o  r o t a t i o n ) ,  t h e  c h a n n e l  m o d e s  t a k e  t h e  f o r m  o f  s i m p l e

c r o s s - c h a n n e l  s e i c h e s  w i t h  n o n - r o t a t i n g  c u r r e n t  v e c t o r s  a n d  w i t h  f r e q u e n c i e s

( p e r i o d s )  d e t e r m i n e d  b y  t h e  w e l l - k n o w n  M e r i a n  e q u a t i o n .  T h i s  y i e l d s  a

f r e q u e n c y  s e t ,  w h i c h  w i l l  l a t e r  b e  r e f e r r e d  t o  a s  t h e  M e r i a n  ( n o

r o t a t i o n )  f r e q u e n c y ,  m .  E q u a t i o n  ( 1 0 )  d e f i n e s  a  f r e q u e n c y  l i m i t  b e l o w  w h i c h  a

p a r t i c u l a r  S v e r d r u p  m o d e  c o m b i n a t i o n  c a n n o t  e x i s t  i n  a  p a r t i c u l a r  c h a n n e l .  T h e

i m p o r t a n c e  o f  t h i s  l i m i t a t i o n  w i l l  b e  d i s c u s s e d  l a t e r .
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F i g .  8 .  A  h a l f - w a v e l e n g t h  p o r t i o n  o f  t h e  h o r i z o n t a l  c u r r e n t  v e c t o r  f i e l d  o f  a  c o m b i n e d
(Poincare) wave made up of two identical Sverdrup waves travelling in directions
def ined  the  ang le  20  =  126 .86°  (a rc tan  O =  2 ,  case  b ,  Tab le  2 ,  F ig .  6 ) .  .
The combined vectors (hor izontal  components of  Poincare wave current)  are shown
as th ick arrows;  the corresponding vectors of  the two const i tuent  Sverdrup waves
a r e  s h o w n  a s  t h i n  b r o k e n  a n d  u n b r o k e n  l i n e s ,  r e s p e c t i v e l y .  S v e r d r u p  w a v e
c r e s t s  a n d  t r o u g h s  a r e  s h o w n  a s  t h i c k  c o n t i n u o u s  a n d  b r o k e n  l i n e s ,  r e s p e c t i v e l y ,
a n d  t h e  i n t e r s e c t s  E ,  B ,  a n d  D  o c c u p y  p o s i t i o n s  e q u i v a l e n t  t o  t h o s e  l e t t e r s
in  Figure 6.  The Poincare (combined) wave progresses upward on the page; and
v e r t i c a l  d o t t e d  l i n e s  i n d i c a t e  w h e r e  v e r t i c a l  c h a n n e l  s i d e s  c o u l d  b e  p l a c e d  t o
s a t i s f y  s o l i d  b o u n d a r y  c o n d i t i o n s ,  a s  d e s c r i b e d  i n  t h e  t e x t .
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T h e  e l e v a t i o n  a n d  h o r i z o n t a l  c u r r e n t  p a t t e r n s  f o r  c o m b i n a t i o n s  ( a )  a n d

( b )  i n  F i g u r e  6  w e r e  i l l u s t r a t e d  i n  t h e  p r e c e e d i n g  f i g u r e  ( 7 )  a n d  i n  F i g u r e  5 1

o f  M o r t i m e r  ( 1 9 7 1 ) ,  r e s p e c t i v e l y .  T h e  h o r i z o n t a l  c u r r e n t  f i e l d  o f  t h e  l a t t e r

c o m b i n a t i o n  ( b )  i s  a l s o  s h o w n  i n  F i g u r e  8 ,  r e l a t i v e  t o  t h e  c r e s t  a n d  t r o u g h  l i n e s

o f  t h e  c o m p o n e n t  S v e r d r u p  w a v e s  a n d  t o  t h e  l e t t e r s  E ,  B ,  D ,  c o r r e s p o n d i n g  i n

p o s i t i o n  t o  t h o s e  l e t t e r s  i n  F i g u r e  6 .  S i m i l a r l y ,  t h e  h o r i z o n t a l  c u r r e n t  f i e l d s  o f

c o m b i n a t i o n s  ( c )  a n d  ( d )  a r e  p r e s e n t e d  i n  F i g u r e  9 .  T h e  f i g u r e s  i l l u s t r a t e

s m a l l  p o r t i o n s  o f  i n f i n i t e l y  r e p e a t i n g  c e l l u l a r  p a t t e r n s ,  w h i c h  s h o u l d  b e

v i e w e d  a s  p r o p a g a t i n g  u p  t h e  l e n g t h  o f  t h e  p a g e  p a s t  a  l i n e  f i x e d  a c r o s s  i t .

T h e  v e r t i c a l  o r d i n a t e  m a y  t h e r e f o r e  b e  s c a l e d  e i t h e r  i n  t i m e  o r  l e n g t h  u n i t s

(conven ient ly ,  Po incare  per iods or  wave lengths) ;  and,  because the pat tern  repeats

w i t h  a p p r o p r i a t e  c h a n g e  o f  s i g n ,  i t  i s  o n l y  n e c e s s a r y  t o  i l l u s t r a t e  a  h a l f -

w a v e l e n g t h  p o r t i o n  ( f r o m  E  t o  D )  .  D u r i n g  t h e  u p w a r d  p a s s a g e  o f  t h a t  p o r t i o n ,

p a s t  a  f i x e d  o b s e r v e r ,  t h e  c u r r e n t  v e c t o r s  o f  t h e  c o m p o n e n t  S v e r d r u p  w a v e s

a n d  t h e  r e s u l t a n t  P o i n c a r e  c o m b i n a t i o n  ( t h i c k  a r r o w s )  e x e c u t e  a  h a l f - r o t a t i o n

c l o c k w i s e .  E x a m i n a t i o n  o f  t h e  P o i n c a r e  c u r r e n t  v e c t o r  f i e l d  ( t h i c k  a r r o w s )  d i s -

c l o s e s  a  s e t  o f  l i n e s  p a r a l l e l  t o  E D  ( t w o  o f  w h i c h  a r e  s h o w n  d o t t e d  i n  F i g u r e s

8  a n d  9 )  n e a r  w h i c h  t h e  c u r r e n t s  a r e  w e a k  a n d  a c r o s s  w h i c h  t h e  c u r r e n t  d i r e c t i o n

r e v e r s e s .  I n  f a c t ,  a s  F i g u r e s  8  a n d  9  s u g g e s t ,  v e r t i c a l  w a l l s  c o u l d  b e  p l a c e d

along any of these lines (which are repeated at intervals of 15/2 sin O) with-

o u t  v i o l a t i n g  t h e  s o l i d  b o u n d a r y  c o n d i t i o n  a t  t h e  w a l l s .  O n e  w a l l ,  s o  p l a c e d ,

does not restr ict the choice of 1s or O; but two such walls, forming a channel

of width b, restrict the choices because of the interdependence of As, 0, and

b  e v i d e n t  f r o m  a  c o m p a r i s o n  o f  F i g u r e s  6 ,  8 ,  a n d  9 .  T h i s  p o i n t  w i l l  b e  t a k e n

u p  a g a i n  l a t e r .

A l s o  e v i d e n t  f r o m  c o m p a r i s o n  o f  F i g u r e s  6 ,  8  a n d  9  i s  a n  i n c r e a s i n g  a s -

symmet r y  t he  Po inca re  wave  cu r ren t  pa t t e rn ,  r e l a t i ve  t o  t he  channe l  de f i ned

by  the  ve r t i ca l  do t t ed  l i nes ,  as  O  dec reases  f r om 90°  (F ig .  6  i n  wh i ch  t he
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assymmetry is zero) to 27° (Fig. 9 lower part).  Looking in the direct ion of

wave progress, the region of strongest current is shif ted to the left  of the

channel center l ine, while the l ine of maximum elevation change (ED, along which

the Sverdrup crests and troughs intersect) is shifted to the right of the channel

side by a distance which increases as 0 decreases from 90°. This assymmetry,

which was d iscussed and def ined in  P la tzman (1970)  and Mor t imer  (1971) ,  i s  a

consequence the effect of rotation on the phase change which occurs when a

Sverdrup wave is reflected at a wall. The effect is zero for normally incident

waves, for example case (a) in Figure 7, i .e.,  the standing Sverdrup wave case

i l lustrated in Figure 6. When 0 is less than 90°, the resulting Poincare wave

is also standing across the channel (while propagating along it); but the nodal

l ines are displaced (to the right looking in the direction of wave progress)

f r o m  p o s i t i o n s  t h e y  o c c u p y  =  9 0 ° .  T h i s  r i g h t w a r d  d i s p l a c e m e n t *  o f

t he  noda l  l i ne  and  le f tward  d i sp lacement  o f  t he  max imum cu r ren t  l i ne ,  re la t i ve

t o  t h e  c h a n n e l  c e n t e r l i n e ,  i s  i l l u s t r a t e d  f o r  p r o g r e s s i v e  P o i n c a r e  w a v e s  o f  t h e

f i r s t  a n d  t h i r d  c r o s s - c h a n n e l  m o d e  ( n  =  1  a n d  n  =  3 )  i n  F i g u r e  1 0 .

Figures  6  to  9 ,  wh ich  a re  based  on  pa i red  combina t ions  o f  Sverd rup  waves

of identical wavelength As, demonstrate that decrease in O is accompanied by

i n c r e a s e  i n  t h e  d i s t a n c e  E B  a n d  t h e r e f o r e  i n  b ,  t h e  w i d t h  o f  t h e  c h a n n e l  i n t o

w h i c h  t h e  P o i n c a r é  w a v e  w i l l  f i t .  I n  f a c t ,  a s  T a b l e  2  s h o w s ,  E B  v a r i e s  a s

1s/2 COS 0, with the minimum spacing, 1s/2, occurring at O = 90° (standing

Sverdrup case). In other words, with As fixed, O may take any value between

90° and 0° ,  as long as channel  width is  permi t ted to  vary to  accommodate the

pa r t i cu la r  wave  comb ina t i on  assoc ia ted  w i t h  t ha t  pa r t i cu la r  va lue  o f  O .

*D isp lacement  i s  b  a rc tan  ( f /o  co t0 )  /TTN fo r  the  n th  c ross-channe l  mode in  a
c h a n n e l  o f  w i d t h  b  ( M o r t i m e r  1 9 7 1 ) .
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Fig. 10. Cross-channel asymmetry
of progressive Poincare waves, il-
lustrated in the upper (uninodal)
example by shifts of the maximum
cur ren t  l ine  (MCL)  and o f  the  nod-
al line (NL) from the channel
center line (CCL). Similarly,
looking in the direction of wave
progress in the lower (trinodal)
example, the position of maximum
elevation range is shifted As to
the right of the channel side,
while MCL is shifted Av to the
l e f t  o f  t h e  n o d a l  l i n e  ( N ) .  B o t h
shifts are defined in Mort imer
(1971, in which the lower portion
is Fig. 53a). The last sentence
in the legend for Fig. 11 applies
a l s o  h e r e .
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I f ,  h o w e v e r ,  F i g u r e s  6  t o  9  a r e  i n t e r p r e t e d  o n  t h e  b a s i s  o f  a  f i x e d  c h a n n e l

w i d t h  ( b ,  s a y )  s o  t h a t  t h e  d i s t a n c e s  b e t w e e n  t h e  d o t t e d  l i n e s  i s  s e t  a t  b  i n  a l l

the figures, then As is no longer fixed and becomes subject to a maximum limit,

which is achieved in case (a) with O = 90°, 1s = 2b, and wavenumber k = b.

Th i s  wave leng th  r es t r i c t i on  co r responds  t o  a  f r equency  r es t r i c t i on ,  d i s cussed

b e l o w ,  w h i c h  s t a t e s  t h a t  o  m u s t  b e  g r e a t e r  t h a n  t h e  f r e q u e n c y  d e f i n e d  b y  t h e

third equation in (7), i.e. only Sverdrup (and therefore Poincare) waves of o2

g r e a t e r  t h a n  +  c a n  p r o p a g a t e  i n  a  c h a n n e l  o f  w i d t h  b  a n d  d e p t h  h

( w h i c h  d e t e r m i n e s  C  .  T h e  e f f e c t  o f  t h i s  l i m i t  o n  t h e  p r o p a g a t i o n  o f  t i d a lo

w a v e s  i n  r e s t r i c t e d  w a t e r s  i s  d e s c r i b e d  b y  P l a t z m a n  ( 1 9 7 0 ) .  .

2 . 7  P o i n c a r é  w a v e s  c o m b i n e d  i n  a  c h a n n e l .

The progressive Poincaré waves descr ibed in the previous sect ion exhib i t

the proper t ies  o f  s tand ing waves across the channel ;  and a  pseudo-s tand ing wave

pa t t e rn  can  a l so  be  p roduced  a l ong  t he  channe l ,  i f  two  i den t i ca l  bu t  oppos i t e l y -

propagat ing Poincaré waves are combined.  Taking the cross-channel  uninodal

e x a m p l e  f r o m  F i g u r e  1 0  ,  h a l f - w a v e l e n g t h  p o r t i o n s  o f  t w o  s u c h  o p p o s i t e l y -

propagating progressive Poincaré waves are shown in Figure 11(a). Eight phases

i n  o n e  o s c i l l a t i o n  c y c l e  o f  t h e  c o m b i n e d  w a v e  t h e y  p r o d u c e  a r e  n u m b e r e d  i n

sequence  in  11  (b )  Severa l  f ea tu res  a re  ev iden t :  t he  c ross -channe l  s tand ing

w a v e  s t r u c t u r e  i s  m a i n t a i n e d ,  b u t  t h e  a s s y m m e t r y ,  d e s c r i b e d  e a r l i e r  f o r  t h e

progressive Poincare wave (i .e. the displacement of NL and MCL from CCL), is

cance l led  ou t ;  an  a long-channe l  "s tand ing"  pa t te rn  emerges ,  d iv id ing  the  wave

s t r u c t u r e  i n t o  c e l l s ;  c l o c k w i s e  r o t a t i o n  o f  t h e  c u r r e n t  v e c t o r s  i s  m a i n t a i n e d

wi th  h i ghes t  speeds  a t  t he  cen te r  o f  t he  ce l l ;  t he  so l i d  bounda ry  cond i t i ons  a re

m e t  a t  t h e  c h a n n e l  s i d e s ,  b u t  n o t  a t  t h e  c e l l  e n d s  ( t h e r e f o r e  t h i s  i s  n o t  a

t rue standing wave,  such as would be produced by a pai r  of  opposi te ly-propagat-

i ng  p lane  waves  in  the  absence  o f  ro ta t ion )  the  cu r ren t  component  norma l  to

t he  ce l l  end  wa l l s  i s  sma l l  ( ve ry  sma l l  as  channe l  w id th  i nc reases )  bu t  does



Fig.  11 ( f rom Mor t imer  1977) .  Two oppos i te ly -propagat ing but  o therwise ident ica l  pro-
gressive Poincare waves,  f rom Fig.  10 and shown here in  (a) ,  combine to pro-
duce the amphidromic "standing" Poincare wave, half-wavelength cells of which
are illustrated at 1/8-cycle intervals in (b). The combined wave, with amphi-
dromic point  P at  the cel l  center ,  is  t ru ly  s tanding (wi th one node in th is
case) across but quasi-standing along the channel, as explained in the text.
W a v e  t o p o g r a p h y  c a n  b e  v i e w e d  e i t h e r  a s  t h a t  o f  a  w a t e r  s u r f a c e  o r  a s  t h a t  o f
a "thermocl ine" interface in a two-layered model,  in which case the horizontal
cu r ren t  vec to r s  ( i l l u s t r a ted  benea th  each  ce l l )  a re  t hose  i n  t he  l owe r  l aye r .
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n o t  f a l l  t o  z e r o  e x c e p t  a t  t h e  c e n t e r  p o i n t ;  t h e  w a v e  e l e v a t i o n  p a t t e r n  p r o -

gresses c lockwise around ce l l -center  po in t  o f  no  e levat ion  change ( the  amphidro-

mic po in t  P)  :  an amphidromic  po in t  is  a lso located a t  each ce l l  corner .

T h e  m o d e l  i l l u s t r a t e d  i n  F i g u r e  1 1 ,  w h e n  a p p l i e d  t o  w h o l e - b a s i n  i n t e r n a l

waves in  large lakes,  reproduces severa l  observed features (Mort imer  1971) ,  but

as  a  bas in  ( as  opposed  t o  a  channe l )  mode l  i t  i s  on l y  comp le te  w i t h  t he  add i -

t i o n  o f  a  p a i r  o f  o p p o s i t e l y - p r o p a g a t i n g  s h o r e - t r a p p e d  i n t e r n a l  K e l v i n  w a v e s

The ce l lu la r  s t ruc tu re  o f  the  "s tand ing"  Po incare  wave is  repeated  a long  the

c h a n n e l  ( i n  t h i s  c a s e  w i t h  d o u b l e  t h e  c r o s s - c h a n n e l  w a v e l e n g t h )  a n d  d e p e n d i n g

o n  t h e  n u m b e r  ( n )  o f  c r o s s - c h a n n e l  n o d e s ,  n  c e l l s  f i t  a c r o s s  t h e  c h a n n e l  ( c r o s s -

channe l  wave leng th  equa ls  tw ice  the  ce l l  w id th ,  i . e .  2b /n  i n  a  channe l  o f  w id th

b)  .  F igure  11  is  an  i l lus t ra t ion  o f  the  f i rs t  c ross-channe l  Po incaré  mode

( n  =  1 )  ;  F i g u r e  1 2  i l l u s t r a t e s  f o u r  p h a s e s  i n  o n e  o s c i l l a t i o n  c y c l e  o f  t h e

t h i r d  c r o s s - c h a n n e l  m o d e  ( n  =  3 ) .  T h e s e  p a t e r n s ,  i t  m a y  b e  r e c a l l e d ,  a r e  a l l

cons t ruc ted  f r om Sve rd rup  waves  as  e lemen ta ry  b r i cks ,  t he  sequence  i n  t hese

e x a m p l e s  e v o l v e s  t h r o u g h  F i g u r e s  5 ,  8 ,  1 0 ,  1 1 ,  1 2 .

2 . 8  P e r i o d / w a v e l e n g t h  r e l a t i o n s h i p s  o f  P o i n c a r e  w a v e s .

I n  t h e  f o l l o w i n g  t r e a t m e n t  i t  w i l l  b e  c o n v e n i e n t  t o  a l i g n  t h e  x  a n d  y  a x e s

across and a long the channel  respect ive ly ,  i .e . ,  the reverse o f  P la tzman's  (1970)

c o n v e n t i o n  u s e d  i n  e a r l i e r  d i s c u s s i o n s .  T h e  c r o s s - c h a n n e l  w a v e l e n g t h  s e t

is then defined by 1x = 2b/n 1s/n sin 0, Table 2) and as we have seen with

wid th  b  f i xed ,  x  i s  r es t r i c t ed  t o  pa r t i cu l a r  va l ues ,  name l y  t hose  wh i ch  ad j us t

t h e  d i s t a n c e  E B  t o  f i t  t h a t  p a r t i c u l a r  c h a n n e l  w i d t h .  T h e  c o r r e s p o n d i n g  a l o n g -

channe l  wave length  se t ,  in  the  f i xed-w id th  channe l ,  i s  there fo re  a lso  f i xed  a t

Ay = 1s/n COS O (= 1x/n tan 0) Cross-channel and along-channel wavenumbers,
respect ively k and Z in the x and y direct ions and expressed general ly for al l

modes, are: K = 2TT/Ax = /b and Z = = TTN cot O/b. The frequency of the

Po incaré  wave ,  a l ready  de f ined  in  equa t ion  (10) ,  may  be  re -wr i t ten :

=f+co(k2 z2) = f2 + (1 (commbb2 (11)
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Fig. 12. A
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in which r = cot O denotes the ratio l/k (= 1x1hg), and = -Vgh. As pointed
o u t  e a r l i e r ,  o u r  c o n s i d e r a t i o n  i s  h e r e  c o n f i n e d  t o  p u r e l y  h a r m o n i c  s o l u t i o n s  o f

the general wave equation, solutions which require (k2+22) to be real. In
confo rmi ty  w i th  the  c ross-channe l  s tand ing  wave s t ruc tu re ,  k  i s  a lways  rea l  fo r

Poincare waves, but Z may be real or imaginary, depending on whether 22
pos i t i ve  o r  nega t i ve ,  respec t i ve ly .  Th is  de f ines  the  above-ment ioned  f requency

limit, f2+c2k2, below which a channel of given width b and depth h

(=c2/g) cannot provide a wave-guide for progressive Poincare waves. It follows
from equation (11) that, at the frequency limit (Z2 = 0, the transitional

standing Sverdrup wave case), r is zero, ^y is infinite, and there is no ampli-
2  q 2tude variation along the channel. Above and below that limit (2 > 0 and

< 0)  the  a long-channe l  ampl i tude dependence is ,  respect ive ly ,  s inuso ida l  (p ro-

pagat ing  Po incare  wave case)  o r  exponent ia l  (evanescent  Po incare  waves  in  the

t e rm ino logy  o f  LeB lond  and  Mysak  1978 ) .  I t  shou ld  be  no ted  t ha t ,  i n  each  o f

the three cases (z2 > 0, = 0, <0), the cross-channel standing wave pattern is

m a i n t a i n e d .  A s  d e d u c e d  b y  T a y l o r  ( 1 9 2 0 ) ,  a  c o m p l e t e  s e t  ( n  =  1  t o  i n f i n i t y )  o f

evanescent  Po incaré  modes ,  w i th  exponent ia l  a long-channe l  ampl i tude-decrease

a w a y  f r o m  a  c r o s s - c h a n n e l  b a r r i e r ,  a r e  t h e  n e c e s s a r y  a d j u n c t s  f o r  p e r f e c t  K e l v i n

w a v e  r e f l e c t i o n  a t  t h a t  b a r r i e r  a n d  a r e  t h e r e f o r e  c o m p o n e n t s  o f  t h e  c o m b i n e d

K e l v i n / P o i n c a r é  w a v e  s o l u t i o n  f o r  c l o s e d  b a s i n  m o d e l s  ( L a u w e r i e r  1 9 6 0 ,  M o r t i m e r

1971 ) .  Th i s  ( componen t  assemb lage )  app roach  t o  c l osed  bas i n  so l u t i ons  w i l l

l a t e r  b e  c o m p a r e d  w i t h  a  m o r e  d i r e c t  m e t h o d  o f  c a l c u l a t i o n ,  b u t  b e f o r e  t h a t

i s  d o n e  s o m e  i n s t r u c t i v e  g r a p h i c a l  p r o c e d u r e s  a r e  i n t r o d u c e d ,  i n  w h i c h  t h e

f requency/wavenumber  re la t ionships embodied in  equat ion (11)  are appl ied to  long

i n t e r n a l  w a v e  r e s p o n s e s  i n  l a r g e  l a k e s .

R e c a l l i n g  t h a t  r  =  l l k ,  a n d  t h a t  m  i s  t h e  f i r s t  c r o s s - c h a n n e l  ( M e r i a n )  m o d e

f r e q u e n c y  w i t h o u t  r o t a t i o n ,  a n d  t h a t  n  i s  a n  i n t e g e r  d e f i n i n g  t h e  n u m b e r  o f  c r o s s -

channe l  nodes  i n  a  pa r t i cu la r  mode  s t ruc tu re ,  equa t i on  (11 )  may  be  rewr i t t en
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Figure 13. Legend on facing page, 37.
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i n  n o n d i m e n s i o n a l  f o r m :

( 1 2 )

Reca l l i ng  a l so  f r om  the  d i scuss i on  f o l l ow ing  equa t i on  ( 11 )  t ha t  y -p ropaga t i ng

Poincare waves of  cross-channel  mode number n are conf ined to the f requency do- -

main defined by o2 > f2 + (1 + r2) (nm2), the low-frequency cut-offs for n-values

1 ,  2 ,  3  a n d  5  a n d  f o r  r  =  0 ,  0 . 2 ,  a n d  0 . 5  a r e  d i s p l a y e d  b y  t h e  f a m i l y  o f  s t r a i g h t

l i n e s  i n  F i g u r e  1 3 ,  d e f i n e d  b y  e q u a t i o n  ( 1 2 ) .  F i g u r e  1 3  c a n  t h e r e f o r e  b e  u s e d

t o  d e t e r m i n e  w h e t h e r ,  f o r  a  g i v e n  v a l u e  o f  f ,  a  p a r t i c u l a r  P o i n c a r e  m o d e  o f

f requency o  is  progress ive or  evanescent  a long a  channel  o f  w id th  b  and depth  h

( b  a n d  h  d e f i n i n g  m )  T h e  d o m a i n  t o  t h e  l e f t  o f  l i n e  i n  q u e s t i o n  i s  t h a t  o f

e v a n e s c e n t  w a v e s ;  t o  t h e  r i g h t  i s  t h e  d o m a i n  o f  s i n u s o i d a l  w a v e s ;  t h e  l i n e  i t s e l f

m a r k s  s t a n d i n g  S v e r d r u p  w a v e  t r a n s i t i o n .

[A l t hough  no t  re levan t  t o  t h i s  d i scuss ion  o f  Po inca re  wave  p rope r t i es ,  i t

m a y  p a s s i n g  t h a t  t h e  %  I I  5 / 1  s c a l e s  i n  F i g .  1 3  e n a b l e  t h e  c r o s s -

channe l  amp l i t ude  decay  in  a  Ke lv in  wave  to  be  es t ima ted  i f  f ,  b ,  and  C  (and

t h e r e f o r e  m / f )  a r e  k n o w n .  L o o k i n g  a l o n g  t h e  c h a n n e l  i n  t h e  d i r e c t i o n  o f  ( N .

h e m i s p h e r e )  w a v e  p r o g r e s s ,  t h e  a m p l i t u d e  a t  t h e  l e f t h a n d  s i d e  r e l a t i v e  t o  1 0 0  a t

the r ighthand side is given by:  % 11511 = 100 exp (- fb/c)  = 100 exp (-nf /m) =

100 (-TPM/Pi). Therefore the (m/f)2 scales can be used to estimate %1511.]

Defining Pi, Pm' and Pp as the inertial, Merian, and Poincaré periods,
r e s p e c t i v e l y ,  t h e  s c a l e s  i n  F i g u r e  1 3  m a y  a l s o  b e  l a b e l l e d  a s  f o l l o w s :

ordinate abscissa (Pt/Pp)2; and when b, f, and C (co for a surface
wave or C1 for an internal wave defined by equation (6), for example) are known

o r  c a n  b e  e s t i m a t e d  f o r  a  p a r t i c u l a r  c a s e ,  i t  i s  i n s t r u c t i v e  t o  r e c a s t  F i g u r e

F igu re  13 .  See  fac ing  page ,  36 .

W i t h  o  d e f i n i n g  t h e  P o i n c a r e  w a v e  f r e q u e n c y ,  f  t h e  i n e r t i a l  f r e q u e n c y ,
and  m the  (1s t .  mode)  c ross -channe l  Mer ian  f requency ,  t he  ou tpu t  o f
equat ion is plot ted over ranges (o/ f)2 1 to 2.2 and (m/f)  0 to
10,  accommodated on two sub- ranges (sca le  par ts  A and B)  and for
v a l u e s  o f  n  =  1 ,  2 ,  3 ,  5  a n d  r  =  z e r o ,  0 . 2 ,  0 . 5 .  F o r  d e f i n i t i o n s  a n d
a p p l i c a t i o n s ,  u s e  o f  t h e  %  I I  5 1 1  s c a l e s ,  r e f e r  t o  t h e  t e x t .



Figure 14. A linear/log plot (derived from equation 12) of Poincare wave period,
Pp, against channel width,b, for an inertial period, P1, of 16 h andfor particular values of internal celerity C1. Curves for other
values can be produced by sliding the curve for ci = 43 cm s-1 (and
the appropriate value of r) laterally along the ci scale. Vertical
l ines labelled n = 1, 2, 3 intersect the
the first three cross-channel modes in channels of 100 km and 10 km
width. The first-mode Merian period, = 2b/ci = 2/m, for
43 cm s-1 and for the b 3.3 to 15 km is shown as a dotted line
(period scale for m is the Merian frequency defined in the text.
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Figure 15. Poincare wave period, Pp, versus cross-channel wavelength 2b/n in
two-layered rotating channels fitted to dimensions and ci values
representa t ive  o f  cond i t ions  in  the bas ins  named (s l igh t ly  modi f ied
f rom Fig. 13 in Mort imer 1977, which contains relevant parameters
a n d  r e f e r e n c e s ) .  T h e  r a t i o  l / k  =  r  i s  s e t  t o  z e r o  a n d  v e r t i c a l  l i n e s
label led n 1, 2, 3 etc.,  correspond to wavelength of mode numbers 1,
2 ,  3  e t c . ,  ,  i n  t h e  b a s i n s  i n d i c a t e d .
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Figure 16. Legend on facing page, 41.
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13 as a linear/log plot of Pp against b, as in Figure 14. That figure illus-

trates the influence of b and ci on the period/wavelength relationship; thec i

- 1
unbroken curves are for values of 10, 20, and 43 cm S (the latter, with

Pi = 16.5 h, fitted to a Lac Léman case) ; but curves corresponding to other

values of can be produced by appropriate horizontal shifts along the ci

scale provided. The shift  corresponding to r = 1/3 (broken curve) is rela-

t i v e l y  s m a l l ;  a n d  o b s e r v a t i o n s  i n  l a k e s  t h a t  m o d e l s  w i t h  r  c l o s e r  t o

ze ro  a re  app rop r ia te  fo r  e longa ted  bas ins .  Pe rhaps  the  ra t i o  o f  bas in  w id th

to length would be appropriate. For Lake Michigan that ratio is 1/6, and the

Figure 14 and Figures 15 and 16 which fol low also i l lustrate the important

r e s u l t  t h e  f r e q u e n c y  ( p e r i o d )  s e p a r a t i o n  b e t w e e n  m o d e s  d e c r e a s e s  w i t h

F i g u r e  1 6 . On fac ing  page  40 .

A log/log plot (derived from equation 12) of (o/f) 2
f o r  t h e  f i r s t  t e n  c r o s s - c h a n n e l  m o d e s  ( n  =  1  t o  1 0 )  o f  a  P o i n c a r e
w a v e  i n  t w o - l a y e r e d  r o t a t i n g  c h a n n e l s  i n  w h i c h  t h e  i n t e r n a l  w a v e
celerity Ci is 40 cm s-1. Also provided are scales of channel width,
b. and Poincare wave period, P, for the particular case, ci = 40 cm
s-1 and inertial period, Pi = 17.5 h. However, the diagram can be
f i t t e d  t o  o t h e r  p a r t i c u l a r  c a s e s ,  a s  f o l l o w s :

( i)  for Pi values other than 17.5 h, the whole P-scale (but not
the (o/f)2 scale) is shifted horizontally to bring the desired value
o f  P  i n t o  l i n e  w i t h  t h e  o  =  f  v e r t i c a l ;  a n d  t h e  b - s c a l e  ( b u t  n o t  t h e
(m/f)2 scale) is shifted vertically to bring the arrowhead at b = 10
km to  the  des i red  va lue  o f  P i  on  the  sma l l  sca le  i nse r ted  top - le f t
i n  t h e  f i g u r e .

( i i )  a d j u s t m e n t  o f  t h e  f i g u r e  t o  a  c e l e r i t y  v a l u e  o t h e r  t h a n  4 0
cm s-1 requires a vertical shift of or the application of a multi-
p l i c a t i o n  f a c t o r  t o  t h e  b - s c a l e  o n l y .  I f  t h e  d e s i r e d  v a l u e  i s  g i v e n
as ci cm s-1, the b readings must be multiplied by ci/40. This can
b e  a c h i e v e d  b y  a  v e r t i c a l  s h i f t  o f  t h e  ( l o g a r i t h m i c )  b - s c a l e ,  a s
f o l l o w s .  T h e  d e s i r e d  v a l u e  o f  c i  i n  c m  s - 1  u n i t s  i s  l o c a t e d  i n  k m
u n i t s  o n  t h e  b - s c a l e ,  a t  p o i n t  b * ,  s a y .  T h e  b - s c a l e  i s  t h e n  s h i f t e d
ve r t i ca l l y  un t i l  po i n t  b *  co inc i des  w i t h  t he  pos i t i on  o f  40  km on  t he
p r e s e n t  f i g u r e .  T h e  ( m / f )  s c a l e  i s  n o t  s h i f t e d .

T h e  i n f l u e n c e  o f  t h e  r a t i o  2 / k  =  r  i n  e q u a t i o n  ( 1 2 )  i s  i l l u s t r a t -
e d  b y  t h e  t h i c k  b r o k e n  c u r v e  ( f o r  r  =  1 / 3 )  a n d  s c a l e s  o f  r  w h i c h  a c -
c o m p a n y  c u r v e  f o r  n  =  1 ,  a s  e x p l a i n e d  i n  t h e  t e x t .  T h e  t h i n
broken  s t ra igh t  l i nes  ind ica te  the  Mer ian  per iods ,  Pm ( i .e . ,  read  on
t h e  P  s c a l e ) ,  o f  t h e  f i r s t  t h r e e  m o d e s  i n  a  n o n - r o t a t i n g  c h a n n e l ,
s e t t i n g  f  t o  z e r o  i n  e q u a t i o n  1 1 .
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increasing channel width. For example, vert ical l ines corresponding to n =

1, 2, and 3 are drawn in Figure 14 for two channel widths, 10 and 100 km, and

a s imi la r  f igure  (15,  reproduced f rom Mor t imer  1977)  i l lus t ra tes  the  same

result  for channel models f i t ted to the dimensions and density distr ibut ions

o f  L a k e s  B a i k a l  a n d  t h e  c e n t r a l  b a s i n  o f  t h e  B a l t i c  S e a .

A more generally applicable diagram (Figure 16) is a log/log plot of

n2 (m/f) against (o/f) scaled, in this example, in units of b (km) and P
P

(h) for the case Pi = 17.5 h and ci = 40 cm S superscript(1). As explained in the figure
legend, the diagram can be adjusted for other values Pp and ci by appropriate

shifts of the scales. The family of unbroken curves illustrates the dispersive

wavelength/ f requency re lat ionships of  the f i rs t  ten Poincare modes wi th the

rat io r in equation (12) set at zero. An addit ional curve is plotted (broken)

for in = 1 and r = 1/3 and, to indicate the magnitude and sign of the correc-

t ion, the corresponding points for other values of r are indicated by short

i n s e r t  s c a l e s  a t t a c h e d  t o  t h e  n  =  1 ,  r  =  0  c u r v e  a t  b  =  7 . 5  a n d  2 4  k m  a n d  c o r -

responding to the (m/f)2 values of 2.9 and 0.29, respectively. The correction

c a n  b e  c a l c u l a t e d  f o r  o t h e r  v a l u e s  o f  b  a n d  n  b y  u s i n g  e q u a t i o n  ( 1 1 ) ;  b u t  i n

c h a n n e l  m o d e l s  a p p l i e d  t o  i n t e r n a l  w a v e s  i n  l a r g e  e l o n g a t e d  l a k e s ,  t h e  c o r r e c t i o n

i s  expec ted  to  be  sma l l  and  can  o f ten  be  neg lec ted  in  compar i son  w i th  o the r

s o u r c e s  o f  e r r o r .  I n  t h a t  c a s e ,  t h e  c u r v e s  i n  F i g u r e  1 6  r e p r e s e n t  t h e  ( s t a n d i n g

Sverdrup wave) t ransi t ion, for each mode, between the lef t -hand and r ight-hand

r e s p e c t i v e  d o m a i n s  o f  e v a n e s c e n t  a n d  s i n u s o i d a l  P o i n c a r é  w a v e s .

F i g u r e  1 6  d i s p l a y s  t h e  f o l l o w i n g  r e s u l t s :

1. The separation between the Poincare wave period Pp and the Merian wave

per iod Pm (shown as dot ted l ines for  the f i rs t  three modes)  increases wi th

i nc reas ing  b ,  i l l us t ra t i ng  the  i nc reas ing  i n f l uence  o f  ro ta t i on  as  channe l

w i d t h  i n c r e a s e s .
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2 .  Pe r i od  sepa ra t i on  be tween  t he  modes  dec reases  w i t h  i nc reas ing  b ;  and

the per iods o f  a l l  modes approach but  do not  exceed the iner t ia l  per iod P i  as

b  i n c r e a s e s .

3 .  A s  a l r e a d y  s t a t e d ,  t h e  u n b r o k e n  c u r v e s  r e p r e s e n t  t h e  f i r s t  t e n  f r e e

mode (s tand ing Sverdrup wave)  per iods  in  channe ls  in  the  b  range o f  5  to  130 km.

Internal Kelvin waves of period Pk can also be generated in the channel; and

p e r f e c t  K e l v i n  w a v e  r e f l e c t i o n  a t  a  v e r t i c a l  c r o s s - c h a n n e l  b a r r i e r  r e q u i r e s

the corresponding Pk, b point to fal l  to the left  of the n = 1 curve. But i f

t h e  p o i n t  f a l l s  t o  t h e  r i g h t  o f  t h a t  c u r v e ,  r e f l e c t i o n  i s  n o t  p e r f e c t ,  a n d  t h e

regular amphidromic pattern described by Taylor (1920) is not produced. Im-

perfect reflection would occur, for example, if Pk is 12 h and b 20 km,

because on ly  the Poincaré modes greater  than n  =  1  are  evanescent .  A more

i r r e g u l a r  p a t t e r n  i s  p r o d u c e d  c o m b i n i n g  t h e  K e l v i n  w a v e  a n d  a  s i n u s o i d a l  f i r s t -

mode Poincare wave (as descr ibed by Brown 1973).

4. When, with Platzman* (1970), we consider a forced wave of given period

Pf entering a channel of given width from an external "ocean," that channel

cannot act as a waveguide for a wave of that period, if the Pf, b point falls to

t h e  l e f t  o f  c u r v e  n  =  1 .  T h e  w a v e  w o u l d  b e c o m e  e v a n e s c e n t  i n  t h e  c h a n n e l  a n d

therefore could not  propagate a long i t .  Taking a speci f ic  example of  an

in ternal  wave of  h per iod mainta ined by t idal  forc ing,  enter ing a channel

of  20  km w id th ,  and  w i th  and  as  in  F igure  16 ,  the  wave  cou ld  p ropagate

as a f irst Poincaré mode, with appropriate adjustment of O and r in earl ier

equations to accommodate the fixed forced frequency. But, in this example,

propagation in the form of higher Poincaré modes could not occur. And further,

in a channel of  120 km width, the f i rst  nine Poincaré modes could propagate

a t  th i s  f requency ,  bu t  h igher  modes  cou ld  no t .

*When comparing Platzman's treatment with present discussion, note that his
a long-channe l  and  c ross -channe l  wavenumber  a re  k  and  I ,  respec t i ve l y ,  i . e . ,
t he  oppos i t e  conven t i on  t o  t ha t  adop ted  he re .
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5 .  T h e  b e h a v i o r  o f  f r e e  i n t e r n a l  w a v e s ,  a r i s i n g  a s  a  r e s u l t  o f  a  d i s -

t u r b a n c e  w i t h i n  t h e  c h a n n e l  ( o r  b a s i n )  i s  n o t  s o  c l e a r  a n d  i s ,  i n d e e d ,  t h e

principal subject of discussion in this report.  We may suppose that the dis-

turbance will generate forced waves with a range of frequencies, and we may

expect that those which coincide with one or more of the free modes of the

channe l  (o r  bas in )  w i l l  be  p re fe ren t ia l l y  se lec ted  by  resonance .  For  a  g i ven

channel width, we may therefore expect to see Pp, b points lying on one or

m o r e  o f  t h e  u n b r o k e n  c u r v e s ,  o r  a  l i t t l e  t o  t h e  r i g h t  o f  t h e m  i f  r  i s  g r e a t e r

than zero. In that case a combination of propagating Poincare modes would be

excited, some more strongly than others, depending upon the frequency structure

of the or ig inat ing disturbance. This hypothesis has received some conf i rmat ion

(some of which is presented here) from observations in large lakes; but further

tests are needed to dist inguish between the free barocl in ic responses, model led

as whole-basin Kelvin- and Poincaré-type responses to wind impulses (usually

exci tat ion of  the lowest  modes is  observed) and the local  in termit tent  responses

which approx imate to  pure  iner t ia l  mot ion descr ibed in  an ear l ie r  sect ion.
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2 . 9  C l o s e d - b a s i n  m o d e l  c o m p a r e d  w i t h  t h o s e  g i v e n  b y  c o m b i n a t i o n s  o f

c h a n n e l - w a v e  c o m p o n e n t s .

T h e  h e u r i s t i c  a d v a n t a g e s  o f  t h e  a b o v e - d e s c r i b e d  a p p r o a c h  t o  m o d e l l i n g  o f

baroclinic responses, i.e. the assembly of Kelvin and Poincare channel-wave

components, is offset by the fact that neither of those components alone pro- -

v ide exact  so lu t ions  fo r  c losed bas in  cases.  Th is  is  because the a long-channe l

current component in "standing" Kelvin or Poincare (Figure 11) wave cells does

not fal l  to zero at the cel l  end-walls, although that component is very small

for  Poincare waves f i t ted to the large st rat i f ied basin considered here

(Mortimer 1971). As already noted, satisfaction of solid endwall (i.e. closed

basin) boundary conditions (classical theory, Taylor 1920, Dantzig and Lauwerier

1 9 6 0 )  r e q u i r e s  p a r t i c u l a r  a  K e l v i n  w a v e  a n d  a n  i n f i n i t e  s e t  o f

e v a n e s c e n t  P o i n c a r e  m o d e s .

This complicated combination of analyt ical models is avoided, and an

i den t i ca l  r esu l t  i s  ob ta ined  by  d i r ec t  ca l cu la t i on  o f  t he  s t ruc tu re  and  f r equenc ies

of  the  normal  modes bas ins ,  as  p ioneered  fo r  baro t rop ic  cases  by  Rao and

Schwab (1976) ;  bu t  ex tens ion to  baroc l in ic  cases is  a t  p resent  res t r ic ted  to

two-layered model basins of uniform depth. With rotation rates and dimensions

f i t t ed  to  Grea t  Lakes  examples ,  the  f requenc ies  and  s t ruc tu res  o f  the  f ree  baro -

clinic (two-layered) modes have been computed for rectangular basins by Rao

(1977)  and for  a  Lake Ontar io  model  o f  i r regu lar  p lan  but  un i fo rm depth  by

S c h w a b  ( 1 9 7 7 ) .  T h e  f r e e  m o d e s  f a l l  i n t o  t w o  d i s t i n c t  s e t s ,  a n a l o g o u s  t o  t h e

two components discussed above, namely a set of Kelvin-like modes of frequencies

m u c h  f ,  a n d  P o i n c a r é - l i k e  m o d e s  w i t h  f r e q u e n c i e s  n e a r  t o  b u t  g r e a t e r

than f. Schwab (1977) compares the Kelvin-like and Poincaré-like basin modes
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Figure 17. .  Legend on facing page, 47.
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w i t h  t h e i r  r e s p e c t i v e  c h a n n e l  c o u n t e r p a r t s .  T h o s e  c o m p a r i s o n s  a r e  i l l u s t r a t e d

i n  F i g u r e  1 7 .  T h e  K e l v i n - l i k e  b a s i n  m o d e  e x h i b i t s  a  c y c l o n i c  p h a s e  p r o g r e s s i o n

a s  d o  i t s  i n f i n i t e  c h a n n e l  a n d  r e c t a n g u l a r  b a s i n  c o u n t e r p a r t s ;  b u t  t h e  d i s t r i -

b u t i o n  o f  w a v e  a m p l i t u d e  d i f f e r s ,  p a r t i c u l a r l y  n e a r  t h e  b a s i n  e n d s  a n d  t h e

f r e q u e n c y  i s  d e c r e a s e d  i n  t h e  O n t a r i o  m o d e l .  O n  t h e  o t h e r  h a n d ,  t h e  l o w e s t  n e a r -

i ne r t i a l  Po inca re - t ype  bas in  mode  i n  t he  On ta r i o  mode l  i s  remarkab l y  s im i l a r  i n

a m p l i t u d e  d i s t r i b u t i o n  a n d  a n t i c y c l o n i c  ( c l o c k w i s e  i n  N  h e m i s p h e r e )  p h a s e  p r o -

g r e s s i o n  t o  t h e  c h a n n e l  a n d  r e c t a n g u l a r  b a s i n  e q u i v a l e n t s ;  a n d  t h e  c a l c u l a t e d

p e r i o d  i s  c l o s e  t o  t h a t  o b s e r v e d  i n  c a s e s  o f  f i r s t - m o d e  d o m i n a n c e ,  d e s c r i b e d

l a t e r  i n  t h i s  r e p o r t .

Only the first Kelvin-type and Poincaré-type modes with n = 1 amphidromic

points are shown in Figure 17. Schwab's model also discloses higher Kelvin modes

with wavelengths and periods which are approximately simple fractions (1/2 for

n = 2, for n = 3, etc.) of those shown in Figure 17c. The n = 2 and n = 3

cases, with 2 and 3 amphidromic points, are illustrated in Schwab's paper. Also

illustrated are the structures of the 2nd. and 3rd. along-basin Poincare-type

modes (also with 2 and 3 amphidromic points respectively). Their respective

periods (16.7 and 16.6 h) differ little from 16.8 h calculated for the first

mode.  S t ruc tu res  o f  c ross -bas in  modes  =  1  were  no t  i l l us t ra ted .

F i g u r e  1 7 .  S e e  f a c i n g  p a g e ,  4 6 .

Free internal wave modes of Kelvin-type (a, b, c) and Poincare-type
(d, e, f) in two-layered models fitted to the dimensions and average
density distribution observed in stratified Lake Ontario, calculated
by Schwab (1977). Amplitude distributions (% of max) are shown by
broken lines; phase progressions are shown by unbroken lines (at 30°
increments, with 0° marked by an arrow indicating propagation direc-
t ion). The f irst ( i .e., lowest) cross-channel modes are shown for
the following cases: infinitely channel (a, d) a rectangu- -
lar basin (b, e); and a Lake Ontario model (c, f) with two layers
of uniform equilibrium depth. Cases b and e were calculated but not
published by Schwab (1977) and are included here with his permission.



12  OCT.  ,  1968

Figure Models and observed examples of non-linear solitary waves (solitons)
descr ibed in the text :  surface and internal  sol i ton modes (a,  c,*) ;
a sur face so l i ton  wi th  f r ic t ion  (b ,3  * )  ;  in terna l  so l i ta ry  waves ob-
served in Seneca Lake (d,#); Andaman Sea (e,*) and Loch Ness (re-
drawn f rom Thorpe 1977) .
*Osborne and Burch (1980). Hunkins and Fliegel (1973).
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2 . 1 0  N o n - l i n e a r  w a v e s  ( s o l i t o n s )  d e s c r i b e d  b y  t h e  e q u a t i o n  o f  K o r t e w e g  a n d

d e  V r i e s .

T h e  c h a n n e l  w a v e s  c o n s i d e r e d  i n  e a r l i e r  s e c t i o n s  a r e ,  b y  d e f i n i t i o n ,  p u r e -

ly harmonic and are described by l inear theory, which provides acceptable models

of  observed waves as long as the i r  ampl i tudes are smal l  compared wi th  channel

(o r  layer )  dep th .  However  tha t  assumpt ion  o f ten  does  no t  ho ld  in  the  case  o f

i n te rna l  waves  genera ted  by  la rge-sca le  upwe l l ing  and  downwel l ing  o f  the

t h e r m o c l i n e  n e a r  s h o r e ,  w h e r e  t h e  v e r t i c a l  e x c u r s i o n  m a y  b e  a  l a r g e  f r a c t i o n  o f

t h e  w a t e r  d e p t h .  T h e  n o n - l i n e a r  c h a r a c t e r  o f  i n t e r n a l  K e l v i n  w a v e s ,  f o r  e x a m p l e ,

h a s  b e e n  t r e a t e d  b y  B e n n e t t  ( 1 9 7 3 ) .  I n  g e n e r a l ,  l a r g e - a m p l i t u d e  i n t e r n a l  w a v e s

a s s u m e  n o n - l i n e a r  c h a r a c t e r i s t i c s  w h i c h ,  i f  t h e  w a v e  l e n g t h  s c a l e  i s  l a r g e  c o m -

pared wi th  layer  depth and the upper- layer  th ickness less than that  o f  the lower

layer, are adequately described by the well-known Korteweg de Vries (K de V)

equation (Osborne and Burch 1980). Examples are illustrated in Figure 18.

I t  has  l ong  been  known  tha t  a  l oca l i zed  e l eva t i on  o f  t he  wa te r  su r f ace

o r  l o c a l i z e d  d e p r e s s i o n  o f  a  t h e r m o c l i n e  i n  a  c h a n n e l  l e a d s  t o  t h e  f o r m a t i o n  o f

so l i t a r y  waves ,  on  t he  su r f ace  o r  on  t he  i n te r f ace  respec t i ve l y ,  wh i ch  a re  non -

s i n u s o i d a l  a n d  n o n - l i n e a r  i n  c h a r a c t e r .  I n  1 9 6 5 ,  Z a b u s k y  a n d  K r u s k a l  c o n d u c t e d

a computer exper iment in which two long K de V waves were made to col l ide.  The

resu l t  was unexpected in  that ,  a f ter  co l l is ion,  the ind iv idual  waves re ta ined

t he i r  shape  and  p ropaga t ion  speed .  Th i s  behav iou r ,  rem in i scen t  o f  t ha t  o f

elementary particles, earned these solitary waves the appellation "soliton."

Subsequent ly  the propert ies of  sur face and internal  sol i tons were invest igated,

respectively, by Gardner et al. (1967) and Osborne and Burch (1980, whose

t r e a t m e n t  I  h a v e  f o l l o w e d  h e r e  w i t h  a p p r o p r i a t e  s y m b o l  c h a n g e s ) .  T h e  l a t t e r

authors descr ibe and analyze a remarkable phenomenon involv ing t idal ly-generated

i n t e r n a l  s o l i t o n s  i n  t h e  A n d a m a n  S e a  ( F i g .  1 8 e )  r e n d e r e d  v i s i b l e  i n  s a t e l l i t e

http:1973).In
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p h o t o g r a p h s  b e c a u s e  o f  i n t e r a c t i o n  o f  l o c a l  s u r f a c e  w a v e s  w i t h  t h e  s o l i t o n -

i n d u c e d  c u r r e n t s .  S a t e l l i t e  p h o t o g r a p h s ,  s u g g e s t i n g  a  s i m i l a r  i n t e r p r e t a t i o n ,

h a v e  b e e n  o b t a i n e d  o v e r  L a k e  S u p e r i o r  ( B e r t  B e n n e t t ,  C a n a d a  C e n t r e  f o r  I n l a n d

Waters ,  pe rsona l  commun ica t ion ) .

I n  a  s tab le  con f i gu ra t i on ,  a  su r face  K  de  V  so l i t a r y  wave  i n  wa te r

depth h has the form:

n ( x , t )  s e c h ²  ( x  - c t ) / L ]  ( 1 3 )

in  which is  the maximum ampl i tude,  the phase speed c is  co(1 + no/2h),  andn o

L  =  t h e  c h a r a c t e r i s t i c  l e n g t h .  I t  s h o u l d  b e  n o t e d  t h a t  t h e  p h a s e

speed var ies with ampl i tude and is greater than co def ined ear l ier as gh.

Gardner  e t  a l .  (1967)  invest igated the condi t ions under  which a suf f ic ient ly

l o c a l i z e d  e l e v a t i o n  o f  t h e  w a t e r  s u r f a c e  e v o l v e s  i n t o  o n e  o r  m o r e  s o l i t o n  w a v e s

( so l i tons )  fo l l owed by  a  " ta i l "  o f  d i spers ive  waves  (F ig .  18a) .  The  ru les

govern ing  th is  evo lu t ion  o f  K  de V waves in  a  channe l  o f  constant  rec tangu lar

cross-section have been summarized by Hammack and Segur (1974) and by Osborne

and Burch (1980) .  The essent ia l  conclus ions,  for  the purposes of  present  d is-

( a )  O n l y  w h e n  t h e  i n i t i a l  w a v e  f o r m  o r  p o r t i o n s  o f  i t  a r e  p o s i t i v e ,  d o

s o l i t o n s  e v o l v e .  D e p r e s s i o n s  o f  t h e  w a t e r  s u r f a c e  p r o d u c e  n o  s o l i -

t o n s ,  o n l y  t h e  " t a i l "  o f  l i n e a r  d i s p e r s i v e  w a v e s .  A p p l i e d  t o

i n t e r n a l  s o l i t o n s  ( F i g .  1 8 c ) ,  w i t h  w h i c h  w e  a r e  h e r e  e x c l u s i v e l y

c o n c e r n e d ,  t h i s  r u l e  s t a t e s  t h a t  i n t e r n a l  s o l i t o n s  c a n  o n l y  e v o l v e

f r o m  a  d e p r e s s i o n  o f  t h e  t h e r m o c l i n e ,  i . e . ,  i n  a  d o w n w e l l i n g ,  b u t  n o t

i n  a n  u p w e l l i n g  r e g i o n ;

(b)  As noted above,  the so l i ton phase speed exceeds that  o f  the assoc ia ted

l inear wave by an amount which increases wi th wave ampl i tude. There-

f o re  the  l a rges t  and  fas tes t - t rave l l i ng  so l i t ons  emerge  a t  t he  head
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o f  t he i r  g roup ,  c rea t i ng  a  d i s t i nc t  f r on t  (F ig .  18a ) .  .

(c)  The number of  emerging sol i tons and thei r  ampl i tudes (and therefore

phase speeds) can be calculated (Osborne and Burch 1980); and the

separa t ion  d is tance  be tween  them a t  any  ins tan t  i s  the re fo re  a

m e a s u r e  o f  t h e  d i s t a n c e  t r a v e l l e d  f r o m  t h e i r  c o m m o n  s o u r c e .

I f  t h e  l e n g t h  s c a l e  o f  a n  i n t e r n a l  s o l i t o n  i n  a  t w o  l a y e r e d  c h a n n e l  i s

large compared with the upper layer depth, and if (as is usually the case) the

lower layer is  th icker than the upper layer,  equat ion (13) is  an adequate des-

cript ion of the waveform, and (fol lowing the notat ion of Figure 18c) C and L

in that equation may be written ( in a form equivalent to equations 15 and 16

o f  O s b o r n e  a n d  B u r c h  1 9 8 0 )  a s  f o l l o w s :

p h a s e  s p e e d ,  C  =  C i ( 1  +  o ( h 2  -  h 2 ) / 2 h 2 h 2 )  ( 1 4 )

l e n g t h  s c a l e ,  =  ( 1 5 )

[3no(h2-h1)]

i n  w h i c h

Nq,h2 = "reduced gravity" X
" reduced  dep th "

P 2  h 1 + h 2  ( 1 6 )

i.e., C1 is the phase speed of the equivalent linear wave in the same two-

layered (non-rotating) channel. Equation (14) predicts that, if N2 > N1 (a

cond i t ion  fo r  the  va l id i t y  o f  the  K de  V equat ion ,  accord ing  to  Osborne and

Burch 1980) the phase speed of the non-l inear wave depends on i ts amplitude

no and is also sensitive to the value of (h2-hq). -

Internal surges have been often observed in lakes (examples in Mortimer

1979) and, where these have been studied in detail, they are seen to be travel-

ing away reg ions of  thermocl ine depress ion and of ten accompanied
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by  undu la t i ons  i n  i so the rm dep th  (o r  t empera tu re )  wh ich  fo l l ow  a  re la t i ve l y

abrup t  f ron t  marked  by  sudden ly  r i s i ng  tempera tu re  (examp le  i n  F ig .  18 f )  o r  f a l l -

i ng  i so therms (F ig .  18d) .  Th is  behav io r  sugges ts  in te rna l  so l i tons  as  an  ex -

planat ion,  par t icu lar ly  such as "organized" undulat ions a lways appear to be

assoc ia ted wi th  a  wave o f  thermoc l ine depress ion.  In  Seneca Lake,  deep a t  the

southern  end sha l low a t  the  nor th  end,  the  surge  (F ig .  18d)  t rave ls  on ly  f rom

S  t o  N ,  i . e .  i t  i s  n o t  r e f l e c t e d  f r o m  t h e  s h a l l o w  e n d .  I n  L o c h  N e s s  ( F i g .  1 8 f )

i t  i s  " re f lec ted"  a t  the  bas in  end,  bu t  the  undu la t ions  d isappear ,  and the

f r on t  r e tu rns  as  a  sudden  tempera tu re  r i se  on l y  (Tho rpe  1977 ) .  A t  m id - l ake

s ta t ions ,  the  su rge  passes  and  re -passes  (Mor t imer  1979)  a t  regu la r  in te rva ls

which  co r respond  to  the  f i r s t  mode  in te rna l  se iche  per iod  (57h) .  Th is  be -

hav io r  may  no t ,  however ,  be  the  resu l t  o f  t rue  re f lec t ion ,  bu t  ra ther  a  conse-

quence of  the fact  that  the repeated downward swings of  the thermocl ine are

large at  both ends of  the basin,  so that  a surge is generated anew at  each

swing,  as long as the seiche ampl i tude remains large enough.

The surge propagation speeds observed by Hunkins and Fliegel (1973) ranged

between 35 and 40 cm s-1; and equation (14) would predict an 11% increase in

p h a s e  s p e e d  ( a b o v e  t h a t  o f  t h e  e q u i v a l e n t  l i n e a r  w a v e )  i f  i s  5  m  a n d  t h e

f o l l o w i n g  r e p r e s e n t a t i v e  v a l u e s  a r e  e s t i m a t e d  f r o m  i l l u s t r a t i o n s  i n  t h e  a u t h o r s '

paper: t1 17°C; t2 6°; h1 20 m; N2 150 m; length of thermocline Talweg 50 km.

The linear phase speed C1, corresponding to these values is 40 cm s-1. So the

S e n e c a  d o e s  n o t  t r a v e l  f a s t e r  i n  t h i s  c a s e  a n d  m a y  e v e n  t r a v e l

s l o w e r .  T h i s  r e s u l t ,  p a r t i c u l a r l y  i f  i t  i s  c o n f i r m e d  b y  o b s e r v a t i o n s  i n  o t h e r

lakes, cal ls for a re-examination of the theory on which equation (14) is based.

I t  must  a lso be remembered that  the de V equat ion as t reated by

Osborne  and  Burch  (1980)  neg lec ts  the  e f fec t  o f  f r i c t i on .  When  th i s  i s  con -

sidered, the pattern of the front changes from the periodic form 18(a) to form
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18(b)  in  wh ich  the  so l i tons  a re  suppressed as  damping  i s  inc reased (Kadomtsev

a n d  K a r p m a n  1 9 7 1 ,  f r o m  w h i c h  H u n k i n s  a n d  F l i e g e l  t o o k  F i g .  1 8 b ) .  I t  a p p e a r s

l i k e l y  t h e r e f o r e  t h a t  t h e  K  d e  V  e q u a t i o n  a s  m o d i f i e d  b y  B u r g e r s  m a y  m o r e

a p p r o p r i a t e l y  d e s c r i b e  i n t e r n a l  s u r g e  f r o n t s  i n  l a k e s ,  p e r h a p s  i n  a  f o r m  i n

w h i c h  t h e  f r i c t i o n a l  d a m p i n g  i s  s m a l l  e n o u g h  t o  p e r m i t  a  s m a l l  n u m b e r  o f  s o l i -

t o n - l i k e  u n d u l a t i o n s  t o  d e v e l o p .  T h e  d a m p i n g  m u s t  h a v e  b e e n  v e r y  l o w  i n  t h e

o c e a n i c  c a s e  ( F i g .  1 8 e ) .  A l s o  i t  s h o u l d  b e  n o t e d  t h a t  s o l i t o n s  m a y  a p p e a r  u n d e r

c e r t a i n  c o n d i t i o n s  w h e n  a n  i n t e r n a l  w a v e  m o v e s  f r o m  d e e p  w a t e r  o n t o  a  s h e l f

( D j o r d j e v i c  a n d  F e d e k o p p  1 9 7 8 ) .  S o l i t o n s  f o r m e d  i n  t h i s  w a y  p r o p a g a t e  a w a y

f r o m  t h e  s h e l f .

T r a v e l l i n g  t e m p e r a t u r e  f r o n t s  h a v e  a l s o  b e e n  s e e n  i n  t h e  G r e a t  L a k e s

d u r i n g  t h e  s t r a t i f i e d  s e a s o n  f o l l o w i n g  d o w n w e l l i n g  e v e n t s  b r o u g h t  a b o u t  b y

s t rong  w ind  impu lses .  In  a l l  t he  Lake  Onta r io  examp les  (Mor t imer  1977 ,  F igs .

5 8  t o  6 3 ,  a n d  f u r t h e r  e x a m p l e s  d e s c r i b e d  l a t e r  i n  t h e  p r e s e n t  r e p o r t )  t h e

i n i t i a t i ng  downwe l l i ng  even ts  occu r red  a long  the  e longa ted ,  s teep  sou the rn

s h o r e  a f t e r  t h e  p a s s a g e  o f  s t r o n g  e a s t w a r d - d i r e c t e d  w i n d  i m p u l s e s .  S e p a r a t i n g

f rom the  shore  and  p ropagat ing  nor thwards  a t  speeds  cons is ten t  w i th  equa t ion

( 1 4 )  t h e  f r o n t s  e x h i b i t  i n t e r n a l  s u r g e - l i k e  f e a t u r e s  a n d  a r e  r e p e a t e d l y

g e n e r a t e d  a t  n e a r - i n e r t i a l  i n t e r v a l s ,  w h i c h  s u g g e s t s  t h a t  t h e  e a r t h ' s  r o t a -

t i o n ,  a s  e x p r e s s e d  i n  n e a r - i n e r t i a l  o s c i l l a t i o n s  i n  t h e r m o c l i n e  d e p t h ,  p l a y s  a n

i m p o r t a n t  p a r t  i n  t h e i r  g e n e r a t i o n .  I n  c o m m o n  w i t h  i n t e r n a l  s o l i t o n s ,  t h e s e

surges on ly  seen propagat ing away f rom reg ions of  s t rong downwel l ing ( thermo-

c l i n e  d e p r e s s i o n ) ,  n e v e r  f r o m  u p w e l l i n g  r e g i o n s  o f  t h e r m o c l i n e  e l e v a t i o n .

Simons (1978) has explored the re lat ionship between these downwel l ing-generated

surges and the  near - iner t ia l  and quas i -geost roph ic  responses o f  nearshore

s t r a t i f i e d  w a t e r s  t o  w i n d  f o r c i n g .  H e  h a s  d e v e l o p e d  a  t w o - l a y e r  e x t e n s i o n  o f

Cahn's (1945) model  of  geostrophic adjustment and the more recent appl icat ions

of Houghton (1969) and Crepon (1967) which deal resepect ively with non-l inear
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e f fec ts  and  nearshore  w ind  fo rc ing .  S imons  ob ta ined  ana ly t i ca l  and  numer i ca l

so lu t ions  fo r  the  response  o f  the  two- layered  mode l  to  a  w ind  impu lse  o f  f i n i te

durat ion and showed that  non- l inear  ef fects leading to in ternal  surges could

occur "without invoking excessive wind speeds." Numerical simulat ions, carr ied

out  for  Lake Ontar io  condi t ions,  showed sat is factory  agreement  wi th  the behav ior

of the observed surges (Mortimer 1977) permitting the conclusion that the basic

dynamics of that behavior can be explained by the non-l inear wave propert ies of

t h e  m o d e l .

"The recurrence of the front after an inertial period and the proper
phase  re la t i onsh ip  be tween  the rmoc l i ne  de f l ec t i ons  and  i ne r t i a l  cu r -
ren ts ,  con f i rm tha t  the  observed  downwe l l i ng  f ron ts  a re  in t ima te ly
connec ted  w i th  the  osc i l l a to ry  ac t ion  o f  the  iner t ia l  mot ion  in  deep
water .  Thus,  whi le  less deta i led observat ions o f  s imi lar  temperature
d i s t r i b u t i o n s  c o u l d  e a s i l y  b e  i n t e r p r e t e d  a s  m a n i f e s t a t i o n s  o f  b a r o -
c l i n i c  j e t s ,  t h e  f r o n t s  a r e  t o  b e  v i s u a l i z e d  a s  p a r t  o f  t h e  o s c i l l a -
to ry  ra ther  than the quas i -geost roph ic  response o f  the Lake to  w ind.
Although disturbances from the opposite upwelling shore may eventu-
al ly combine with those from the downwel l ing shore to create standing
Poincare waves (Mort imer,  1977),  the scale of  the f rontal  zone is  suf-
f i c i en t l y  sma l l  t ha t  i t  can  be  t r ea ted  i ndependen t l y  o f  t h i s  e f f ec t .
Thus, similar phenomena can be expected to occur in any near-shore
r e g i o n  f o r  s u i t a b l e  s t r a t i f i c a t i o n  c o n d i t i o n s . "
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3. PRESENTATION AND ANALYSIS OF WIND, CURRENT, AND TEMPERATURE OBSERVATIONS.

T h e  m a i n  o b j e c t i v e  o f  t h i s  r e p o r t  i s  t o  c o m p a r e  t h e  m o t i o n s  o b s e r v e d

d u r i n g  t h e  s e a s o n  o f  s t r a t i f i c a t i o n  i n  L a k e s  M i c h i g a n  a n d  O n t a r i o  a n d  t h e i r

r e s p o n s e s  w i n d  s t r e s s  w i t h  t h e  p r e d i c t i o n s  o f  t h e  s i m p l e ,  l i n e a r  m o d e l s  o f

P o i n c a r e  a n d  i n e r t i a l  o s c i l l a t i o n s  d e s c r i b e d  i n  S e c t i o n  2 .  A n t i c i p a t e d

responses are ( i )  approx imat ions to  whole-basin Poincaré- type in ternal  se iches

wi th  d i s c re te  mode  f r equenc ies  g rea te r  t han  bu t  no t  f a r  r emoved  f r om  f ,  and

( i i )  a p p r o x i m a t i o n s  t o  p u r e  i n e r t i a l  o s c i l l a t i o n s  o f  f r e q u e n c y  f .  A l t h o u g h

b o t h  t y p e s  o f  r e s p o n s e  h a v e  b e e n  p r e v i o u s l y  r e c o g n i z e d  i n  L a k e  O n t a r i o

( M o r t i m e r  1 9 7 7 ) ,  t h e i r  s e p a r a t e  i d e n t i f i c a t i o n  o n  t h e  b a s i s  o f  f r e q u e n c y  a n d

s p a t i a l  c o h e r e n c e  h a s  p r o v e d  d i f f i c u l t ,  b e c a u s e  t h e y  o f t e n  o c c u r  t o g e t h e r  a n d

because  the  f requency  separa t i on  o f  i ne r t i a l  osc i l l a t i ons  and  Po inca ré - t ype

m o d e s  i s  s o  s m a l l  t h a t  c o n v e n t i o n a l  ( p o w e r )  s p e c t r a l  a n a l y s i s  f a i l s  t o  r e s o l v e

d i s c r e t e  f r e q u e n c i e s  w i t h i n  t h a t  n a r r o w ,  n e a r - f  s p e c t r a l  r e g i o n  w h i c h  c o n t a i n s

m o s t  o f  t h e  e n e r g y .  I t  w a s  h o p e d  t h a t ,  b e c a u s e  L a k e  O n t a r i o  i s  n a r r o w e r  t h a n

Lake Michigan, the somewhat greater frequency separat ion between Poincaré-type

m o d e s  i n  t h e  f o r m e r  b a s i n  ( s e e  F i g .  1 5 )  w o u l d  m a k e  s p e c t r a l  r e s o l u t i o n  e a s i e r ;

b u t  e v e n  t h o s e  s p e c t r a l  t e c h n i q u e s ,  w h i c h  p r o v i d e  m a x i m u m  r e s o l u t i o n  f o r  r e l a -

t i v e l y  s h o r t  t i m e  s e r i e s ,  y i e l d e d  d i s a p p o i n t i n g  r e s u l t s  ( M a r m o r i n o  a n d  M o r t i m e r

1 9 7 8 ) .  T h a t  p u b l i c a t i o n  s h o u l d  b e  c o n s u l t e d  f o r  a  d e t a i l e d  d i s c u s s i o n  o f

methods  and  t he  p recau t i ons  t o  be  obse rved  i n  app l y i ng  t hem.

For  example ,  max imum ent ropy spect ra l  ana lys is  (MESA) per formed reasonably

w e l l  i n  r e s o l v i n g  f o u r  e q u a l - a m p l i t u d e  s i n e  w a v e s  o f  1 4 ,  1 5 ,  1 6 ,  a n d  1 7  h  p e r i o d

i n  a  200  h - l ong  reco rd  (F i gs .  5 -7  i n  Ma rmor i no  and  Mor t ime r  1978 )  and  i n

separa t ing  a  near - ine r t i a l  and  a  15  h  componen t  (p resumed Po incaré - t ype  modes

1  a n d  5 ,  F i g .  8  i n  t h a t  r e p o r t )  i n  a  5 - d a y  r e c o r d  o f  a  r e l a t i v e l y  s i m p l e  e p i -

s o d e  i n  L a k e  M i c h i g a n ,  b u t  t h e  a p p l i c a t i o n  o f  M E S A  t o  1 2  c o n s e c u t i v e  5 - d a y
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Figure 19. Wind components squared and components current (upper set, east-
west ;  se t ,  nor th-south)  a t  four  depths and temperature  a t  three
dep ths  a t  S ta t i on  Lake  27  Aug .  -  16  Oc t . ,  1972 .
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s e c t i o n s  o f  c u r r e n t  r e c o r d s  f r o m  L a k e  O n t a r i o  s t a t i o n  1 0  ( I F Y G L  1 9 7 2 )  d i d  n o t

separa te  i nd i v idua l  componen ts  ( i f  p resen t )  i n  t he  l a rge  nea r - i ne r t i a l  peak

(F ig.  15 of  that  report ) .  .  The degree of  resolut ion of  MESA can be contro l led

by  the  use r ;  bu t  i f  i t  i s  i nc reased  beyond  a  ce r ta in  l im i t ,  new peaks  appear

a longs ide  o r  be tween  those  seen  a t  l ower  reso lu t ions ,  and  the re  i s  no  assurance

that  the new peaks are not  spur ious.  Al though MESA mer i ts  fur ther  explorat ion

wi th  longer  t ime ser ies ,  i t  apparen t l y  cannot  g ive  much ass is tance  in  the

analysis of the short,  episodic responses commonly seen in Lakes Michigan and

Ontar io  a f te r  changes in  fo rce and d i rec t ion  o f  the  w ind and usua l ly  las t ing

n o t  m o r e  t h a n  f i v e  d a y s ,  b e f o r e  a  f r e s h  d i s t u r b a n c e  a r r i v e s  o n  t h e  s c e n e .

T h e  i n t e r m i t t e n t  c h a r a c t e r  o f  t h o s e  r e s p o n s e s  i s  i l l u s t r a t e d  i n  F i g u r e  1 9 ,

in which the EW and NS components of squared wind-speed and the EW and NS com-

ponents  o f  cur rent  a t  four  depths are  d isp layed a long wi th  temperature  a t  three

depths ,  on  a  common t ime sca le ,  fo r  s ta t ion  9  (Lake Ontar io ,  IFYGL Sept . -Oct .

1972,  see la te r  F ig .  29  fo r  pos i t ion) .  Comparab le  f igures  fo r  s ta t ion  10 ,

July-Aug. 1972, were presented by Marmorino and Mortimer (1978, Figs. 10 and

11).  Wind speed squared,  approximately  propor t ional  to  wind st ress on the wind

surface, is  used as a measure of  the strength of  the wind impulses in th is and

m o s t  o f  t h e  l a t e r  f i g u r e s ;  b u t  f o r  s o m e  e p i s o d e s  s t r e s s  i s  c a l c u l a t e d  i n  d y n

cm-2 using the formula of Hamblin and Elder (1973).

Strong responses at near- inert ia l  f requency are seen in Figure 19, part icu-

lar ly after strong, short  wind impulses, for example on 10 and 23 September;

but during the strong storm of relatively long duration (8-9 October) the

inert ial  response was smal l  and overshadowed by a steadier east-going current

at  a l l  dep ths  to  50  m.  Th is  behav io r ,  and  the  weak  iner t ia l  response to  the

long-lasting storm on 27-28 August, support the predictions of Pollard's model

( T a b l e  1 ,  p .  8  i n  S e c t i o n  2 ) .  T h e  f i g u r e  a l s o  s h o w s  t h a t  i n e r t i a l  c u r r e n t s
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a re  s t ronge r  i n  t he  uppe r  l aye r  (10  m  o r  15  m)  t han  be low  the  t he rmoc l i ne  (50

m )  a n d  a l s o  ( a l t h o u g h  d i f f i c u l t  t o  s e e  o n  t h i s  s c a l e )  t h a t  t h e  N S  c u r r e n t  c o m -

p o n e n t  l e a d s  t h e  E W  c o m p o n e n t  b y  a b o u t  9 0 °  ( c l o c k w i s e  r o t a t i o n  o f  t h e  c u r r e n t

vec to r )  and  tha t  t he  cu r ren t  a t  10  m (o r  15  m) ,  above  the  the rmoc l i ne ,  i s

g e n e r a l l y  i n  p h a s e  o p p o s i t i o n  t o  t h a t  a t  5 0  m ,  b e l o w  t h e  t h e r m o c l i n e .  T h e

e n e r g y  i n  t h e  n e a r - i n e r t i a l  i s  o b v i o u s l y  n o t  e n t i r e l y  i n  k i n e t i c  f o r m

(as  cur rents) ,  as  would  be the case in  pure iner t ia l  mot ion;  some appears  in

potent ia l  fo rm (as  in terna l  waves o f  near - iner t ia l  f requency concent ra ted in

t h e  t h e r m o c l i n e ) .

3.1 Subjective of an "average period band" (APB) to selected portions

o f  r e c o r d .

Because MESA could not be counted on to resolve the individual frequencies

of inertial oscillations and Poincare-type modes (if present), and because that

method apparently requires considerable caution in its use, I had to fall back

on the subjective and tedious technique of period-fitting to current and tempera-

ture records from individual episodes, usually selected to contain a wind im-

pulse followed by calmer weather. As illustrated later, this period-fitting to

the IFYGL episodes was carried out with transparent overlays (analogous to dif-

fraction gratings) with vertical rulings corresponding to the local inertial peri-

od and to the periods of the first three Poincare modes calculated for a two-

layered channel model fitted to the average layer dimensions and density distri-

bution during the stratified season. If an average Pi for Lake Ontario is taken

as 17.4 h (it is 17.35 h at Lat. 43° 36') and b is taken as 60 km, and if the

seasonal of is 40 to 50 cm s-1, the channel-wave model (Fig. 15) pre-

dicts Poincare per iod of :  17.1 to 16.9 h (1st .  mode);  16.1 to 15.4 h

(2nd. mode) and 14.8 to 13.7 h (3rd. cross-channel mode). Adopting an average

value of = 43 cm s-superscript(1), transparent ruled gratings were prepared for the fol-

lowing periods: h (inertial) and 17.0, 15.8 and 14.4 approximating to the
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periods calculated for the first three Poincare modes. As it was also found by

inspection that some IFYGL records showed a better period-fit with 16.5 h than

with 17.0 or 15.8 h, a grating with 16.5 h ruling was added, making a set of

f i v e  i n  a l l .  1 3  ( 4 t h .  m o d e ? )  g r a t i n g  w a s  a l s o  p r e p a r e d ,  b u t  w a s

only used once. In some instances, a 16 h grating (3 cycles in 2 days) was found

t o  b e  b u t  i n  p r a c t i c e  i s  1 5 . 8  h  g r a t i n g .

It will become obvious in many later examples that the precision of this

method is rarely better than + 0.2 h and that it is less for shorter episodes.

Nevertheless the period-separation, indicated in the previous paragraph, between

Ontario modes even when ci ranges between 40 and 50 cm s-1 in Figure 15, promises

the possibility of individual mode (or of inertial motion) identification during

episodes in which that mode (or inert ia l  mot ion) is dominant;  and i t  wi l l  t ranspire

l a t e r  t h a t  a  r e a s o n a b l e  f i t  w i t h  o n e  o r  o t h e r  o f  t h e  f i v e  g r a t i n g s  i s  a c h i e v e d

i n  t h e  m a j o r i t y  o f  t h e  I F Y G L  e p i s o d e s .  R a r e ,  s h o r t e r  p e r i o d i c i t i e s  w i l l  b e  n o t e d

as they  occur .  But ,  to  emphas ize  the  approx imate  nature  o f  the  f i t  to  an  average

p e r i o d  d u r i n g  a n  e p i s o d e ,  t h e  f i v e  g r a t i n g s  a r e  t a k e n  t o  r e p r e s e n t  p e r i o d

bands w i th  a  spread o f  about  +  0 .2  h ,  re fer red  to  as  "average per iod  bands"  (APB) .

In  the  case  o f  Lake  Mich igan ,  F igure  15  shows tha t  the  per iod  separa t ion  i s

cons ide rab l y  l ess  t han  i n  t he  Lake  On ta r i o  case .  The re fo re ,  f o r  ana l ys i s  o f

r e c o r d s  f r o m  t h e  s i n g l e  s t a t i o n  i n  s e c t i o n  4 ,  t h e  f o l l o w i n g  g r a t i n g s  w e r e  r u l e d

a t  17 .0 ,  16 .5 ,  16 .0  h  in te rva ls ,  i n  add i t i on  to  17 .7  h  co r respond ing  to  the  loca l

i n e r t i a l  p e r i o d .
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F i g u r e  2 0 .  L e g e n d  o n  f a c i n g  p a g e ,  6 1 .
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Further caution in the use of the gratings is prompted by examination of

Figure 20, in which equal-amplitude sine waves, corresponding in period to the

set of Ontario gratings referred to above, are combined in pairs to display beat

osci l la t ions.  For  each pai r  the pat tern is  repeated in  three rows.  On the top

two  rows are  super imposed ver t i ca l  ru l ings  cor respond ing  in  per iod  to  the  two

components of  the pair .  To the bottom row is f i t ted one of  the Ontar io grat ings

as  ave rage  pe r iod  (APB)  by  eye ,  exac t l y  as  done  fo r  rea l  reco rds  i n  l a te r  sec t i ons .

N o t  s u r p r i s i n g l y ,  t h e  p e r i o d s  o f  t h e  b e s t - f i t t i n g  A P B s  t o  t h e  b o t t o m  r o w s  l i e

be tween  t he  pe r i ods  o f  t he  s i nuso id  pa i r s ;  bu t  mo re  s i gn i f i can t  i s  t he  cau t i on

which Figure 20 engenders in the interpretation of amplitude and phase changes

during episodes when two or more oscil lation components may be present. There

i s ,  fo r  examp le ,  a  la rge  phase  change  be tween  the  bes t - f i t  APB (bo t tom row)  and

t h e  b e a t  o n  p a s s i n g  t h r o u g h  t h e  m i n i m u m ;  a n d  i n  r e a l  e p i s o d e s  i t  m a y  b e

diff icult  to dist inguish between beat effects and between the effects of forcing

a n d  f r i c t i o n .

With the above cautions in mind, and because init ial ly promising techniques

o f  spec t ra l  and  comp lex  demodu la t i on  ana l ys i s  show l im i ted  e f f ec t i veness  i n  t he

a n a l y s i s  o f  s h o r t  s a m p l e s  o f  r e c o r d  ( M a r m o r i n o  a n d  M o r t i m e r  1 9 7 8 ) ,  t h e  r e -

m a i n d e r  o f  t h i s  r e p o r t  e x p l o r e s  t h e  u s e f u l n e s s  o f  t h e  s u b j e c t i v e  p e r i o d - f i t t i n g

t e c h n i q u e  ( c o u p l e d  w i t h  t h e  s i m p l e  m o d e l s  d e s c r i b e d  i n  s e c t i o n  2 )  i n  t h e  i n t e r p r e -

t a t i o n  o f  s h o r t  e p i s o d e s .

F igu re  20 .  On  fac ing  page  60 .

Beat patterns generated by combining pairs of equi-amplitude sinu-
soids of s l ight ly di f fer ing period and with ini t ia l  phase coincidence.
Four examples are shown; and the beat pattern is repeated on three
rows in  each case.  Ver t ica l  ru l ings  f i t ted  to  the upper  two rows
correspond to the periods of the components selected for that case;
and rulings on the bottom row represent the best fit (by eye) to
t he  neares t  "average  per iod  band"  (APB)  in  the  se t  cons t ruc ted  fo r
f i t t ing  to  IFYGL records in  la ter  f igures ,  as  exp la ined in  the tex t .
The beat periods (i.e., intervals between recurring phase coinci-
d e n c e s )  a r e  a l s o  i n d i c a t e d .
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Fig.  21.  Char t  o f  Lake Michigan:  posi t ions of  moored inst ruments,  Aug.  to  Oct .  1976.
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4. INERTIAL AND NEAR-INERTIAL RESPONSES TO WIND IMPULSES IN LAKE MICHIGAN,

AUGUST TO OCTOBER 1976.

F i g u r e s  2 2  t o  2 8  p r e s e n t  c o n s e c u t i v e  1 1 - d a y  s e c t i o n s  o f  a  s e r i e s  o f  c u r r e n t

and temperature  records f rom ins t ruments  moored 30 km E of  Kenosha,  Wiscons in

(wa te r  dep th  108  m,  see  F ig .  21 )  f rom 2  Augus t  to  11  Oc tober  1972 .  Con tempor -

ary  wind records f rom a nearby anemometer  on the shore l ine a t  Z ion,  I l l ino is  are

also presented, as the NS and EW components of wind speed squared (upper panel),

approx imate ly  propor t iona l  to  w ind s t ress .  Cur rent  speed and d i rec t ion  was

m e a s u r e d  a t  1 0  m i n  i n t e r v a l s  a t  1 7  m  d e p t h ,  a n d  t h e  r a w  d a t a  i s  p l o t t e d  i n  t h e

second  and  th i rd  pane ls  f rom the  top .  F rom hour l y  mean  va lues  o f  cu r ren t  speed

and direction, the NS and EW components of the current were computed and plotted

i n  t h e  f o u r t h  p a n e l .  I n  t h e  f i f t h  p a n e l  a r e  p r e s e n t e d  t e m p e r a t u r e  d a t a  f r o m

17 m (generally above the thermocline) and from 28 m (near the thermocline) and

33 and 38 m depth  (be low the thermoc l ine) .  For  se lec ted ep isodes - -  typ ica l ly

c o n t a i n i n g  a n  i n i t i a l  w i n d  i m p u l s e  f o l l o w e d  b y  c a l m e r  c o n d i t i o n s  a  p r o g r e s -

sive vector d iagram (PVD) was prepared (bottom panel)  f rom the hour ly means of

cu r ren t  speed  and  d i rec t i on .  The  PVD g i ves  a  use fu l  i nd i ca t i on  o f  t he  cu r ren t

t rack ,  bu t  as  i t  i s  computed f rom measurements  a t  a  f i xed po in t ,  i t s  va l id i ty

depends on how c losely  the recorder  represents  the current  f ie ld  in  i ts  ne ighbor-

hood .  I t  i s  un l i ke l y ,  f o r  examp le ,  t ha t  t he  wes twa rd  d r i f t  o f t en  bu t  no t  a lways

s e e n  i n  P V D ' s  i n  t h e s e  f i g u r e s  w o u l d  p e r s i s t  i n t o  t h e  n e a r s h o r e  r e g i o n .  T h a t

d r i f t  w a s  p r o b a b l y  p a r t  o f  a  l a r g e  a n d  r e l a t i v e l y  p e r s i s t e n t  o f f s h o r e  e d d y .

At the beginning of  the record ser ies (3-4 Aug. ,  F ig.  22)  a st rong,  regu-

lar inertial oscillation was in progress (mean speed about 45 cm s-1) of period

F igu re  22 .  See  nex t  page ,  64 .

Lake Michigan, 1976, station 04 (see Fig. 21); in descend-
ing order in the figure: NS and EW components of wind speed squared at Zion, Ill.;
current direction and current speed at 17 m depth; NS and EW current components at 17 m;
t empera tu re  a t  t h ree  dep ths ;  vec to r  d i ag ram (PVD)  f o r  ep i sode  1 .  Fu r the r
d e t a i l s  i n  t h e  t e x t .
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i nd is t ingu ishab le  f rom the  loca l  i ne r t ia l  pe r iod  (17 .7  h )  and  modu la ted  by  the

presence of a steadier current of about 10 cm s-1, which produced speed maxima

a n d  m i n i m a  i n  t h e  d i r e c t i o n s  N N W  a n d  S S E  r e s p e c t i v e l y .  P r o b a b l y  d i s t u r b e d  b y

stronger  wind impulses on 5-6 August ,  the current  speed dropped to about  hal f

i t s  p r e v i o u s  m e a n  v a l u e ,  a n d  t h e  r e g u l a r  p h a s e  p r o g r e s s i o n  o f  r o t a t i o n  w a s

i n t e r r u p t e d  ( P  i n d i c a t e s  p h a s e  c h a n g e  o n  6  A u g u s t ) .  .  A f t e r  t h e  a r r i v a l  o f  s t r o n g

southgoing wind pulse, which peaked at midnight 6/7 August,  there fol lowed

seve ra l  days  o f  r e l a t i ve  ca lm  (ep i sode  No .  1 )  ma rked  by  a  ve ry  regu la r  i ne r t i a l

oscillation (17.7 h APB, current speed about 20 cm s-1) modulating a steadier

westward current (averaging about 5 cm s-1) to produce a looping PVD with a

w e s t w a r d  d r i f t  o f  a b o u t  1 5  k m  i n  f i v e  i n e r t i a l  c y c l e s .  I n  t h e s e  e x a m p l e s ,

a s  i n  o t h e r s  i n  L a k e  M i c h i g a n  d u r i n g  t h e  s t r a t i f i e d  s e a s o n ,  t h e  s t r o n g e s t

c u r r e n t s  w e r e  t h o s e  a r i s i n g  f r o m  i n e r t i a l  o r  n e a r - i n e r t i a l  o s c i l l a t i o n s ;  s p e e d s

of 30 cm s-1 were common, and 50 cm s-1 was occasionally attained.

Figure 22 and fo l lowing f igures i l lus t ra te  another  commonly  observed

f e a t u r e .  W h e r e a s  t h e  c u r r e n t  s i g n a l ,  e x p r e s s i n g  k i n e t i c  e n e r g y ,  d i s p l a y s  a  m e a n

p e r i o d i c i t y  i n d i s t i n g u i s h a b l e  f r o m  i n e r t i a l ,  t h e  e x p r e s s i o n  o f  p o t e n t i a l  e n e r g y

(dep th  osc i l l a t i ons  o f  the  the rmoc l ine  i so therms)  i s  assoc ia ted  w i th  a  s l i gh t l y

but  s ign i f i can t ly  shor te r  mean per iod ,  approx imate ly  16 .5  h  in  F igure  22 .  Bear -

i n g  i n  m i n d  ( e q u a t i o n  9 )  t h a t  t h e  r a t i o  o f  k i n e t i c  t o  p o t e n t i a l  e n e r g y  i n  t h e

Sverdrup wave becomes very f requency-sensi t ive as the iner t ia l  f requency is

approached ,  the  osc i l l a t ion  i l l us t ra ted  in  F igure  22  may  be  in te rp re ted  as  a

m i x t u r e  o f  ( i )  a  s t r o n g  i n e r t i a l  r e s p o n s e  i n  t h e  c u r r e n t s  w i t h  l i t t l e  c o n t r i -

but ion at  that  f requency f rom thermocl ine waves,  and ( i i )  a  smal l -ampl i tude

thermoc l ine wave o f  shor ter  per iod (a  h igher  Po incare  mode?)  mak ing l i t t le

c o n t r i b u t i o n  t o  c u r r e n t s .  T h a t  t h i s  i s  o n l y  o n e  o f  s e v e r a l  p o s s i b l e  c o m b i n a -

t i o n s  i s  d e m o n s t r a t e d  b y  l a t e r  e x a m p l e s .
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Cur ren t  pa t te rns  du r i ng  the  nex t  two  ep i sodes ,  F igu re  23 ,  d i sp lay  a  s l i gh t -

l y  b u t  d i s t i n c t l y  b e t t e r  f i t  t o  a  1 7 . 0  h  p e r i o d i c i t y  t h a n  t o  t h e  i n e r t i a l

period. (Compare distances AB and AB1, corresponding to five cycles at 17.0

a n d  1 7 , 7  h ,  r e s p e c t i v e l y . )  A  p e r i o d  o f  1 7 . 0  i s  c l o s e  t o  t h a t  p r e d i c t e d  f o r  t h e

f i r s t  P o i n c a r e  c r o s s - c h a n n e l  m o d e ,  b u t  t h e r e  i s  n o  c o n s p i c u o u s  t h e r m o c l i n e  o s c i l -

l a t ion  o f  tha t  per iod  (comparab le  to  tha t  seen  in  ep isode 8 ,  fo r  example ,  in

l a te r  F igu re  26 ) ;  t he  sma l l -amp l i t ude  tempera tu re  osc i l l a t i on  obse rved  i n

F i g u r e  2 3  i s  a  c l o s e r  f i t  t o  1 6  h .  E p i s o d e  2 ,  w h i c h  c o m b i n e s  a  r o t a t i n g  c o m -

ponent of about 20 cm s-1 and a SW-going drift of 5 cm s-1 , may be view-

ed as  a  response to  the  southgo ing wind impulse on 14 August ;  bu t  no  s t rong

impusle occurred to explain the phase change at P (18 Aug.) or the ensuing

regu la r  ro ta t i on  du r ing  ep i sode  3 .  Th i s  behav io r  cou ld  be  the  resu l t  o f  a  bea t

i n t e r a c t i o n  b e t w e e n  t w o  P o i n c a r e  m o d e s  o f  s l i g h t l y  d i f f e r i n g  p e r i o d s  o r  b e t w e e n

a  s i n g l e  P o i n c a r é  m o d e  a n d  i n e r t i a l  m o t i o n  p r o p e r .  I n  a n y  c a s e ,  t h e  p a t t e r n

disp layed by the cur rent  components  in  F igure 23 is  s imi lar  to  the beat  pat tern

i l l u s t r a t e d  a t  t o p  r i g h t  i n  F i g u r e  2 0 .

Curren t  pa t te rns  dur ing  ep isode 4  (F ig .  24)  a lso  f i t  a  17 .0  h  per iod ic i t y ,

a l though the  p rec is ion  o f  f i t  i s  low fo r  so  shor t  a  sample ;  and  the  same is

t r u e  f o r  t h e  1 7 . 7  h  f i t  t o  t h e  m i d d l e  s e c t i o n  o f  e p i s o d e  5 .  T h e  f i r s t  h a l f  o f

episode 4 coincides with a short westgoing wind pulse on 24 August fol lowed by

two days of  negl ig ib le wind and displays a very regular  17.0 h rotat ion of  the

cu r ren t  a t  abou t  30  cm s -1 .  A  t he rmoc l i ne  osc i l l a t i on  was  no t  seen ,  a l t hough

one might  have occurred wi th in the depth in terval  17 to 28 m, in  which case i t

would not  appear  in  the record.  Apparent ly  the s t ronger  winds,  commencing on

27 August and continuing through and beyond episode 5 to September 3rd, first

reduced the strength of the rotating current to below 20 cm s-1 (27 Aug.),

then increased it  to a mean of 35 cm s-1 for two cycles (29-30 Aug.) and then
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again reduced it to a mean of about 15 cm s-1 maintained for the following four

days, in spite of the strong southgoing wind on 1 September. These detai ls are

ment ioned to emphasize the complexi ty  of  the responses and the evident  re lat ion-

ship, predicted by Pollard and Mil lard (1970), between the duration and t iming

o f  t h e  w i n d  i m p u l s e s  a n d  t h e i r  i n t e r a c t i o n s  w i t h  p r e - e x i s t i n g  c u r r e n t  p a t t e r n s .

Compare, for example, what appears to have been a strong rotat ional response to

the  shor t  (6  h )  impu lse  on  24  Augus t  and  the  lack  o f  response  to  a  much  s t ronger

b u t  l o n g e r  i m p u l s e  o n  1  S e p t e m b e r .  A l s o  n o t e  t h a t ,  d u r i n g  t h e  i n t e r v a l

of  marked var ia t ion  in  cur ren t  speed and phase (29  Aug.  to  3  Sept . )  a  regu la r

t h e r m o c l i n e  o s c i l l a t i o n  p e r s i s t e d  a t  a b o u t  1 6  h  p e r i o d ,  i . e . ,  a  d i s t i n c t l y

shor ter  per iod ic i ty  than that  shown by the cur rents .  In  cont ras t  to  th is  be-

havior,  episode (Fig. 25) displays a periodici ty indist inguishable from 17.7

h  i n  c u r r e n t  r o t a t i o n  a n d  t h e r m o c l i n e  o s c i l l a t i o n .  A  s i m i l a r  c o n c u r r e n c e  o f  a

1 7 . 7  h  ( i n e r t i a l )  A P B  i n  b o t h  c u r r e n t  a n d  t e m p e r a t u r e  p a t t e r n s  i s  s e e n  i n  e p i -

s o d e  1 0  ( l a t e r  F i g .  2 8 ) .

Episodes 6 and 7 (Fig. 25) show no unambiguous correlations with the

strength or  t iming of  wind impulses.  Episode 6 - -  four  cyc les of  regular

i n e r t i a l  o s c i l l a t i o n  ( 1 7 . 7  h )  - -  m a y  o w e  i t s  o r i g i n  t o  c h a n g e s  i n  w i n d  f o r c e

and d i rec t ion  on  3  Sep tember .  The  speed  o f  the  ro ta t iona l  and  d r i f t  components

were 25 and 5 cm s-1, respectively; and the corresponding PVD was contained

within a relat ively smal l  region of  about 9 km across.  On the other hand,

episode 7 (perhaps set in motion by a favorably-time sequence northward, east-

ward, and northward wind pulses starting on 8 Septmber) shows five cycles of

very regular h current rotation at high speeds (ca. 35 cm s-1) bringing

about a st rong modulat ion of  the westward dr i f t ,  a lso i l lustrated in the PVD.

During episode the apparent period of the thermocline oscillations changed

f rom near  17 .7  to  near  16 .5  h ,  pers is t ing  a t  tha t  per iod ic i ty  un t i l  15  September

http:across.On
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and c lose  to  the  per iod  ca lcu la ted  fo r  the  2nd Po incare  c ross-channe l  mode.

L a t e r ,  d u r i n g  e p i s o d e  8  ( F i g .  2 6 )  t h e  m e a n  p e r i o d  f i t  f o r  t e m p e r a t u r e  w a s

c lose r  t o  17 .0  h  ( 1s t  Po inca re  mode? )  and  t he  same  pe r i od  a l so  p rov i ded  t he

b e s t  f i t  t o  t h e  c u r r e n t  r o t a t i o n s ,  p a r t i c u l a r l y  d u r i n g  t h e  s e c o n d  t w o - t h i r d s

o f  t h e  e p i s o d e  f o l l o w i n g  t h e  s o u t h g o i n g  w i n d  i m p u l s e s  i n  1 5  S e p t e m b e r .  I t

t he re fo re  appears  reasonab le  to  in te rp re t  ep isode  8  as  an  a lmos t  pu re  1s t

Poincaré mode response; and perhaps the same may be said of episode 9 (Fig. 27).

That  response was c lear ly  se t  in  mot ion  by  the  12 h  southgo ing w ind pu lse

s tar t ing  on  2  October .  Judg ing  f rom the  inc rease in  cur ren t  speed,  the  la t te r

pulse appears  to  have re in forced the cur rent  osc i l la t ion  (a l though the tempera-

t u r e  o s c i l l a t i o n  d e c r e a s e d ) ;  b u t  t h a t  i n c r e a s e  w a s  s h o r t - l i v e d .  I t  w a s  b r o u g h t

to a hal t  by the t iming of  the westgoing wind pulse centered on midnight  3/4

O c t o b e r  a n d  f o l l o w e d  b y  a  n o r t h g o i n g  p u l s e  a b o u t  e i g h t  h o u r s  l a t e r .  I f  t h e

pre-ex is t ing  cur ren t  pa t te rn  had  been d i f fe ren t ,  tha t  w ind  pu lse  sequence migh t

have  genera ted  a  s t rong  response  ra the r  than  des t roy ing  an  ex is t i ng  one .  Aga in

t h i s  c o n f i r m s  P o l l a r d ' s  ( 1 9 7 0 )  c o n c l u s i o n  t h a t  t h e  d u r a t i o n  a n d  t i m i n g  o f  t h e

w i n d  i m p u l s e s ,  r e l a t i v e  t o  p r e - e x i s t i n g  c u r r e n t  p a t t e r n s ,  e x e r t  a  c r i t i c a l l y

c o n t r o l l i n g  i n f l u e n c e .

In  the f ina l  ep isode (10,  F ig .  28)  regu lar  cur rent  ro ta t ion d id  not  appear

u n t i l  a f t e r  t h e  w i n d  i m p u l s e s  ( 5 - 6  O c t . )  h a d  d i e d  d o w n .  A t  t h e  s a m e  t i m e  t h e

d r i f t  c u r r e n t  w a s  s t r o n g l y  r e d u c e d .  T h i s  e p i s o d e  i s  t o o  s h o r t  t o  b e  f i t t e d  t o

a n y  p e r i o d  o t h e r  t h a n  i n e r t i a l  ( 1 7 . 7  h )

T h e  a b o v e  s e r i e s  o f  r e c o r d s ,  f r o m  o n e  s t a t i o n  i n  L a k e  M i c h i g a n ,  d i s c l o s e s

c o n s i d e r a b l e  v a r i a t i o n  b e t w e e n  s u c c e s s i v e  r e s p o n s e s  t o  w i n d  a c t i o n .  O n e  r e -

sponse may be a lmost  purely iner t ia l ,  whi le the next  may be s l ight ly  but  d is-

t inctly sub-inertial in period, suggesting dominance of one or more whole-basin

( P o i n c a r e )  m o d e s .  W i t h  t h e  m e t h o d  o f  p e r i o d  f i t t i n g  e m p l o y e d  h e r e ,  t h i s
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d i f f e r e n t i a t i o n  b e t w e e n  i n e r t i a l  a n d  s u b - i n e r t i a l  r e s p o n s e s  i s  r e l i a b l e  w h e n

s u f f i c i e n t  o s c i l l a t i o n  c y c l e s  h a v e  b e e n  r e c o r d e d ;  b u t  i t  i s  u s u a l l y  i m p o s s i b l e

to  determine which Poincare- type modes have been exci ted and in what  proport ion.

O f t e n  t h e  b e s t - f i t  p e r i o d s  o f  t h e  t h e r m o c l i n e  o s c i l l a t i o n s  a r e  s l i g h t l y  b u t

s i g n i f i c a n t l y  l e s s  t h a n  t h o s e  o f  t h e  c u r r e n t  r o t a t i o n s ;  b u t  o t h e r  e x a m p l e s  a r e

s e e n  i n  w h i c h  t h e  c u r r e n t  a n d  t h e r m o c l i n e  r e s p o n s e s  a r e  i n d i s t i n g u i s h a b l e  i n

p e r i o d ,  i n  w h i c h  t h a t  p e r i o d  m a y  b e  e i t h e r  i n e r t i a l  ( 1 7 . 7  h ) ,  o r  1 s t

Poincare-mode dominant  (17.0  h) ,  or  perhaps a  1st .  and 2nd.  mode mix ture .

I n s p e c t i o n  o f  t h e  w i n d  s t r u c t u r e ,  p a r t i c u l a r l y  w i t h  r e s p e c t  t o  d i r e c t i o n ,

st rength,  durat ion,  and t iming o f  the wind impulses,  somet imes prov ides c lues

t o  the  t ypes  o f  wa te r  response  a re  to  be  expec ted .  These  genera l l y  con fo rm to

Po l la rd ' s  1970  mode l ;  bu t  excep t ions  to  those  expec ta t ions  a lso  occur ;  and  th i s

s u g g e s t s  a  m o r e  t h o r o u g h  a p p l i c a t i o n  o f  P o l l a r d ' s  m o d e l  ( o r  o f  t h e

s imp le r  Po l l a rd  and  M i l l a rd  1970  ve rs ion )  w i l l  be  necessa ry  t o  c l a r i f y  causa l

r e l a t i o n s h i p s .  W h e r e ,  a s  i s  t h e  c a s e  f o r  L a k e  O n t a r i o ,  w i n d ,  c u r r e n t ,  a n d

tempera tu re  records  a re  ava i lab le  f rom groups  o f  s ta t ions ,  the  d i f fe ren t ia t ion

between iner t ia l  responses (presumed to be re lat ive ly  local )  and "basin- tuned"

Poincaré- type responses may become easier  af ter  s tudy of  the spat ia l  s t ructure

o f  t h e  r e s p o n s e .  T h i s  p o s s i b i l i t y  w i l l  b e  e x a m i n e d  i n  f o l l o w i n g  s e c t i o n s  a n d

i n  P a r t  I I  o f  t h i s  r e p o r t .

5. INERTIAL AND NEAR-INERTIAL RESPONSES TO WIND IMPULSES IN LAKE ONTARIO, 1972.

5 . 1  D e s c r i p t i o n  o f  d a t a  s o u r c e s  a n d  t h e  m e t h o d  o f  p r e s e n t i n g  c o m p o s i t e

r e c o r d s  f o r  a n a l y s i s .

T h e  b a s e  o f  t h e  I n t e r n a t i o n a l  F i e l d  Y e a r  f o r  t h e  G r e a t  L a k e s  ( I F Y G L ) ,

presented in Figure 29,  shows depth contours and posi t ions of  moored instru-

ments,  nearshore towers (23 and 26)  which,  w i th  addi t iona l  land s ta t ions,  made

up the IFYGL observational network. A less detailed map, presented as Figure 30,



Fig. 29. Lake Ontario: Base map for IFYGL 1972, showing positions of moored
instruments (measuring current and temperature at various depths and
meteorological variables m above the water surface at some stations) ;
nearshore instrumented towers and shore stations (at which water
level meterological variables were measured) .
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Figure IFYGL 1972:  Map of  Lake Ontar io  showing pos i t ions of  moored
s t a t i o n s  a n d  t r a n s e c t  l i n e s  f r o m  w h i c h  r e c o r d s  w e r e  s e l e c t e d

f o r  a n a l y s i s  i n  t h i s  r e p o r t .

and re fe r red  to  in  la te r  compar isons ,  ind ica tes  those  s ta t ions  wh ich  p rov ided

t h e  r e c o r d s  f o r  t h i s  a n a l y s i s .  I t  a l s o  s h o w s  t h e  p o s i t i o n s  o f  t h e  t h r e e  t r a n -

sect l ines (Oshawa to 01cott ,  Presqui le to Braddock Pt. ,  and Prince Edward Pt.

to Oswego) along which the temperature structure was monitored in detail by con-

tinuously repeated crossings (see Introduction and Boyce and Mortimer 1977). .

R e c o r d s  w e r e  s e l e c t e d  f r o m  t h o s e  s t a t i o n s  w h i c h  p r o v i d e d  m a x i m u m  c o n t i n u -

i t y  and wh ich  lay  c lose  to  the  t ransec t  l ines .  For  the  purposes o f  the  present

analys is,  the stat ions are grouped in four  cross-sect ions,  the three t ransect

l ines already l isted and a western one comprising stat ions 2, 3, and 4. For

la ter  re ference purposes,  each cross-sect ional  group is  re fer red to  by the

s ta t ion  number  f rom which the  w ind records  were  usua l ly  taken,  i .e . ,  ,  2 ,  6 ,  9 ,
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a n d  1 1 ;  a n d  a l l  a v a i l a b l e  c u r r e n t  a n d  t e m p e r a t u r e  r e c o r d s  f r o m  t h e  s t a t i o n s  i n

t h a t  g r o u p  a r e  p l o t t e d  t o g e t h e r  o n  a  c o m m o n  t i m e  s c a l e  i n  1 4 - d a y  b l o c k s ,  o f

w h i c h  a n  e x a m p l e  f o r  s e c t i o n  9  a n d  i n t e r v a l  9 - 2 2  J u n e  i s  i l l u s t r a t e d  i n  F i g u r e  3 1 .

I t  i s  conven ien t  to  re fe r  to  the  Ju l ian  Date  (day  s ta r t ing  a t  m idn igh t  GMT) ;

and,  to  save  space,  on ly  the  NS (v )  component  o f  cur ren t  i s  p lo t ted ,  des ignated

F i g u r e  3 1 .  L a k e  O n t a r i o ,  9 - 2 2  J u n e  1 9 7 2 :  E W  ( c o n t i n u o u s  l i n e )  a n d  N S
(b roken l ine)  components  o f  (w ind-speed)  a t  s ta t ions  8  and
9 ;  N S  c u r r e n t  c o m p o n e n t s  a n d  t e m p e r a t u r e  f l u c t u a t i o n s  a t  v a r i -
o u s  d e p t h s  a t  s t a t i o n s  9 ,  1 0 ,  a n d  1 6  - -  s t a t i o n  n u m b e r s  w i t h i n
c i r c l e s ;  o t h e r  d e t a i l s  e x p l a i n e d  i n  t h e  t e x t .
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a s  C V ,  a t  v a r i o u s  d e p t h s .  T h i s  e n t a i l s  n o  l o s s  o f  i n f o r m a t i o n  f o r  t h e  p u r p o s e s,

o f  t h i s  a n a l y s i s  o f  n e a r - i n e r t i a l  m o t i o n s  b e c a u s e ,  w h e n  o s c i l l a t i o n s  a r e  p r e s e n t ,

the cur rent  is  predominant ly  ro tary  and the U component  c lose ly  fo l lows the V

component  ro ta ry  ampl i tude w i th  a  lag  very  c lose  to  90° ,  as  may be  con-

f i rmed  by  c l ose r  i nspec t i on  o f  F i gu re  19 .  O f  cou rse ,  f o r  a  s tudy  o f  t he  d r i f t

cu r ren t s  o r  f o r  p repa ra t i on  o f  p rog ress i ve  vec to r  d i ag rams ;  i n f o rma t i on  f r om

the U component would also be needed. The current speed scales (in cm s-1) are

t h e  s a m e  i n  F i g u r e  3 1  a n d  i n  a l l  s i m i l a r  f i g u r e s  w h i c h  f o l l o w .  T h e  s a m e  i s  t r u e

fo r  the  tempera tu re  sca les ,  w i th  a  few obv ious  except ions  when the  da ta  was

t r a c e d  f r o m  m i c r o f i l m  r a t h e r  t h a n  d i g i t a l  t a p e  r e c o r d s .

In  prepar ing the fo l lowing composi te  d iagrams in  uni form format ,  the a im

was to fac i l i ta te cross-referencing ( for  example 9/161-174 refers  to  F igure 31,

by cross-sect ion number and Ju l ian date)  and to  present  a l l  usable records on

a common cross-sec t iona l  d isp lay  fo r  in i t ia l  compar ison and per iod-and phase-

f i t t ing .  Th is  led ,  unavo idab ly  in  some cases,  to  congested d iagrams;  bu t

i n d i v i d u a l  s t a t i o n  e p i s o d e s  w i l l  b e  l a t e r  e x t r a c t e d  f o r  r e - p l o t t i n g  o n  m o r e

convenient  sca les and groupings.  A l l  s ta t ion numbers are c i rc led and the usual

p lo t t ing  sequence ,  f rom top  to  bo t tom,  i s :w ind ;  cu r ren t ;  and  tempera tu re .  In

each cross-sect ion ,  w ind is  p lo t ted  fo r  one s ta t ion  on ly  ( there  was o f ten  on ly

o n e )  a n d  t h i s  i s  t a k e n  a s  t h e  r e f e r e n c e  n u m b e r  f o r  t h a t  c r o s s - s e c t i o n .  W h e r e

m o r e  o n e  w i n d  r e c o r d  w a s  a v a i l a b l e  f o r  a  p a r t i c u l a r  s e c t i o n ,  t h e  s m a l l

d i f f e r e n c e s  i n  t h e  w i n d  f i e l d  ( b e t w e e n  s t a t i o n s  9  a n d  1 0 ,  f o r  e x a m p l e )  w e r e

smal l  enough to  be neglected for  the purposes of  th is  in i t ia l  exp lorat ion.  In

most cases, the EW and NS components of the wind speed squared are plotted,

respectively, as (wu) and (wo) in (m s-1) units, assumed to be proportional

to the EW and NS components of wind stress. In some cases the EW (u) and NS

(v) components of wind stress were calculated by the method of Hamblin and Elder(
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( 1973 )  and  p lo t t ed  i ns tead .  W ind  da ta  f r om l and  s ta t i ons ,  a l t hough  ava i l ab le ,

w a s  n o t  u s e d  i n  t h i s  a n a l y s i s ,  o n  t h e  a s s u m p t i o n  t h a t  o v e r - w a t e r  w i n d  m e a s u r e -

m e n t s  w o u l d  m o r e  t r u l y  r e p r e s e n t  t h e  s t r e s s  o n  t h e  w a t e r .

P e r i o d - f i t t i n g  w a s  c a r r i e d  o u t ,  w h e r e  a p p r o p r i a t e ,  o n  e a c h  d i a g r a m  i n  t h e

manner described in Section 3.1. Transparent vert ical ly ruled gratings were pre-

pared to correspond (on the time scale adopted for the composite diagrmas, 0.75

inches/day, ful l  scale) to the fol lowing average period bands (APB) of 17.4 h

(inertial period, assumed constant for the basin), 17.0 h, 16.5 h, 15.8 h, 14.4 h,

a n d  1 3 . 0  h .  T h e  s e c o n d  a n d  t h e  l a s t  t h r e e  m e m b e r s  o f  t h a t  s e r i e s  w e r e  c h o s e n  t o

f i t  the f i rs t  four  Poincare modes in  a  two- layered channel  model  f i t ted to  average

dimensions and density distribution in Lake Ontario during the interval 1 July

to 30 September,  as descr ibed in Sect ion 3.1,  in the expectat ion that  one or

other of those modes would occasionally dominate the record. The remaining APB,

16.5 h occasionally found to fit the record, may (as suggested by the patterns

in Fig.  s ignal  the presence of  a 1st .  and 2nd. mode mixture.  The grat ing

with 13.0 h intervals provided a best-f i t  in only one example. Occasionally i t

was conven ient  to  app ly  16.0  h  in terva ls  (3  cyc les  in  2  days)  bu t  the  method o f

f i t t i n g  i s  n o t  p r e c i s e  e n o u g h  t o  d i s t i n g u i s h  b e t w e e n  1 6 . 0  a n d  1 5 . 8  h .  N e v e r t h e -

less discussed in Sect ion 3.1 and as evident in later  examples,  many osci l la-

t ion episodes of f ive cycles or more can be f i t ted unambiguously to ei ther an

i ne r t ia l  APB (17 .4  +  0 .2  h )  ,  o r  to  one  member  o f  the  above  sub- ine r t ia l  APB

ser ies .  The va lue o f  that  f i t  l ies  in  the c lues i t  can supply  to  poss ib le

internal wave structures, which can then be further investigated by means of

i n t e r s t a t i o n  c o m p a r i s o n s ,  i n  t h i s  r e p o r t  a n d  i n  P a r t  I I .

Because knowledge of the whole-basin or cross-sectional temperature

structure can assist interpretation of the motions, additional inputs to the

analysis are provided by (i) synoptic measurements of whole-lake surface

temperature (airborne radiation thermometry, ART and Mills 1976).

(ii) of isotherm depth interpolated from thermistor-chain records obtained
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a t  s t a t i o n s  6 ,  9 ,  a n d  1 0  a n d  k i n d l y  s u p p l i e d  b y  F . M .  B o y c e ,  a n d  ( i i i )  t e m p e r a -

t u r e  d i s t r i b u t i o n s  m e a s u r e d  w i t h  a n  e l e c t r o n i c  b a t h y t h e r m o g r a p h  ( E B T )  i n  s e l e c t -

e d  s e c t i o n s  d u r i n g  h e a t  c o n t e n t  s u r v e y s  ( B o y c e ,  p e r s o n a l  c o m m u n i c a t i o n  i n

a d v a n c e  o f  f o r t h c o m i n g  r e p o r t )  .  T h e  s t a t i o n  p o s i t i o n s ,  a t  w h i c h  t h e  E B T  p r o f i l e s

w e r e  t a k e n ,  a r e  s h o w n  i n  F i g u r e  3 2 ,  u p o n  w h i c h  a r e  i n d i c a t e d  t h e  c r o s s - s e c t i o n s

s e l e c t e d  h e r e  f o r  a n a l y s i s  ( d e s i g n a t e d  2 ,  6 ,  9 ,  a n d  1 1  a s  e x p l a i n e d  a b o v e ) .

T h o s e  c r o s s - s e c t i o n s  c o r r e s p o n d  t o  t h e  f o l l o w i n g  s e c t i o n s  i n  B o y c e ' s  h e a t  c o n -

t e n t  s u r v e y :  A  ( h e a t  c o n t e n t  s t a t i o n s  8  t o  1 2 ) ;  B  ( s t a t i o n s  2 0  t o  3 0 )  D

( s t a t i o n s  4 9 - 5 9 ) ;  a n d  F  ( s t a t i o n s  7 9  t o  9 0 ) .  .  D a t e ,  t o t a l  e l a p s e d  t i m e  ( h o u r s )

a n d  c e n t r a l  t i m e  ( G M T )  a r e  i n d i c a t e d  o n  e a c h  s e c t i o n  d i a g r a m .  L o n g  e l a p s e d

F i g u r e  3 2 .  S t a t i o n  p o s i t i o n s  i n  I F Y G L  ( 1 9 7 2 )  h e a t  c o n t e n t  s u r v e y s .  A l s o
i nd ica ted  are :  (by  le t te rs )  the  heat  content  sec t ions ,  i l l us t ra ted
i n  f i g u r e s ;  a n d  ( b y  c i r c l e d  n u m b e r s  a n d  a r r o w s )  t h e  f o u r
principal cross-sections (2, 6, 9 and 11) along which IFYGL
s t a t i o n  r e c o r d s  a r e  a s s e m b l e d  i n  l a t e r  c o m p o s i t e  d i a g r a m s .
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t imes  i nd i ca te  t ha t  sec t i ons  we re  wo rked  i n  non -consecu t i ve  p i eces .  I nd i v i dua l

s t a t i o n  t i m e s  a r e  a v a i l a b l e  o n  t h e  E B T  c a r d s  a t  t h e  C a n a d a  C e n t r e  f o r  I n l a n d

W a t e r s ,  b u t  a r e  n o t  q u o t e d  h e r e .  T h e  c e n t r a l  t i m e s  i n d i c a t e  w h e n  m o s t  o f  t h e

section was worked. Also shown, for comparion with the surface temperature

m a p s  p r e p a r e d  f r o m  t h e  E B T  s u r f a c e  t e m p e r a t u r e  m a p s  p r e p a r e d  f r o m

F ig .  Lake  On ta r i o :  su r face  tempera tu re  measu red  by  e lec t ron i c  ba thy the rmo-
graph (EBT) survey (referred to in the text) 12-16 June 1972, compared
with a "synoptic" measurement by airborne radiation thermometry (ART
s u r v e y ,  I r b e  a n d  M i l l s  1 9 7 6 )  o n  1 2  J u n e .
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the  a i rborne rad ia t ion thermometer  surveys re fer red to  above.  The ART survey

resu l t s  a re  synop t i c ;  t he  EBT su rvey  i s  sp read  ove r  seve ra l  days  requ i red  to

c o m p l e t e  t h e  h e a t  c o n t e n t  c r u i s e .  A  c o m p a r i s o n  b e t w e e n  t h e  t w o  i s  m a d e  i n

F i g u r e  3 3 .  W h e r e  a p p r o p r i a t e ,  t h e  c r o s s - s e c t i o n a l  t e m p e r a t u r e  s t r u c t u r e s  o n

sec t ions  6 ,  9 ,  and  11 ,  exp lo red  on  shu t t le  c ru ises  dur ing  Ju ly ,  Augus t ,  and

O c t o b e r  ( B o y c e  a n d  M o r t i m e r  1 9 7 7 ) ,  a r e  a l s o  i l l u s t r a t e d .

The main  bu lk  o f  the  in fo rmat ion ,  here  rev iewed chrono log ica l l y ,  has  been

p r e s e n t e d  i n  t h e  f o r m  o f  c o m p o s i t e  p l o t s  o f  w i n d ,  c u r r e n t ,  a n d  t e m p e r a t u r e

r e c o r d s  f r o m  s e l e c t e d  s t a t i o n  g r o u p s ,  i n  t h e  c o m m o n  f o r m a t  d e s c r i b e d  a b o v e ,  a n d

a s s e m b l e d  o n  f o r t y  s h e e t s .  T o  k e e p  t h i s  r e p o r t  w i t h i n  r e a s o n a b l e  b o u n d s ,  o n l y

a  s e l e c t i o n  o f  t h o s e  s h e e t s  a r e  i n c o r p o r a t e d  h e r e  a s  t e x t  f i g u r e s ;  t h e  r e m a i n d e r

a r e  a s s e m b l e d  c h r o n o l o g i c a l l y  i n  A p p e n d i x  8 . 3 .  T o  s i m p l i f y  t h e  c o r r e l a t i o n

of  ind iv idua l  por t ions  o f  record  i t  i s  impor tan t  to  keep in  mind  (see  F ig .  30)

t h e  f o l l o w i n g  s t a t i o n  g r o u p i n g s :  2 ,  3 ,  a n d  4  i n c l u d e d  i n  c r o s s - s e c t i o n  2 ;

34 ,  36 ,  6 ,  12 ,  13 ,  5 ,  and  23  i nc luded  i n  c ross -sec t i on  6 ;  55 ,  59 ,  9 ,  10 ,  16 ,

a n d  2 6  i n c l u d e d  i n  c r o s s - s e c t i o n  9 ;  a n d  1 1 ,  1 9 ,  a n d  2 0  i n c l u d e d  i n  c r o s s -

s e c t i o n  1 1 .  I n d i v i d u a l  p o r t i o n s  o f  r e c o r d  a r e  t h e n  r e f e r r e d  t o  b y  s e c t i o n  o r

s t a t i o n  n u m b e r ,  f o l l o w e d  b y  / ,  t h e n  J u l i a n  d a t e  i n t e r v a l ,  a n d  s o m e t i m e s  b y

d e p t h  a n d  t h e  t e x t  f i g u r e  n u m b e r ,  o r  b y  A  i f  t h e  c o r r e s p o n d i n g  s h e e t  i s  i n  t h e

a p p e n d i x .  F o r  e x a m p l e ,  t h e  o n s e t  o f  t h e r m a l  s t r a t i f i c a t i o n  a t  s t a t i o n  1 0 ,

seen in Figure 31, would be referred to as 10/163-166, Fig. 31; whereas the

sudden  descen t  o f  t he  t he rmoc l i ne  a t  s t a t i on  13 ,  b rough t  abou t  by  a  s t o rm  on

7-8 October,  would be referred to as 13/282-285 in 6/276-290 A, indicat ing

t h a t  t h e  c o r r e s p o n d i n g  r e c o r d  i s  t o  b e  f o u n d  i n  t h e  a p p e n d i x  i n  t h e  s h e e t  f o r

c r o s s - s e c t i o n  6  f o r  t h e  d a t e s  c o n c e r n e d .  T h e  J u l i a n  d a t e  i n  a l l  t h e  r e c o r d s ,

commences  a t  m idn igh t  GMT.  Ca lenda r  days  a re  a l so  shown  commenc ing  a t  m id -

n i g h t  G M T  o n  e a c h  s h e e t .
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Fig.  Lake Ontar io  1972 cross-sect ion 9,  Ju l ian days 175 to  188 (23 June to
6 July), i.e. composite diagram 9/175-188: EW and NS components of,

wind speed squared, (wu) and (wv)2 respectively, 4 m above the water
surface at station 9; NS components (cv) of current at various depths;
and temperature at  var ious depths at  stat ions 9,  10,  and 16.  The
intervals marked by vertically-ruled lines conform to the "average
period bands" defined in Section 3.1; and P denotes an interruption
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5 . 2  I n e r t i a l  r e s p o n s e s  b e f o r e  w h o l e - b a s i n  s t r a t i f i c a t i o n  h a d  b e c o m e  e s t a b l i s h e d .

D u r i n g  t h e  m i d - J u n e  i n t e r v a l  c o v e r e d  b y  F i g u r e  3 1 ,  s t r a t i f i c a t i o n  w a s

c o n f i n e d  t o  n e a r s h o r e  b a n d s ,  b o u n d e d  b y  a  t h e r m a l  b a r ,  w h i l e  t h e  o f f s h o r e  w a t e r

co lumn remained co ld  and mixed f rom top to  bot tom (near  3°  on 12 June,  F ig .  33,

near  4 °  on  21  June )  .  I n i t i a l l y  t he  warmes t  wa te r  was  con f i ned  to  a  na r row  band

along the southern shore,  presumably  t ranspor ted there by the eastgoing and

sou thgo ing  w ind  pu lses  on  9  and  10  June .  On  9  June ,  weak  s t ra t i f i ca t i on  was

presen t  a t  s ta t ion  9 ,  bu t  s t ra t i f i ca t ion  d id  no t  beg in  a t  s ta t ions  10  and  16

u n t i l  a  f e w  d a y s  l a t e r .  T h a t  s t r a t i f i c a t i o n  m a y  h a v e  o w e d  m o r e  t o  t h e  a d v e c -

t i o n  o f  w a r m  w a t e r  f r o m  e l s e w h e r e  t h a n  t o  l o c a l  p r o c e s s e s  a t  1 0  a n d  1 6 .

Wind pu lses  on  167 and 168 were  fo l lowed by  weak  osc i l la to ry  responses

i n  t h e  c u r r e n t s  a t  9  a n d  1 0 ,  r o u g h l y  f i t t i n g  t h e  i n e r t i a l  p e r i o d ,  1 7 . 4  h .  T h e s e

w e r e  t h e  f i r s t ,  a l b e i t  w e a k ,  i n e r t i a l  r e s p o n s e s  o f  t h e  s e a s o n ,  i n d i c a t i n g  t h a t

s o m e  s t r a t i f i c a t i o n  m u s t  b e  p r e s e n t  ( t o  p r o v i d e  a  l o w - f r i c t i o n  b a s e  f o r  i n e r t i -

a l  g y r a t i o n s  o f  t h e  u p p e r  l a y e r )  a l t h o u g h  s t r a t i f i c a t i o n  n e e d  n o t  b e  f u l l y

es tab l i shed  ac ross  t he  bas in  f o r  t he  i ne r t i a l  mo t i on  p rope r  ( as  opposed  t o  who le -

b a s i n  n e a r - i n e r t i a l  P o i n c a r é - t y p e - m o t i o n )  t o  d e v e l o p .  I f  t h i s  i n t e r p r e t a t i o n

i s  co r rec t ,  i t  i s  puzz l ing  to  no te  tha t  the  thermoc l ine  osc i l l a t ion  16 /171-174

F i g .  3 1  d i s p l a y s  a  p e r i o d i c i t y  d i s t i n c t l y  s h o r t e r  t h a n  i n e r t i a l .  E q u a l l y  p u z -

zl ing is the current osci l lat ion 11/165-169 A which f i ts a 16.5 h per iod (de- -

f i n i t e l y  no t  i ne r t i a l )  and  wh i ch  does  no t  appea r  t o  have  been  i n i t i a t ed  by  w ind .

T h a t  o s c i l l a t i o n  i s  s e e n  a t  1 0  m  a n d  ( i n  p h a s e  o p p o s i t i o n )  a t  3 0  m  d e p t h .  N o

c o n t e m p o r a r y  t e m p e r a t u r e  w a v e s  a r e  v i s i b l e .  N o  s t r o n g  o r  p e r s i s t e n t  i n e r t i a l

o r  nea r - i ne r t i a l  osc i l l a t i ons  we re  seen  a t  o the r  s ta t i ons  ( see  2 /  and  6 /161 -174 )

A )  d u r i n g  t h e  1 6 1 - 1 7 4  i n t e r v a l .

M o r e  s t r i k i n g  e x a m p l e s  o f  c u r r e n t  a n d  t e m p e r a t u r e  o s c i l l a t i o n s  w i t h  a v e r a g e

p e r i o d  i n d i s t i n g u i s h a b l e  f r o m  1 7 . 4  h  - -  t h e r e f o r e  r e g a r d e d  a s  i n e r t i a l  m o t i o n

p r o p e r  - -  o c c u r r e d  i n  c r o s s - s e c t i o n  9  ( F i g .  3 4 )  a n d  1 1  ( 1 1 / 1 7 5 - 1 8 8  A )  a f t e r  t h e
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short, but strong burst of southgoing wind starting at midnight 174/175 (the

af termath of  Hurr icane "Agnes") .  At  o ther  s ta t ions (2 /6 /175-188 A)  the response

was  as  ma rked ,  a l t hough  t he  weak  response  a t  2  pe rs i s t ed  f o r  a t  l eas t  s i x

cycles with little diminution in amplitude. Eight or more cycles of strong,

regular inertial rotation of current at 10 m depth, starting at about cm s-1

and decreasing gradually in amplitude, were seen at 9, 10, and 11, perhaps the

c lea res t  app rox ima t ion  to  i ne r t i a l  r esponse  du r ing  the  who le  yea r .

At 16 (Fig. 34) the effect of the 175 storm was to mix the water column

down to at least 30 m; but inert ial  osci l lat ions began to show at higher levels

on 177 to 179; and thereafter the thermocline rose to about 10 m. The storm

d i d  n o t  d i s t u r b  t h e  s t r a t i f i c a t i o n  a t  9 ,  1 0 ,  1 1 ,  o r  1 9 ;  b u t  t h e  t h e r m o c l i n e

osc i l l a t ions  a t  those  s ta t ions  were  (as  was  common ly  the  case)  less  regu la r

t h a n  t h e  c u r r e n t  o s c i l l a t i o n s .  H o w e v e r ,  t h e r e  i s  n o  j u s t i f i c a t i o n  f o r  f i t t i n g

a period other than 17.4 h to those oscillations in Figures 34 and 11/175-188

A. But, when the higher-resolution isotherm-depth plots, obtained from thermis-

tor chains at 6, 9, and 10, are examined (Fig. 35), no clear periodicity is evi-

dent at 6; and at 9 and 10 a better period fit is obtained with 17.0 h. The

combined evidence suggests that, in cross-section 9 for which the most informa-

t ion is available, the mean periods of the current and temperature oscil lat ions

w e r e  c l o s e s t  t o  1 7 . 4  a n d  1 7 . 0  h ,  r e s p e c t i v e l y .

Figure 36. On next page, 88.

Phase compar isons between the NS components of  current  (cv)  and tempera-
t u r e  ( C )  a t  v a r i o u s  d e p t h s  a t  s t a t i o n s  9 ,  1 0 ,  1 1  a n d  1 9 ,  J D  1 7 5 - 1 8 1
( 2 3 - 2 9  J u n e )  1 9 7 2 .  F o r  f u r t h e r  d e t a i l s ,  i n c l u d i n g  e x p l a n a t i o n  o f  t h e
w i n d  r e c o r d ,  s e e  l e g e n d  o f  F i g .  3 4 .
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Figure 36. See legend on previous page.
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A  m o r e  d e t a i l e d  p h a s e  c o m p a r i s o n  i n  F i g u r e  3 6  o f  c u r r e n t  a n d  t e m p e r a t u r e

o s c i l l a t i o n s  a t  s t a t i o n s  9 ,  1 0 ,  1 1 ,  a n d  1 9  d i s c l o s e  s t r o n g  c u r r e n t  o s c i l l a t i o n s

i n i t i a t e d  i n  p h a s e  a t  9 ,  1 0 ,  a n d  1 1  b y  t h e  s t r o n g  s o u t h g o i n g  w i n d  p u l s e  e a r l y

on  175  wh ich  vee red  to  wes tgo ing  la te r  tha t  day .  Dur ing  an  a lmos t  w ind less

s p e l l  w h i c h  f o l l o w e d ,  t h e  i n - p h a s e  b e h a v i o r  a t  t h o s e  s t a t i o n s  w a s  m a i n t a i n e d  f o r

f i v e  c y c l e s ;  b u t  p h a s e  s e p a r a t i o n  o c c u r r e d  t h e r e a f t e r ,  p e r h a p s  a s  a  r e s u l t  o f

w e a k  e a s t g o i n g  w i n d  o n  1 7 9 .  P h a s e  r e l a t i o n s h i p s  b e t w e e n  c u r r e n t  r o t a t i o n  a n d

t h e r m o c l i n e  o s c i l l a t i o n s  d i f f e r e d  f r o m  s t a t i o n  t o  s t a t i o n .  F o r  e x a m p l e ,  t h e

t empera tu re  wave  a t  9  was  a lmos t  ou t -o f -phase  w i th  tha t  a t  11 ;  and  19  l agged

b y  a b o u t  a  q u a r t e r - c y c l e .

A t  t h e  t i m e  o f  t h e  1 7 5  s t o r m ,  t h e  t h e r m o c l i n e  w a s  n o t  y e t  f u l l y  e s t a b l i s h e d

o v e r  t h e  w h o l e  b a s i n ,  a l t h o u g h  t h a t  s t o r m  p r o b a b l y  a s s i s t e d  i n  t h e  c o m p l e t i o n  o f

t h e  p r o c e s s .  S u r f a c e  t e m p e r a t u r e  o n  2 7  J u n e  ( F i g .  3 7 a )  s h o w e d  a  c e n t r a l  p a t c h

of <6° water, and on 28 June the heat content survey disclosed a dome-shaped

t h e r m o c l i n e  ( F i g .  3 7 b )  w i t h  t h e  6 °  i s o t h e r m  v e r y  c l o s e  t o  t h e  s u r f a c e  i n  m i d -

l a k e  ( s e c t i o n  D ) .  B y  5 / 6  J u l y  ( F i g .  3 7 c )  a  d e e p e r  t h e r m o c l i n e  h a d  b e c o m e  e s -

t a b l i s h e d  o v e r  t h e  f u l l  e x t e n t  o f  s e c t i o n s  D  a n d  F ,  s o  t h a t  w h o l e - b a s i n  i n t e r n a l

responses became poss ib le .  The 15.8  h  thermoc l ine  osc i l la t ion  a t  16/184-188 F ig .

34 ,  pe rhaps  se t  i n  mo t ion  by  the  w ind  impu lse  on  185 ,  appears  to  be  such  a

r e s p o n s e .  w a s  i n  p h a s e  w i t h  t h e  o s c i l l a t i o n  a t  1 0 ,  b u t  o u t  o f  p h a s e  w i t h

9 .  O v e r  t h e  s a m e  i n t e r v a l  a n d  c o n t i n u i n g  u n t i l  1 9 4 ,  t h e  p e r i o d  o f  t h e  c u r r e n t

o s c i l l a t i o n  a t  1 1  w a s  d i s t i n c t l y  l e s s  t h a n  i n e r t i a l ;  t h e  b e s t - f i t  A P B  w a s  1 7  h

(see  11 /175-188 A) .  These resu l ts  shou ld  no t  sugges t ,  however ,  tha t  sub-

i ner t ia l  per iod ic i t ies  (Po incaré- type responses)  const i tu ted  the  so le  response

a f t e r  t h e  w h o l e  b a s i n  t h e r m o c l i n e  h a d  b e c o m e  e s t a b l i s h e d .  E x a m p l e s  o f  o c c a s i o n -

a l  a n d  l o c a l  a p p r o x i m a t i o n s  t o  p u r e  i n e r t i a l  r e s p o n s e  d u r i n g  t h e  s u m m e r  a n d

f a l l  w i l l  b e  n o t e d  l a t e r .
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Fig. 37. Lake Ontario 1972: (a) surface temperature (ART survey, Irbe and
M i l l s  1 9 7 6 )  2 7  J u n e ;  s u b - s u r f a c e  -  t e m p e r a t u r e  d i s t r i b u t i o n  i n  s e c t i o n s
D  a n d  F  ( h e a t  c o n t e n t  s e e  F i g .  3 2 )  ,  ( b )  2 8  J u n e  a n d  ( c )
5  a n d  6  J u l y .
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2  a n d  ( w v )  a t  9 ;Figure Composite diagram 9/189-202: - wind components (wu)
current component (CV) and temperature (°C) at various depths at 55,
9 ,  10 ,  and  26 .  Fu r t he r  de ta i l s  i n  l egend  o f  F i g .  34 .
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Fig. Phase comparisons between near surface current and temperature records
from stations 55, 9, 10 and 16, JD 196-202 (14-20 July) 1972. For
further detai ls, see legend of Fig. 34.
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5.3  Responses  a f te r  the  es tab l i shment  o f  who le -bas in  s t ra t i f i ca t ion .

During the interval 189-202 there were two wind pulses of medium strength,

on 192  and  197 ;  and  a lso  dur ing  tha t  in te rva l ,  weak  bu t  pers is ten t  iner t ia l

currents developed at a number of stations: 3 (2/189-202 A) ; 6 (6/189-202 A);

9 and 10 (F ig.  38) .  In  each of  those cases,  the per iod of  ro tat ion was ind is-

tinguishable from 17.4 h. The contemporary thermocline oscillations, however,

were e i ther  too i r regular  to  be ass igned a per iod,  or  were d is t inc t ly  shor ter

than 17.4 h, for example 13 h at 4 (2/197-200 A),  about 16 h at 6 (6/192-194)

and  abou t  17  h  a t  9  and  16  (F ig .  38 ) .  Th is  aga in  re in fo rces  the  f i nd ing  tha t

c u r r e n t  o s c i l l a t i o n s  a r e  o f t e n  d o m i n a t e d  b y  l o n g e r  p e r i o d i c i t i e s  t h a n  a r e

the rmoc l ine  waves ;  a  more  de ta i led  examina t ion  o f  cu r ren t  and  tempera tu re

records from cross-sect ion 9 (196-202, Fig. 39) immediately fol lowing the wind

pulse on 197, suggests that thermocline motion was mainly controlled by a first

cross-channel Poincare mode (note the approximate in-phase behavior of 55 and

9 and the phase opposition between 9 and 16) of about 17 h period, whereas the

1 0  m  c u r r e n t  r o t a t i o n s  w e r e  a  b e t t e r  f i t  t o  1 7 . 4  h .

In this connection, a comparison with section 11 is interesting (Fig. 40)

because, although there is evidence of the presence of an internal seiche

(f irst cross-basin mode, suggested by approximate phase opposit ion of tempera-

ture at  11 and 20,  dur ing days 196 to 199),  the APB for  current  rotat ion at

11 (10 m) is dist inctly less (about 16.5 h) than that already noted at stations

on all other sections. Why a signif icant inertial component is lacking at 11

but present in other sections is not clear. The wind regime and stratification

development was similar in all sections, although there was a deepening of the

t he rmoc l ine  f rom wes t  to  eas t  as  seen  in  the  lower  por t ion  o f  F ig .  40 .  Ano ther

puzzling feature is disclosed by phase comparisons of currents at stations in

c r o s s - s e c t i o n  ( F i g .  S t a t i o n s  9  a n d  5 5  a r e  r o u g h l y  i n  p h a s e  - -  n o t  s u r -

prising in view of their proximity -- but are approximately out of phase with
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Figure 40. Legend on facing page, 95.
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1 0  a n d  1 6 .  T h i s  i s  a  c u r r e n t  p a t t e r n  t o  b e  e x p e c t e d  i n  a  s e c o n d  m o d e  c r o s s -

c h a n n e l  P o i n c a r e  m o d e l  ( c o m p a r e  t h e  f i r s t  a n d  t h i r d  m o d e  p a t t e r n s  i n  F i g s .  1 1

a n d  1 2 ) ;  b u t  t h e  t e m p e r a t u r e  p h a s e s  s u g g e s t  a  f i r s t  m o d e  r e s p o n s e  ( b e s t  f i t

1 7  h ) ,  a n d  t h e  b e s t - f i t  p e r i o d  f o r  t h e  c u r r e n t s  i s  1 7 . 4  h .  I t  i s  p o s s i b l e ,

a l t h o u g h  n o t  p a r t i c u l a r l y  s a t i s f y i n g ,  t o  e x p l a i n  t h e s e  p h a s e  r e l a t i o n s h i p s  i n

t e r m s  o f  d i f f e r e n t  p h a s i n g  o f  a n  i n e r t i a l  r e s p o n s e ,  o n  d i f f e r e n t  s i d e s  o f  t h e

l a k e ,  a n d  t h e  s u p e r p o s i t i o n  o f  t h e s e  o n  a  f i r s t  m o d e  t h e r m o c l i n e  o s c i l l a t i o n .

O n e  o f  t h e  m o s t  r e g u l a r  s e r i e s  o f  o s c i l l a t i o n s  s e e n  i n  t h e  w h o l e  I F Y G L

d a t a  s e t ,  a n d  t h e r e f o r e  t h e  m o s t  a m e n a b l e  t o  p r e c i s e  p e r i o d  f i t t i n g ,  o c c u r r e d

a f t e r  a  s u c c e s s i o n  o f  w i n d y  d a y s  ( 2 0 5 - 2 0 8 )  w i t h  e a s t - g o i n g  p u l s e s  c u l m i n a t i n g

i n  w i n d  p u l s e s  o n  2 0 8  p a r t i c u l a r l y  s t r o n g  a t  t h e  e a s t e r n  e n d  o f  t h e  b a s i n .  A t

t he  wes te rn  end  (F ig .  41 )  cu r ren t  osc i l l a t i ons  s ta r t ed  sudden l y  (m idn igh t  207 /

8 )  a t  2 ,  a  l i t t l e  e a r l i e r  a t  3  a n d  e a r l i e r  a n d  l e s s  c o n s p i c u o u s l y  a t  4 .  S t a t i o n

2  r e c o r d e d  a  r e g u l a r  1 6 . 5  h  o s c i l l a t i o n  f o r  1 1  c y c l e s  d u r i n g  a  l o n g  c a l m  s p e l l

u n t i l  d i s t u r b e d  b y  a  w e s t - g o i n g  w i n d  p u l s e  o n  2 1 5 .  T e m p e r a t u r e  w a v e s  s t a r t e d

a t  2  a t  t h e  s a m e  t i m e  a s  t h e  c u r r e n t s  d u r i n g  2 0 7 / 8 ,  a n d  p e r s i s t e d  f o r  1 0  c y c l e s

w i t h  a  b e s t - f i t  A P B  o f  1 6 . 0  h .  A l s o  f i t t i n g  1 6 . 0  h  w a s  a  s h o r t e r  s e q u e n c e

o f  s t r o n g  t e m p e r a t u r e  o s c i l l a t i o n s ,  a  s e q u e n c e  w h i c h  w o u l d  b e  c o n s i s t e n t  w i t h  a

w a v e  f r o n t  t r a v e l l i n g  i n  d i r e c t i o n  4 ,  3 ,  2  ( i . e . ,  a n t i c y c l o n c i a l l y )  a t  a n  a p -

-1 (17 cm s-1). A more likely explanation is basedproximate speed of 15 km day

o n  d i s p l a c e m e n t  o f  t h e  t h e r m o c l i n e  a t  t h e  w e s t e r n  e n d  o f  t h e  b a s i n  f r o m  i t s

e q u i l i b r i u m  l e v e l ,  i n i t i a l l y  b r o u g h t  a b o u t  b y  e a s t g o i n g  w i n d  i m p u l s e s  d u r i n g

Figure 40. See facing page, 94.

2  a n d  ( w v )  a t  1 1 ;Composite diagram 11/189-202: wind components (wu) 2
current component (cv) and temperature (C) at various depths at 11,
19, and 20 ( fur ther detai ls  on legend of  Fig.  34).  Lower port ion:
temperature distributions of sections B, D and F (heat content surveys,
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closed by the ART survey (Fig. 42, upper portion) with concurrent downwelling

along the southern shore and active mixing of the upper layer. That mixing

produced a sharply defined thermocline across section 9 (Fig. 42, lower portion).

Figure  can,  there fore ,  be  in terpre ted as  the  recovery  o f  the  thermoc l ine

Fig. Composite 2/203-216: wind components (wu) 2 and (wv) 2 at 2;
current component (CV) and temperature (C) at various depths at 2,
3, and 4. For further details see legend of Fig. 34.
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F i g .  4 2 .  T e m p e r a t u r e  d i s t r i b u t i o n  o n  2 4  J u l y  1 9 7 2 :  ( a )  a t  t h e  s u r f a c e  ( A R T  s u r v e y ,
I r b e  a n d  M i l l s  1 9 7 6 )  a n d  ( b )  i n  c r o s s - s e c t i o n  9 .
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Fig. 43. Composite diagram 9/203-216: wind components (wu) and (wv) at 9;
current component (cv) and temperature (°C) at various depths at 55,
9 ,  10 ,  16  and  26 .  Fo r  f u r t he r  de ta i l s  see  l egend  o f  F i g .  34 .
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f r o m  t h e  u p w e l l i n g / d o w n w e l l i n g  d i s p l a c e m e n t .  I n i t i a l l y  ( 2 0 3 / 4  i n  F i g .  4 1 )  t h e

l o w  t e m p e r a t u r e s  a t  1 0  m  a n d  1 5  m  d e p t h  a t  2 ,  3 ,  a n d  4  d e m o n s t r a t e  t h a t ,  a t  t h a t

t i m e ,  t h e  t h e r m o c l i n e  t h e r e  w a s  e i t h e r  a b s e n t  o r  a t  a  l e v e l  a b o v e  1 0  m .  W h e n ,

a f t e r  t h e  d i s t u r b a n c e ,  t h e  s u r f a c e ,  w a r m  l a y e r  r e t u r n e d  t o  t h e  w e s t e r n  e n d ,  i t

d i d  s o  a s  a  w a r m  f r o n t  a r r i v i n g  a t  4 ,  3 ,  a n d  2  i n  s e q u e n c e ,  f o l l o w e d  b y  r e g u l a r

t h e r m o c l i n e  o s c i l l a t i o n s  a t  e a c h  o f  t h o s e  s t a t i o n s .  T h e  n o n - s i n u s o i d a l  f o r m

o f  t h e  t e m p e r a t u r e  ( a n d  c u r r e n t )  o s c i l l a t i o n s  a t  2  s u g g e s t s  t h a t  t h e  t h e r m o c l i n e

a t  t h e  w e s t e r n  e n d  w a s  a l s o  n a r r o w  a n d  n e a r  t h e  s u r f a c e  a t  t h a t  t i m e ,  a n d  t h a t

t h e  1 0  m  r e c o r d e r s ,  s i t u a t e d  j u s t  b e n e a t h  i t ,  c a m e  t o  l i e  a l t e r n a t e l y  i n  a n

u p p e r  l a y e r  w i t h  a c t i v e l y  r o t a t i n g  c u r r e n t s  a n d  t h e n  i n  a  l o w e r  l a y e r  w i t h  l i t t l e

c u r r e n t  a c t i v i t y .  I t  m a y  a l s o  b e  n o t e d  ( F i g .  4 1 )  t h a t ,  o v e r  t h e  i n t e r v a l  2 0 8  t o

2 1 1 ,  b o t h  t h e  c u r r e n t  a n d  t e m p e r a t u r e  o s c i l l a t i o n s  w e r e  a p p r o x i m a t e l y  o u t  o f

p h a s e  b e t w e e n  2  a n d  3 ,  a n d  t h a t  t h e  t e m p e r a t u r e  o s c i l l a t i o n  w a s  a l s o  n e a r l y  o u t

o f  p h a s e  b e t w e e n  3  a n d  4 .  B u t  t o  i n t e r p r e t  t h a t  b e h a v i o r  a s  t h e  s i g n a t u r e  o f  a

s e c o n d  c r o s s - b a s i n  P o i n c a r e  m o d e ,  f o r  e x a m p l e ,  d o e s  n o t  a p p e a r  t o  b e  r e a l i s t i c

s o  n e a r  t h e  e n d  o f  t h e  b a s i n .

5 . 4  E v i d e n c e  f o r  g e n e r a t i o n  o f  i n t e r n a l  s u r g e s  a n d  o f  a  s e c o n d  m o d e  P o i n c a r e -

t y p e  r e s p o n s e .

Records  f rom c ross -sec t ion  9  dur ing  the  same in te rva l  (203-216)  show tha t

a f t e r  t h e  e a s t g o i n g  w i n d  p u l s e s  o n  2 0 8 ,  t h e  b e s t  A P B  f i t  f o r  b o t h  c u r r e n t

a n d  t e m p e r a t u r e  o s c i l l a t i o n s  a t  1 0  a n d  t e m p e r a t u r e  o s c i l l a t i o n s  a t  1 6  i s  1 5 . 8

h  ( F i g .  4 3 ) ;  a n d  t h e  s a m e  p e r i o d i c i t y  i s  a l s o  a  g o o d  f i t  f o r  s t a t i o n  6  ( 6 / 2 0 3 -

2 1 6  A )  T h a t  p e r i o d  i s  c l o s e  t o  t h a t  c a l c u l a t e d  ( 1 6 . 0  h ,  F i g .  1 5 )  f o r  t h e

s e c o n d  P o i n c a r e  m o d e  i n  a  6 0  k m - w i d e  t w o - l a y e r e d  c h a n n e l  m o d e l  w i t h  d i m e n s i o n s

F igure  44 .  See  fo l l ow ing  page ,  100 .

P h a s e  r e l a t i o n s h i p s  b e t w e e n  c u r r e n t  a n d  t e m p e r a t u r e  r e c o r d s  f r o m  s t a -
t i o n s  5 5 ,  9 ,  1 0 ,  a n d  1 6 ,  J D  2 0 7  t o  2 1 5  ( 2 5  J u l y  t o  2  A u g u s t )  1 9 7 2 .
S m a l l  a r r o w s  i n d i c a t e  t r a n s i t  t i m e s  o f  v e s s e l  t r a n s e c t s  a s  e x p l a i n e d
i n  t h e  t e x t .  F o r  f u r t h e r  d e t a i l s  s e e  l e g e n d  o f  F i g .  3 4 .



Figure 44. Legend on previous page, 99.
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F ig .  45 .  Tempe ra tu re  d i s t r i bu t i ons  i n  c ross - sec t i on  9  (B raddock  P t .  t r ansec t s ,
Boyce and Mor t imer  1977)  on  JD 209,  27  Ju ly  1972.
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Fig.  Depth of  the 10° (mid-thermocl ine) isotherm dur ing successive t ransects
across cross-sect ion 9 (Braddock Pt .  to  Presqui le) ,  JD 209-210
( 2 7 - 2 8  1 9 7 2 .  i n d i c a t e s  p o s i t i o n s  o f  t e m p e r a t u r e  f r o n t s
( i n t e r n a l  t h e  n o r t h w a r d  p r o g r e s s i o n  o f  w h i c h  i s  d i s c u s s e d  i n
t h e  t e x t .
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and densities fitted to Lake Ontario conditions (C1 = 40 cm s-1). The evidence

f o r  a  c r o s s - c h a n n e l  b i m o d a l  i n  t h e  r e a l  l a k e  m a y  b e  s o u g h t  ( i )  i n  t h e

phase relationships between current and temperature records at 9, 10, and 16

(F ig.  and ( i i )  contemporary cross-channel  temperature st ructure d isc losed

by repeated transects with the towed, depth-undulating temperature recorder

(Boyce and Mort imer 1977).

The windy weather from 203 to 208 culminated in a strong eastgoing impulse

(stress >1.5 dyn cm-2 at 9) during the evening of 208. This produced a strong

downwell ing front at the southern end of sect ion 9 (Fig. 45a) which then propa-

gated northward as an internal  surge (Fig.  45b) in the manner descr ibed by

Mortimer (1977, see Figs. 53-57 there) modelled by Simons (1978) and discussed

i n  Sec t i on  2 .10 .  When  t he  su rge  passed  16 ,  a  l a rge  upsw ing  o f  t empe ra tu re  OC-

c u r r e d  t h e r e  a t  2 0  m  d e p t h  ( 1 6 / 2 0 9 ,  F i g .  4 4 ) .  F u r t h e r  p r o g r e s s  o f  t h e  s u r g e ,

and of  a  second one which fo l lowed 15 h la ter ,  can be fo l lowed in  F igures 46 and

4 7 .  ( T h e r e  a r e  a l s o  s i g n a l s ,  i n  F i g u r e s  4 5  a n d  4 6 ,  o f  a n  e a r l i e r  s u r g e  s e q u e n c e ,

s e e n  a t  3 2  a n d  3 9  k m  i n  t r a n s e c t s  1 0  a n d  1 1 ,  r e s p e c t i v e l y ,  a n d  p r o b a b l y  i n i t i -

ated by downwelling along the southern shore during the early hours of 208).

Figure 46 displays the depth variation of a mid-thermocline (10°C) isotherm

ac ross  t he  sec t i on  i n  t en  success i ve  t r ansec t s  ( no .  12  i ncomp le te  and  om i t t ed )

with the downwelling fronts and subsequent surges shown shaded. In Figure 47

are  p lo t ted  the  encounter  t imes and d is tances o f  the  surge f ront  f rom the S.

shore. The average rate of northward progress was 2.2 km h-¹, with an indica-

t i o n  ( b r o k e n  l i n e )  t h a t  t h e  f r o n t  t r a v e l s  s l o w e r  n e a r  s h o r e  a n d  f a s t e r  i n  d e e p

water. This is similar to the propagation speed (2.3 km h-1 of a later surge

(J.D. 223/4) previously described by Mortimer 1977. The time spacing (15 h)

b e t w e e n  t h e  f i r s t  s e c o n d  f r o n t o g e n e s i s  i s  t h e  s a m e  i n  b o t h  c a s e s .  I n  b o t h

cases,  a lso ,  the  eas tward  w ind s t ress  fe l l  to  low va lues  a f te r  the  in i t ia l
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F i g .  T i m e - d i s t a n c e  p l o t  s h o w i n g  n o r t h w a r d  o f  t h e  i n t e r n a l  s u r g e s
i l l u s t r a t e d  i n  F i g u r e  4 6 .  F o r  f u r t h e r  d e t a i l s ,  s e e  t e x t .



1 0 5

impulse had generated the downwelling front along the southern shore. The

surge responses must therefore be viewed as free oscil lations, but with con-

spicuous non-l inear wave features, discussed in Sect ion 2.10. These features

a r i se  because  the  amp l i t ude  o f  t he  i n i t i a l  nea rsho re  downsw ing  o f  t he  t he rmo-

c l i ne  i s  l a rge  compared  w i th  wa te r  dep th  the re .  The  resu l t  i s  genera t ion  o f  an

in ternal  surge or  so l i tary  wave,  which then propagates away f rom the shore.  In

the meant ime,  the thermocl ine cont inues to osc i l la te up and down wi th near-

iner t ia l  per iod ic i ty  and,  i f  the  next  downswing is  la rge enough,  a  second surge

i s  gene ra ted .

Turn ing  t o  c ross - sec t i on  11 ,  t he re  was  a l so  s t r ong  downwe l l i ng  a t  t he  S .

s h o r e  b e f o r e  m i d n i g h t  o n  2 0 8 ;  a n d  t h e r e a f t e r  t h e  A P B  f i t  w a s  a l s o  c l o s e  t o  1 6

h  ( s h o w n  f i t t e d  t o  1 6 . 5  h  i n  1 1 / 2 0 3 - 2 1 6  A )  b u t  n o  s t a b l e  p h a s e  r e l a t i o n s h i p s

deve loped  be tween  11  and  19  (o r  20 ) .  Howeve r ,  t he  cu r ren t  and  t empe ra tu re  osc i l -

l a t i o n s  a t  1 0  a n d  1 1  w e r e  a p p r o x i m a t e l y  i n  p h a s e  d u r i n g  2 0 8  t o  2 1 0 ;  b u t  t h e r e

i s  n o t  e n o u g h  e v i d e n c e  t o  c o n f i r m  o r  d e n y  o s c i l l a t o r y  c o h e r e n c e  b e t w e e n  s e c t i o n s

9  a n d  1 1 .  E x a m i n a t i o n  o f  t h e  c o r r e s p o n d i n g  t r a n s e c t  r u n s  a c r o s s  t h e  O s w e g o

sect ion (Boyce and Mort imer 1977,  pp.  234-242) d isc loses a st rongly "domed"

t h e r m o c l i n e  w i t h  o s c i l l a t i o n s  a b o u t  a  m i d - s e c t i o n  " n o d e , "  n o t  f u r t h e r  i d e n t i f i e d .

Examina t i on  o f  t r ansec ts  10  and  11  ( JD  209 ,  pp .  236 ,  237 )  a l so  revea l s  weak  ev i -

dence of a surge propagating northward at about 2 km h-superscript(1).

The in te rna l  surges ,  when they  occur ,  a re  super imposed on  la rger -sca le

cross-channel oscil lations. For example in cross-section 9, the wind impulse
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Fig. 48. Depth of the 10° (mid-thermocline) isotherm during selected pairs of
transects across cross-section 9 (Braddock Pt. to Presquile, from Boyce
and Mortimer 1977). Transect pairs were selected to coincide as closely
as possible with maxima and minima in thermocline elevation at stations
9 and 16  (see  F ig .  44) .
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on 208 and the ensuing south-shore downwel l ing (Fig.  45a) were fo l lowed by a near-

i n e r t i a l  c r o s s - b a s i n  o s c i l l a t i o n  o f  t h e  t h e r m o c l i n e  w h i c h  i s  i l l u s t r a t e d  i n

F igu re  48 .  I n  t ha t  f i gu re  the  c ross -bas in  t he rmoc l i ne  topog raphy  i s  rep re -

sented by 10°C isotherms taken from Braddock Pt. to Presqu'ile transects (ex-

amples in Fig. 45) covering the interval 209-210. The isotherms are displayed

for pairs of transects, selected so that one member of the pair coincides as

closely as possible with a peak in the temperature wave at 16 (transit times

shown in Fig. 44) and the other coincides with a trough. Selected in this

way, the transect pairs display a near-maximum swing of the thermocline and may

be expected to disclose the positions of nodes, if present. The average arched

shape of the thermocline, sloping upward toward north, changed litt le during

the two days here reviewed. Initially (transect Nos. 10 and 11) the topography

was dominated by downwelling and internal surge propagation. Later pairs dis-

c l o s e  t h e  o f  a  d i s t i n c t  n o d e  n e a r  2 5  k m ,  w h i c h  m o v e d  a  l i t t l e  t o  t h e

south as t ime progressed, occupying a posit ion well to the south of the uni- -

node later clearly identified in examples of first Poincare-type mode response.

The posi t ion of  node, label led S. b inode in Figure 48, and the evident

antiphase behavior of temperature oscillations at 10 and 16 in Figure 44,

provide strong evidence of second mode response; but the existence and posi-

t i o n  a  n o r t h e r n  b i n o d e  c a n n o t  b e  c l e a r l y  d e m o n s t r a t e d .

During the interval occupied by transects 14 to 20. (Figs. 44 and 48) the

temperature oscillations at 9 were weak but were approximately in phase with

those at  10,  consis tent  wi th  the presence of  a  b inode nor th of  9 .  (Contempor-

ary,  weak temperature osci l lat ions at  59 are too i r regular to sett le the

question.) But during the three days (211-213) which followed, 9 and 10 become

clearly out of phase in temperature; and this (with the persistence of 10/16

antiphase behavior) would be consistent with the development of a node south of

9 (e.g., near km) and the persistence of a node near 25 km. And, as already
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F i g u r e  4 9 .  V a r i a t i o n  i n  i s o t h e r m  d e p t h  i n  c r o s s - s e c t i o n  9 ,  J D  2 0 9 - 2 1 0  ( 2 7 - 2 8 )
Ju ly )  1972:  (a )  do ts  show depths  o f  the  12° ,  10° ,  and  8°  i so therms a t  the  t imes,

o f  v e s s e l  t r a n s i t  a t  t h e  f o l l o w i n g  d i s t a n c e s  f r o m  B r a d d o c k  P t .  1 0 ,  2 0 ,  3 0 ,  4 0
and 50 km; (b) isotherm depths interpolated from temperatures measured at 19
depths by a thermistor chain near station 9 (data by courtesy of Canada Centre
fo r  In land Waters) .  FP ind ica tes  passage o f  a  temperature  f ron t ,  descr ibed wi th
o t h e r  d e t a i l s  i n  t h e  t e x t .
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no ted ,  t he  16  h  pe r i od i c i t y  i n  t empera tu re  and  cu r ren t  r esponses  sugges ts  second

m o d e  d o m i n a n c e ;  b u t  t h e  p h a s e  r e l a t i o n s h i p s  o f  t h e  c u r r e n t s  d o  n o t  y i e l d  c o n -

c l u s i v e  e v i d e n c e  o f  t h i s .  I n  a  s e c o n d  m o d e  s t r u c t u r e ,  c u r r e n t s  a t  s t a t i o n s  9

and 16 would be in ant iphase. This may have been the case on 210 and 211 (see

t h e  3 0  m  r e c o r d s ,  F i g .  4 4 ) ,  b u t  t h e  c u r r e n t  o s c i l l a t i o n  a t  9  i s  t o o  w e a k  a n d

t o o  i r r e g u l a r  t o  y i e l d  a  c o n c l u s i o n .  I f  s t a t i o n  1 0  w a s  n e a r  t h e  c e n t r a l  a n t i -

node  in  a  b inoda l  sys tem,  cu r ren ts  the re  wou ld  be  weak  ( i n  fac t  t hey  were

strong) and, depending on which side of the ant inode stat ion 10 was located,

the  cur ren ts  a t  10  wou ld  be  ou t  o f  phase  w i th  those  a t  9  and  in  phase  w i th  those

a t  16 ,  o r  v i ce  ve rsa .  Bu t  a  c l ea r  p i c t u re  o f  cu r ren t  phases  does  no t  emerge

f r om  F igu re  44 .  I n  f ac t ,  t he  on l y  cons i s t en t  phase  re l a t i onsh ip  seen  t he re  i s

t he  10  m /30  m an t i phase  a t  s ta t i on  10 ,  i . e . ,  a  phase  change  ac ross  t he  t he rmo-

c l i n e  g e n e r a l l y  f o u n d  a t  a l l  s t a t i o n s .

Some add i t iona l ,  independent  ev idence is  p rov ided by  the  t ime-var ia t ion

o f  i so the rm dep th  a t  s ta t i on  9  du r i ng  209 -210 ,  i n te rpo la ted  f rom the rm is to r

cha in  records  (Boyce ,  persona l  commun ica t ion) .  Those  in te rpo la t ions  a re  p lo t -

ted in  F igure 49 (bot tom panel)  and compared there wi th isotherm-depth var ia-

t i o n s  a t  1 0  k m  i n t e r v a l s  a c r o s s  t h e  B r a d d o c k  P t .  c r o s s - s e c t i o n ,  a s  d e d u c e d  f r o m

success i ve  t ransec t  runs  (Nos .  9  t o  20 ) .  Apa r t  f r om dep th  abe r ra t i ons  caused

by passages of the internal surge front (examples marked FP), the oscillations

in isotherm depth (range about 4 m) display a fair f i t  with a 16 h wave and a

clear phase change between 20 and 30 km, consistent with the presence of a

n o d e  n e a r  2 5  k m .  T h e  o s c i l l a t i o n s  a t  1 0  a n d  2 0  k m  a r e  r o u g h l y  i n  p h a s e ,  a s  a r e

also the oscil lations at 30 and 40 km. The phase relationship between 40 and 50

km is less clear, and the interpolated isotherm depths at station 9 (54 km) show

a  b e t t e r  f i t  w i t h  t h e  t r a n s e c t  r e s u l t s  a t  4 0  k m  t h a n  a t  5 0  k m .  I n  o t h e r  w o r d s ,

the northern binode of the presumed binodal response cannot be unambiguously

i d e n t i f i e d  o r  l o c a t e d .



1 1 0

Figure 50. Composite diagram 9/217-230: wind components (wu) and (wv) at 9;
c u r r e n t  c o m p o n e n t  ( c v )  a n d  ( C )  a t  v a r i o u s  d e p t h s  a t
55, 9, 10, and 16. For further details see legend of Fig. 34.
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5.5 Responses before and after a severe storm on day 222 (9 August). .

A t  s t a t i o n s  2  a n d  3 ,  a  r e g u l a r  c u r r e n t  o s c i l l a t i o n  ( f i t t i n g  a  1 7  h  A P B )

was in  p rogress  be fo re  the  s to rm on  222  (2 /217-230  A)  The  tempera tu re  osc i l -

l a t i o n s  a t  2  a n d  4  a t  t h a t  t i m e  ( 2 1 7 - 2 2 1 )  w e r e  l e s s  r e g u l a r  o r  w e r e  i n t e r m i t t e n t ;

b u t  t h e  o s c i l l a t i o n  a t  s t a t i o n  3  w a s  d o m i n a t e d  b y  a  h i g h e r  f r e q u e n c y  c o m p o n e n t

( f i t t e d  t o  1 4 . 4  h  A P B  i n  2 / 2 1 7 - 2 3 0  A )  T h e  s t r o n g  w i n d  o n  2 2 2  l a s t e d  f o r

abou t  8  h  and ,  pe rhaps  as  expec ted ,  was  fo l l owed  by  s t rong  ine r t i a l  osc i l l a t i ons

i n  c u r r e n t  a n d  t e m p e r a t u r e  a t  3  a n d  a t  2  ( o n l y  3 0  m  r e c o r d s  a r e  a v a i l a b l e ) .  A l -

l ow ing  fo r  the  an t ic ipa ted  phase reversa l  be tween cur ren ts  a t  10  and 30  m,  the

r e c o r d s  s h o w  t h a t  c u r r e n t s  a t  2  a n d  3  ( l e s s  c l e a r l y  a t  4 )  w e r e  a p p r o x i m a t e l y  i n

phase and that the period was indistinguishable from inertial (APB 17.4 h). The

s a m e  h e l d  t r u e  f o r  t h e  t e m p e r a t u r e  o s c i l l a t i o n s .  S i m i l a r  i n e r t i a l  o s c i l l a t i o n s

in  both current  and temperature were a lso seen at  6 (6/217-230 A)  for  as long

a s  e i g h t  c y c l e s  a f t e r  t h e  s t o r m  a n d  a l s o  d u r i n g  t h e  e p i s o d e  b e f o r e  t h e  s t o r m .  A t

t h e  n e a r s h o r e  t o w e r  2 3 ,  h o w e v e r ,  t h e  b r i e f  e p i s o d e  o f  t e m p e r a t u r e  o s c i l l a t i o n

( 2 1 8 - 2 1 9 )  s h o w e d  a  b e t t e r  f i t  w i t h  a  s h o r t e r  p e r i o d .  T h e  g e n e r a l  c o n c l u s i o n  i s

t ha t  t he  222  w ind  impu lse  genera ted  p redominan t l y  i ne r t i a l  responses  a t  o f f sho re

s ta t ions  2 ,  3 ,  and 6  w i th  no  v is ib le  cont r ibu t ion  f rom who le-bas in  Po incare- type

m o t i o n .

O n  t h e  o t h e r  h a n d  i n  c r o s s - s e c t i o n  9 ,  a  d i s t i n c t l y  b e t t e r  f i t  t o  b o t h  c u r -

rent and temperature osci l lat ions is obtained with a 17 h APB (Fig. 50).

That  f igure  combines  the  records  f rom two ep isodes :  one  se t  o f  osc i l l a t ions

in i t ia ted by the shor t  southgoing wind pu lse dur ing the morn ing of  217 and per-

s i s t i n g  d e s t r o y e d  b y  s t r o n g  w i n d  o n  2 2 2 ;  a n d  a  s e c o n d  s e t  o f  o s c i l l a t i o n s

s e t  i n  m o t i o n  b y  t h e  2 2 2  s t o r m .  I n  b o t h  c a s e s ,  t h e  c u r r e n t  o s c i l l a t i o n s  a t  1 0

e x h i b i t  t h e  c h a r a c t e r  o f  a  d a m p e d  o s c i l l a t i o n .  H o w e v e r ,  i n  t h e  a b s e n c e  o f  s t r o n g

w i n d  a f t e r  t h e  s t o r m ,  t h e  d i m i n u t i o n  a n d  s u b s e q u e n t  g r o w t h  o f  c u r r e n t  a m p l i t u d e

at 10, 227-230, may have been partly the consequence of a "beat" between two or

more modes (see Fig. 20)



F i g u r e  5 1 .  L e g e n d  i d e n t i c a l  w i t h  t h a t  o f  F i g .  5 3  e x c e p t  f o r  i n t e r v a l  c o v e r e d
( 2 1 6  t o  2 2 3 ) .
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I n  a n y  c a s e ,  i t  w i l l  b e  h e l p f u l  t o  c o n s i d e r  t h e  t w o  e p i s o d e s  s e p a r a t e l y ,

s t a r t i n g  w i t h  F i g u r e  5 1 ,  i n  w h i c h  t h e  c u r r e n t  o s c i l l a t i o n  a t  1 0  w a s  v e r y  r e g u l a r

w i t h  a  a v e r a g e  A P B  o f  1 7  h .  S e v e n  c y c l e s  c o v e r e d  t h e  i n t e r v a l  2 1 8  t o  2 2 2 ,  a t

w h i c h  p o i n t  t h e r e  w a s  a  m a r k e d  i n c r e a s e  i n  a m p l i t u d e  ( p r o d u c e d  b y  t h e  s t o r m  p e a k

i n  t h e  l a t e  h o u r s  o f  2 2 2 )  w i t h  l i t t l e  c h a n g e  i n  p h a s e .  T h e  c o n t e m p o r a r y  c u r r e n t

o s c i l l a t i o n s  a t  9  a n d  1 6  w e r e  l e s s  r e g u l a r ,  b u t  g e n e r a l l y  i n  p h a s e  w i t h  t h o s e  a t

1 0 .  T e m p e r a t u r e  o s c i l l a t i o n s ,  l e s s  r e g u l a r  t h a n  t h o s e  o f  t h e  c u r r e n t s ,  a l s o  f i t

a 17.0 h APB, wi th 9 and 10 approximately in phase and wi th 10 and 16 c lear ly

out of phase. Those interstat ion phase relat ionships for current and tempera-

ture, and the 17.0 h average period, are all consistent with a cross-basin inter-

n a l  s e i c h e  o f  t h e  f i r s t  m o d e .  T h i s  c o n c l u s i o n  i s  a l s o  s u p p o r t e d  b y  t h e  t r a n s e c t -

deduced isotherm-depth variations at 10 km intervals along cross-section, compared

(in Fig. 52) with isotherm-depth oscillations interpolated from thermistor chain

records at 9. Figure 52 discloses that an osci l lat ion of about 17 h period and

3 m range was nearly in phase at 10, 20, and 30 km, that there was a phase reversal

b e t w e e n  3 0  a n d  4 0  k m ,  a n d  t h a t  t h e  1 7  h  o s c i l l a t i o n  w a s  a g a i n  n e a r l y  i n  p h a s e  a t

40 50 km, and at  the thermistor  chain recorder  at  s tat ion 9 (54 km) This

s t ruc ture  and the  good f i t  to  a  17 h  APB (except  fo r  the  obv ious  dev ia t ions

a t t r i b u t a b l e  t o  F P )  i s  a l s o  c o n s i s t e n t  w i t h  a  c r o s s - b a s i n  f i r s t  m o d e

response a node between 30 and 40 km, presumed to be a little south of 10,

b e c a u s e  o f  t h e  t e m p e r a t u r e - p h a s e  a t  9  a n d  1 0  ( F i g .  5 1 ) .

But the picture changed after the 222 storm. Although a 17.0 h APB re-

mains  the  bes t  f i t  to  the  succeed ing  ep isode (F ig .  53)  the  cur ren t  osc i l la t ion

a t  1 0  ( a n d  e v e n  m o r e  s o  a t  9 )  w a s  l e s s  r e g u l a r  t h a n  b e f o r e  t h e  s t o r m ;  t h e

temperature oscillations at 9 and 10 became nearly out of phase (whereas they

were in phase before the storm). Unfortunately, the record for 16 is missing

e x c e p t  2 2 9 / 3 0 ,  a t  w h i c h  t i m e  F i g .  t o  b e  o u t  o f  p h a s e  w i t h  t h e

r e c o r d  f r o m  I t  t h e r e f o r e ,  t h a t  t h e  2 2 2  s t o r m  b r o u g h t  a b o u t  a  l a r g e
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F igure  52 .  Legend  iden t i ca l  w i th  tha t  o f  F ig .  49  excep t  fo r  i n te rva l  covered
( 220 -222 ) .
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F i g u r e  5 3 .  P h a s e  r e l a t i o n s h i p s  b e t w e e n  c u r r e n t  a n d  t e m p e r a t u r e  r e c o r d s  f r o m
s t a t i o n s  9 ,  1 0 ,  a n d  1 6 ,  J D  2 2 3  t o  2 3 0  ( 1 0  t o  1 7  A u g . )  1 9 7 2 .  S m a l l,

a r r o w s  i n d i c a t e  t r a n s i t  t i m e s  o f  v e s s e l  t r a n s e c t s  a s  e x p l a i n e d  i n
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Figure 54. Legend identical with that of Fig. 49 except that the interval
covered is 222 to 224. This figure overlaps and extends Fig. 52.
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enough change in  mean condi t ions ( thermocl ine deepening,  presence of  pers is tent

d o w n w e l l i n g  z o n e  a l o n g  t h e  s o u t h e r n  s h o r e )  t o  c a u s e  t h e  n o d e  o f  t h e  p r e d o m i n a n t -

l y  f i r s t  m o d e  o s c i l l a t i o n  t o  s h i f t  t o  t h e  n o r t h  o f  s t a t i o n  1 0 ,  t h u s  b r i n g i n g

t h e  t e m p e r a t u r e  o s c i l l a t i o n s  a t  9  a n d  1 0  i n t o  a n  o u t - o f - p h a s e  r e l a t i o n s h i p .  E v i -

d e n c e  f o r  a  s m a l l  n o r t h w a r d  s h i f t  o f  t h e  n o d e  d u r i n g  2 2 3 - 2 2 4 ,  b r i n g i n g  i t  n o r t h

of 10,  is  seen in later  Figure 55,  in which cross-basin distr ibut ions of  the 10°C

i s o t h e r m  a r e  i l l u s t r a t e d  f o r  s e l e c t e d  B r a d d o c k  P t .  t r a n s e c t  p a i r s  ( t r a n s i t  t i m e s

shown  i n  F ig .  53 )  t imed  to  show the  max imum excu rs ions  o f  t he  t he rmoc l i ne  t opo -

g r a p h y .  H o w e v e r ,  t o o  m u c h  r e l i a n c e  c a n n o t  b e  p l a c e d  o n  t h a t  f i g u r e ,  b e c a u s e

t h e r m o c l i n e  s t r u c t u r e  w a s  o b v i o u s l y  m u c h  p e r t u r b e d  b y  t h e  p r o g r e s s i o n  o f  t h e

in terna l  surge sequences descr ibed in  Mor t imer  (1977) .

E v i d e n c e  f o r  a  l a r g e  c h a n g e  i n  i n t e r n a l  w a v e  d y n a m i c s  a f t e r  t h e  2 2 2  s t o r m

i s  con ta ined  i n  F igu re  54 ,  wh i ch  i s  a  con t i nua t i on  o f  F igu re  52  w i th  some ove r -

l a p .  W h e r e a s  b e f o r e  t h e  s t o r m  ( F i g .  5 2 )  t h e  p i c t u r e  w a s  o n e  o f  a  u n i n o d a l  s t a n d -

i n g  w a v e  w i t h  a  n o d e  s i t u a t e d  b e t w e e n  3 0  a n d  4 0  k m ,  t h e  o s c i l l a t i o n  a f t e r  t h e

s t o r m  h a s  t h e  c h a r a c t e r  o f  a  w a v e  ( s t i l l  o f  1 7  h  p e r i o d )  p r o g r e s s i n g  f r o m  s o u t h

to north at a speed of roughly 5 km h-1 between 20 and 50 km, i.e., across that

p a r t  o f  t h e  c r o s s - s e c t i o n  w h i c h  l i e s  o u t s i d e  t h e  s t r o n g l y  d o w n w e l l i n g - p e r t u r b e d

r e g i o n  w i t h i n  1 5  k m  o f  t h e  s o u t h e r n  s h o r e .  T h a t  r a t e  o f  p r o g r e s s  i s  s l o w e r  t h a n

t ha t  ca l cu la ted  f o r  a  p rog ress i ve  i n te rna l  Po inca re  wave  f i t t ed  t o  t he  d imens ions

a n d  d e n s i t y  d i s t r i b u t i o n  i n  t h e  s e c t i o n ,  b u t  i s  ( i t  m a y  b e  n o t e d )  o v e r  t h r e e

t i m e s  f a s t e r  t h a n  c a l c u l a t e d  f r o m  e q u a t i o n s  ( 6  o r  1 6 )  a n d  a  l i t t l e  m o r e  t h a n

t w i c e  a s  f a s t  a s  t h e  s p e e d  o f  p r o g r e s s  o f  t h e  i n t e r n a l  s u r g e s  d e s c r i b e d  e a r l i e r .

F i g u r e  m a y  p e r h a p s  t h e r e f o r e  b e  t a k e n  t o  r e p r e s e n t  i n t i a l  a n d  t r a n s i t i o n

s t a g e s  g e n e r a t i o n  o f  a  w h o l e - b a s i n  P o i n c a r e - t y p e  r e s p o n s e  t o  t h e  s t o r m ,

s ta r t i ng  w i t h  a  downwe l l i ng /upwe l l i ng  even t ,  i n  wh i ch  t he  downwe l l i ng  mo t i on  i s

t h e  s t r o n g e r  ( s e e  F i g .  6  i n  M o r t i m e r  1 9 7 7 )  f o l l o w e d  b y  a  c r o s s - c h a n n e l  i n t e r n a l

progress ive  wave  pa i r  (o f  wh ich  the  nor thgo ing  member  i s  the  s t ronger )  wh ich  w i l l
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Figure 55. Depth of the 10° (mid-thermocline) isotherm during successive tran-
sects across cross-section 9 (Braddock Pt. to Presqu'ile), JD 272-
224 (9-11 Aug. )  1972.
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l a t e r  c o m b i n e  t o  f o r m  a  s t a n d i n g  w a v e  p a t t e r n .  I t  i s  u n f o r t u n a t e  t h a t  t h e  t r a n -

s e c t  c r u i s e s  d i d  n o t  c o n t i n u e  l o n g  e n o u g h  t o  a l l o w  F i g s .  5 4  a n d  5 5 )  t o  c o n f i r m  a n d

d i s p l a y  t h e  t r a n s i t i o n  d u r i n g  t h i s  p a r t i c u l a r  e p i s o d e ;  b u t  a  c l e a r e r  e x a m p l e  w i l l

b e  s h o w n  l a t e r  o f  a n  e p i s o d e  w i t h  u n i n o d a l  s e i c h e  d o m i n a n c e  ( S e p t .  3 0  t o  6  O c t . ,

s e e  s e c t i o n  5 . 8 ) .  F i g u r e  5 5  a l s o  d i s p l a y s  t h e  p e r s i s t e n c e  o f  d o w n w e l l i n g  i n

t h e  s o u t h e r n  1 5  k m - w i d e  p a r t  o f  t h e  c r o s s - s e c t i o n .  T h a t  p e r s i s t e n c e  s i g n a l s  t h e

presence  o f  a  s t rong  eas t -go ing  cu r ren t  i n  app rox ima te  geos t roph i c  ba lance .

M o t i o n s  i n  t h e  d o w n w e l l i n g  z o n e  m a k e  i t  d i f f i c u l t  t o  o b s e r v e  t h e  c r o s s - b a s i n

o s c i l l a t i o n  t h e r e .  T h a t  o s c i l l a t i o n  i s  b e s t  s e e n  i n  t h e  c e n t r a l  p a r t  o f  t h e

s e c t i o n  i n c l u d i n g  t h e  p r e s u m e d  u n i n o d e  n e a r  s t a t i o n  1 0 .

W h e r e a s  t h e  d o m i n a n c e  o f  a  f i r s t  m o d e  r e s p o n s e  h a s  b e e n  e s t a b l i s h e d  i n

c r o s s - s e c t i o n  9  w i t h  c e r t a i n t y  f o r  t h e  i n t e r v a l  2 1 7 - 2 2 2  a n d  w i t h  f a i r  p r o b a b i l -

i t y  f o r  t h e  i n t e r v a l  2 2 3 - 2 2 9 ,  s u c h  d o m i n a n c e  i s  n o t  v i s i b l e  i n  o t h e r  c r o s s -

s e c t i o n s .  I n  c r o s s - s e c t i o n  2 ,  a s  a l r e a d y  n o t e d ,  t h e  s t r o n g  a n d  p e r s i s t e n t  c u r -

r e n t  o s c i l l a t i o n  a t  3  c o u l d  n o t  b e  d i s t i n g u i s h e d  i n  p e r i o d  f r o m  i n e r t i a l ;  a n d  i n

c r o s s - s e c t i o n  6  t h e  s a m e  w a s  t r u e  f o r  c u r r e n t  o s c i l l a t i o n s  a t  s t a t i o n  6  d u r i n g

b o t h  i n t e r v a l s ,  a l t h o u g h  f o r  a  s h o r t  i n t e r v a l  ( 2 1 7 - 2 1 9 )  t h e  t e m p e r a t u r e  o s c i l -

l a t i o n s  a t  t h a t  s t a t i o n  w e r e  o f  d i s t i n c t l y  s h o r t e r  p e r i o d  ( 1 6  h )  a n d  a p p a r e n t l y

i n  an t iphase  w i th  osc i l l a t ions  o f  s im i la r  per iod  a t  23  (6 /217-230  A) .  .

T h e  i n t e r v a l  2 1 7  t o  2 3 0  w a s  m a r k e d  i n  c r o s s - s e c t i o n  1 1  b y  a  b e s t  f i t  t o

a  17 .0  h  APB  (11 /217 -230  A ) ,  bu t  w i t h  much  l ess  r egu la r  osc i l l a t i ons  i n  cu r -

r e n t  a n d  t e m p e r a t u r e  t h a n  i n  c r o s s - s e c t i o n  9 .  P e r s i s t e n t  t e m p e r a t u r e  a n t i p h a s e

b e t w e e n  1 1  a n d  2 0  ( o r  2 1 )  - -  e x p e c t e d  i f  a  u n i n o d a l  i n t e r n a l  s e i c h e  h a d  d o m i n -

a t e d  t h e  s e c t i o n  - -  w a s  n o t  o b s e r v e d .  W e  m u s t  c o n c l u d e  t h e r e f o r e  t h a t ,  i f  t h e

c l e a r  f i r s t  m o d e  r e s p o n s e  i n  s e c t i o n  9  w a s  t h e  e x p r e s s i o n  o f  a  w h o l e - b a s i n

o s c i l l a t i o n ,  i t s  s i g n a l s  w e r e  m a s k e d  e l s e w h e r e  b y  o t h e r  m o t i o n s ,  i n c l u d i n g  s t r o n g

i n e r t i a l  m o t i o n s  i n  c u r r e n t s  a t  3  a n d  6 .
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Figure 56. Composite 2/240-253: wind components (wu) and (wv) at 2;
current component (CV) and temperature (C) at various depths at 2,
3, and 4 (further details in legend of Fig. 34).
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5.6 Mixed responses dur ing a month (231-259) of  moderate,  var iable wind.

The in te rva l  231-259  i s  marked  by  a  se r ies  o f  b r ie f  and  o f ten  in te r rup ted

r esponses  o f t en  assoc ia ted  w i t h  i r r egu la r  osc i l l a t i ons  t o  wh i ch  pe r i od - f i t t i ng

i s  o f  d o u b t f u l  v a l u e .  I n  s u c h  c a s e s  1 7 . 4  h  l i n e s  w e r e  d r a w n ,  i n t e n d e d  m o r e  a s

a  g u i d e  t o  t h e  e y e  t h a n  t o  s u g g e s t  t h a t  a n  i n e r t i a l  o s c i l l a t i o n  w a s ,  i n  f a c t ,

i n  I n  m a n y  c a s e s ,  t h e  t e m p e r a t u r e  o s c i l l a t i o n s  w e r e  o b v i o u s l y  o f

s h o r t e r  p e r i o d  t h a n  t h e  c u r r e n t  o s c i l l a t i o n s .  A l t h o u g h  t h e  2 3 1 - 2 5 9  i n t e r v a l  c o n -

t a ins  no  c lea r  examp le  o f  dominance  o f  a  pa r t i cu la r  mode ,  some ep isodes  mer i t

b r i e f  d e s c r i p t i o n  t o  d e m o n s t r a t e  t h e  v a r i a b i l i t y  e n c o u n t e r e d .  F o r  f u r t h e r  d e -

t a i l s ,  t h e  d i a g r a m s  i n  t h e  a p p e n d i x  m a y  b e  c o n s u l t e d .

In  c ross -sec t ion  2  the  in te rva l  231-259  was  marked  by  ca lm weather  and  by

w e a k  b u t  r e g u l a r  i n e r t i a l  o s c i l l a t i o n s  i n  c u r r e n t  a t  s t a t i o n  3  w i t h  v a r i a t i o n  i n

ampl i tude reminiscent of  a beat phenomenon (2/231-239 A) .  Currents were general-

l y  e v e n  w e a k e r  a t  s t a t i o n  4 .  T e m p e r a t u r e  o s c i l l a t i o n s  a t  s t a t i o n  3  ( a n d  a t  4 )

e x h i b i t e d  a  p e r i o d i c i t y  d i s t i n c t l y  s h o r t e r  t h a n  i n e r t i a l .  A f t e r  t h r e e  w i n d y

days (239-241, westgoing wind veering to eastgoing) the current osci l lat ions at

2 showed a bet ter  f i t  w i th  16 h,  whi le  the temperature osc i l la t ions (qui te  s t rong

at 3) were irregular and generally of period shorter than 16 h (2/240-253, Fig. 56).

T h e  s a m e  f i g u r e  d i s p l a y s  a  m o r e  r e g u l a r  a n d  m o r e  c r o s s - s e c t i o n - c o h e r e n t  o s c i l -

la t ion dur ing and af ter  three windy days (247-249) .  Current  osc i l la t ions f i t t ing

a 16  h  per iod  were  in  phase  a t  2 ,  3 ,  and  4 ;  and  tempera tu re  osc i l l a t ions  (o f

s l i gh t l y  sho r te r  o r  i r r egu la r  pe r i od )  we re  gene ra l l y  nea r l y  ou t  o f  phase  be tween

3 and  4  and  somet imes  near ly  in  phase  be tween 2  and  3 .  No  o ther  in fo rmat ion  i s

ava i l ab le  to  de te rm ine  whe the r  t h i s  osc i l l a t i on  m igh t  be  a  s igna l  f r om a  pa r t i cu -

lar  Poincare-type mode ( the second cross-basin mode?);  but  i t  should be noted that

t h e  c o n t e m p o r a r y  c u r r e n t  o s c i l l a t i o n  a t  6  ( 6 / 2 4 0 - 2 5 3  A )  c o u l d  n o t  b e  d i s t i n -

g u i s h e d  i n  p e r i o d  f r o m  1 7 . 4  h ,  i . e . ,  d i s t i n c t l y  l o n g e r  t h a n  t h e  a v e r a g e  p e r i o d s
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Figure Station 6, JD 253-258 (9-14 Sept.) 1972): (upper portion), , tempera-
ture fluctuations (°C scale inverted) at three depths at station 6;
and (lower portion) isotherm depth fluctuations interpolated from
tempera ture  measurements  a t  19  depths  a t  a  thermis to r  cha in  near
station 6. The thermistor chain data were supplied by the Canada
C e n t r e  f o r  I n l a n d  W a t e r s .  T h e  r e c o r d s  a r e  f i t t e d  t o  1 5 . 8  h  A P B
(arrows), and P indicates a phase change during JD 225.
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a t  t h e  w e s t e r n  s t a t i o n s .  A n o t h e r  s h o r t  e p i s o d e  o f  r e l a t i v e l y  c o h e r e n t  o s c i l l a -

t i o n  o c c u r r e d  i n  c r o s s - s e c t i o n  2  a f t e r  a  w i n d  i m p u l s e  o n  2 5 4  ( s e e  2 / 2 5 4 - 2 5 8 ,

p l o t t e d  o n  t h e  s a m e  s h e e t  a s  2 / 2 3 1 - 2 3 9  A )  b u t  i n  t h i s  c a s e  a  p h a s e  d i f f e r e n c e

w a s  m a i n t a i n e d  b e t w e e n  3  a n d  4  a n d  t h e  A P B  f i t  i s  1 7  h .  T h e  t e m p e r a t u r e

osc i l la t ions  (15 .8  h  APB)  were  regu la r  and ou t  phase a t  2  and 3 ;  those  a t

4  w e r e  l e s s  r e g u l a r .

Turn ing  now to  c ross-sec t ion  6  (6 /231-244 A)  the  p ic tu re  is  one o f  i r regu-

l a r i t y  in  bo th  cur rent  and tempera ture  osc i l la t ions .  For  example ,  the  per iod  o f

t h e  c u r r e n t  o s c i l l a t i o n  a t  s t a t i o n  6  i n  t h a t  f i g u r e  w a s  i n i t i a l l y  c l o s e  t o  i n e r t i -

al, but becomes distinctly shorter after 234. There was no conspicuous change in

w i n d  t o  e x p l a i n  t h i s .  I n  t h e  s u c c e e d i n g  f i g u r e  ( 6 / 2 4 5 - 2 5 8  A )  a  s h o r t  b u r s t  o f

near - iner t ia l  cu r ren t  osc i l l a t ion  was  assoc ia ted  w i th  sou thgo ing  w ind  on  247 /8

and later disturbed by a wind pulse centered on midnight 249/50. Fol lowing that

pulse,  a longer ser ies (9 cycles)  of  iner t ia l  current  osci l la t ion ensued,  not

much perturbed by southgoing wind on 253. Temperature oscillations showed some

c o h e r e n c e  w i t h  t h e  i n e r t i a l  c u r r e n t  a t  6  f o r  f o u r  d a y s  ( 2 5 1 - 2 5 4 ) ,  b u t  b e c a m e

irregular and of much shorter average period. No regular oscillations occurred

at 5 or 13. An independent check on the temperature record at station 6 is pro- -

vided by Figure 57, which displays isotherm depths for the interval 253 to 258,

interpolated by the Canada Centre for Inland Waters from thermistor chain records

a t  a  s t a t i o n  n e a r  6 .  P l o t t e d  o n  a n  i n v e r t e d  t e m p e r a t u r e  s c a l e  f o r  c o m p a r i s o n

are the contemporary temperature records at three depths at stat ion 6. The

temperature peaks (pointing downward) correspond generally, as expected, with the

isotherm troughs, although with a small ,  unexplained t ime dif ference of about two

hours  (c lock er ror?) .  The i r regu lar  in terna l  waves i l lus t ra ted in  F igure 57 are

asymmetric with peaks and narrow troughs (higher harmonics present?), their

average period is 15.8 h with a phase change during 255, and their amplitudes are



Figure 58. Legend as in Fig. 57, but for temperature at 9 and 16 and isotherm
d e p t h s  ( t h e r m i s t o r  r e c o r d s )  a t  9  a n d  1 0 .
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sma l l  compared  w i th  those  seen  a f te r  s t ronger  w ind  pu lses ,  as  desc r ibed  in  the

f o l l o w i n g  s e c t i o n ,  5 . 7 .

I n  c r o s s - s e c t i o n  9 ,  t h e  p r e v i o u s  d o m i n a n c e  o f  a  1 7  h  c u r r e n t  o s c i l l a t i o n

a t  ( s e t  i n  m o t i o n  b y  t h e  2 2 2  s t o r m )  g a v e  w a y  a f t e r  2 3 1  t o  a  d i s t i n c t l y  s h o r t e r

p e r i o d i c i t y  ( f i t t e d  t o  1 5 . 8  h  i n  9 / 2 1 7 - 2 4 0  A  a n d  t o  1 6 . 5  h  i n  9 / 2 3 0 - 2 4 9  A ,  t h e

l a t t e r  p r e s e n t e d  o n  t w o  s h e e t s ) .  B u t  o n l y  t h e  c u r r e n t s  a t  1 0  s h o w e d  t h i s  r e g u l a r -

i t y .  C u r r e n t  o s c i l l a t i o n s  a t  s t a t i o n s  9  a n d  1 6  a n d  t e m p e r a t u r e  o s c i l l a t i o n s

a t  a l l  s t a t i o n s  w e r e  g e n e r a l l y  i r r e g u l a r .  T h e  s t r o n g  w i n d  o n  2 4 1  h a d  t h e  e f f e c t

of  damping  down ex is t ing  osc i l l a t ions  ra ther  than  genera t ing  new ones ,  a l though

s o m e  l a r g e  t e m p e r a t u r e  o s c i l l a t i o n s  p e r s i s t e d  a t  s t a t i o n  1 6  w i t h  a  m e a n  p e r i o d i -

c i t y ,  a f t e r  t h e  s t o r m ,  o f  1 5 . 8  h  a n d  g e n e r a l l y  o u t  o f  p h a s e  w i t h  t e m p e r a t u r e

o s c i l l a t i o n s  a t  9 .

A f t e r  t h e  w i n d  p u l s e  o n  2 5 0 ,  t h e  r e s p o n s e  w a s  a g a i n  a  m i x e d  o n e  ( 9 / 2 5 0 -

2 6 3  A )  T h e r e  w a s  a  v e r y  s h o r t  b u r s t  ( 3  c y c l e s )  o f  a  n e a r - 1 6  h  o s c i l l a t i o n  i n

c u r r e n t  a t  5 5 ,  5 9 ,  a n d  9  ( i n  p h a s e )  b u t  l i t t l e  i n  c u r r e n t  e l s e w h e r e  a n d  o n l y

v e r y  i r r e g u l a r  t e m p e r a t u r e  f l u c t u a t i o n s .  A f t e r  s o u t h g o i n g  w i n d  o n  2 5 3 ,  a  s h o r t

b u r s t  o f  i n e r t i a l  o s c i l l a t i o n  i n  c u r r e n t s  w a s  s e e n  a t  5 5 ,  5 9 ,  9 ,  a n d  ( i n  a  s c r a p

o f  r e c o r d )  a t  1 6 ,  a l l  n e a r l y  i n  p h a s e  a n d  f i t t e d  i n  t h a t  f i g u r e  t o  a  1 7 . 4  h

p e r i o d .  D u r i n g  t h e  s h o r t  i n t e r v a l  2 5 4 - 2 5 7  t h e r e  w a s  s o m e  e v i d e n c e  o f  a  t e m p e r a -

t u r e  o s c i l l a t i o n  a t  9 ,  i n i t i a l l y  c o h e r e n t  w i t h  t h e  c u r r e n t  a n d  g e n e r a l l y  o u t  o f

p h a s e  w i t h  a  m o r e  r e g u l a r  s e r i e s  o f  o s c i l l a t i o n s  a t  1 6 ,  w h i c h  i n  t u r n  w e r e  n e a r -

l y  i n  p h a s e  w i t h  t e m p e r a t u r e  w a v e s  a t  t h e  n e a r s h o r e  t o w e r ,  2 6 .  T h e  c o h e r e n c e  o f

cur ren ts  and  the  phase  oppos i t i on  be tween  9  and  16 /26  (see  upper  po r t i on  o f  F ig .

5 8 )  a r e  c o n s i s t e n t  w i t h  f i r s t  m o d e  c r o s s - c h a n n e l  r e s p o n s e ,  f o r  w h i c h  t h e  a n t i c i -

p a t e d  p e r i o d  w o u l d  b e  1 6 . 9 5  h ,  i . e . ,  n e a r l y  1 7  h ;  b u t  f o r  s o  s h o r t  a n  e p i s o d e

( 2 5 4  t o  2 5 7 )  t h e r e  i s  l i t t l e  t o  c h o o s e  i n  p e r i o d - f i t  b e t w e e n  1 7 . 4  a n d  1 7 . 0  h .
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Independent  ev idence is  aga in  p rov ided by  thermis to r  cha in  records  (F ig .

58) in which a fair ly regular 17.0 h osci l lat ion in isotherm depth is seen at  10,

a p p r o x i m a t e l y  i n  p h a s e  w i t h  a  m u c h  l e s s  r e g u l a r  o s c i l l a t i o n  a t  9 .  T h e r e  i s  a l s o

ev idence  a t  bo th  s ta t i ons  o f  a  doub le - f requency  componen t  o f  abou t  8  h  pe r i od .

Temperature peaks at 9 (generally broader than the troughs) approximately coin-

c ide ,  as  expec ted ,  w i th  i so therm t roughs ;  and  the  9 /16  tempera tu re  an t iphase

(d isp layed for  th is  253-258 interval  in  9/250-263 A) coupled wi th approximate

phase  co inc idence  in  tempera tu re  be tween  9  and  10 ,  and  an  average  per iod  o f  17

h ,  c o m b i n e  t o  s u g g e s t  t h e  d o m i n a n c e  o f  a  c r o s s - b a s i n  u n i n o d a l  o s c i l l a t i o n  w i t h

t h e  n o d e  s o u t h  o f  1 0 .

I n  c r o s s - s e c t i o n  1 1  t h e  e f f e c t  o f  a  s e r i e s  o f  w i n d  i m p u l s e s  f o l l o w i n g

e a c h  o t h e r  w i t h  a  f e w  i n t e r v e n i n g  c a l m  s p e l l s ,  i s  c l e a r l y  s e e n  ( F i g . 5 9 )  T h e

2 4 1 / 2  s t o r m  g e n e r a t e d  a  s h o r t  b u r s t  o f  i n e r t i a l  o s c i l l a t i o n  a t  s t a t i o n  1 1  ( s e e n

i n  t e m p e r a t u r e  a s  w e l l  a s  c u r r e n t  a n d  w i t h  t e m p e r a t u r e  a n t i p h a s e  b e t w e e n  1 1  a n d

1 9 )  w h i c h  w a s  d e s t r o y e d  b y  t h e  2 4 8 / 9  s t o r m ,  t o  b e  f o l l o w e d  b y  s i x  c y c l e s  o f

shorter period (fitted to APB 15.8 h) in which 11 and 19 were again generally out

o f  p h a s e .  T h e  a m p l i t u d e  o f  t h e  1 5 . 8  h  c u r r e n t  o s c i l l a t i o n  d e c r e a s e d  a f t e r  w i n d

o n  2 5 3  ( b e a t  e f f e c t ? )  b u t  p i c k e d  u p  a g a i n  f o r  f i v e  c y c l e s  ( 2 5 6 - 2 5 9 )  t o  b e  a g a i n

d i s t u r b e d  b y  a  w i n d  i m p u l s e  o n  2 6 0 .  A l s o ,  i n  t h e  e a r l i e r  f i g u r e  f o r  c r o s s -

sect ion 11 (11/230-243 A,  which preceeds F igure 59)  the responses were mixed.

Af te r  w ind  on  230 /1  the re  was  no  marked  cu r ren t  response  a t  11 ,  bu t  a  t empera -

t u r e  o s c i l l a t i o n  o f  s h o r t  p e r i o d  ( f i t t e d  t o  A P B  1 4 . 4  h )  a p p e a r e d  a t  2 0 ;  a n d  t h e

t e m p e r a t u r e  a t  1 1  s h o w e d  i r r e g u l a r  f l u c t a t i o n s  w i t h  a n  e v e n  s h o r t e r  m e a n

p e r i o d .

The month  (231-25,  18 Aug.  to  15 Sept . )  rev iewed in  th is  sect ion may be

taken as  an example  o f  mixed responses to  mixed mid-summer  w ind reg imes.  The

au tumna l  sequence ,  now to  be  rev iewed ,  was  marked  by  s t ronger ,  more  i so la ted

s to rms  wh i ch  evoked  c l ea re r  l ake  responses .
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Figure 60. Composite 2/259-272: wind component (wu) and (wv) at 2;
current component (CV) and temperature (°C) at various depths at 2,
3 ,  a n d  4 .  d e t a i l s  i n  l e g e n d  o f  F i g .  3 4 .
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Figure  61.  Phase compar isons between the  NS components  o f  cur rent  (CV)  and
t e m p e r a t u r e  a t  v a r i o u s  d e p t h s  a t  s t a t i o n s  4  a n d  5 ,  J D  2 6 5 - 2 7 2
(21-28 Sept . )  1972.  For  fur ther  deta i ls ,  inc lud ing explanat ion of
t h e  w i n d  r e c o r d ,  s e e  l e g e n d  o f  F i g .  3 4 .



Figure 62. Legend on facing page 131.
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5 . 7  E x p l o r a t i o n  o f  t h e  o s c i l l a t i o n  s t r u c t u r e s  o b s e r v e d  d u r i n g  a  f i v e - d a y

ep isode fo l low ing  a  w ind  impu lse  on  266 (22  September ) .

Fol lowing the same cross-sect ion sequence as before --  2,  6,  9,  and 11 --

we  f i nd  t ha t  w ind  impu l ses  on  260  and  261  gene ra ted  no  r egu la r  osc i l l a t i ons  a t

any stations in cross-section 2 (Fig. 60) but, after a long westgoing wind pulse

on 264, near- inert ia l  osci l lat ion in current began at 3 which, af ter a short  but

strong southgoing wind pulse on 266, changed into a regular osci l lat ion of mean

period 16.5 h which lasted for eight cycles during the calmer days (267-271)

wh ich  f o l l owed .  A t  s ta t i on  4  (F ig .  61 )  howeve r ,  15 .8  h  APB i s  a  c l ose r  f i t  t o

both current and temperature records, whi le at stat ion 5, dotted vert ical l ines

s u g g e s t  a  b e t t e r  f i t .

Figure 62 extends the comparison of current oscil lations at all stations

f r om wh ich  reco rds  were  ava i l ab le  a t  t ha t  t ime .  A t  t he  beg inn ing  o f  t he  ep i sode

(day 267) the currents were not far from an in-phase condit ion at al l  stations,

although close inspection reveals a general clockwise progression of the peaks

5, 6, 9, and 11 covering an interval of about 6 h. The current at 30 m depth at

s ta t i on  11  ( shown  as  a  b roken  l i ne )  was  unusua l l y  s t rong ,  d i sp lay ing  an  amp l i -

t u d e  n o t  m u c h  l e s s  t h a n  t h a t  a t  1 0  m .  D u r i n g  t h e  e a r l y  p a r t  o f  t h e  e p i s o d e ,

the 10 m and 30 m currents  were near ly  out  o f  phase,  which is  the usual  pat tern.

L a t e r  t h e y  c a m e  n e a r l y  i n t o  p h a s e .

Of  in te res t  fo r  the  p resen t  ana lys is  i s  the  overa l l  pa t te rn  in  phase  re la -

t ionships between the current  osci l la t ions at  var ious stat ions i l lustrated in

F i g u r e  e p i s o d e  w e s t e r n  g r o u p ,  2 ,  3 ,  4 ,  b e c a m e  m o r e

Figure 62, on facing page 130.

Phase comparisons between the NS components of current (cv) at vari-
ous  dep ths  a t  s ta t i ons  2 ,  3 ,  4 ,  5 ,  6 ,  8 ,  9 ,  11 ,  and  20 ,  JD  265 -272
( 2 1 - 2 8  S e p t . )  1 9 7 2 .  F o r  f u r t h e r  d e t a i l s  a n d  e x p l a n a t i o n  o f  t h e  w i n d
r e c o r d ,  s e e  l e g e n d  t o  F i g .  3 4 .
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F igu re  (a )  Su r face  tempera tu re  ( °C ,  ART su rvey ,  I rbe  and  M i l l s  1976)  JD
265 (21 Sept.) 1972; (b) temperature at 15 and 30 m, station 6,
a n d  a t  2 0  s t a t i o n  1 3 ;  ( c )  i s o t h e r m  d e p t h  f l u c t u a t i o n s  n e a r  s t a -
t ion 6.  Port ions (b)  and (c)  occupy the 266-270 (22-26 Sept . )
i n t e r va l .  Da ta  i n  ( c )  we re  supp l i ed  by  t he  Canada  Cen t re  f o r  I n l and
W a t e r s .  A n  A P B  o f  1 7 . 0  h  i s  f i t t e d  t o  ( b )  a n d  ( c )  i n  w h i c h  s i x
cyc les  occupy  the  i n te rva l  OB.  Comparab le  i n te rva l s  f o r  APB 16 .5
a n d  1 7 . 4  h  O A  a n d  O C ,  r e s p e c t i v e l y .



1 3 3

and more out  o f  phase wi th  s ta t ions e lsewhere in  the bas in ,  in  accordance wi th

the respect ive average per iod bands 16.5 and 17.0 h.  (The current  record f rom 20,

f rom wh ich  l i t t le  can be  learned,  i s  inc luded fo r  comple teness  and because the

t e m p e r a t u r e  r e c o r d  f r o m  t h a t  s t a t i o n  i s  t h e  s u b j e c t  o f  l a t e r  d i s c u s s i o n . )  T h e

fac t  tha t  the  o ther  (non-western)  s ta t ions ,  as  w ide ly  separa ted  as  5 ,  6 ,  9 ,  and

11, maintained a regular per iodici ty of  17 h and were nearly in phase dur ing most

o f  th i s  ep i sode  i s  cons i s ten t  w i th  the  p resence  o f  a  s t rong  componen t  o f  c ross -

b a s i n  f i r s t - m o d e  o s c i l l a t i o n  i n  a l l  t h e  w e s t e r n  e x t r e m i t y  o f  t h e  b a s i n ,

w h i c h  i s  a l s o  s u g g e s t e d  b y  t h e  f o l l o w i n g  a n a l y s i s  o f  t h e  t e m p e r a t u r e  r e c o r d s .

The over f l igh t  on  265 wi th  a  rad ia t ion  thermometer  measur ing  sur face

temperature disclosed (Fig. 63a) that west-going wind on the previous day had

produced a  nar row but  ex tens ive  band o f  upwel l ing  a long the  southern  shore  (see

a l s o  t h e  d i p  i n  t e m p e r a t u r e  r e c o r d s  a t  t h e  s o u t h s h o r e  t o w e r  2 3  i n  F i g .  6 4 )  .  T h e

r e g u l a r i t y  o f  t h e  s u b s e q u e n t  o s c i l l a t i o n  a n d  i t s  g o o d  f i t  t o  A P B  1 7 . 0  h  a r e  i l -  -

l u s t r a t e d  f o r  c r o s s - s e c t i o n  6  i n  F i g u r e s  6 3  a n d  6 4  a n d  f o r  c r o s s - s e c t i o n  9  i n  l a t e r

F i g u r e  6 6 .  H o w e v e r ,  a  c l o s e r  l o o k  ( i n  F i g .  6 5 )  a t  t h e  w e s t e r n  g r o u p  o f  s t a t i o n s

( w h i c h  w e r e  f i t t e d  t o  a  c o m m o n  A P B  o f  1 6 . 5  h  i n  F i g .  6 0 )  r e v e a l s  t h a t  b e t t e r  i n d i -

v i d u a l  f i t s  a r e  t o  A P B  1 7 . 0 ,  1 4 . 4  h  a n d  1 5 . 8  h  f o r  s t a t i o n s  2 ,  3  a n d  4 ,  r e s p e c t i v e l y .

T h i s  r e s u l t  s u g g e s t s  t h a t ,  w h i l e  s i g n a l s  f r o m  t h e  1 s t - m o d e  o s c i l l a t i o n

w e r e  s t r o n g  a t  m a n y  o t h e r  s t a t i o n s ,  h i g h e r  m o d e s  ( s e c o n d  a n d  t h i r d ? )  w e r e  a l s o

e x c i t e d ,  a n d  t h a t  s t a t i o n s  3  a n d  4  w e r e  l o c a t e d  i n  r e g i o n s  i n  w h i c h  t h e  h i g h e r

m o d e  r e s p o n s e  w a s  l a r g e  w h i l e  t h e  r e s p o n s e  t o  t h e  f i r s t  m o d e  w a s  r e l a t i v e l y  s m a l l .

Obv ious l y ,  t he  i n t e rp l ay  be tween  s ta t i on  pos i t i on  and  t he  d i f f e ren t  mode  s t r uc tu res

i s  a n  i m p o r t a n t  f a c t o r  i n  t h e  a n a l y s i s .  A t  a l l  t h e  n o n - w e s t e r n  s t a t i o n s  t h e  1 7 . 0

1 7  h  A P B  i s  t h e  b e s t  f i t .  F o r  e x a m p l e  a t  s t a t i o n  6  ( F i g s .  6 3 c  a n d  6 4 )  a n  A P B  o f

1 7 . 0  h  i s  c l e a r l y  a  b e t t e r  f i t  ( s i x  c y c l e s  d u r i n g  t h e  i n t e r v a l  O B )  t h a n  a r e  e i t h e r

1 6 . 5  h  ( O A )  o r  1 7 . 4  h  ( O C ) .  T h e  i s o t h e r m - d e p t h  o s c i l l a t i o n s  i n  6 3 c  e x h i b i t  a n

asymmetry between broad peaks and narrow troughs. The lat ter  general ly correspond,
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2  a n d  ( w o )  a t  6 ;F igu re  64 .  Compos i te  d iag ram 6 /259 -272 :  w ind  componen ts  (wu )  2
c u r r e n t  c o m p o n e n t  t e m p e r a t u r e  a t  v a r i o u s  d e p t h s  a t
5 ,  6 ,  1 3 ,  a n d  2 3  ( f u r t h e r  d e t a i l s  i n  l e g e n d  o f  F i g .  3 4 ) .



2"



Figure 66. . Fluctuations in isotherm depth at stations 9 and 10, JD 255-270 (22-
26  Sep t . )  1972 ,  i n t e rpo la ted  f r om  the rm is to r  cha in  r eco rds  a t  19
depths (supplied by Canada Centre for Inland Waters) and compared
w i t h  t e m p e r a t u r e  f l u c t u a t i o n s  ( u p p e r  p o r t i o n )  a t  s t a t i o n s  9  a n d  1 6 .
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as expected, with temperature peaks at 30 m depth at 6 (not shown on an inverted

temperature scale in this case) although, as in Figure 57, the temperature peaks

in 63b appear to lag behind the isotherm troughs in 63c by one or two hours with

no obv ious  exp lana t ion .  For  th ree  cyc les  dur ing  267-268  there  i s  a  c lea r

antiphase relationship between the temperature oscil lations at 6 and 13, at op-

p o s i t e  e n d s  o f  t h e  c r o s s - s e c t i o n .  U n f o r t u n a t e l y  n o  r e c o r d s  a r e  a v a i l a b l e  f r o m

s t a t i o n  1 2  f o r  t h i s  i n t e r v a l ,  o r  i n d e e d  f o r  o f  t h e  y e a r .

A s imi lar  c ross-channel  ant iphase re la t ionsh ip  in  temperature  is  seen in

cross-section 9 between stations 9 and 16 (Fig. 66, and 9/260-273 A) , and again

t h e  t e m p e r a t u r e  p e a k s  a t  9  c o r r e s p o n d  c l o s e l y  i n  t i m e  w i t h  t h e  i s o t h e r m  t r o u g h s

a t  t h e  n e a r b y  t h e r m i s t o r  c h a i n .  A  1 7 . 0  p e r i o d  i s  m a r k e d  i n  t h a t  f i g u r e ,  a l t h o u g h

p e r h a p s  a  s l i g h t l y  s h o r t e r  p e r i o d  ( 1 6 . 6  h )  w o u l d  h a v e  b e e n  a  b e t t e r  f i t .  T h e

a s y m m e t r y  o f  t h e  i s o t h e r m  o s c i l l a t i o n  i s  e v e n  m o r e  m a r k e d  a t  t h e r m i s t o r  c h a i n  9

t h a n  a t  6 ,  a n d  t h e  t r o u g h s  a r e  n o t  f o u n d  a t  t h e  m i d - p o i n t  i n  t i m e  b e t w e e n  t h e

c r e s t s .  T h e  t h e r m i s t o r  c h a i n  r e c o r d  a t  s t a t i o n  1 0  i s  p a r t i c u l a r l y  i n t e r e s t i n g .

I f ,  a s  t h e  9 / 1 6  a n t i p h a s e  a n d  t h e  n e a r - 1 7  h  A P B  a t  t h e  t o p  o f  F i g u r e  6 6

s u g g e s t s ,  a  f i r s t - m o d e  c r o s s - c h a n n e l  o s c i l l a t i o n  w a s  i n  p r o g r e s s ,  s t a t i o n  1 0

w o u l d  b e  c l o s e  t o  t h e  n o d e ,  a s  n o t e d  e a r l i e r .  T h e  f i r s t  r e s p o n s e  a t  1 0  t o  w i n d

f o r c i n g  o n  2 6 6  a p p e a r s  t o  h a v e  b e e n  ( i )  a  s i n g l e  c y c l e  o f  o s c i l l a t i o n  o f  a b o u t

1 7  h  p e r i o d ,  f o l l o w e d  b y  ( i i )  f i v e  c y c l e s  o f  s h o r t e r  w a v e s  o f  a p p r o x i m a t e l y  8  h

pe r i od .  I n  ( i )  we  may  be  see ing  t he  i n i t i a l  p rog ress i ve -wave  response  t o  t he  w ind

impu lse  (sugges ted  ear l ie r  in  connec t ion  w i th  F ig .  54)  wh ich  la te r ,  th rough

r e f l ec t i on  and  i n t e rac t i on  w i t h  t he  oppos i t e  sho re  wou ld  gene ra te  t he  c ross -

c h a n n e l  s t a n d i n g  w a v e  p a t t e r n .  T h a t  p a t t e r n  m a y  n o t  h a v e  b e e n  c o n s p i c u o u s  a t

1 0  b e c a u s e  o f  t h e  c l o s e  p r o x i m i t y  o f  t h e  n o d e  t o  t h a t  s t a t i o n ,  t h u s  p e r m i t t i n g

t h e  8  h  o r  d o u b l e  i n e r t i a l  f r e q u e n c y  c o m p o n e n t  ( o f t e n  s e e n  i n  s p e c t r a ,  f o r  e x -

a m p l e  i n  F i g s .  1 8 ,  2 7 ,  a n d  3 6  i n  M a r m o r i n o  a n d  M o r t i m e r  1 9 7 8 )  t o  b e c o m e  v i s i b l e .

T h i s  8  h  s i g n a l  i s  n o t  t o  b e  i n t e r p r e t e d  a s  a  h i g h e r  m o d e  o f  t h e  P o i n c a r e - t y p e

r e s p o n s e .  i t  r e v e a l s  t h e  n o n - l i n e a r  f e a t u r e s  o f  t h e  l a r g e s t  a m p l i t u d e
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P o i n c a r e  m o d e  p r e s e n t ,  t a k e n  t o  b e  t h e  f i r s t  m o d e  i n  t h i s  e p i s o d e .

I n  c r o s s - s e c t i o n  1 1 ,  t h e  p i c t u r e  i s  n o t  c l e a r  ( 1 1 / 2 6 1 - 2 8 0  A )  .  T h e  w i n d

h i s t o r y  t h e r e  d i f f e r e d  s o m e w h a t  f r o m  t h a t  i n  o t h e r  s e c t i o n s  ( n o t e  t h e  s t r o n g

n o r t h g o i n g  w i n d  o n  2 6 8 ,  n o t  s e e n  a t  2 )  T e m p e r a t u r e  r e c o r d s  f r o m  1 1  a n d  2 0  a r e

reproduced in  F igure  67 ,  wh ich  assembles  records  f rom a l l  those s ta t ions  (except

2 ,  6 ,  a n d  9  w h i c h  w e r e  p o r t r a y e d  i n  p r e v i o u s  f i g u r e s )  w h i c h  s h o w  e v i d e n c e  o f  a

nea r -17  h  osc i l l a t o r y  componen t .  The  265 /6  reco rd  a t  s ta t i on  20  d i sp lays  sho r t -

p e r i o d  o s c i l l a t i o n s ,  w h i c h  l a t e r  g a v e  w a y  t o  t h r e e  n e a r - 1 7  h  c y c l e s .  T h a t

r eco rd  ceased  on  269 .  The  reco rd  a t  s ta t i on  19  was  i r r egu la r  ( 11 /261 -280  A )  bu t

i s  s h o w n  d o t t e d  i n  F i g u r e  6 7  f o r  c o m p a r i s o n  w i t h  s t a t i o n  1 1 .  I f  t h e  o s c i l l a t i o n s

on 269/70 are taken as weak evidence of a 17 h component at 19, the corresponding

l a g  w i t h  r e s p e c t  t o  1 1  i s  a b o u t  2  h .

A l t h o u g h  t h e  t e m p e r a t u r e  o s c i l l a t i o n s  d i s p l a y e d  i n  F i g u r e  6 7  a r e  l e s s

r e g u l a r  t h a n  t h o s e  o f  t h e  c u r r e n t s  i n  F i g u r e  6 2 ,  t h e i r  p e a k s  m a t c h  a  1 7  h  p e r i o d

fa i r l y  c lose ly  over  the  3 -day  in te rva l  267-269 ,  a l though  the  t im ing  o f  those  peaks

d i f f e r s  f r o m  s t a t i o n  t o  s t a t i o n .  O f  i n t e r e s t  i s  t h e  c o m p a r i s o n  b e t w e e n  r e c o r d s

a t  s t a t i o n s  5  a n d  1 3 ,  o b t a i n e d  f r o m  i n s t r u m e n t s  m o o r e d  w i t h i n  1  k m  o f  e a c h  o t h e r

and installed and processed independently by a Canadian (CCIW) and a U.S. agency

(NOAA) .  The  s im i l a r i t y  be tween  t he  10  m  and  15  m  reco rds  f r om those  two  s ta t i ons

i s  s a t i s f a c t o r i l y  c l o s e .  W i t h i n  t h e  a c c u r a c y  o f  t h e  p e r i o d  f i t ,  t h e y  a r e  i n

p h a s e ,  a  p o i n t  t o  b e  n o t e d  l a t e r .  A  s h o r t  p o r t i o n  o f  r e c o r d  f r o m  a  n e a r s h o r e

i ns t rumented  tower  s ta t ion ,  23 ,  ins ta l led  to  the  sou th  o f  s ta t ions  13  and  5 ,  p ro -

v i d e s  e v i d e n c e  o f  c o a s t a l  u p w e l l i n g  o n  2 6 5 ;  a n d  a l t h o u g h  t h e  r e c o r d  i s  s h o r t ,

t he  app rox ima te  f i t  o f  a  17  h  APB to  the  peaks  sugges ts  t ha t  t he  osc i l l a t i on  a t

23  l agged  beh ind  tha t  a t  s ta t i ons  13  and  5  by  abou t  two  hou rs .

Figure  67 .  See  fac ing  page ,  138 .

Phase comparisons of temperature records from stations 13 and nearby
5 and from stations 11, 19, 20, and 23, JD 265-271 (21-27 Sept.) 1972.
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Figure 68. Legend on facing page, 141.
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5 . 8  T h e  r e s p o n s e s ,  i n  v a r i o u s  r e g i o n s  o f  t h e  b a s i n ,  t o  a  w i n d  i m p u l s e  o n  2 7 4

(30 September)  deduced f rom stat ion and t ransect  compar isons.

T h e  n e x t  s p e l l  o f  w i n d y  w e a t h e r  a r r i v e d  o n  2 7 2  ( a n  e a s t g o i n g  p u l s e )  a n d

c o n t i n u e d  c h a n g e a b l e  d u r i n g  2 7 3 .  T h e n  a  s t r o n g ,  v e r y  s h o r t  s o u t h g o i n g  p u l s e

a r r i v e d  a t  a b o u t  m i d - d a y  o n  2 7 4  f o l l o w e d  t h a t  a f t e r n o o n  b y  a n o t h e r  s h o r t  e a s t -

go ing  pu lse  la te r  tha t  day  (F ig .  68) .  I t  so  happened tha t  274  was  the  day  on

w h i c h  m a n y  o f  t h e  m o o r e d  i n s t r u m e n t s  w e r e  r e p l a c e d ,  r e s u l t i n g  i n  a  g a p  i n  d a t a

( i n c l u d i n g  w i n d )  f o r  t h a t  d a y  a t  m a n y  s t a t i o n s .  T h e  N S  c o m p o n e n t s  ( c v )  o f  c u r -

r e n t  r e c o r d s  f r o m  a l l  s t a t i o n s  s h o w i n g  d i s t i n c t  o s c i l l a t i o n s  d u r i n g  t h e  e n s u i n g

e p i s o d e  o f  w e a k  w i n d s ,  2 7 5 - 2 8 0 ,  a r e  a s s e m b l e d  i n  t h e  u p p e r  m a i n  p o r t i o n  o f  F i g u r e

6 8  a n d  f i t t e d  t o  1 6 . 5  h  A P B  i n t e r v a l s  c e n t e r e d  o n  t h e  p e a k s  a t  s t a t i o n  9 .

T h i s  p e r i o d  i s  a  g o o d  f i t  a t  9  a n d  a  r e a s o n a b l y  g o o d  f i t  e l s e w h e r e ,  a l t h o u g h

e v i d e n t l y  a  s l i g h t  u n d e r e s t i m a t e  f o r  s o m e  s t a t i o n s ,  5  f o r  e x a m p l e .  B u t  i t  s h o u l d

a l s o  b e  n o t e d  t h a t  t h e  t e m p e r a t u r e  r e c o r d  a t  3 0  m  d e p t h  a t  s t a t i o n  9  w a s  a  r e -

m a r k a b l y  c l o s e  f i t  t o  a  1 7 . 0  A P B  ( 9 / 2 7 4 - 2 8 7  A ) .  T h i s  f i t  i s  i l l u s t r a t e d  i n

t h e  b o t t o m  p a n e l  o f  F i g u r e  6 8 ,  i n  w h i c h  t h a t  t e m p e r a t u r e  r e c o r d  i s  c o m p a r e d  w i t h

t h e  c u r r e n t  r e c o r d  a t  1 5  m ,  s u p e r i m p o s e d  a s  a  b r o k e n  l i n e .  T h i s  i s  a  r a r e

e x a m p l e  i n  w h i c h  t h e  p e r i o d i c i t y  o f  t h e  c u r r e n t  o s c i l l a t i o n  i s  a p p a r e n t l y  s l i g h t -

l y  l e s s  t h a n  t h a t  i n  t e m p e r a t u r e .  T h e  p h a s e  p r o g r e s s i o n  o f  t h e  c u r r e n t  o s c i l l a -

t i ons  (an  eas tward  p rogress ion  5 ,  6 ,  8 ,  9  spann ing  approx imate ly  3  h )  in  F igure

68  i s  s im i l a r  t o  t ha t  seen  du r i ng  t he  p rev i ous  ep i sode  (F i g .  62 ) .  Bu t ,  whe reas

t he  phases  o f  s t a t i ons  3  and  11  f e l l  i n t o  t he  same  sequence  i n  F i gu re  62 ,  du r i ng

t h e  e p i s o d e  t h e y  d i d  n o t  f i t ;  s t a t i o n  1 1  f o r  e x a m p l e  s h o w e d  a  3  o r  4  h

l e a d  o v e r  9 .

Figure 68. See facing page, 140.

Phase compar isons  be tween near -shore  NS cur ren t  components  (cv )  a t
s t a t i o n s  3 ,  5 ,  5 ,  8 ,  9 ,  1 1  a n d  1 4 ,  J D  2 7 5 - 2 8 0  ( 3 0  S e p t .  t o  6  O c t . )
1 9 7 2 .  F u r t h e r  d e t a i l s ,  w i t h  e x p l a n a t i o n  o f  t h e  w i n d  r e c o r d ,  a r e
f o u n d  i n  t h e  l e g e n d  o f  F i g .  3 4 .  I n  t h e  b o t t o m  p a n e l  C V  a t  1 5  m  i s
c o m p a r e d  w i t h  t e m p e r a t u r e  a t  3 0  m ,  b o t h  a t  s t a t i o n  9 .
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F i g u r e  6 9 .  L e g e n d  a s  f o r  F i g .  6 8 ,  b u t  r e l a t i n g  t o  c u r r e n t  a n d  t e m p e r a t u r e  r e -
c o r d s  a t  v a r i o u s  d e p t h s  f r o m  s t a t i o n s  2 ,  3 ,  4 ,  a n d  5 .
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T h e  d i f f e r e n c e  b e t w e e n  t h e  b e h a v i o r  o f  c u r r e n t s  i n  t h e  e n d  r e g i o n s  a n d  t h e

pa t te rns  seen  i n  t he  ma in  body  o f  t he  bas in  i s  pa ra l l e led  by  d i f f e rences  i n  t he

pat te rns  tempera ture .  In  c ross-sec t ions  6  and 9 ,  the  w ind impu lse  on 274 was

fo l lowed by  fa i r l y  regu lar  osc i l la t ions .  These pers is ted  w i th  an APB near  17 h

for  ten cyc les dur ing a week of  weak winds,  unt i l  a  f resh d is turbance on 281 was

f o l l o w e d  b y  t h e  m o s t  v i o l e n t  s t o r m  o f  t h e  s t r a t i f i e d  s e a s o n  o n  2 8 2 - 3 .  A t  t h e

western end of the basin, however, the stations in group 2, 3, and 4 showed only

minor  responses dur ing  th is  ep isode o f  very  weak winds (F ig .  69)  Sta t ions

f u r t h e r  e a s t ,  a s  w e  h a v e  s e e n  i n  p r e v i o u s  f i g u r e s  a n d  c a n  s e e  i n  t h e  r e c o r d

a t  F igu re  69 ,  responded  much  more  ac t i ve ly  to  the  w ind  impu lse  on  274 .

W h y  t h e  a t  2 ,  3 ,  a n d  4  w a s  s o  w e a k  i s  n o t  e v i d e n t .  P e r h a p s  t h e  a n s w e r

l i e s  i n  h o r i z t o n a l  i n h o m o g e n e i t y  i n  w i n d  s t r e s s ,  i m p o s s i b l e  t o  c o n f i r m  b e c a u s e

274 was the day on which many inst ruments were rep laced.  Because of  the smal l

a m p l i t u d e s  i n  c u r r e n t  a n d  t e m p e r a t u r e  o s c i l l a t i o n s  a t  2 ,  3 ,  a n d  4 ,  p e r i o d - f i t -

t i ng  i s  un re l i ab le .  A l l  t ha t  can  be  conc luded  f r om F igu re  69  i s  t ha t  17  h  i s  a

f a i r l y  g o o d  f i t  t o  t h e  c u r r e n t  o s c i l l a t i o n  a t  s t a t i o n  3  a n d  t o  t h e  c u r r e n t  a n d

t e m p e r a t u r e  o s c i l l a t i o n  a t  s t a t i o n  5 .

T h e  c o m p l e x i t y  o f  t h e  r e s p o n s e s  a t  t h e  e a s t e r n  e n d  o f  t h e  b a s i n ,  i n  c r o s s -

s e c t i o n  1 1 ,  w i l l  b e  d e s c r i b e d  i n  s u b s e q u e n t  p a r a g r a p h s  a n d  i n  P a r t  I I  o f  t h i s

repor t .  Here  we examine br ie f ly  the  s impler  p ic ture  seen in  c ross-sect ions  6  and

9 ,  de fe r r ing  more  de ta i l ed  ana lys i s  o f  tha t  p i c tu re  to  Par t  11 .  I t  was  fo r tuna te

t h a t  t h e  2 7 6 - 2 8 0  e p i s o d e  c o i n c i d e d  w i t h  t e m p e r a t u r e  t r a n s e c t  c r u i s e s ,  s h u t t l i n g

t o - a n d - f r o  a c r o s s  c r o s s - s e c t i o n s  6 ,  9 ,  a n d  1 1 .  T e m p e r a t u r e  r e c o r d s  f r o m  t h e

m o o r e d  s t a t i o n s  c a n  t h e r e f o r e  b e  c o m p a r e d  w i t h  c r o s s - b a s i n  i s o t h e r m  s t r u c t u r e s .

S u c h  c o m p a r i s o n s  w i l l  b e  i l l u s t r a t e d  i n  P a r t  I I  b y  m e a n s  o f  f i g u r e s  s i m i l a r  t o

e a r l i e r  F i g u r e s  4 9 ,  5 2 ,  a n d  5 5 ,  i n  w h i c h  i s o t h e r m  d e p t h s  a r e  p l o t t e d  a t  t r a n s e c t -

i n t e r s e c t  t i m e s  a t  s e v e r a l  s e l e c t e d  d i s t a n c e s  a c r o s s  t h e  s e c t i o n .
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F igure  70 .  Legend  on  fac ing  page  145 .
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In  the  case o f  c ross-sec t ion  6  dur ing  the  276-280 ep isode,  undu la tory  t rends

were  ev iden t  and  can  be  approx imate ly  f i t ted  to  a  17  h  s inuso id ,  con forming  to

t h e  1 7 . 0  h  A P B  f i t t e d  t o  c u r r e n t  a n d  t e m p e r a t u r e  o s c i l l a t i o n s  a t  s t a t i o n s  6

a n d  1 3  i n  6 / 2 7 6 - 2 9 0  A .  T h i s  c o n f o r m i t y  j u s t i f i e s  t h e  a t t e m p t  ( i n  P a r t  I I )  t o

ass ign  an  approx imate  phase s t ruc tu re  e lsewhere  in  the  c ross-sec t ion  ( i .e . ,  a t

po in ts  o the r  than  6  and  13) .

When groups of 10° isotherms, taken to represent mid-thermocl ine levels

i n  t he  t r ansec t s  ac ross  c ross - sec t i on  6 ,  a re  p l o t t ed  as  i n  F i gu re  70  ev i dence

o f  a  u n i n o d a l  c r o s s - b a s i n  i n t e r n a l  s e i c h e  a p p e a r s .  T h i s  i s  s u p e r i m p o s e d  u p o n  a

st rong ly  arched thermoc l ine  topography wi th  downwel l ing  near  both  the N and S

s h o r e s .  T h e  m i d - s e c t i o n  c r o s s o v e r  p o i n t s ,  i n d i c a t i n g  t h e  r e g i o n  o f  t h e  p r e s u m e d

n o d e ,  l a y  c l o s e  t o  2 5  k m  d u r i n g  t h e  f i r s t  e i g h t  t r a n s e c t s  b u t  w e r e  l e s s  c l e a r l y

d e f i n e d  d u r i n g  l a t e r  t r a n s e c t s .

A  s i m i l a r  t r a n s e c t - i s o t h e r m  f i g u r e  f o r  t h i s  e p i s o d e  w a s  p u b l i s h e d  f o r

c ross -sec t i on  9  i n  Mor t ime r  (1977 ,  F ig .  18 ) .  I n  t ha t  c ross -sec t i on  t he  un inoda l

cross-bas in  se iche s t ruc ture ,  cor responding to  the 17 h  osc i l la t ion seen in

9/274-287 A,  was c lear ly  ev ident  and w i l l  be  t rea ted  more  ex tens ive ly  in  Par t

I I  o f  the  present  repor t .  Some fea tures  were  descr ibed in  Mor t imer  (1977,  F igs .

4 7 , 4 8 ) .

Figure  70 .  See fac ing  page 144.

Depth of the 10° (mid-thermocline) isotherm during selected pairs
of transects across cross-section 6 (Braddock Pt. to Presqu'ile),
from Boyce and Mortimer 1977; an extended version of Fig. 21 in
Mortimer 1977). Transect pairs were selected to coincide as closely
as  poss ib le  w i th  max ima and  m in ima  in  the rmoc l ine  e leva t ion  a t
s t a t i o n s  6  a n d  1 3  ( s e e  6 / 2 7 6 - 2 9 0  A ) .



Figure  71 .  .  Legend on  fac ing  page,  147 .
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A t  t h e  e a s t e r n  e n d  o f  t h e  b a s i n ,  i n  c r o s s - s e c t i o n  1 1 ,  t h e  2 7 5  t o  2 8 0  i n t e r -

v a l  w a s  m a r k e d  b y  a  f a i r l y  r e g u l a r ,  d e c a y i n g  o s c i l l a t i o n  o f  1 6 . 5  h  A P B  i n  c u r -

r e n t  r o t a t i o n  a t  s t a t i o n  1 1 ,  b u t  w i t h  n o  r e g u l a r  c u r r e n t  r o t a t i o n s  a t  t h e  o t h e r

stat ions (11/261-280 A) .  .  The temperature records were even less regular  and show-

e d  e v i d e n c e  o f  p e r i o d i c i t i e s  d i s t i n c t l y  s h o r t e r  t h a n  t h e  u n m i s t a k a b l e  1 7  h

o s c i l l a t i o n  d o m i n a n t  i n  c r o s s - s e c t i o n s  6  a n d  9 .  A  1 4 . 4  h  A P B  w a s  f i t t e d  i n

11 /261-280  A ;  bu t  c loser  inspec t ion  ( in  F ig .  71 )  o f  tempera tu re  records  f rom

c r o s s - s e c t i o n  1 1  ( s t a t i o n s  1 1 ,  1 9 ,  a n d  2 0 )  a n d  f r o m  s t a t i o n  2 1  s h o w  t h a t ,  i n

s p i t e  o f  t h e  i r r e g u l a r i t y ,  a  1 4 . 4  h  A P B  c a n  b e  f i t t e d  t o  p o r t i o n s  o f  t h e  r e c o r d

a t  1 1  a n d  2 1 ,  w h i l e  1 5 . 8  h  i s  a  b e t t e r  f i t  t o  m o s t  o f  t h e  r e c o r d  a t  1 9 .  T h e

r e c o r d  a t  2 0  i s  t o o  f r a g m e n t a r y  a n d  i r r e g u l a r  f o r  a  r e l i a b l e  p e r i o d  f i t ,  b u t

1 5 . 8  a n d  1 7  h  i n t e r v a l s  a r e  s h o w n  i n  F i g u r e  7 1  F u r t h e r  e v i d e n c e  o f  l a c k  o f

r e g u l a r i t y  a n d  i n t e r - s t a t i o n  c o h e r e n c e  i n  c r o s s - s e c t i o n  1 1  d u r i n g  t h i s  e p i s o d e

i s  i l l u s t r a t e d  i n  P a r t  I I  o f  t h i s  r e p o r t  b y  m e a n s  o f  a  f i g u r e  s i m i l a r  t o  p r e v i o u s

f igures 49,  52,  and 54,  d isp lay ing isotherm depths at  se lected t rans i t  po in ts

a c r o s s  t h e  s e c t i o n .  C o h e r e n c e  o r  l a c k  o f  i t  b e t w e e n  c r o s s - s e c t i o n s  w i l l  a l s o

b e  d i s c u s s e d  m o r e  f u l l y  i n  P a r t  I I .

F igu re  71 .  See  f ac i ng  page ,  146 .

Phase comparisons of temperature records from stations 11, 19, 20
and 21,  JD 275 to  280 (1  to  6  Oct . )  )  1972.
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Figure 72. Composite diagram 2/277-290: wind components (wu) and (wv) at 3;
current component (cv) and temperature (C) at various depths at 2,
3, and 4 (further details in legend of Fig. 34).
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5 . 9  E v e n t s  d u r i n g  t h e  b r e a k d o w n  o f  s t r a t i f i c a t i o n .

I n  t h e  w e s t e r n m o s t  c r o s s - s e c t i o n  t h e r e  w a s  l i t t l e  a c t i v i t y  d u r i n g  t h e

prev ious ly  descr ibed ep isode (276-280,  F ig .  72) ;  but  a  southgoing wind on 281

succeeded by a s t rong eastgo ing two-day s torm (282/3)  generated s t rong current

a n d  t e m p e r a t u r e  o s c i l l a t i o n s  a t  s t a t i o n  3  a n d  l e s s  c o n s p i c u o u s  b u t  e q u a l l y

p e r s i s t e n t  c u r r e n t  o s c i l l a t i o n s  a t  4 .  T h a t  s t o r m  m i x e d  t h e  u p p e r  l a y e r  t o

g rea te r  dep ths  ove r  t he  who le  bas in ,  f o r  examp le ,  t o  be low  30  m  a t  s t a t i on  4

a n d  t o  n e a r  3 0  m  a t  s t a t i o n  3 .  T h a t  t h e r m o c l i n e  d e s c e n t ,  s h o w n  i n  t h e  t e m p e r a -

t u r e  r e c o r d  f r o m  3 ,  p r o b a b l y  e x p l a i n s  t h e  d o u b l e - p e a k e d  a p p e a r a n c e  o f  t h e  c u r -

r e n t  r e c o r d  f r o m  3 0  m  d e p t h ,  w h e r e  t h e  c u r r e n t  m e t e r  m a y  h a v e  b e e n  r e c o r d i n g

a l t e r n a t e l y  i n  t h e  u p p e r  a n d  l o w e r  l a y e r  a s  t h e  t h e r m o c l i n e  r o s e  a n d  f e l l .  T h e

3 0  m  c u r r e n t  r e c o r d  a t  s t a t i o n  2  w a s  a l s o  i r r e g u l a r  a n d  s h o w e d  l a r g e  v e l o c i t i e s .

T h e  v i o l e n c e  o f  t h e  s t o r m  a n d  i t s  e f f e c t  i n  d e e p e n i n g  a n d  c o o l i n g  t h e  u p p e r

l a y e r  i s  i l l u s t r a t e d  b y  t h e  h e a t  c o n t e n t  s u r v e y s  i n  F i g u r e  7 3 ,  w h i c h  a l s o  i n -

c l u d e s  t h e  A R T  s u r v e y  o f  s u r f a c e  t e m p e r a t u r e  o n  d a y  2 8 4 .  F i v e  d a y s  e a r l i e r ,

t he  ART  su rvey  d i sc losed  a  ve ry  un i f o rm  su r face  t empera tu re  o f  15 -17°C  whe reas ,

o n e  d a y  a f t e r  t h e  2 8 4  s t o r m ,  i t  s h o w e d  e x t e n s i v e  u p w e l l i n g  a l o n g  t h e  n o r t h e r n

s h o r e  a n d  a  s u r f a c e  t e m p e r a t u r e  n e a r  1 2 ° C  e l s e w h e r e  ( F i g .  7 3 ) .  T h e  u p w e l l i n g

e f f e c t  c a n  a l s o  b e  s e e n  i n  c r o s s - s e c t i o n s  6 ,  9 ,  a n d  1 1  ( 6 / 2 7 6 - 2 9 0  A ,  9 / 2 7 4 - 2 8 7  A ,

a n d  1 1 / 2 8 1 - 2 8 7  A )  .  A t  s t a t i o n  6  t h e r e  w a s  a  n e a r l y  s t e a d y  d r o p  i n  s u r f a c e

t e m p e r a t u r e ;  a t  s t a t i o n  9  t h e  u p w e l l i n g  c o n d i t i o n  l a s t e d  f o r  s e v e r a l  d a y s ;  a n d

a t  1 1  t h e r e  w a s  a  r a p i d  r e c o v e r y  b y  2 8 5 ,  b u t  t h e  w a t e r  c o l u m n  r e m a i n e d  m i x e d

t o  a t  l e a s t  3 0  m  d e p t h .

E x a m i n a t i o n  o f  F i g u r e  7 2  a l s o  d i s c l o s e s  t h a t  t h e  A P B  f o r  t h e  c u r r e n t  o s c i l -

l a t i o n  a t  s t a t i o n  3  ( a n d  a l s o  f o r  t h e  w e a k e r  o s c i l l a t i o n  a t  4 )  w a s  1 7 . 4  h ,  t h e

i n e r t i a l  p e r i o d ,  w h i l e  t h a t  f o r  t h e  t e m p e r a t u r e  o s c i l l a t i o n  a t  s t a t i o n  3  w a s

1 6 . 5  h .  T h i s  a g a i n  d e s c r i b e s  a  s i t u a t i o n ,  c o m m o n l y  e n c o u n t e r e d  e a r l i e r  i n

t h e  i n  w h i c h  a  m i x t u r e  o f  i n e r t i a l  a n d  s t a n d i n g - w a v e  r e s p o n s e s  a r e  r e s p e c -

t i v e l y  d o m i n a n t  i n  t h e  c u r r e n t  a n d  t e m p e r a t u r e  r e c o r d s .  R e c o r d s  o f  c u r r e n t s
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Figure 73. Legend on facing page, 151.
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dur ing the episode 283-289,  at  a l l  s ta t ions which exhib i ted more or  less regular

oscil lations, are assembled in Figure 74 Stations 3 and 4 were the only ones

w h i c h  s h o w e d  a  r e l a t i v e l y  r e g u l a r  o s c i l l a t i o n  d u r i n g  t h e  w h o l e  e p i s o d e .  T h e

s h o r t  b u r s t  o f  o s c i l l a t i o n  a t  s t a t i o n  6  l a g g e d  b e h i n d  t h a t  a t  3  b y  a b o u t  4  h  a n d

w o u l d  f i t  a n  A P B  o f  l e s s  t h a n  1 7 . 4 .  S t a t i o n  8  a n d  t h e  m i d - l a k e  s t a t i o n  1 4

s t a r t e d  o f f  r o u g h l y  i n  p h a s e  b u t  w e r e  a l m o s t  i n  a n t i p h a s e  b y  2 8 7 / 8 .  T h e  o s c i l -

l a t i o n s  a t  s t a t i o n s  9  a n d  1 1  w e r e  t o o  i r r e g u l a r  t o  p e r m i t  r e l i a b l e  p h a s e  d e d u c -

t i o n s ;  b u t  s t a t i o n s  8  a n d  9  a p p e a r  t o  h a v e  b e e n  n e a r l y  i n  p h a s e  ( a n d  o u t  o f

p h a s e  w i t h  1 4 )  d u r i n g  2 8 7 / 8 .  I n  a t t e m p t i n g  t o  i n t e r p r e t  t h e  p i c t u r e  o f  c u r r e n t

p h a s e s ,  i t  s h o u l d  b e  n o t e d  t h a t  t h e  s t a t i o n s  ( 8 ,  9  a n d  1 1 )  i n  t h e  n o r t h e r n  h a l f

o f  t h e  b a s i n  w e r e  t h e n  s t r o n g l y  i n f l u e n c e d  b y  t h e  u p w e l l i n g .  T h e  e x t e n t  a n d  t h e  c o m -

p l e x  t o p o g r a p h y  o f  t h e  u p w e l l i n g  f r o n t  d u r i n g  d a y  2 8 4  i s  i l l u s t r a t e d  i n  F i g .  7 3

and  t he  t empe ra tu re  r eco rds  f r om  s ta t i ons  8 ,  9 ,  and  11  (F i gs .  75  76 )  t es t i f y  t o

t h e  s t r e n g t h  o f  t h a t  d i s t u r b a n c e .  A l s o ,  d u r i n g  t h e  d a y s  f o l l o w i n g  t h e  m a i n

storm on 282/3, the wind was variable and sometimes strong. For example, 284

which was ca lm was fo l lowed by two days wi th  peak wind s t resses approach ing

1.0 dyn cm-2 at most stations and exceeding 2.0 at station 11 (the large tempera-

t u r e  r i s e  a t  5 0  1 1  c a n  b e  a t t r i b u t e d  t o  t h i s )  a n d  a  r e l a t i v e l y  c a l m  d a y  o n

F i g u r e  7 3 .  S e e  f a c i n g  p a g e ,  1 5 0 .

Lake  On ta r i o  1972 :  ( a )  Su r face  t empera tu re  (ART  su rvey ,  I r be  and
M i l l s  1 9 7 6 )  o n  1 0  O c t o b e r ;  ( b )  s u b - s u r f a c e  t e m p e r a t u r e  d i s t r i b u t i o n
i n  s e c t i o n s  B ,  D  a n d  F  ( h e a t  c o n t e n t  s u r v e y )  o n  4 ,  5  a n d  1 1  O c t o b e r .

F igu re  74 .  On  nex t  page ,  152 .

Phase compar isons o f  near -sur face cur rent  records (NS component ,
C V )  a t  s t a t i o n s  3 ,  4 ,  5 ,  6 ,  8 ,  9 ,  1 1  a n d  1 4 ,  J D  2 8 3 - 2 8 9  ( 9  -  1 5
O c t . )  1 9 7 2 .  F o r  f u r t h e r  d e t a i l s ,  i n c l u d i n g  e x p l a n a t i o n  o f  t h e  w i n d
r e c o r d ,  s e e  l e g e n d  o f  F i g .  3 4 .

F i g u r e  7 5 .  F o l l o w s  o n  p a g e  1 5 3 .

Phase compar isons o f  temperature  records  a t  s ta t ions  3 ,  6 ,  8 ,  12 ,  13 and
14, JD 283 to 289 (9 to 15 Oct.) 1972. Also shown are the EW and NS
c o m p o n e n t s  s t r e s s  a t  s t a t i o n  8 ,  c o m p u t e d  b y  t h e  m e t h o d  o f
H a m b l i n  a n d  E l d e r  ( 1 9 7 3 )  F o r  f u r t h e r  d t a i l s  s e e  l e g e n d  o f  F i g .  3 4 .
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Figure 75. Legend on page 151.
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Figure 76. Legend on facing page, 155.
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287 was followed by wind (again stronger at station 11) on 288/9 (Fig. 74). .

While the response to the storm, to the ensuing upwel l ing,  and to subsequent

w i n d  p u l s e s  w a s  a p p a r e n t l y  f a r  f r o m  s i m p l e ,  s h o r t  b u r s t s  o f  t e m p e r a t u r e  o s c i l -

l a t i o n s  a p p e a r e d  a t  m i d - l a k e  s t a t i o n s  ( 3 ,  1 2 ,  1 4 ,  1 9 )  a n d  a t  s t a t i o n s  n e a r e r  t h e

s o u t h e r n  s h o r e .  A l l  t h e  t e m p e r a t u r e  i n f o r m a t i o n  f o r  t h e  i n t e r v a l  2 8 3 - 2 8 9  i s

a s s e m b l e d  i n  F i g u r e s  7 5  a n d  7 6 .  T h e  o s c i l l a t i o n  b u r s t s  a r e  t o o  s h o r t  f o r  r e l i -

a b l e  p e r i o d - f i t t i n g ;  b u t  t o  a i d  d i s c u s s i o n ,  1 7  h  t i m e  i n t e r v a l s  a r e  s h o w n  f o r

a l l  s ta t i ons  excep t  11  (wh i ch  showed  ev idence  o f  a  nea r l y  d iu rna l  osc i l l a t i on

a t  50  m)  and  14 .  The  l a t t e r  s t a t i on  showed  a  be t t e r  f i t  a t  40  m  w i t h  14 .4  h ,

al though there was ev idence at  25 m of  a  component  o f  longer  per iod dur ing the

m i d d l e  o f  t h e  e p i s o d e .  A t  s t a t i o n s  9  a n d  1 6  ( F i g .  7 6 )  n o  r e g u l a r  o s c i l l a t i o n

w a s  s u s t a i n e d  a n d  t h e r e  w a s  l i t t l e  e v i d e n c e  o f  i n t e r s t a t i o n  c o h e r e n c e .  W h a t

e v i d e n c e  t h e r e  d u r i n g  2 8 7 - 2 8 9  f o r  e x a m p l e ,  s u g g e s t s  a n  i n - p h a s e  r e l a t i o n -

s h i p ,  i n  c o n t r a s t  t o  t h e  e x p e c t e d  o u t - o f - p h a s e  r e l a t i o n s h i p  o f  t h e s e  t w o

s t a t i o n s  d u r i n g  a  1 7  h  c r o s s - b a s i n  o s c i l l a t i o n .

I n  c r o s s - s e c t i o n  6 ,  s t a t i o n s  1 2  a n d  1 3  d i f f e r e d  i n  p h a s e  b y  o n l y  2  h

dur ing  287  and  289 ;  and ,  when  the  17  h  in te rva ls  ru led  fo r  s ta t ion  12  in  F igure

75 ext rapo la ted back in  t ime,  i t  appears  that  s ta t ion  12 may have been out

o f  p h a s e  w i t h  6  d u r i n g  t h e  e a r l i e r  p a r t  o f  t h e  e p i s o d e .  H o w e v e r ,  t h e  s h o r t ,

i s o l a t e d  o f  r e c o r d  o n  2 8 3 / 4  f r o m  s t a t i o n  1 3  s h o w s  t h a t  i t  i s  d i f f i c u l t

i f  not  impossib le to determine which are predominant ly  f ree responses and which

a r e  f o r c e d  - -  a d j u s t m e n t s  t o  t h e  u p w e l l i n g  d i s t u r b a n c e ,  f o r  e x a m p l e .  N o

s e q u e n c e  o f  c a l m  d a y s  o c c u r r e d ,  d u r i n g  w h i c h  t h e  i n t e r s t a t i o n  c o h e r e n c e  o f  f r e e

r e s p o n s e s  c o u l d  b e  e x p l o r e d .

Figure 76. On previous page, 154.

Phase comparisons of temperature records at stations 9, 11, 16, and
19, JD 283-289 (9 to 15 October) 1972. Also shown are the EW (u)
a n d  N S  ( v )  o f  w i n d  s t r e s s  a t  s t a t i o n  1 1 ,  c o m p u t e d  b y  t h e
method of Hamblin and Elder (1973). For further details see legend
o f  F i g .  3 4 .
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Figure 77. Phase comparisons of near surface current records (NS component,
CV) from stations 2, 3, 4, 6, 8, 9, 10, 11, JD 292 to 319 (18 Oct.
to 14 Nov.) 1972. Also shown are the EW and NS components of wind
stress, computed by the method of Hamblin and Elder (1973). For
further details see the legend of Fig. 34.
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I n  f a c t  ( a s  t h e  w i n d  r e c o r d  i n  F i g .  7 7  s h o w s )  a  s e r i e s  o f  s t o r m s  o c c u p i e d

t he  rema inde r  o f  Oc tobe r  and  ea r l y  November ,  w i th  ve ry  few  in te rven ing  days  o f

weaker  w inds .  S t rong  w ind  s t ress  toward  the  eas t  on  day  291  aga in  p roduced

ex tens i ve  upwe l l i ng  a l ong  t he  no r t he rn  sho re  ( 4 °  wa te r  a t  t he  su r f ace )  and  a

m a r k e d  w h o l e - b a s i n  t i l t  o f  t h e  t h e r m o c l i n e  i s o t h e r m s ,  d o w n w a r d  t o  t h e  s o u t h

(F ig .  78 ) .  Ano the r  seve re  s to rm occu r red  on  day  308  (max imum eas tward  s t ress

2.5 dyn cm -2) , and by that time the thermocline had been pushed down to a mean

d e p t h  o f  a b o u t  6 0  m  a n d  t h e  s u r f a c e  t e m p e r a t u r e  h a d  f a l l e n  t o  b e l o w  1 0 ° C .

A l t h o u g h  t h e  t h e r m o c l i n e  g r a d i e n t  h a d  w e a k e n e d ,  t h e r e  w a s  s t i l l  s u f f i c i e n t

s t r a t i f i c a t i o n  t o  p e r m i t  i n e r t i a l  c u r r e n t  o s c i l l a t i o n s  t o  d e v e l o p  i n  t h e  u p p e r

l a y e r  i n  r e s p o n s e  t o  w i n d  i m p u l s e s .  A l l  a v a i l a b l e  c u r r e n t  r e c o r d s  f o r  t h e  2 8 -

day in terval  292-319 (18 October  to  14 November)  are assembled in  F igure 77.

W h e n  o s c i l l a t i o n s  o c c u r r e d ,  t h e y  w e r e  i n t e r m i t t e n t  i n  t i m e  a n d  s p a c e ;  t h e y

a p p e a r e d  i n  b u r s t s  o f  a  f e w  c y c l e s  a t  a  f e w  s t a t i o n s  o r  a t  a  s i n g l e  s t a t i o n ,

b u t  n o t  a t  o t h e r s .  T h e  s i g n i f i c a n t  f e a t u r e  o f  t h e s e  s p o r a d i c  a n d  a p p a r e n t l y

l o c a l  r e s p o n s e s  i s  t h a t  t h e  A P B  i s  i n d i s t i n g u i s h a b l e  f r o m  t h e  l o c a l  i n e r t i a l

p e r i o d .  W e  s a w  e a r l i e r  t h a t  i n e r t i a l  o s c i l l a t i o n s  a r o s e  i n  t h e  s p r i n g ,  a s

l o c a l  t o  w i n d  i m p u l s e s ,  a s  s o o n  a s  s t r a t i f i c a t i o n  a r o s e  l o c a l l y  a n d

b e f o r e  i t  b e c a m e  e s t a b l i s h e d  o v e r  t h e  w h o l e  b a s i n .  I n  F i g u r e  7 7  a r e  e x a m p l e s

o f  w h a t  a l s o  t o  h a v e  b e e n  l o c a l  i n e r t i a l  a t  a  t i m e  w h e n  t h e r m a l

s t r a t i f i c a t i o n  w a s  b e i n g  d e s t r o y e d .

5 . 1 0  I n e r t i a l  m o t i o n s  o b s e r v e d  i n  L a k e  O n t a r i o  d u r i n g  t h e  1 9 7 2 / 3  w i n t e r .

F i g u r e  7 7  w h i c h  r u n s  u n t i l  m i d - N o v e m b e r ,  i l l u s t r a t e s  t h e  l a s t  e x a m p l e s

o f  w h a t  m i g h t  b e  t e r m e d  c o n s p i c u o u s  i n e r t i a l  m o t i o n  d u r i n g  t h e  1 9 7 2  s e a s o n .

B y  t h e  e n d  o f  N o v e m b e r  a  " s l i p p e r y "  t h e r m o c l i n e  l a y e r  o f  s u p p r e s s e d  t u r b u l e n c e

a n d  r e l a t i v e l y  l o w  f r i c t i o n  w a s  n o  l o n g e r  p r e s e n t ,  a n d  i n e r t i a l  r e s p o n s e s  i n  t h e

f o r m  o f  c u r r e n t  r o t a t i o n  w i t h  1 7 . 4  h  A P B  w e r e  n o  l o n g e r  c o n s p i c u o u s .  B u t  s u c h
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F i g u r e  7 8 :  ( a )  S u r f a c e  ( A R T  I r b e  a n d  M i l l s  1 9 7 6 )  o n  1 8
Octobe r ;  (b )  sub -su r face  tempera tu re  d i s t r i bu t i on  i n  sec t i ons  A ,
B ,  D ,  a n d  F  ( h e a t  c o n t e n t  s u r v e y )  1 6 - 1 8  O c t o b e r  1 9 7 2 .
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o s c i l l a t i o n s  w e r e  n e v e r t h e l e s s  o b s e r v e d  o c c a s i o n a l l y  d u r i n g  t h e  w i n t e r  ( M a r m o r i n o

1 9 7 8 )  p a r t i c u l a r l y  w h e n  a  s l i g h t  t h e r m a l  s t r a t i f i c a t i o n  w a s  p r e s e n t .  T h o s e  e p i -

s o d e s  o f  i n e r t i a l  m o t i o n  l a s t e d  l e s s  t h a n  f i v e  d a y s  a n d  e x h i b i t e d  s p e e d s  o f  l e s s

than 15 cm s-1, averaging (for example) 10% of the total current variance at,

" S o m e  i n e r t i a l  e v e n t s  i n  m i d l a k e  h a d  n o  c o u n t e r p a r t  n e a r e r  s h o r e .  I n
c o n t r a s t ,  a  l a k e w i d e  e p i s o d e  o f  i n e r t i a l  c u r r e n t s  w a s  i n d u c e d  b y  a  s t o r m
d u r i n g  a  t w o  t o  t h r e e  w e e k  p e r i o d  o f  v e r t i c a l  s t r a t i f i c a t i o n .  T h e  a v e r a g e
h o d o g r a p h s  d u r i n g  t h e  s t r a t i f i e d  p e r i o d ,  c a l c u l a t e d  f r o m  b a n d p a s s e d  s h a l -
l o w  c u r r e n t s ,  w e r e  e l l i p s e s  w i t h  m a j o r  a x e s  o r i e n t e d  g e n e r a l l y  a l o n g s h o r e
a n d  a x i s  r a t i o s  o f  1 . 0 5  t o  1 . 6 4 .  S o m e  o f  t h e  d a t a  c a n  b e  i n t e r p r e t e d  i n
t e r m s  o f  i n t e r n a l - i n e r t i a l  w a v e s  w i t h  d o w n w a r d  e n e r g y  p r o p a g a t i o n  a n d  a
v e r t i c a l  w a v e l e n g t h  e q u a l  t o  t h e  b a s i n  d e p t h .  O b s e r v e d  s h i f t s  t o  f r e q u e n -
c i e s  h i g h e r  a n d  l o w e r  t h a n  t h e  i n e r t i a l  v a l u e  w e r e  m o s t  l i k e l y  c a u s e d  b y
a n  i n t e r a c t i o n  w i t h  l o w e r  f r e q u e n c y  c u r r e n t s  ( D o p p l e r  e f f e c t s )  . "

6. SUMMARY OF THE FINDINGS (PART I) .

A l t h o u g h  p r e f a c e d  b y  a  s e c t i o n  w h i c h  r e c a p i t u l a t e s  s o m e  t h e o r y ,  t h i s  p o r -

t i o n  ( P a r t  I )  o f  t h e  r e p o r t  o n  i n e r t i a l  a n d  n e a r - i n e r t i a l  r e s p o n s e s  t o  w i n d

i m p u l s e s  i n  t w o  o f  t h e  S t .  L a w r e n c e  G r e a t  L a k e s  i s  m a i n l y  d e s c r i p t i v e  i n  n a t u r e

a n d  a s s e m b l e s ,  i n  a r c h i v a l  f o r m  a s  a  s e r i e s  o f  d i a g r a m s ,  t h e  e n t i r e  b o d y  o f  o b -

s e r v a t i o n s  u p o n  w h i c h  t h e  a n a l y s i s  i s  b a s e d .  S o m e  p r e l i m i n a r y  a n a l y s i s ,  p a r t i c u -

l a r l y  r e l a t i n g  t o  o b s e r v e d  a v e r a g e  p e r i o d i c i t i e s  o f  c u r r e n t  a n d  t e m p e r a t u r e  r e -

s p o n s e s  d u r i n g  s e l e c t e d  e p i s o d e s ,  h a s  b e e n  c a r r i e d  o u t  i n  t h i s  p o r t i o n  o f  t h e

r e p o r t  a n d  i n  M o r t i m e r  ( 1 9 7 7 ) ;  b u t  a  c l o s e r  l o o k  w i l l  b e  t a k e n  i n  P a r t  I I  a t  t h e

e x t e n t  o f  i n t e r s t a t i o n  a n d  i n t e r - c r o s s - s e c t i o n  c o h e r e n c e  d u r i n g  p a r t i c u l a r  e p i -

sod ic  responses ,  i n  o rde r  to  exp lo re  the  who le -bas in  s t ruc tu re  (o r  l ack  o f  i t )

during those responses. As a consequence, much of the concluding discussion is

d e f e r r e d  u n t i l  P a r t  I I ;  b u t  t h e  f o l l o w i n g  s u m m a r y  o f  t h e  p r i n c i p a l  f i n d i n g s  i n

P a r t  I  i s  d e s i g n e d  t o  e n a b l e  t h i s  P a r t  t o  s t a n d  o n  i t s  o w n .  T h o s e  f i n d i n g s  w e r e :

1 .  D u r i n g  t h e  s e a s o n  o f  s t r a t i f i c a t i o n ,  i n e r t i a l  o r  n e a r - i n e r t i a l  r e s p o n s e s

t o  w i n d  i m p u l s e s  w e r e  f r e q u e n t ,  b u t  i n t e r m i t t e n t  a n d  s h o r t - l i v e d .

2 .  I n e r t i a l  m o t i o n  p r o p e r ,  d e f i n e d  a s  a n  o s c i l l a t i o n  w i t h  a n  a v e r a g e
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per iod ic i t y  ind is t ingu ishab le  f rom iner t ia l ,  was  the  common response

b e f o r e  w h o l e - b a s i n  t h e r m a l  s t r a t i f i c a t i o n  b e c a m e  e s t a b l i s h e d  i n  t h e

spr ing (Mor t imer  1977)  and af ter  i t  began to  break down in  the fa l l .

3 .  D u r i n g  t h e  s e a s o n  o f  f u l l y  d e v e l o p e d  s t r a t i f i c a t i o n ,  i n t e r m i t t e n t

bu rs t s  o f  i ne r t i a l  mo t i on  p rope r  ( as  de f i ned  above )  occu r red  occas ion -

a l l y  a t  i n d i v i d u a l  s t a t i o n s  ( b u t  n o t  a t  a l l  s t a t i o n s )  i n  r e s p o n s e  t o

s h o r t  w i n d  i m p u l s e s ,  c h a r a c t e r i s t i c a l l y  o f  < 1 0  h  d u r a t i o n ;  b u t  t h e  m o r e

t yp i ca l  responses  exh ib i t ed  d i s t i nc t l y  sub - ine r t i a l  pe r iod i c i t i es ,

commonly with per iods of 17 or 16.5 h dominant in current and/or tempera-

t u r e  r e c o r d s ,  i n t e r p r e t e d  a s  i n d i v i d u a l  o r  m i x e d  P o i n c a r e  m o d e  e x c i t a -

t i o n ;  i . e . ,  d e f i n e d  a s  " b a s i n - t u n e d , "  n e a r - i n e r t i a l  m o t i o n .

4. Changes in ampl i tude and phase of  pre-exist ing osci l lat ions were of ten

seen during episodes of wind-forcing; but other apparent phase changes

i n  the  response ,  no t  obv ious ly  re la ted  to  w ind ,  may  have  been  the  resu l t

o f  b e a t  e f f e c t s  b e t w e e n  P o i n c a r e  w a v e  m o d e s  o r  b e t w e e n  s u c h  m o d e s  a n d

i n e r t i a l  m o t i o n  p r o p e r  ( s e e  F i g .  2 0 ) .

5 .  A  f r equen t l y  occu r r i ng  pa t t e rn  was  seen ,  i n  wh i ch  t he  cu r ren t  r eco rds

f i t ted a sl ight ly longer average per iod than did the contemporary tempera-

t u re  r eco rds  a t  t he  same  s ta t i on .  Th i s  pa t t e rn  i s  i n t e rp re ted  as  t he

c o n s e q u e n c e  o f  a  t h e o r t e t i c a l  p r e d i c t i o n  t h a t  t h e  r a t i o  o f  p o t e n t i a l

t o  k i n e t i c  i n  t h e  P o i n c a r e  w a v e  i n c r e a s e s  w i t h  m o d e  n u m b e r .

Therefore, i f  a mixture of modes was present,  signals from the lower

modes (longer periods) were more strongly expressed in current oscil-

lations (kinetic energy), whereas signals from the higher modes (shorter

per iods)  were  re la t ive ly  s t ronger  in  tempera ture  osc i l la t ions  (po tent i -

a l  e n e r g y ) .

6.  the  cur ren t  and  tempera tu re  records  f rom var ious  dep ths  a t  s i x teen
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s t a t i o n s  l o c a t e d  o n  f o u r  c r o s s - s e c t i o n s  o f  L a k e  O n t a r i o  ( r e s u l t s  f r o m

J u n e  t o  O c t o b e r  1 9 7 2  a s s e m b l e d  i n  a  s e r i e s  o f  t e x t  f i g u r e s  o r  i n  t h e

appended diagrams of  th is  report )  i t  was possib le to determine the de-

gree of  in ter-stat ion (and inter-depth)  coherence in some responses to

se lec ted  ep isodes  o f  w ind - fo rc ing .  Ev idence  o f  who le -bas in  coherence ,

e v e n  f o r  t h e  m o s t  r e a d i l y  e x c i t e d  a n d  t h e  m o s t  o f t e n  s e e n  f i r s t  P o i n -

are- type mode,  was rare ;  c ross- lake coherence over  a  g iven c ross-

sect ion was more common;  less  f requent  was coherence between ne ighbor-

i n g  c r o s s - l a k e  s e c t i o n s .

7.  Occas iona l ly ,  ind iv idua l  s ta t ions  d isp layed osc i l la t ions  ind is t ingu ish-

a b l e  i n  p e r i o d  f r o m  i n e r t i a l ,  w h i l e  a t  t h e  s a m e  t i m e  t h e  d o m i n a n t

pe r i od  a t  o the r  s ta t i ons  was  c l ose r  t o  t ha t  p red i c ted  f o r  a  pa r t i cu la r

P o i n c a r e  m o d e  i n  a  c h a n n e l  m o d e l  f i t t e d  t o  c o n d i t i o n s  i n  t h e  l o c a l

c r o s s - s e c t i o n .  R e v i e w  o f  t h i s  c o m p l e x i t y  s u g g e s t s  t h a t ,  f o r  s h o r t  w i n d

impulses, the true inert ia l  responses were predominant ly local and

depended  on  the  s t reng th ,  f l uc tua t ion ,  and  t im ing  o f  the  w ind  s t ress

and  upon  i t s  d i r ec t i on  (o r  chang ing  d i r ec t i on )  r e l a t i ve  t o  p re -ex i s t i ng

cur ren t  pa t te rns .  But  when s t rong impu lses  o f  longer  dura t ion  caused

ex tens ive  d i sp lacements  o f  the  the rmoc l ine  f rom equ i l i b r i um,  c ross -

channel  (Poincaré-predicted)  coherence in the responses became more

ev ident ;  and th is  may have obscured any loca l  iner t ia l  responses pre-

s e n t .

8 .  I n  m o s t  c a s e s  t h e  e x p e c t a t i o n  i s  t h a t  a  m i x t u r e  o f  l o c a l  i n e r t i a l  a n d

v a r i o u s  P o i n c a r e  m o d e  r e s p o n s e s  w i l l  b e  g e n e r a t e d ;  a n d  t h e  r e s p o n s e  a t

a  g iven  s ta t ion  a t  a  g iven  moment  w i l l  depend ,  no t  on ly  upon  wh ich

o s c i l l a t i o n  m o d e s  a r e  e x c i t e d  a t  t h a t  t i m e ,  b u t  a l s o  u p o n  t h a t  s t a t i o n ' s

pos i t i on  w i th in  t he  s t ruc tu res  o f  t hose  pa r t i cu la r  modes .
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8  A P P E N D I C E S

8.1 Table of Jul ian dates for June to November 1972 (leap_year). .

M O N T H

6 7 B 9 1 0

I 1 5 31 8 32 1 42 4 52 7 53 0 6
2 1 5 41 8 42 1 52 4 62 7 63 0 7
3 1 5 51 8 52 1 62 4 72 7 73 0 8
4 1 5 61 8 62 1 72 4 82 7 B3 0 9
5 1 5 71 8 72 1 82 4 92 7 93 1 0
6 1 5 81 8 82 1 92 5 02 8 03 1 1
7 1 5 91 8 92 2 02 5 12 8 13 1 2
B 1 6 01 9 02 2 12 5 22 8 23 1 3
9 1 6 11 9 12 2 22 5 32 8 33 1 4
1 01 6 21 9 22 2 32 5 42 8 43 1 5
1 11 6 31 9 32 2 42 5 52 8 53 1 6
1 21 6 41 9 42 2 52 5 62 8 63 1 7
1 31 6 51 9 52 2 62 5 72 8 73 1 8
1 41 6 61 9 62 2 72 5 82 8 83 1 9
1 51 6 71 9 72 2 82 5 92 8 93 2 0
1 61 6 81 9 82 2 92 6 02 9 03 2 1
1 71 6 91 9 92 3 12 6 12 9 13 2 2
1 81 7 02 0 02 3 12 6 22 9 23 2 3
1 91 7 12 0 12 3 22 6 32 9 33 2 4
2 01 7 22 0 22 3 32 6 42 9 43 2 5
2 11 7 32 0 32 3 42 6 52 9 53 2 6
2 21 7 42 0 42 3 52 6 62 9 63 2 7
2 31 7 52 0 52 3 62 6 72 9 73 2 8
2 41 7 62 0 62 3 72 6 82 9 83 2 9
2 51 7 72 0 72 3 82 6 92 9 93 3 0
2 61 7 82 0 82 3 92 7 03 0 03 3 1
2 71 7 92 0 92 4 02 7 13 0 13 3 2
2 81 8 02 1 02 4 12 7 23 0 23 3 3
2 91 8 12 1 12 4 22 7 33 0 33 3 4
3 01 8 22 1 22 4 32 7 43 0 43 3 5

3 1  2 1 3  2 4 4  3 0 5
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8 .2  l i s t  o f  compos i t e  d i ag rams ,  i n c l ud i ng  t ex t  f i gu res  and  t hose  ap -

p e n d e d  i n  S e c t i o n ,  8 . 3 .

The fol lowing table ( indicat ing Jul ian dates) includes al l  the composite
diagrams (prepared, as described in Section 3, to display wind, current, and
temperature records f rom selected IFYGL stat ions,  Lake Ontar io,  June to November
1972) presented and examined in Parts I and II of this Report. Composite dia-
g r a m s  u s e d  a s  t e x t  f i g u r e s  i n  P a r t  I  a r e  s o  n u m b e r e d  i n  t h e  t a b l e .  T h e  r e m a i n d e r
appear ( in order of beginning date and in cross-section sequence 2, 6, 9, and 11,
i n  8 . 3 )  r e f e r e n c e d  b y  c r o s s - s e c t i o n  n u m b e r ,  f o l l o w e d  b y  J u l i a n  d a t e s ,  b y
A (indicating Appendix), and by page number.

Cross-Section 2Cross-Section 6Cross-Section 9Cross-Section 11
P. 161-174 A 167p. 161-174 168161-174 (Fig. 31)p. 161-174 A 169
175-188 A 170A 175-188175-188 (Fig. 34)175-188 A 171
189-202 A 172189-202 A 173189-202 (Fig. 38)189-202 (Fig. 40)
203-216 (Fig. 41)203-216 A 174203-216 (Fig. 43)203-216 A 175

217-230 A 176217-230 A 177217-230 (Fig. 50) 217-240 A p. 179217-230 A 178
231-239 A* 180231-244 A 181230-249 A (on 2 sheets) pp. 182/3230-243 A 184
240-253 (Fig. 56)240-253 A 185p .241-260 (Fig. 59)
254-258 A* 180245-258 A 186250-263 A 187
259-272 (Fig. 60)259-272 (Fig. 64)260-273 A 188261-280 A 189
273-276 A*273-275 A:274-287 A 190

277-290 (Fig. 72)276-290 A 191292-319 (Fig. 77)+281-287 A 192
*assembled on a  s ing le  sheet ,  p .  180

included with sheet 11/281-287 A, p. 192

+

wind at station 9 and near-surface currents only at stations 2, 3, 4, 6 and 11.
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8 . 3  C o m p o s i t e  d i a g r a m s ,  o t h e r  t h a n  t h o s e  i n c l u d e d  a s  t e x t  f i g u r e s  i n  t h e  m a i n
b o d y  o f  t h e  R e p o r t  ( P a r t  I ) .

S h e e t  N o .  2 / 1 6 1 - 1 7 4  A .



1 6 8

S h e e t  6 / 1 6 1 - 1 7  A

S h e e t  6 / 1 7 5 - 1 8 8  A



1 6 9

S h e e t  1 1 / 1 6 1 / 1 7 4



1 7 0

S h e e t  2 / 1 7 5 - 1 8 8  A



1 7 1

S h e e t  1 1 / 1 7 5 - 1 8 8  A



1 7 2

S h e e t  2 / 1 8 9 - 2 0 2  A



1 7 3

S h e e t  6 / 1 8 9 - 2 0 2  A



1 7 4

S h e e t  6 / 2 0 3 - 2 1 6  A



1 7 5

S h e e t  1 1 / 2 0 3 - 2 1 6  A



1 7 6

S h e e t  2 / 2 1 7 - 2 3 0  A



1 7 7

Shee t  6 /217 -230  A



1 7 8

S h e e t  1 1 / 2 1 7 - 2 3 0  A





1 8 0

S h e e t  2 / 2 3 1 - 2 3 9  A 2 / 2 5 4 - 2 5 8  A



1 8 1

S h e e t  6 / 2 3 1 - 2 4 4  A





-



1 8 4

S h e e t  1 1 / 2 3 0 - 2 4 3  A



1 8 5

S h e e t  6 / 2 4 0 - 2 5 3  A

2nd.set



1 8 6

S h e e t  6 / 2 4 5 - 2 5 8  A



1 8 7

S h e e t  9 / 2 5 0 - 2 6 3  A



1 8 8

S h e e t  9 / 2 6 0 - 2 7  A





1 9 0

S h e e t  9 / 2 7 4 - 2 8 7  A



1 9 1

S h e e t  6 / 2 7 6 - 2 9 0  A

s t . s e t

2  3  T  4  T  5  6  7  8  9  1 0  1 1  1 2  L  1 3  T  1 4  T  1 5  1 6
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6/273-276 A2/273-276 A Sheet 11/281-287 A
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