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L o n g  i n t e r n a l  w a v e s  i n  l a k e s :  r e v i e w  o f  a  c e n t u r y  o f  r e s e a r c h .
b y  C .  H .  M o r t i m e r ,  C e n t e r  f o r  G r e a t  L a k e s  S t u d i e s ,

U n i v e r s i t y  o f  W i s c o n s i n - - M i l w a u k e e ,  J a n u a r y  1 9 9 3

A b s t r a c t

The century  began wi th  Murray 's  1888 demonst ra t ion  o f  i so therm- t i l t ing
f o r c e d  b y  w i n d  i n  s t r a t i f i e d  l a k e s  i n  S c o t l a n d ,  w h e r e  l a t e r  s t u d i e s  b y
Wedderbu rn  (1903 -1913)  i den t i f i ed  the  i n te rna l  se i che  as  the  f ree  response  to
t h a t  f o r c i n g .  W e d d e r b u r n ' s  f i n d i n g s  w e r e  c o n f i r m e d  a n d  e x t e n d e d  i n
Windermere, 1947-51, by deployment of  thermistor chains and by Heaps'
m o d e l l i n g  o f  t h e  f o r c e d  a n d  f r e e  r e s p o n s e s .  T r a n s f e r r e d  t o  L o c h  N e s s  i n  1 9 5 2 ,
t he  the rm is to r  cha ins  revea led  i n te rna l  se i ches  o f  l a rge  amp l i t ude  w i th  marked
nonl inear  fea tures ,  subsequent ly  exp lored and in terpre ted by  Thorpe and here
c o m p a r e d  w i t h  i n t e r n a l  s u r g e s  i n  o t h e r  l a k e s .

M o d i f i c a t i o n  o f  t h e  i n t e r n a l  s e i c h e  b y  t h e  e a r t h ' s  r o t a t i o n  w a s  d e m o n -
s t r a t e d  i n  L o c h  N e s s  a n d  L a c  L é m a n ,  i n  t h e  l a t t e r  c a s e  b y  m e a n s  o f  1 9 5 0
s u r f a c e - l e v e l  " s i g n a t u r e s "  o f  p o s t u l a t e d  i n t e r n a l  K e l v i n  w a v e s .  M o r e  r e c e n t
f i nd ings  i n  Léman  and  i n  l akes  o f  s im i l a r  s i ze  a re  rev iewed .  Tempera tu re
records f rom water intakes around a much larger basin (Lake Michigan) revealed
( i )  o c c a s i o n a l  c y c l o n i c  p r o g r e s s i o n  o f  n o n l i n e a r ,  s h o r e - t r a p p e d  i n t e r f a c i a l
w a v e s  t r a v e l i n g  a t  K e l v i n  w a v e  s p e e d s .  T h o s e  w a v e s  w e r e  s e t  i n  m o t i o n  a f t e r
s t rong ,  sus ta ined  w ind  had  fo r ced  ex tens i ve  downwe l l i ng  a long  one  s ide  and
u p w e l l i n g  a l o n g  t h e  o t h e r  s i d e  o f  t h e  b a s i n .  A l s o  r e v e a l e d  w e r e  ( i i )
p e r s i s t e n t  t h e r m o c l i n e  o s c i l l a t i o n s  o f  i n e r t i a l  f r e q u e n c y  o r  s l i g h t l y  b l u e -
s h i f t e d  t h e r e f r o m .  T o  i n t e r p r e t  o b s e r v a t i o n s  ( i )  a n d  ( i i )  t h e  w r i t e r  i n v o k e d
a wel l -known wide-channel  model  which incorporated shore- t rapped Kelv in waves,
o f f s h o r e  i n e r t i a l  ( S v e r d r u p )  w a v e s ,  a n d  c h a n n e l - b o u n d  P o i n c a r é  w a v e s .  T h a t
mode l  was  tes ted  by  ex tens i ve  cu r ren t  and  tempera tu re  measu remen ts  i n  Lake
M i c h i g a n  ( 1 9 6 3 / 4 )  a n d  L a k e  O n t a r i o  ( I F Y G L  1 9 7 2 )  T h e  a c h i e v e m e n t s  a n d  l i m i t a -
t i o n s  o f  t h e  m o d e l  a r e  d i s c u s s e d  i n  t h e  l i g h t  o f  t h o s e  f i n d i n g s .  T h e
r e s p o n s e s  t o  c h a n g e s  i n  w i n d  s t r e s s  w e r e :  l o c a l l y - g e n e r a t e d  i n e r t i a l  m o t i o n
o f f s h o r e  m o s t  c o m m o n  a n d  i m m e d i a t e  r e s p o n s e  o f  s t r a t i f i e d  G r e a t  L a k e s  t o
wind impulses) ; Ekman drift and consequent nearshore up- and downwelling; geo-
s t r o p h i c  r e a d j u s t m e n t  n e a r  s h o r e ,  w h i c h  g e n e r a t e s  s h o r e - m o d i f i e d  i n e r t i a l
waves  and  assoc ia ted  o f f shore -m ig ra t ing  f ron ts ,  a l so  shore - t rapped  Ke lv in
w a v e s  a n d  s u r g e s ;  a n d  r e l a t i v e l y  r a r e  t r a n s v e r s e  i n t e r n a l  s e i c h e s .

Each of those phenomena, here described for Lakes Michigan and Ontario
and ant ic ipa ted in  o ther  la rge bas ins ,  a re  to  be v iewed as  components  o f  the
c o m b i n e d  o f  t h e  b a s i n  t o  w i n d  s t r e s s  c h a n g e s .  A t  a  p a r t i c u l a r  t i m e
or place, one or the other component may dominate; and some may be seen more
often than others; but they remain combined and interact ing.

The rev iew c loses wi th examinat ion of  some unanswered quest ions and a
s y n o p s i s .

*Specia l  Report  No.  42,  Center  for  Great  Lakes Studies.  This review is  part
of  work  suppor ted by  NOAA Grant  NA81 RA C00130 f rom the Great  Lakes
Environmental  Research Laboratory,  Ann Arbor,  Michigan. This report  contains
mater ia l  used in  lec tures a t  a  Conference on In terna l  Waves in  Geophys ica l
Con tex t s ,  I n t e r l aken ,  Sw i t ze r l and ,  Sep .  1988 ,  and  a t  NOAA 's  G rea t  Lakes
Env i ronmenta l  Research  Labora to ry ,  Ann Arbor ,  M ich . ,  in  Nov .  1989.
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C o n t e n t s

p .  p .

A b s t r a c t  i Q u e s t i o n s  u n r e s o l v e d  f o r  l a r g e
l a k e s :  a  c o n c l u d i n g
d i s c u s s i o n  7 5E a r l y  l a k e  t h e r m o m e t r y  a n d

o c e a n o g r a p h i c  c o n n e c t i o n s  1

T h e  W e d d e r b u r n  d e c a d e  5

E a r l y  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 7

P o s t - W e d d e r b u r n  d e v e l o p m e n t s  1 0

T h e  a d v e n t  o f  " c o n t i n u o u s "

r e c o r d i n g  w i t h  t h e r m i s t o r
c h a i n s  1 7

N o n l i n e a r  f e a t u r e s  -  -  i n t e r n a l

s u r g e s  1 9

T h e  i n f l u e n c e  o f  t h e  e a r t h ' s

r o t a t i o n  i n  b a s i n s  o f  w i d t h

o r d e r  1 0  k m  2 7

( i )  I n t e r a c t i o n  w i t h  t o p o -
g r a p h i c  R o s s b y  w a v e s  7 7

( i i )  Q u e s t i o n s  a r i s i n g  i n
c o n n e c t i o n  w i t h  o f f s h o r e

R e s p o n s e  1  ( i n e r t i a l
w a v e s  a n d  E k m a n  d r i f t )  7 7

( i i i )  R e s p o n s e  2 :  n e a r s h o r e
u p w e l l i n g  a n d  d o w n w e l l i n g  8 1

( i v )  R e s p o n s e  3 :  g e o s t r o p h i c
r e a d j u s t m e n t  a f t e r  n e a r s h o r e
d o w n w e l l i n g  8 3

( v )  R e s p o n s e  4 :  c h a n g e s  i n
c r o s s b a s i n  t h e r m o c l i n e

s t r u c t u r e ,  i n c l u d i n g
t r a n s v e r s e  s e i c h e s  8 6

( v i )  E v i d e n c e  o f  R e s p o n s e  4 ,
e x t r a c t e d  f r o m  r e p e a t e d
s c a n s  o f  c r o s s - b a s i n

t h e r m o c l i n e  s t r u c t u r e  i n

L a k e  M i c h i g a n  8 8T h e  i n f l u e n c e  o f  t h e  e a r t h ' s

r o t a t i o n  i n  b a s i n s  o f  w i d t h

o r d e r  1 0 0  k m  ( T h e  G r e a t  L a k e s )  4 5 R e t r o s p e c t  a n d  p r o s p e c t  1 0 0

S y n o p s i s  1 0 2

B i b l i o g r a p h y  1 0 8

( i )  N e a r s h o r e  r e s p o n s e  o f  t h e
t h e r m o c l i n e  t o  w i n d  i m p u l s e s  4 5

( i i )  O f f s h o r e ,  i n e r t i a - d o m i n a t e d
r e s p o n s e s  o f  t h e r m o c l i n e  t o
w i n d  i m p u l s e s  4 7

( i i i )  C r o s s - b a s i n  t h e r m a l

s t r u c t u r e  a f t e r  s t r o n g  w i n d
s t r e s s :  a n  i n i t i a l

i n t e r p r e t a t i o n  5 7
( i v )  T r a n s v e r s e l y  p r o p a g a t i n g

s u r g e s ,  o b s e r v e d  a n d  m o d e l e d  6 1
( v )  S u r g e  g e n e r a t i o n  a s  a

p r o c e s s  o f  g e o s t r o p h i c
r e a d j u s t m e n t  6 5

( v i )  E v i d e n c e  o f  t r a n s v e r s e
i n t e r n a l  s e i c h e s  i n  L a k e

O n t a r i o  6 9

i i



- LOCH LOCHY, 7TH SEPT 1887, WIND N.E. FORCE I &2.

LOCH LOCHY, 9TH SEPT 1887, WIND W.S.W. FORCE 5&6.FATHOMS.

Fig. Wind-induced isotherm displacements in Loch Lochy, Scotland, 1887
(retouched facsimile of Fig. 4 in Murray 1888).
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E a r l y  l a k e  t h e r m o m e t r y  a n d  o c e a n o g r a p h i c  c o n n e c t i o n s

T h e  w o r d  " c e n t u r y "  i n  t h e  t i t l e  i s  a p p r o p r i a t e  b e c a u s e  1 8 8 8  s a w  t h e

p u b l i c a t i o n  o f  J o h n  M u r r a y ' s  f i r s t  d e s c r i p t i o n  o f  w i n d - f o r c e d  t i l t i n g  o f

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

( F i g .  1 )  *  T h e  t y p e s  o f  o s c i l l a t o r y  r e s p o n s e s  o f  w a t e r  b a s i n s ,  i n  g e n e r a l ,  t o

s u c h  w i n d - f o r c i n g  a r e  t h e  s u b j e c t  o f  t h i s  r e v i e w .  A l t h o u g h ,  i n  1 8 8 8 ,  t h e

occur rence o f  in terna l  waves in  lakes  was unknown,  the  sys temat ic  exp lora t ion

o f  l ake  tempera tu re  d is t r i bu t ions  had  begun  (Ge is tbeck  1885** ,  Buchanan  1886)

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

con t i nued  i n  sub -a lp ine  l akes  by  R ich te r  (1891 ,  1897) ,  Gr i ss inge r  (1892)  and ,

a b o v e  a l l ,  F o r e l  ( 1 8 9 5 )  w h o s e  c l a s s i c  s t u d y  o f  t h e  s u r f a c e  o s c i l l a t i o n s

(se iches)  o f  Léman jus t i f i ed  h is  de f in i t ion  o f  l imno logy  as  " l ' oceanograph ie

d e s  l a c s . "

T h e  r e v e r s i n g  t h e r m o m e t e r ,  h o w e v e r ,  d i d  n o t  l e n d  i t s e l f  t o  t h e

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

1 8 9 4  t o  d e p t h - o s c i l l a t i o n s  o f  n e a r - t h e r m o c l i n e  i s o t h e r m s  a s  " u n e  s o r t e  d e

s e i c h e  i n t e r i e u r e " ,  a n d  R i c h t e r  i n  1 8 9 7  w a s  t h e  f i r s t  t o  i n v o k e  t h e  w i n d  a s

t he  gene ra to r  o f  " l e i ch te  Schwankungen"  (gen t l e  f l uc tua t i ons )  i n  i so the rm

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

*  o p p o s i t e  p a g e ) .  C o m m e n t i n g  o n  p e n d i n g  f i s h e r i e s  l e g i s l a t i o n ,  M u r r a y
(1888) hoped that "a thorough knowledge of the physical  and biological
cond i t i ons  o f  ou r  coas ts  and  lochs  m igh t ,  a t  l eas t ,  tend  to  p reven t  pe rn ic ious
a n d  f o o l i s h  l e g i s l a t i o n . "

* * In  h i s  rev iew  o f  t he  p rev ious  cen tu ry ' s  wo rk  w i t h  l ess  sa t i s fac to ry  i ns t ru -
ments ,  Ge is tbeck  (1885)  c i ted  tempera tu re  sound ings  a t  6 -week ly  in te rva ls  in
1847-49 on Lake Thun by the Bern physicists deFischer and Brunner (1849)
T h e y  d e s c r i b e d ,  f o r  t h e  f i r s t  t i m e ,  t h e  s e a s o n a l  c y c l e  o f  t h e r m o c l i n e
fo rmat ion  and dest ruc t ion .  They suspended a  s t r ing  o f  heav i ly - insu la ted
thermometers from a f loat in 180 m of water.  They touchingly acknowledge
( t rans la t ion) .  " the  hosp i ta l i t y  and ob l ig ing  coopera t ion  g iven to  us  by  the
n o b l e  i n h a b i t a n t s  t h e  c a s t l e  w h i c h  s o f t e n e d  t h e  c o n t r a r i t i e s  i n e v i t a b l y
a t t a c h e d  t o  o u r  e n t e r p r i s e . "  T h o s e  h o s p i t a b l e  i n t e r l u d e s  a s h o r e ,  n e e d e d  t o
a l low the  thermometers  to  equ i l ib ra te ,  must  have l igh tened the  rou t ine !
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H.M.S. Triton, about 1911. Reproduced by of the Trustees, National Maritime Museum,
Greenwich.

Fig. 2. H.M.S. "Triton" (from Deacon, 1977); Professor George Chrystal, 1883
etching by Will iam Hole (source, Math., Univ. Edinburgh) .
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s e i c h i n g  w a s  f i r s t  r e v e a l e d  i n  S c o t t i s h  l o c h s .  T h e r e ,  a s  n o t e d  b e l o w ,  t h e

d e b t  t o  o c e a n o g r a p h y  w a s  a  d i r e c t  o n e .

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

H . M . S .  " C h a l l e n g e r " ,  t h e  B r i t i s h  N a v y  c o n t i n u e d  t o  p l a c e  v e s s e l s  a t  t h e  d i s p o s a l

o f  s c i e n t i s t s ;  b u t  t h a t  s u p p o r t  c a m e  t o  a n  e n d  w h e n  H . M . S .  " T r i t o n "  r e t u r n e d

f r o m  t h e  l a s t  o f  t h e  p o s t - C h a l l e n g e r  c r u i s e s  w i t h  t h e  S c o t t i s h  s c i e n t i s t s  J .  Y .

B u c h a n a n ,  J o h n  M u r r a y ,  a n d  G e o r g e  C h r y s t a l  a b o a r d  ( D e a c o n ,  1 9 7 7 ) .  T h e  f i r s t

two  had  been  members ,  as  phys i c i s t  and  na tu ra l i s t  r espec t i ve l y ,  o f  t he

C h a l l e n g e r  E x p e d i t i o n ;  a n d  t h e  t h i r d  w a s  P r o f e s s o r  o f  M a t h e m a t i c s  a t  t h e

U n i v e r s i t y  o f  E d i n b u r g h  ( F i g .  2  a n d  B l a c k  a n d  K n o t t ,  1 9 1 1 ) .  T h e i r  t a s k  w a s  t o

de te rm ine  the  p ressu re  co r rec t i on  to  be  app l i ed  to  the  l ess - than -sa t i s fac to ry

max imum/min imum the rmomete rs  used  on  "Cha l l enger . "  Bu t  t he  "T r i t on "  c ru i se

was to  be the end,  for  the t ime be ing,  o f  Navy suppor t  and government  fund ing

f o r  oceanography .  John  ( la te r  S i r  John)  Mur ray  used  h is  own funds  to  se t  up

a n d  t h e  S c o t t i s h  L o c h  w h i c h  t h e  S c o t t i s h  L a k e  S u r v e y  w a s  a

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

c o u n t r y  ( M u r r a y  a n d  P u l l a r  1 9 1 0 ) .  T h e r e  i s  n o  d o u b t ,  w r i t e s  M a r g a r e t  D e a c o n

(1977 ) ,  t ha t  Mur ray  wou ld

"have  p re fe r red  to  con t inue  the  exp lo ra t ion  o f  the  deep oceans  and
f e l t  t h a t  t h i s  w a s  w h e r e  t h e  i m p o r t a n t  r e s u l t s  w e r e  t o  b e  w o n .  T h i s
f i e l d ,  h o w e v e r ,  w a s  t o  r e m a i n  a l m o s t  w h o l l y  c l o s e d  t o  B r i t i s h  s c i e n -
t i s t s  u n t i l  t h e  e s t a b l i s h m e n t  o f  t h e  1 0  y e a r s
a f t e r  M u r r a y ' s  d e a t h . "

But ,  tha t  d isappo in tment  notwi ths tand ing,  the  Lake Survey enab led Chrys ta l  and

h is  co l labora to rs  (no tab ly  E .  M.  Wedderburn )  to  con t r ibu te  a  b r i l l i an t  chap te r

t o  l ake  phys i cs ,  f i r s t  w i th  ma themat i ca l  mode l l i ng  and  observa t iona l  con f i rma-

t ion o f  sur face se iches (Chrysta l  1905,  Chrys ta l  and Wedderburn 1905) ,  and then

the adaptat ion of those models to internal seiches, coupled with and tested by

r emarkab l y  t ho rough  f i e l d  wo rk .

3



F ig .  Tempera tu re  f l uc tua t i ons  nea r  t he  ends  o f :  ( a )  Loch  Ness ,  Sco t l and
(Wedderburn, 1907) ; (b) Madusee, Pomerania (Wedderburn, 1911). The photo-
graph of E. M. Wedderburn is from Anon (1947) taken some 30 years after he
g a v e  u p  l a k e  r e s e a r c h .
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T h e  W e d d e r b u r n  D e c a d e ,  1 9 0 5 - 1 9 1 5

T h e  S c o t t i s h  L a k e  S u r v e y ' s  i n v e s t i g a t i o n  o f  t e m p e r a t u r e  f l u c t u a t i o n s ,  l e d

by Wedderburn in Loch Ness in 1903 and cont inued in 1904, used reversing

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

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

S W  e n d  o f  t h e  l o c h .  " I t  s o o n  b e c a m e  a p p a r e n t  [ W e d d e r b u r n  1 9 0 7  )  t h a t

m o v e m e n t s  o f  g r e a t  m a g n i t u d e  w e r e  i n  p r o g r e s s  [ b u t ]  i t  w a s  s o m e  t i m e

be fo re  t he  pe r i od i c  na tu re  o f  t hose  changes  was  f u l l y  unde rs tood .  "  E .  R .

Watson (1903,  1904) ,  a  member  o f  the  survey  team,  was  the  f i r s t  to  p ropose a

2 - l a y e r e d  i n t e r n a l  s t a n d i n g - w a v e  m o d e l  t o  e x p l a i n  t h e  1 9 0 3  o b s e r v a t i o n s

although (as Wedderburn 1907 pointed out)  "many l imnologists have expressed

t hemse lves  skep t i ca l  o f  the  soundness  o f  h i s  deduc t ions" .  The  per iod ic  na tu re

of  the response was more ev ident  in  the 1904 observat ions (F ig .  3a) ,  so  a lso

was an abrupt  temperature r ise as the boundary wave passed the recording

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

o t h e r  e x a m p l e s ,  w e r e  r e g a r d e d  b y  W e d d e r b u r n  ( 1 9 0 7 )  a s  " q u i t e  n a t u r a l  w h e r e

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

ano the r ,  espec ia l l y  so  i n  t h i s  case ,  as ,  ow ing  to  t he  p resence  o f  t he  tempera -

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

l a y e r s " .

Convinced of the widespread occurrence of temperature seiches as standing

waves  on  the  the rmoc l ine  boundary ,  Wedderburn  cha l l enged  one  o f  the  l imno lo -

g i s t  s c e p t i c s  ( H a l b f a s s  1 9 1 0 )  t o  a  d e m o n s t r a t i o n  i n  a  l a k e  o f  t h e  l a t t e r ' s

c h o o s i n g .  T h e  c l e a r  r e s u l t  ( F i g .  3 b )  w a s  a  c l o s e  f i t  i n  p e r i o d  a n d  s t r u c t u r e

to  a model  which adapted Chrysta l 's  equat ions and curve- f i t t ing procedures to

a  2 - l a y e r e d  b a s i n  o f  i r r e g u l a r  f o r m  ( W e d d e r b u r n  1 9 1 1 ) .  T h a t  r e s u l t  w a s  a l s o

conf i rmed a physical  model  (Wedderburn and Wi l l iams 1911).  An expansion of
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Fig. 4. Upper port ion: hourly posit ions (0100 to 1600 hours, 9 August 1911)
of the thermocline (black area bounded by the 9° and 11°c isotherms) on a
longitudinal section of Loch Earn, redrawn from Wedderburn (1912) . The verti-
ca l  l ines  ind ica te  s ta t ion  pos i t ions .  Lower  por t ion :  Wedderburn 's  mathemat i -
cal (1911) model of  Loch Earn as a two-layered lake, the " interfacial  normal
curve"  o f  which is  parabol ic .  Mot ion o f  water  par t ic les  is  shown above and
b e l o w  t h e  i n t e r f a c e  w h i c h  o s c i l l a t e s  a b o u t  a  c e n t r a l  u n i n o d e ,
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t h e  t h e o r y ,  t o  i n c l u d e  t h e  c a s e  i n  w h i c h  d e n s i t y  v a r i e s  g r a d u a l l y  i n  t h e

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

( W e d d e r b u r n  1 9 1 2 )  t o  a  m o n u m e n t a l  s e r i e s  o f  o b s e r v a t i o n s  f r o m  t h e  a n c h o r e d

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

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

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

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

p r i n c i p a l  m o d e s  ( F i g .  4 ) .  T h i s  a g r e e m e n t  j u s t i f i e d  t h e  f o l l o w i n g  c o n c l u s i o n s :

" I t  h a s  b e e n  p r o v e d  b e y o n d  a l l  p o s s i b l e  d o u b t  t h a t  w h a t  w e  h a v e  c a l l e d
T e m p e r a t u r e  S e i c h e s  d o  e x i s t ,  a n d  t h a t  t h e y  a r e  t r u l y  o f  t h e  n a t u r e  o f
a  s tand ing  bounda ry  wave .

Examp les  o f  t he  e f fec t  o f  w inds ,  bo th  i n  s ta r t i ng  and  in  damp ing
o s c i l l a t i o n s  a l r e a d y  i n  p r o g r e s s ,  h a v e  b e e n  g i v e n ,  w i t h  a n  i n d i c a t i o n
t h a t  w i n d  o f  v e r y  m o d e r a t e  s t r e n g t h  w i l l  s t a r t  o s c i l l a t i o n s ,
a n d  e x a m p l e s  o f  o s c i l l a t i o n s  f o r c e d  b y  w i n d  h a v e  a l s o  b e e n  o b t a i n e d . "

A f ina l  paper  on the Loch Earn research (Wedderburn and Young 1915)  wi l l  be

d iscussed  la te r  in  connec t ion  w i th  the  non l inear  dynamics  o f  i n te rna l  su rges .

T h a t  w a s  W e d d e r b u r n ' s  " s w a n  s o n g "  a s  a  l a k e  p h y s i c i s t .  A f t e r  s e r v i c e  i n

t h e  1 s t  W o r l d  W a r ,  e m b a r k e d  o n  a  b r i l l i a n t  l e g a l  c a r e e r ,  a s  d e s c r i b e d  b y

A.W.Y.  (1959 ,  p resumab ly  A .  W.  Young)  in  an  ob i tuary  no t i ce  in  the  1957-59

Y e a r b o o k  o f  t h e  o f  E d i n b u r g h  a n d  b y  ( A n o n  1 9 4 7 )  i n  a n  a r t i c l e  i n

t h e  S c o t s  L a w  T i m e s .

Ear l y  ev idence  o f  i ne r t i a l  osc i l l a t i ons  (Scand inav ian  oceanography )

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

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

course o f  Scand inav ian-based mar ine exp lora t ion .  For  example ,  He l land-Hansen

a n d  N a n s e n  ( 1 9 0 9 )  c o n c l u d e d  t h a t  t h e i r  o b s e r v a t i o n s  o f  t h e  w a v e - l i k e

f l uc tua t ions  in  cu r ren ts  and  tempera tu res  in  the  Norweg ian  Sea  " ind ica te  the

probab i l i t y  tha t  great ,  h i ther to  unknown,  osc i l la tory  movements  may occur  in  the

i n t e r m e d i a t e  s t r a t a  o f  t h e  a n d  a l s o  i t s  s u r f a c e .  T h e s e  m o v e m e n t s  m a y  b e
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Fig. 25. Central Vector Diagram. Storeggen, 10 Metres.

F i g .  5 .  A ,  h o u r l y  c u r r e n t  v e c t o r s ;  a n d  B ,  a  m o d e l  ( d e t a i l s  i n  t e x t )  o f  t h e
current observed (Helland-Hansen and Nansen, 1909) at 10 m depth. C displays
the same current episode in a progressive vector diagram (pvd), which may be
compared wi th  the pvd for  an a l ternat ive model ,  combin ing a  ro ta t ing iner -
t i a l  a n d  a  u n i d i r e c t i o n a l  c u r r e n t ,  a s  e x p l a i n e d  i n  t h e  t e x t .

waves  o f  some k ind  on  the  boundary  be tween wate r  s t ra ta  w i th  d i f fe ren t

d e n s i t i e s  [ o r  m a y  p o s s i b l y  a l s o  t o  s o m e  e x t e n t  b e  d u e  t o  s o m e  k i n d  o f

p u l s a t i o n  i n  t h e  v e l o c i t y  o f  t h e  s e a - c u r r e n t s .  1 1

To il lustrate their conjecture, Helland-Hansen and Nansen presented an

example 5A) in which hour ly-averaged vectors of  current  at  10 m depth

were plot ted from a common or igin.  The authors interpreted the observed

cur rent  as  a  combinat ion (F ig .  5B)  o f  an ant ic lockwise ro ta t ing t ida l  cur rent

(defined by the el l ipse in Fig. 5A) and a current steady in direction (50° N

of  bu t  "pu lsa t ing"  in  speed .  A  p resen t -day  reader ,  w i th  the  bene f i t  o f

h i n d s i g h t ,  w o u l d  a  m o r e  l i k e l y  c o m b i n a t i o n  ( i n  F i g .  5 C )  o f :  ( i )  a
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s t e a d y  c u r r e n t  o f  a b o u t  2 2  c m / s  t o w a r d  N E ;  a n d  ( i i )  a  c u r r e n t  o f  a b o u t  1 4  c m / s

r o t a t i n g  c l o c k w i s e  e v e r y  1 4  h .  T h i s  f i t s  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 u b -  -

l i s h e d  f o u r  y e a r s  e a r l i e r  b y  V .  W .  E k m a n  ( 1 9 0 5 )  t o  a c c o u n t  f o r  t h e  i n i t i a l

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

Ekman 's  mode l  d i sp layed  c lockw ise  ro ta t i on  ( i n  t he  N  hemisphere )  a t  a  f requen-

c y  n e a r  a  " l o c a l  i n e r t i a l  f r e q u e n c y " ,  f ,  d e f i n e d  a s  2  s i n d o ,  w h e r e  d e n o t e s

l o c a l  l a t i t u d e ,  a n d  o f  t h e  a n g u l a r  f r e q u e n c y  o f  t h e  e a r t h ' s  r o t a t i o n .  T h e

c o r r e s p o n d i n g  " i n e r t i a l  p e r i o d "  i n  F i g .  5  w a s  1 4  h .  T h e  c o m p a r i s o n  i s  m a d e ,

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

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

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

Dur ing the  fo rced phase o f  the  response before  R,  agreement  between the two

" p rog ress i ve  vec to r "  t r acks  i s  poo r ;  bu t  a f t e r  R ,  du r i ng  t he  f r ee  osc i l l a t o r y

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

T h e  i n f e r e n c e  f r o m  F i g .  5  i s  c l e a r :  t h e  a u t h o r s  h a d  o b s e r v e d  f o r  t h e

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

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

b e  a  c o m m o n  " w a l t z i n g "  r e s p o n s e  t o  i m p u l s i v e  w i n d *  i n  a l l  o c e a n s ,  s e a s ,  a n d

( a s  I  s h a l l  s h o w )  i n  l a r g e  l a k e s .  I n  a  f o o t n o t e  t o  a  1 9 3 1  e s s a y * *  o n  i n t e r n a l

waves, Ekman proposed that a part icular observed example had been generated by

" f ree iner t ia l  mot ions,  s tar ted by wind or  some other  d is turb ing agency and

t hen  con t i nu ing  by  v i r t ue  o f  i ne r t i a  a lone" .  The  Scand inav ians '  ea r l y

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

of  iner t ia l  responses in the Bal t ic  Sea (Gustafson and Kul lenberg 1936,

Ku l l enbe rg  and  He la  1942 )  and  subsequen t  r esea rch  has  a l so  cha rac te r i zed

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

H e n c e  o n e  m a y  s p e a k  o f  i n e r t i a l  w a v e s  o r  i n e r t i a l  o s c i l l a t i o n s .

* ,  ,  * * ,  see  foo tno tes  on  nex t  page .
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Pos t -Wedde rbu rn  deve lopmen ts

Because of  the thoroughness wi th which Wedderburn del ineated and

i n t e rp re ted  t he  f ea tu res  o f  t he  i n te rna l  se i che ,  i t  i s  no t  su rp r i s i ng  t ha t

E k m a n  ( 1 9 3 1 ,  i n  t h e  e s s a y  c i t e d  b e l o w * * )  c o u l d  w r i t e :

"On  the  who le  i t  seems  to  me  tha t  t he re  i s  a t  p resen t  no  f undamen ta l
q u e s t i o n  w i t h  r e g a r d  t o  i n t e r n a l  s e i c h e s  i n  l a k e s  w h i c h  i s  u n s o l v e d  i n
i t s  e s s e n t i a l s ,  u n l e s s  p e r h a p s  t h e  i n f l u e n c e  o f  t h e  e a r t h ' s  r o t a t i o n . "

In  ar r iv ing at  that  conc lus ion Ekman d id  not  foresee three aspects :  the

in f luence of  the ver t ica l  modal  s t ructure ( to be int roduced br ief ly  in  th is

sec t ion)  ;  and  non l inear  dynamics  ( the  sub jec t  o f  the  nex t  sec t ion) .  The

quest ion o f  ro ta t ion d id ,  in  fac t ,  tu rn  out  to  be impor tant  in  la rge lakes,  as

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

What  i s  su rp r i s i ng  i s  t ha t  i t  t ook  25  yea rs  f o r  l imno log i s t s  t o

apprec iate,  a t  least  in  pr in t ,  the s ign i f icance of  Wedderburn 's  f ind ings for

the chemical and biological economy of lakes. Perhaps the pronouncements of

eminent professors (Birge 1910, Halbfass 1909), that the observed phenomena

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

view general ly accepted when I was charged, as my f irst job, with the task of

routine measurement and interpretation of seasonal changes in biologically-

impor tant  chemica l  spec ies throughout  the water  co lumn of  Windermere in  the

Eng l i sh  Lake  D is t r i c t .  I t  soon  became apparen t  tha t  tu rbu len t  d i f fus ion  was

*Rossby (1938) pointed out that inertial waves could also be generated as
t rans ien ts  when a  cur ren t ,  p rev ious ly  in  geos t roph ic  ba lance,  i s  d is tu rbed
a n d  s e e k s  a  n e w  e q u i l i b r i u m .

Ekman was one of a notable gathering of experts, convened in Copenhagen by
the In ternat ional  Counci l  for  the Explorat ion of  the Sea to consider  "The
Mixing Question, viewed theoretically and practically together with a
consideration of internal waves", Rapp. Proc.-Verb. Reunions, 76:1-
62  (1931) .  In  a  shor t  bu t  i n f luen t ia l  con t r ibu t ion  to  tha t  Repor t
("Internal waves and turbulence in a fluid of variable density") G. I.
Taylor analyzed J. P. Jacobsen's concurrently observed profiles of current
and dens i ty .  Tay lor  exp la ined,  fo r  the f i rs t  t ime,  why turbu lent  ver t ica l
diffusion of momentum in a stratif ied f luid is more rapid than the vertical
d i f f u s i o n  o f  s a l i n i t y  o r  h e a t .
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i n  e v e n  i n  t h e  i s o l a t e d  s u b - t h e r m o c l i n e  w a t e r  s t r a t a ,  n o t  o n l y

d u r i n g  s t o r m s ,  b u t  a l s o  d u r i n g  t h e  i n t e r v e n i n g  c a l m  i n t e r v a l s  ( M o r t i m e r  1 9 4 1 ,

1 9 4 2 ) .  T h e  o n l y  p l a u s i b l e  e x p l a n a t i o n  f o r  f l o w  c a p a b l e  o f  g e n e r a t i n g  t h e

nea r -bo t t om tu rbu lence  was  t o  be  sough t  i n  Wedde rbu rn ' s  t empe ra tu re  se i che .

W e d d e r b u r n ' s  f i n d i n g s  w e r e  l a t e r  s t r i k i n g l y  r e p r o d u c e d  b y  a  b a s i n - w i d e

se r i es  o f  obse rva t i ons  i n  1947  i n  W inde rmere ,  wh i ch  d i sp layed  no t  on l y  a

t y p i c a l  s t a n d i n g  w a v e  o s c i l l a t i o n s  o f  t h e  t h e r m o c l i n e  ( p e r i o d  1 9  h  i n  t h a t

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

s u b - t h e r m o c l i n e  o s c i l l a t i o n  w i t h  a m p l i t u d e  a n d  a  p e r i o d  n e a r  5 0  h

( F i g .  6 )  T h o s e  f i n d i n g s  c a l l e d  f o r  a n  i n t e r p r e t a t i o n  w h i c h  w e n t  b e y o n d

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

scale in  hours

Fig .  6 .  In te rna l  se ich ing  on  the  thermoc l ine  and in  the  lower  layers  o f  a  thermal ly
s t r a t i f i e d  l a k e ,  W i n d e r m e r e ,  o v e r  a  7 7 h  i n t e r v a l  i n  J u n e  1 9 4 7  ( M o r t i m e r ,  1 9 5 2 )
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The presence o f  a  cont inuous ly -s t ra t i f ied  thermoc l ine ,  mode l led  as  an

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

the wind- forced and the f ree-seiche phases of  the observed response.  The

forced phase may be represented qualitatively by the sequence in Fig. 7, in

which the in i t ia l  hor izonta l  posi t ion of  the thermocl ine is  shown by a dashed

l i ne .  W ind  s t r ess ,  app l i ed  a t  t he  a i r -wa te r  i n t e r f ace ,  t r anspo r t s

near-surface water  downwind,  thereby ra is ing the surface level  at  the downwind

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

thermocl ine which now begins to t i l t  - -  accompanied by a bodi ly upwind

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

t i l t  i n c r e a s e s  u n t i l  n e a r - b a l a n c e  w i t h  t h e  a p p l i e d  s t r e s s  i s  a t t a i n e d .  I n

(d)
O

I O

2 0

3 0

4 0

SO

6 0

F i g .  7 :  ( a )  t o  ( c ) ,  q u a l i t a t i v e  r e p r e s e n t a -
t i ons  o f  the  fo rc ing  sequence  imposed by  aNEGLIGIBLE FLOW

( c )  s t e a d y  w i n d  o n  m o t i o n s  i n  a  s t r a t i f i e d  l a k e
( 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 ) ;  ( d )  i s o t h e r m
d i s t r i b u t i o n  i n  t h e  N  b a s i n  o f  W i n d e r m e r e  o n
9  J u n e  1 9 4 7  - -  l e f t ,  n e a r  n o o n  a t  t h e  n o r t h

end at the peak of a gale from NW (force 7 to 8) and, right, along the basin
(3 to 5 p.m.) as the storm subsided. Subsequent osci l lat ions of the isotherms
a r e  i l l u s t r a t e d  i n  F i g .  6 .  P o r t i o n s  ( a )  t o  ( c )  a r e  e x t r a c t e d  f r o m  M o r t i m e r
(1954) and (d)  is  f rom Mort imer (1952).
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l o n g  b a s i n s  t h e  t h e r m o c l i n e  m a y  i n t e r s e c t  t h e  s u r f a c e  a t  t h e  u p w i n d  e n d .  S u b  -

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

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

t h e  m i x e d  l a y e r  ( F i g .  7 b ) .  A t  t h e  d o w n w i n d  e n d  o f  t h e  b a s i n  t h a t  l a y e r

f o rms  a  m ix ing  wedge  w i th  an  upw ind  re tu rn  cu r ren t  runn ing  above  the  the rmo-

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

a  h a l t  ( F i g .  7 c  a n d  i n  s e c t i o n  C  o f  t h e  r i g h t h a n d  p a n e l  o f  F i g .  8 )  .  T h u s  a

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

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

n u m b e r )  w i t h  t h e  c r e a t i o n  o f  v o r t i c e s  w h i c h  m i x  s u b - t h e r m o c l i n e  w a t e r  i n t o  t h e

w e d g e .  M o v i n g  u p w i n d ,  t h e  p r o d u c t s  o f  t h a t  e n h a n c e d  m i x i n g  p r o d u c e  a  f a n -

shaped  d i s t r i bu t i on  o f  t he  i so the rms  s im i l a r  t o  t ha t  obse rved  i n  F i g .  7d ,

w h i c h  i s  t h e  f o r c e d  p r e l u d e  t o  t h e  f r e e  o s c i l l a t i o n s  i l l u s t r a t e d  i n  F i g .  6 .

A genera l  conc lus ion  sugges ted  by  the  Windermere  f i nd ings  was  tha t  t he

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

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

p h y s i c a l  m o d e l s  ( F i g .  8 ) ,  w e r e  d e p e n d e n t  o n  t h r e e  m a i n  f a c t o r s .  T h e s e  w e r e :

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

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

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

gove rn  the  t ype  o f  m ix ing  wh ich  ensues ,  by  de te rm in ing  whe the r  o r  no t  t he

thermocl ine intersects the lake surface.  A modern t reatment quant i tat ively

combines those factors in the non-dimensional Wedderburn Number (Thompson and

Imberger ,  1980) .  The dynamics of  the turbulent  mix ing process inc luding

upwe l l i ng ,  ano ther  ma jo r  chap te r  i n  phys ica l  l imno logy  no t  fu r the r  cons idered

i n  th i s  rev iew,  i s  t rea ted  by  Sp ige l  and  Imberger  (1980)  and  by  Mon ismi th  (1986) .
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Fig. Wind-forced and subsequent free internal seiche responses to wind of
3-layered and continuously stratified lake models. The upper left panel shows
the arrangement of the tank and "wind" blowers (and the author, in a 1950
press photo) .  The bot tom lef t  and the r ight  panels ( f rom Mort imer 1954)
illustrate responses during and after wind in, respectively, a 3-layered model
(with approximately 3% jumps in density across each of the 2 interfaces) and a
model continuously stratified by means of heating wires laid along the water
surface. f lu ids in the lef thand model were: water,  phenol,  and sal t
s o l u t i o n .
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T h e  f o r c e d  a n d  f r e e  p h a s e s  o f  i n t e r n a l  s e i c h e  g e n e r a t i o n ,  o b s e r v e d  i n

W i n d e r m e r e ;  w e r e  s i m u l a t e d  i n  p h y s i c a l  m o d e l s  ( 3 - l a y e r e d  a n d  c o n t i n u o u s l y

s t r a t i f i e d ,  F i g .  8 )  a n d  i n  a  3 - l a y e r e d  n u m e r i c a l  m o d e l  ( M .  S .  L o n g u e t - H i g g i n s '

a p p e n d i x  t o  M o r t i m e r ,  1 9 5 2 ) .  W i t h  t h e  i n i t i a l  p e r t u r b a t i o n  ( F i g .  7 d )  a s

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

t h e  d o m i n a n t  1 9  h  s e i c h e  o n  t h e  t h e r m o c l i n e  a n d ,  s e c o n d ,  t h e  5 0  h  o s c i l l a t i o n

o f  l o w e r  i s o t h e r m s .  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 ,  f o r  w h i c h  t h e  f i r s t  v e r t i c a l

m o d e  i s  d o m i n a n t ,  i s  s a t i s f a c t o r i l y  s i m u l a t e d  b y  a  2 - l a y e r  m o d e l  ( F i g .  4 ,  f o r

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

h ighe r  ve r t i ca l  modes  and  can  on l y  be  i n te rp re ted  i n  t e rms  o f  mu l t i - l aye r

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

H e a p s  ( 1 9 6 1 )  c o n s t r u c t e d  a  t h r e e - l a y e r e d  n u m e r i c a l  m o d e l ,  i n  w h i c h  a

l i nea r  dep th -dependence  o f  dens i t y  i n  each  o f  t he  l aye rs  cou ld  be  ad jus ted  to

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

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

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

g r e a t e r  t h a n  o n e ;  b u t  i t  h a s  y e t  t o  b e  p u t  t o  w o r k  t o  i n t e r p r e t  d a t a  s e t s  n o w

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

c o n s t r u c t e d  ( K a n a r i ,  1 9 8 4 )  t o  i n t e r p r e t  o b s e r v a t i o n s  i n  L a k e  B i w a ,  J a p a n .
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P E R I O D  I N  H O U R S



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

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

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

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

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

M o o r e d  t h e r m i s t o r  c h a i n s ,  f i r s t  d e p l o y e d  i n  W i n d e r m e r e  ( F i g .  9 )  a n d

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

d e t a i l e d  e x a m i n a t i o n  o f  t h a t  l a k e ' s  t o  w i n d  i m p u l s e s ,  a n d  c o n f i r m e d

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

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

i n f o r m a t i o n  f r o m  o t h e r  l a k e s  ( M o r t i m e r ,  1 9 5 3 ) .

The  W inde rmere  da ta - se t  enab led  N .  S .  Heaps  (1966 )  t o  t ack l e  t he  p rob lem

o f  t h e  l a k e ' s  f o r c e d  r e s p o n s e  t o  w i n d  f l u c t u a t i o n s .  H i s  m o d e l  c o n s i s t i n g

of  two  layers  o f  d i f fe r ing  bu t  un i fo rm dens i t y  and  eddy  v iscos i t y  and  w i th

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

- -  showed remarkable agreement  wi th  observed responses (F ig .  10) .

day (September 1951)
F i g .  1 0 :  ( a )  t h e r m o c l i n e
d e p t h  ( d a s h e d  l i n e )
p r e d i c t e d  b y  H e a p ' s
(1966)  mode l  compared
w i t h  i s o t h e r m  d e p t h s
( c o n t i n u o u s  l i n e s )
i n t e r p o l a t e d  f r o m
t e m p e r a t u r e s  r e c o r d e d  b y
t h e r m i s t o r  c h a i n  i n

W i n d e r m e r e ,  N .  b a s i n ,
1 3 - 1 7  S e p t .  1 9 5 1 ,
i l l u s t r a t e d  i n  F i g .  9 b ;
( b )  t h e  a l o n g - l a k e  w i n d

stress component, Fs'
d e d u c e d  f r o m  r e c o r d s  a t

S e l l a f i e l d ,  2 3  m i l e s  t o
t h e  w e s t .  D e t a i l s  i n

H e a p s  a n d  R a m s b o t t o m
(1966)  .



F i g .  1 1 .  A  c o n t i n u o u s
r e c o r d  o f  t e m p e r a t u r e  a t
9 . 5  m  d e p t h  i n  W i n d e r m e r e ,
1 9 4 7  ( M o r t i m e r  1 9 5 2 )  .

F i g .  1 2 .  ( b e l o w )  T h e  t e a m
o f  i n v e s t i g a t o r s  a n d
e q u i p m e n t  d e v e l o p e d  f o r
t he  Loch  Ea rn  s tudy
(Wedderburn and Young
1 9 1 5 ) .  F o r  d e t a i l s ,  s e e
foo tno te  on  fac ing  page .
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N o n l i n e a r  f e a t u r e s  i n t e r n a l  s u r g e s

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

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

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

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

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

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

c a s e s  t h a t  a s y m m e t r y  i s  m i n o r  a s  i n  t h e  F i g .  1 1  e x a m p l e  f r o m  W i n d e r m e r e

bu t  i n  o the r  cases  i t  i s  more  s t r i k ing ,  as  Wedderburn  and  Young  (1915)

d iscove red  i n  Loch  Ea rn .  The  c rew  and  equ ipmen t ,  assemb led  fo r  t ha t  s tudy ,

a re  pho tog raphed  i n  F ig .  12 .  *  Two  ba rges  we re  ancho red  650  m  apa r t  nea r  t he  W

e n d  o f  t h e  b a s i n  ( s t a t i o n  A  i n  4 5  m ,  s t a t i o n  B  i n  3 0  m  d e p t h )  w i t h  s i x

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

measurements  covered  60  h ;  the  second covered  131 h ,  dur ing  wh ich  9000

m e a s u r e m e n t s  w e r e  m a d e  w i t h  r e v e r s i n g  t h e r m o m e t e r s .

T h e  o b s e r v a t i o n s ,  f r o m  t h e  f i r s t  6 0  h  s e t  a n d  7 6  h  s e l e c t e d  f r o m  t h e

s e c o n d  1 3 1  h  a r e  p r e s e n t e d  a s  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  i n  F i g .  1 3 .  I n

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

b a s i n )  i s  p l a c e d  a b o v e  t h e  s t a t i o n  B  r e c o r d .  " A  c o n s i d e r a b l e  o s c i l l a t i o n  w i t h

a per iod of  about  18 hours appears to  have been in  progress"  or  to  have just

s ta r ted  a t  the  beg inn ing  o f  the  13-15 th  Augus t  record ,  fo l lowed by  a  regu la r

* F i g .  1 2  i l l u s t r a t e s :  ( a )  b a r g e ;  ( b )  s u b m e r s i b l e  t h e r m o g r a p h ;  ( c )  c u r r e n t
meter  ( to  measure hor izonta l  and ver t ica l  components) ;  (d)  group photo wi th A.
W. Young and E. M. Wedderburn at  f ront  center;  (e)  E.  M. W. examining the
thermograph. (I  later borrowed that thermograph from the Royal Scott ish Museum
t o  p r o d u c e  t h e  r e c o r d  i n  F i g .  1 1 . )  P h o t o s  ( a )  t o  ( c )  a r e  f r o m  W e d d e r b u r n  a n d
Young (1915), photos (d) and (e) by courtesy of Mrs. A. W. Young, located with
t he  he lp  o f  t he  Roya l  Soc ie t y  o f  Ed inbu rgh .
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osci l lat ion of diminishing ampli tude. That osci l lat ion was interrupted by

1 2  h  o f  E  w i n d .  T h e  a v e r a g e  p e r i o d  o f  t h e  r e g u l a r  o s c i l l a t i o n ,  l a t e r

i n  the  month  (24 th  to  27 th ) ,  ,  was  longer ,  abou t  21  h .  "The  mos t  no t i ceab le

var iab le .ca lm

F ig .  Dep th  (m)  o f  nea r - t he rmoc l i ne  i so the rms  ( °C )  a t  s t a t i ons  A  and  B  i n
Loch Earn, Scotland, 13-15, 24-27 Aug. 1913, interpolated at 5 min intervals
from 9000 temperature/depth profiles measured with reversing thermometers
( r e d r a w n  f r o m  a n d  Y o u n g ,  1 9 1 5 ) .
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po in t  abou t  [ bo th  osc i l l a t i ons  i s  t ha t  t he  i so the rms  f a l l  ve r y  r ap id l y  and

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

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

B, became steeper. This steepening, the authors attr ibuted to "the change in

t h e  o f  w a v e  i n  s h a l l o w  w a t e r . '  "  T o w a r d s  t h e  e n d s  o f  t h e  l o c h  " w h e n

the amplitude is large, considerable distortion of the wave surface may be

expected.' Larger-than-usual currents (6.2 cm/s) were observed during the

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

I n  o rde r  t o  r evea l  t he  p r i nc i pa l  pe r i od i c i t i e s  p resen t ,  Wedde rbu rn  and

Young subjected a series consisting of 140 50-min depth averages of the 11° O

isotherm at Stat ion A to a periodogram analysis.  The result  (Fig. 14)

d i s c l o s e s  m a i n  o s c i l l a t i o n  o f  p e r i o d  n e a r  2 0  h  ( t h e  u n i n o d a l  s e i c h e )  a n d  a

subs id ia ry  peak  near  10  h ,  wh ich  the  au thors  in te rp re t  as  the  "b inoda l "

seiche. But the periods predicted for the uninodal and binodal seiches by the

Wedderburn (1907) model were 19.6 and 11.0 h, respectively; and it therefore

seems more l ikely that the wel l -def ined 10 h peak in Fig.  14 was not a binodal

When subjected to harmonic analysis the 20-hour oscillation

i s  f o u n d  t o  b e  : -

14'99 + 1'72 cos (0 - 332°) +1'10 cos (20-172°) + 0'10 cos (30-185°)
+ 0'14 cos (40-300°) + 0'14 cos 0-125°).

Fig. 14. Facsimile (re-arranged) of figures in Wedderburn and Young (1915) .
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Fig. 15. Internal seiche and surge response after strong SW wind in Loch Ness, Scot-
land, 25 Sep. to 3 Oct. 1952: (a) hourly mean isotherm depths at station FA, inter-
polated from thermistor chain records at fixed depths (Mortimer, 1955) ; (b) graphical
harmonic analysis of 9°C isotherm-depth fluctuation (Mortimer, 1979) ; and (c) 30-min
mean depths of the 9° isotherm at mid-lake stations FW and FE, showing repeated
passsages the Sol id  ar rowheads mark the f i rs t  mode se iche (and surge-
p a s s a g e )  p e r i o d  o f  5 7  h .
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s i g n a l ,  b u t  w a s  a  d o u b l e - f r e q u e n c y  h a r m o n i c  i n t r o d u c e d  b y  t h e  2 0  h  n o n l i n e a r

s u r g e  w a v e .  L a t e r  e x a m p l e s  s u p p o r t  t h i s  c o n j e c t u r e .

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

w i t h  a  2 0  h  w a v e  a s  i n p u t .  T h e y  n o t e d  a n  i n i t i a l  ( " u n i n o d a l " )  a m p l i t u d e  o f  2 . 0

m ,  r i s i n g  d u r i n g  a  w i n d y  s p e l l  t o  a  m a x i m u m  o f  3 . 6  m  a t  1 7 0 0  h  o n  2 5  A u g . ,  t h e n

f o l l o w e d  b y  a  g r a d u a l  f a l l  t o  n e a r  1  m  o v e r  t h e  n e x t  3 6  h  o f  r e l a t i v e  c a l m .  T h e

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

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

t h e  o s c i l l a t i o n s "  ( 2 1 . 1  h  i n  t h a t  c a s e )  W e l l  a h e a d  o f  i t s  t i m e ,  t h e  a u t h o r s '

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

A n  e v e n  m o r e  s t r i k i n g  s u r g e  w a s  d i s c o v e r e d  w h e n  t h e  W i n d e r m e r e  t h e r m i s t o r

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

( M o r t i m e r  1 9 5 5 ) .  I n  c o m m o n  w i t h  t h e  L o c h  E a r n  e x a m p l e s  a n d  t h o s e  t o  b e

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

d o w n s w i n g  o f  t h e  t h e r m o c l i n e  a t  t h e  S W  e n d  o f  t h e  b a s i n  ( F i g .  1 5 )  T r a v e l i n g  i n

o r  n e a r l y  i n  p h a s e  w i t h  t h e  u n i n o d a l  i n t e r n a l  s e i c h e  ( p e r i o d  =  5 7  h ) ,  t h e  s u r g e

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

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

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

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

o u t  ( g r a p h i c a l l y  i n  F i g .  1 5 b ) ,  t h e  t o - a n d - f r o  p a s s a g e  o f  t h e  s u r g e  s i g n a l  i s  s e e n

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

amp l i t ude  has ,  one  may  specu la te ,  become too  sma l l  t o  genera te  fu r the r  su rges .

Analys is  of  the s t rongly-asymmetr ica l  wave in  Loch Ness was taken beyond

t h i s  d e s c r i p t i v e  s t a g e  b y  T h o r p e  ( 1 9 7 1 ,  1 9 7 4 ,  1 9 7 7 ,  T h o r p e  e t  a l .  1 9 7 2 ) .  H e

employed phys ica l  and numer ica l ,  two- layered mode ls  o f  in te rna l  surges to  exp la in

t h e i r  p r i n c i p a l  f e a t u r e s .  T h o r p e ' s  p r o f i l i n g  c u r r e n t  ( a n d  t e m p e r a t u r e )  p r o b e ,

d e v e l o p e d  f o r  t h a t  s t u d y ,  d i s c l o s e d  a  n e w  f e a t u r e :  a  " p a c k e t "  o f  s h o r t  i n t e r n a l

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

Simi la r  fea tu res  have  been  observed  e l sewhere  (see  F ig .  16 ) :  i n  Lake  Cons tance
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Fig.  16.  In terna l  surges ( t rave l ing temperature f ronts)  and assoc ia ted
undulations in four lakes: (a) Loch Ness, station c, see Fig. 15 (Thorpe,
1977) ; (b) Lake Constance, station so (Hollan, 1974) ; (c) Babine Lake (Farmer,
1978, redrawn) ; (d) Seneca Lake (Hunkins and Fliegel, 1973). Il lustrated
for (a) to (c) are f luctuations in temperature at f ixed depths at a mid-lake
stat ion. For (d),  isotherm depths are interpolated from the f ixed-depth
t e m p e r a t u r e s .  S e e  a l s o  t h e  m o d e l  i n  i n  c  a t  l e f t  i n  F i g .  8 .
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( H o l l a n  1 9 7 4 ) ;  S e n e c a  L a k e  ( H u n k i n s  a n d  F l i e g e l  1 9 7 3 ) ;  a n d  B a b i n e  L a k e  ( F a r m e r

1 9 7 8 ) .  I n  t h e  l a s t  t w o  e x a m p l e s ,  n o  c o n n e c t i o n  w i t h  a n  i n t e r n a l  s e i c h e  w a s

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

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

o n l y .  T h e y  w e r e  n o t  " r e f l e c t e d " ,  a s  i n  L o c h  N e s s ,  f r o m  t h e  o t h e r  e n d .  W i t h  a

s i n g l e  o b s e r v i n g  s t a t i o n  o n  S e n e c a  L a k e  ( F i g .  1 6 d ) ,  i t  w a s  n o t  p o s s i b l e  t o

c o n f i r m  t h e  a b s e n c e  o f  a  s e i c h e  o r  t o  d e s c r i b e  e v e n t s  n e a r  t h e  e n d s .  B u t  i n

B a b i n e  L a k e  n i n e  t h e r m i s t o r  c h a i n  m o o r i n g s  ( n o t  a l l  o c c u p i e d  s i m u l t a n e o u s l y )

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

s u f f i c i e n t  d e t a i l  t o  p r o v i d e  a  d a t a  s e t ,  a g a i n s t  w h i c h  G r i m s h a w  ( 1 9 7 8 )  w a s

a b l e  t o  t e s t  a  t w o - l a y e r e d  m o d e l ,  a n d  t o  t a k e  c r o s s - c h a n n e l  a n d  a l o n g - c h a n n e l

v a r i a t i o n  o f  t o p o g r a p h y  i n t o  a c c o u n t .

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

w a v e s  a n d  s u r g e s  i s  r e v i e w e d  b y  G r i m s h a w  ( 1 9 8 3 )  a n d  M y s a k  ( 1 9 8 4 )  a n d  m o d e l e d

b y  D i e b e l s  ( 1 9 9 1 ) ,  S c h u s t e r  ( 1 9 9 1 )  a n d  b y  D i e b e l s  e t  a l .  1 9 9 3 .  A p p a r e n t l y ,

t h e r e  i s  a  t r a n s i t i o n  f r o m  e x a m p l e s  o f  w e a k  n o n l i n e a r i t y  ( W i n d e r m e r e ,  L o c h

E a r n )  t h r o u g h  s t r o n g l y  n o n l i n e a r  s e i c h e s  ( L o c h  N e s s ,  L a k e  C o n s t a n c e ,  a n d  a s

l a t e r  shown ,  Léman)  t o  cases  i n  wh i ch  a  one -way  su rge  i s  t he  dom ina t i ng  o r  t he

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

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

I n  r e c e n t  w o r k  o n  t h e  L a k e  o f  Z u r i c h  ( M o r t i m e r  a n d  H o r n  1 9 8 2 ,  H o r n  e t

a l .  1987)  i t  was  a lso  found  tha t  su rges  can  be  genera ted  by  la rge  downswings

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

of ten  and more  s t rong ly  f rom the  N end than f rom the  SE end.  An example  i s

i l l u s t ra ted  i n  F ig .  17 .  S t rong  w ind  du r i ng  t he  l as t  s i x  hou rs  o f  11  Sep tember

b rough t  abou t  a  sha rp  d rop  i n  i so the rm l eve l  a t  moo r i ngs  9 ,  10  and  11

c o i n c i d i n g  w i t h  a  r i s e  i n  i s o t h e r m  l e v e l  a t  6  a n d  4 .  A f t e r  m i d n i g h t  t h e

t he rmoc l i ne  a t  moor i ng  11  descended  be low  the  bo t tom the rm is to r  a t  18  m ;  and

th is  s t rong downwel l ing st roke generated a surge which t raveled away f rom the
1

SE end at  a speed of  about 1 km h to pass moor ing 9 at  B,  6 (and nearby 5)

a t  C ,  and  4  a t  D .  By  t ha t  t ime ,  ha l f  a  se i che  pe r i od  had  e l apsed  s i nce  t he

start  of  the osci l lat ion;  and the thermocl ine s lope had become reversed,
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Fig. 17. Depth variation of the 10°C isotherm at mooring stations 4, 6, 9, 10
and 11 from September 11-14, 1978, in the Lake of Zurich. Mooring station
n u m b e r s ,  p l a c e d  n e a r  t h e  c o r r e s p o n d i n g  t r a c e s ,  a r e  c i r c l e d .  L e t t e r s  A  t o  J  r e f e r
t o  t h e  o f  i n t e r n a l  t h e  i n d i c a t e d  s t a 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 .

thereby generating a new surge at the NW end. That second surge then

progressed away from the NW end, passing mooring 4 at E, 6 at F, 9 at H, and

11 at I. The fact that the amplitude of the eastgoing surge (H,I) was much

less at mooring 11 than at 10, and the further observation that the amplitude

difference at those moorings was reversed when the earlier westgoing surge

passed at A, are both consistent with Coriol is deflect ion arising from the
e a r t h ' s  r o t a t i o n .

The results il lustrated in Figs. 16 and 17 suggest that, emulating

Wedderburn and Young (1915), , closer attention should be paid to events and

processes near the basin ends, to discover why certain end topographies favor

s u r g e  g e n e r a t i o n  ( o r  r e f l e c t i o n ) ,  w h i l e  o t h e r s  d o  n o t .
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T h e  i n f l u e n c e  o f  t h e  e a r t h ' s  r o t a t i o n  i n  b a s i n s  o f  w i d t h  o r d e r  1 0  k m

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

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

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

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

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

exceeds the Rossby radius, a - ci / f .  For internal waves, the components of

that  impor tant  length sca le are:  the in terna l  wave speed* in  the absence

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

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

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

e x a m p l e ,  G i l l ,  1 9 8 2 )  a n d  i n  P l a t z m a n ' s  ( 1 9 7 0 )  t r e a t i s e  o n  t i d a l  w a v e s .  A s

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

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

i n t r o d u c e d  b r i e f l y  h e r e .

T h e  i n f l u e n c e  o f  t h e  e a r t h ' s  r o t a t i o n  o n  t h e  p r e d o m i n a n t l y  h o r i z o n t a l

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

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

northern hemisphere) always 90° to the r ight of current direct ion. Therefore, i f

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

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

1 2 / s i n d  h o u r s .  A t  t h e  l a t i t u d e s  o f  L é m a n  ( L a k e  G e n e v a )  a n d  L a k e  M i c h i g a n ,  t o

be  rev iewed  l a te r ,  t he  i ne r t i a l  pe r i ods  a re  nea r  161 /2  and  171 /2  hou rs ,  r espec t i ve l y .

T h i s  i s  t h e  " i n e r t i a l  m o t i o n "  r e f e r r e d  t o  o n  p p .  7  t o  9  a n d  l a t e r  d e s c r i b e d  a s

" i n e r t i a l  w a l t z i n g " .

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

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

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

In the simplest 2- layered model (an upper and lower layer of  respect ive uni form
density P1 and P2 with P2>1' and respective equilibrium thickness h1 and h2) the
internal wave speed, C1, on the interface is the square root of g(p2-p1)hjh2/
p2(h1+h2), in which g denotes the acceleration of gravity.
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F i g .  1 8 .  S k e t c h e s  o f  n e a r -
s u r f a c e  c u r r e n t  t r a c k s

( p r o j e c t e d  o n t o  a  h o r i z o n t a l
p l a n e ) ,  p a r t i c l e  o r b i t s ,  a n d
w a v e f o r m s  i n  3  m o d e l  w a v e s ,
e a c h  p r o g r e s s i n g  f r o m  1 .  t o  r .
I n  ( a )  t h e  i n f l u e n c e  o f
r o t a t i o n  i s  a b s e n t  o r

n e g l i g i b l e .  I n  ( b )  a n d  ( c )  t h e
i n f l u e n c e  o f  ( N .  h e m i s p h e r e )
r o t a t i o n  i s  f u l l y  p r e s e n t .

M o d e l  ( b )  - -  a  p r o t o t y p e
K e l v i n  w a v e  r e p r e s e n t s  l o n g
w a v e s  g e n e r a t e d  i n  t h e
p r e s e n c e  o f  s h o r e  b a r r i e r s
(here modeled by a  shaded
v e r t i c a l  w a l l ) .

M o d e l  ( c )  - -  a  p r o t o t y p e
Po inca ré  wave  - -  rep resen ts
of fshore  waves ,  wh ich  can  on ly
e x i s t  w h e r e  s h o r e  b a r r i e r s  a r e

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

I n  e a c h  c a s e ,  t h e
v e r t i c a l  s c a l e  i s  g r e a t l y
e x a g g e r a t e d .  A p p l i e d  t o
i n t e r n a l  w a v e s ,  t h e  w a v e f o r m s
here shown propagate on the
i n t e r f a c e ,  a n d  t h e  p a r t i c l e
m o t i o n s  a r e  t h o s e  o f  t h e  s u b -

i n t e r f a c e  l a y e r .  F u r t h e r
d e t a i l s  a r e  g i v e n  i n  t h e  t e x t .

wave is  conf ined to  ver t ica l  orb i ta l  p lanes or iented a long the d i rect ion of

w a v e  p r o g r e s s  ( F i g .  1 8 a ) .  T h e r e f o r e ,  s t r a i g h t  v e r t i c a l  b a r r i e r s  ( m o d e l

shorelines, or channel sides) can be aligned along the direction of progress

without impeding or modifying the wave. Rotation, however, imposes an

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

direction of particle motion; and one of two general conditions must be
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s a t i s f i e d  b e f o r e  r o t a t i o n - m o d i f i e d  w a v e s  c a n  e x i s t .  E i t h e r  ( i )  b a r r i e r s  m u s t

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

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

C o n d i t i o n  ( i i )  i s  m e t  b y  t h e  p r o t o t y p e  K e l v i n  w a v e  m o d e l e d  w i t h  a  v e r t i c a l

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

ve r t i ca l  o rb i t a l  p l anes .  Th i s  can  on l y  be  done  by  a  wave  i n  wh i ch  amp l i t ude

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

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

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

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

t r a v e l ,  i n  o n e  d i r e c t i o n  o n l y ,  a t  a n d  v e l o c i t y  C i ,  w h i c h  i s  ( i n

t h i s  case )  wave leng th - i ndependen t .  Lake  M i ch i gan  examp les  w i l l  be  desc r i bed

l a t e r .

C o n d i t i o n  ( i )  - -  a b s e n c e  o f  s h o r e  b a r r i e r s  - -  c a n  o n l y  b e  m e t  w e l l

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

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

p r o t o t y p e  P o i n c a r é  w a v e  d o e s  n o t  d i f f e r  g r e a t l y  f r o m  t h e  F i g .  1 8 ( a )  m o d e l ;  b u t

as  i t s  wave leng th  inc reases ,  the  fo l low ing  changes  become consp icuous :  the

o r b i t a l  p l a n e  l e a n s  m o r e  a n d  m o r e  ( t o  t h e  l e f t  i n  t h e  N .  h e m i s p h e r e )  t h e

celerity rises above C1; the group velocity (at which wave energy is

propagated) fal ls below Ci;  the orbital  plane increasingly t i l ts toward the

horizontal ;  and the wave per iod approaches the inert ia l  per iod. At the long

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

p a r t i c l e  m o t i o n  i s  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  m o t i o n  i n  a  c i r c l e ,

d e s c r i b e d  o n  p p .  7  t o  9 .  T h i s  i s  t h e  b a s i s  o f  f r e q u e n t  r e f e r e n c e s  t o  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 ,  v i e w e d  l i m i t i n g  c a s e s  o f  P o i n c a r é  w a v e s ,  i n

w h i c h  i s  e n t i r e l y  o r  n e a r l y  a l l  k i n e t i c .

I t  i s  e v i d e n t  t h a t  n o  b a r r i e r  c o u l d  b e  i n s e r t e d  i n  F i g .  1 8 c  w i t h o u t

disturbing the waves. However, part icular combinations of standing Poincaré

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

be  inse r ted  (w i thou t  wave  d is tu rbance)  a long  spec i f i ed  l i nes .  For  de ta i l s  see

M o r t i m e r  ( 1 9 8 0 )  .
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Fig. 19. Léman (Lake Geneva) : Fluctuations in isotherm depth based on twice-
d a i l y  1 . 2  k m  o f f  T h o n o n  i n s e t  m a p ,  F i g .  2 0 )  2 8  A u g .  t o  1 6  S e p .
1950,  as descr ibed in  the text  (assembled f rom f igs.  in  Mort imer 1979) .
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T h e  e x p o n e n t i a l  r a t e  o f  w h i c h  t h e  a m p l i t u d e  o f  t h e  s h o r e - t r a p p e d  K e l v i n

decreases wi th distance X f rom shore is  exp(- fx/c j )  in which c i / f  has al ready

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

Michigan values of f = 1 X 10-4/s and ci - 45 cm/s, a is 4.5 km, at which
d i s t a n c e  o f f s h o r e  t h e  a m p l i t u d e  h a s  f a l l e n  t o  3 7 %  o f  t h e  o n s h o r e  m a x i m u m .  A t

9  k m  i t  h a s  f a l l e n  t o  1 4 %  L a k e  M i c h i g a n  ( w i d t h  b  ~ 1 3 0  k m )  i s  t h e r e f o r e  a

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

v a n i s h i n g l y  s m a l l  ( s e e  l a t e r  F i g .  2 7 b ,  p .  4 5 ) .

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

L é m a n  ( L a k e  G e n e v a ,  S w i t z e r l a n d )  w h e r e ,  i n  1 9 5 0  i n  c o l l a b o r a t i o n  w i t h  D r .  B e r n a r d

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

d u r i n g  A u g u s t  a n d  S e p t e m b e r  ( F i g .  1 9 )  a n d  a l s o  e x a m i n e d  t e m p e r a t u r e  r e c o r d s

d u r i n g  t h a t  a n d  p r e v i o u s  y e a r s  f r o m  t h e  1 5 m - d e e p  w a t e r  i n t a k e  o f  t h e  C i t y  o f

G e n e v a  a t  t h e  S W  e n d  o f  t h e  P e t i t  L a c .  T h e  c o m b i n e d  e v i d e n c e  s u g g e s t e d  t h a t

t h e  t o  s t r o n g  S W  w i n d  o v e r  L é m a n  w a s ,  f i r s t ,  a  s u r g e - l i k e  d e p r e s s i o n

o f  the  the rmoc l i ne  a long  the  sou the rn  shore ,  fo l l owed  by  coun te r -c lockw ise

progression a shore-trapped internal Kelvin wave at approximate speed ci

( F i g .  2 0 ) .  .  O n e  o r  t w o  w h o l e - b a s i n  c i r c u i t s  w e r e  c o m p l e t e d  i n  a b o u t  f o u r  d a y s

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

H o w e v e r ,  a f t e r  a  c a r e f u l  s t a t i s t i c a l  a n a l y s i s  o f  a  l a t e r ,  m u c h  l o n g e r  ( 3 5

m o n t h )  s e r i e s  o f  L é m a 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 ,  B o h l e - C a r b o n e l l  a n d  v a n

Senden  (1990)  have  recen t l y  conc luded  tha t  bas in -mode  mode ls  a re  inappropr ia te

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

m o t i o n s  a r e  o r g a n i z e d  o n  l e n g t h  a n d  t i m e  s c a l e s  d e t e r m i n e d  b y  t h e  l a k e  b a s i n "

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

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

such  cohe rence ;  and  t he  au tho rs  conc luded  t ha t  " cu r ren t s  i n  l a rge  l akes ,  a t

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

on ly  l oca l l y  o rgan ized  in  space . "  Wh i le  th i s  s ta t i s t i c ,  f rom those  pa r t i cu la r
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Fig. 20. Léman (Lake Geneva) 1950: Deviations of surface level at eight shore
sta t ions,  computed as descr ibed in  the tex t ,  compared wi th  wind records a t
Lausanne and with temperature at  15 m depth at  Sécheron (Geneva waterworks
i n take ,  shown as  a  b roken  l i ne )  Source ,  Mor t imer  (1963) .

g r o u p s  e v i d e n t l y  t r u e  f o r  m o s t  o f  t h e  t i m e ,  i t  i s  n o t  ( I

b e l i e v e )  t h e  w h o l e  p i c t u r e .

Firs t ,  i t  should be pointed out  that  wind- forced upwel l ing or

downwelling - - deflection of the thermocline interface from its equilibrium

level and the osci l lat ions which fol low are accompanied by much smaller but

proportional deviations of the surface water level from equilibrium out of
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p h a s e  w i t h  t h e  i n t e r f a c e  d e f l e c t i o n .  T h e r e f o r e ,  i n  L é m a n ,  a  t h e r m o c l i n e

d e v i a t i o n  o f  - 1 m  f r o m  e q u i l i b r i u m  l e v e l  m a y  b e  e x p e c t e d  t o  b e  a c c o m p a n i e d  b y  a

s u r f a c e  d e v i a t i o n  o f  a b o u t  + 1 m m  f r o m  e q u i l i b r i u m .

I t  w a s ,  t h e r e f o r e ,  a  f o r t u n a t e  c o i n c i d e n c e  t h a t  t h e  F i g .  1 9  t e m p e r a t u r e

o b s e r v a t i o n s  w e r e  m a d e  i n  a  y e a r  ( 1 9 5 0 )  i n  w h i c h  t h e  S w i s s  S e r v i c e  F é d é r a l e  d e s

E a u x  ( 1 9 5 4 )  h a d  i n s t a l l e d  s e n s i t i v e  w a t e r  l e v e l  r e c o r d e r s  a r o u n d  t h e  l a k e  s h o r e ,

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

S w i t z e r l a n d .  A f t e r  l o w - p a s s  f i l t r a t i o n  o f  t h o s e  s u r f a c e  l e v e l  r e c o r d s ,  t o  r e m o v e

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

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

f e a t u r e s  o f  t h e r m o c l i n e  d e p t h  f l u c t u a t i o n ,  a p p r o x i m a t e l y  a t  T h o n o n  ( F i g .  1 9 )

m o r e  e x a c t l y  a t  S é c h e r o n  ( n e a r  G e n e v a )  a n d ,  b y  i n f e r e n c e ,  a l s o  a t  s i x  o t h e r  s h o r e

s t a t i o n s  a r o u n d  t h e  b a s i n  ( F i g .  2 0 ) .  ( S e e  C a l o i  e t  a l . ,  1 9 6 1 ,  a n d  S i r k e s

1 9 8 7 ,  f o r  d e m o n s t r a t i o n s  o f  s i m i l a r  i n t e r f a c e / s u r f a c e  l e v e l  c o r r e l a t i o n s  i n

L a k e  B r a c c i a n o  a n d  i n  t h e  D e a d  S e a ,  r e s p e c t i v e l y . )

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

c o u n t e r - c l o c k w i s e  o r d e r  a n d  c o m p a r e d  w i t h  w i n d  o b s e r v a t i o n s  a t  L a u s a n n e  ( F i g .  2 0 )

t h e  p o s i t i v e  d e v i a t i o n  ( t h e r m o c l i n e  d e p r e s s i o n )  a t  T h o n o n ,  c o i n c i d e n t  w i t h  t h e

2 8 / 2 9  A u g u s t  w i n d  i m p u l s e ,  w a s  f o l l o w e d  b y  a  c o u n t e r - c l o c k w i s e  p r o g r e s s i o n  o f

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

t h e  b a s i n  ( C h i l l o n  a n d  S é c h e r o n )  a n d  c o m p l e t i n g  t w o  c y c l e s  ( t w o  b a s i n  c i r c u i t s )

e a c h  o f  a b o u t  8 0 h  d u r a t i o n .  f u r t h e r  p r o g r e s s  w a s  a p p a r e n t l y  s t o p p e d  b y  t h e  8 / 9

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

pos i t i ve  dev ia t i on  a t  Thonon  and  con t i nu ing  w i t h  t he  coun te r - c l ockw ise  p rog ress

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

w a v e s  w a s  i n d i c a t e d ,  n o t  o n l y  b y  F i g .  1 9 ,  b u t  a l s o  b y  t h e  r e m a r k a b l y  c l o s e

c o r r e l a t i o n  i n  F i g .  2 0  b e t w e e n  t h e  s u r f a c e  d e v i a t i o n  a t  S é c h e r o n  a n d  t h e

tempera ture  a t  the  nearby  Geneva water  in take a t  15m,  near  thermoc l ine  depth .
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F i g .  2 1 .  L é m a n  1 9 4 1 - 4 4 :
(a)  summer temperature
r e c o r d s  a t  1 5 m  d e p t h
( G e n e v a  w a t e r  i n t a k e ) ;
( b )  p e r i o d o g r a m  o f  ( a ) .
( M o r t i m e r ,  1 9 5 3 ) .

Examination of temperature records from the City of Geneva water intake

(15m) for summers prior to 1950 (silhouettes in Fig. 21) reveal a complex mixture

of predominantly aperiodic fluctuations, combined with occasional episodes,

dur ing which an under ly ing long-per iod osci l la t ion pers isted for  three or  more

cycles and then faded away or was interrupted by a newly-generated (?) large

f luctuation out of phase with i ts predecessor. Such episodes, of period 3 to 4

days marked by broken sinusoids in Fig.  21,  were at t r ibuted to thermocl ine waves.

A periodogram, prepared from the si lhouettes (with equipment developed for the

analysis of ocean waves, Barber et al., 1946), showed that most of the energy

was concentrated in  the per iod range 3 to  5  days (F ig .  21b) .
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T h e  f i n d i n g s  d i s p l a y e d  i n  F i g s .  1 9  t o  2 1  I  a t t r i b u t e d  t o  t h e  e x c i t a t i o n  a n d

p r o g r e s s  o f  a n  i n t e r n a l  K e l v i n  w a v e  i l l u s t r a t e d  b y  t h e  m o d e l  i n  F i g .  2 2 ,  i n  w h i c h

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

s w i n g  a s  a  s e e - s a w  a b o u t  t h e  h i n g e l i n e ;  b u t ,  w i t h  r o t a t i o n ,  t h e  r i g h t w a r d

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

l a t i o n ,  a s  s h o w n  i n  m i d - b a s i n ,  a b o u t  t h e  p i v o t  ( a m p h i d r o m i c  p o i n t )  P .  S u c h  a

shore-trapped wave, traveling at internal wave speed ci calculated for the temper-

a t u r e  s t r u c t u r e  i n  F i g .  1 9 ,  w o u l d  c o m p l e t e  t h e  c i r c u i t  o f  t h e  b a s i n  i n  8 4  h o u r s .

F i g .  2 2 .  A  r o t a t i n g  t w o - l a y e r e d
m o d e l  o f  ( h a l f  a )  l a k e  t o
i l l u s t r a t e  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 h a d e d )  a n d  t h e
c o u p l e d  o s c i l l a t i o n  i n  s u r f a c e
l e v e l  ( u n b r o k e n  l i n e ) .  B r o k e n
l i n e s  i n d i c a t e  t h e  e q u i l i b r i u m
l e v e l s  o f  s u r f a c e  a n d

t h e r m o c l i n e .  P  i s  t h e

a m p h i d r o m i c  p o i n t  ( s e e  t e x t ) .
L o n g  t h i n  a r r o w s  i n d i c a t e  t h e
o s c i l l a t i o n  s e q u e n c e ;  c o n i c a l
a r r o w s  d e p i c t  c u r r e n t  a t  m i d -
b a s i n  i n  t h e  u p p e r  a n d  l o w e r
l a y e r s .

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

tested on summer records obtained at a mooring 293m deep 2.7km off  Lausanne by

i n s t r u m e n t s  d e s c r i b e d  i n  G r a f  e t  a l .  ( 1 9 7 9 ) .  A n  e x t r a c t  o f  t h e  t e m p e r a t u r e

r e c o r d  a t  9 . 8  a n d  1 9 . 1 m  i s  p r e s e n t e d  i n  F i g .  2 3 ( a )  w i t h  a  s p e c t r u m  o f

f l u c t u a t i o n s  i n  t h e  1 9 . 1 m  r e c o r d  i n  F i g .  2 2 ( b ) .  T h e  l a t t e r ,  p r o d u c e d  w i t h  t h e

program o f  K ie lmann e t  a l . ,  1979) ,  shows a  d is t inc t  peak  a t  2 .2  cy /d  and a

broad  concen t ra t ion  o f  energy  be tween  0 .2  and  1  cy /d  (Mor t imer  e t  a l .  1984) .
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Fig.  23.  Léman 1977:  (a)  temperature at  9 .8  and 19.1 m (b lack s i lhouet te)
2.7 km from Lausanne (water depth 293 m) 29 July - 9 Sept.; (b) spectrum of
temperature fluctuations at 19.1 m at the Lausanne station, 17 June - 12 Aug.
( c )  o f  E W  a n d  N S  c u r r e n t  c o m p o n e n t s  a n d  t h e i r  c o h e r e n c e  a t  1 9 . 1  m  a t
the Lausanne station, , 17 June - 3 Aug. 1977. The broken l ines in (c)
indicate 95% confidence intervals. (From Mortimer, Perrinjaquet, and Bohle-
C a r b o n e l l ,  1 9 8 4 ) .  T h e  b r o k e n - l i n e  s i n u s o i d s  i n  ( a )  a r e  a d d e d  h e r e  t o  i n d i c a t e
a  4 - d a y  p e r i o d i c i t y ;  a n d  t h e  d o t s  a r e  a t  1 1  h  i n t e r v a l s .

The temperature fluctuations off Lausanne in 1977 were less regular and

of much smaller amplitude than those at the 15m Geneva water intake in 1950;

but there were occasional episodes in 1977 which coincided with abrupt in-

creases in current f luctuations (not i l lustrated) presumably in response to wind

impulses. There were also occasional bursts of relative regular oscillations

of approximate period 11h (2.2 cycles/day) indicated by dots in Fig. 23.
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T h e  c u r r e n t  r e c o r d s  o f f  L a u s a n n e  a r e  n o t  i l l u s t r a t e d  h e r e ;  b u t  t h e i r

s p e c t r a ,  F i g .  2 3 ( c ) ,  s h o w  a n  a d d i t i o n a l  f e a t u r e  a  c o n c e n t r a t i o n  o f

e n e r g y  n e a r  1 . 7  c y / d .  T h e  p h a s e  r e l a t i o n s h i p  ( n o t  i l l u s t r a t e d )  a n d  t h e

h i g h  c o h e r e n c e  a t  1 . 7  c y / d  a r e  c o n s i s t e n t  w i t h  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  c h a r a c t e r i s t i c  o f  i n t e r n a l  P o i n c a r é  w a v e s .  W h y  t h e

c u r r e n t  e n e r g y  s h o u l d  p e a k  a t  1 . 7  c y / d  w h i l e  t h e  t e m p e r a t u r e  " e n e r g y "  p e a k s

a t  h i g h e r  f r e q u e n c y  ( 2 . 2  c y / d )  a w a i t s  a  t e s t e d  e x p l a n a t i o n .  A l t h o u g h  t h o s e

o s c i l l a t i o n s  a n d  t h e  o c c a s i o n a l  4 - d a y  t e m p e r a t u r e  " w a v e s "  s e e n  i n  F i g .  2 3

m a y  s i g n a l s  f r o m  b a s i n  m o d e s ,  M o r t i m e r  e t  a l .  ( 1 9 8 4 )  h a d  t o  c o n c l u d e ,

f r o m  a n  e x a m i n a t i o n  o f  a l l  r e c o r d s  t h e n  a v a i l a b l e ,  t h a t  ( i )  L é m a n  " i s

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

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

c o n c l u s i o n  w a s  r e i n f o r c e d  b y  B o h l e - C a r b o n e l l  a n d  v a n  S e n d e n ' s  ( 1 9 9 0 )

s t a t i s t i c a l  a n a l y s i s  o f  a  m u c h  l o n g e r  ( 3 5  m o n t h )  s e r i e s  o f  t e m p e r a t u r e  a n d

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

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

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

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

c o n f i n e d  t o  O c t .  t o  M a r .  ( 1 9 8 1 - 8 3 ) ,  s e a s o n s  o f  w e a k  s t r a t i f i c a t i o n .

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

s t r e s s  o n  t h e  G r a n d  L a c ,  s h e l t e r e d  f r o m  W  a n d  S W  b y  t h e  m o u n t a i n s  o f  S a v o y .

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

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

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

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

t i m e  s c a l e s  ( B o h l e - C a r b o n n e l  &  L e m m i n ,  1 9 8 8 ) .  N o n l i n e a r  i n t e r a c t i o n s  w e r e
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Fig.  24.  Capt ion on oppos i te  page.
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s t r o n g e s t  d u r i n g  t h e  w e a k  s t r a t i f i c a t i o n  o f  w i n t e r ,  w h e n  t h e  i n t e r n a l  w a v e

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

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

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

e x a m p l e  o f  a  b a s i n - m o d e  r e s p o n s e  ( F i g .  2 4 ) .  D u r i n g  t h e  i n t e r v a l  D e c .  1 9 8 2  t o

J a n .  1 9 8 3 ,  L é m a n  w a s  s t i l l  s t r a t i f i e d  w i t h  a  t h e r m o c l i n e  a t  a b o u t  1 0 0 m  d e p t h .

C u r r e n t  m e t e r s  a n d  t h e r m i s t o r  c h a i n s  w e r e  m o o r e d  i n  g r o u p s  A  a n d  R  a t  t h e  w e s t

e n d  o f  t h e  G r a n d  L a c .  A n e m o m e t e r s  a t  M e s s e r y  ( M )  a n d  S t .  S u l p i c e  ( S S )  r e v e a l e d

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

i n  F i g .  2 4 .  A t  r o u g h l y  1 0 0 h  a f t e r  t h e  s t a r t  o f  e a c h  w i n d  e v e n t ,  t h e  c u r r e n t s  a t

1 5  a n d  7 0 m  a t  m o o r i n g  A 1  ( n o t e  d o u b l e  s p e e d  s c a l e  a t  t h e  l a t t e r  d e p t h )  r e v e r s e d

s u d d e n l y  f r o m  e a s t g o i n g  t o  w e s t g o i n g  a t  t h e  m o o r i n g  n e a r e s t  s h o r e .  T h o s e

reversals, R1, R2, R3 and R7 (with R6 questionable), were each accompanied by a

sudden  depress ion  o f  the  the rmoc l ine  ( i . e .  a  sudden  tempera tu re  r i se )  a t  moor ing

A 1 ,  m a r k i n g  t h e  p a s s a g e  o f  a  s u r g e .  S i m i l a r  s a w - t o o t h e d  t e m p e r a t u r e  " w a v e s "  w e r e

a l s o  s e e n  a t  m o o r i n g s  f u r t h e r  o f f s h o r e  a t  R o l l e  1  ( R 1 )  a n d  A 3 .  T h e  r e v e r s a l s  i n

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

f o r  w e a k  d e l a y e d  s i g n a l s  a t  1 5 m ,  a t  m o o r i n g  R 1 ,  d i s c u s s e d  b e l o w .

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

w h o l e  b a s i n  ( i f  a n y )  m i g h t  h a v e  b e e n .  T h e  e v i d e n c e  f r o m  1 9 5 0  i n  F i g s .

1 9  a n d  2 0 ,  h o w e v e r ,  s u g g e s t e d  t h a t  W - w i n d - i n d u c e d  t r a n s p o r t  o f  s u r f a c e  w a t e r  f r o m

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

d e f l e c t e d  t o  t h e  r i g h t  b y  t h e  e a r t h ' s  r o t a t i o n  ( E k m a n  t r a n s p o r t )  f o r c i n g  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  a l o n g  t h e  W - w i n d - s h e l t e r e d  s h o r e  n e a r  T h o n o n  a n d

F ig .  24 .  (See  oppos i t e  page . )  Cu r ren t  componen t s  ( cm /s )  and  t empe ra tu res
(°C) recorded by the Laboratoire Hydraulique, EPFL, Lausanne, at 3 moorings at
t he  W end  o f  t he  Grand  (Léman)  f o r  42  days  s ta r t i ng  9  Dec .  1982 ,  compared
w i t h  w i n d  s p e e d  a n d  d i r e c t i o n  a t  M e s s e r y  ( M )  a n d  S t .  S u l p i c e  ( S S ) .  F u r t h e r
d e t a i l s  i n  t h e  t e x t .
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p e r h a p s  f u r t h e r  e a s t .  T h a t  d e p r e s s i o n  t h e n  t r a v e l e d ,  i t  w a s  c o n j e c t u r e d ,  a s  a

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

b a s i n ' s  p e r i p h e r y .

I f  t h a t  c o n j e c t u r e  i s  a p p l i e d  t o  F i g .  2 4 ,  a n d  i f  i t  i s  a s s u m e d  t h a t  t h e

internal travels at speed ci  (Kelvin wave speed in a two-layered model)

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

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

m a t e d .  T h i s  i s  d o n e  i n  T a b l e  1 .  B e c a u s e  t h e  e q u i l i b r i u m  t h e r m o c l i n e  d e p t h  w a s

a t  2 0 m  i n  1 9 5 0  a n d  a t  9 0  o r  1 0 0 m  ( t w o  c a s e s  c o n s i d e r e d )  i n  1 9 8 2 ,  t h e  l a t t e r

p e r i m e t e r  t r a c k s  w e r e  m u c h  s h o r t e r  a n d  w e r e  c o n f i n e d  t o  t h e  G r a n d  L a c .

Tab le  1 .  Pa ramete rs  o f  two - laye red  mode ls  ( see  foo tno te  on  p .  27 )  f i t t ed  to  t he
L é m a n  b a s i n  a n d  t o  a v e r a g e  t e m p e r a t u r e  p r o f i l e s  e s t i m a t e d  f o r  t h e  i n t e r v a l  R 3  t o  R 5
i n  F ig .  24 ,  (Dec.  1982,  cases  A,  B)  and f rom F ig .  19  (Sep.  1950,  cases  C,D) .  The
bottom layer thickness h2 is taken as 200 m in cases A and C and as 300 m in cases B
and D. T1 and I2 are uni form temperatures assigned the upper and lower layers,
r e s p e c t i v e l y ;  a  i s  t h e  R o s s b y  r a d i u s .

Case h2 m *T2.(P2-P1)/P2ci cm/sa= c:/f kmInterface perimeter kmBasin cir- cuit time, hoursTime TH to A1, hours
907.31105.750.000060517.1 100*162(76 km) 123

A 1007 . 21005 . 70.000056916.71.89 5 * *158126
9 07 . 32 1 05 . 70.000061919.6 100**1421 0 8

B 1007 . 32005.650.000058219.51.99 5 * *135108
C 2017.51806.00.0012544 74.41 4 686(78 km) 46
D 2 017.52805 . 80.0012604 84.41 4 68 44 5
*The to ta l  depth  o f  the model  bas in  is  taken as 200 m in  cases A and C,  and as 300 m

i n  c a s e s  B  a n d  D .

Does not enter the Peti t  Lac, the ent ire bed of which l ies above the 70 m depth
c o n t o u r .
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T a b l e  1  a l s o  l i s t s  t h e  c o r r e s p o n d i n g  R o s s b y  r a d i i ,  a ,  a s  4 . 4 k m  i n  1 9 5 0

and 1 .9km in  1982.  There fore  the  postu la ted 1982 wave was more c lose ly

t r a p p e d  t o  t h e  s h o r e  t h a n  w a s  t h e  1 9 5 0  w a v e .

The above interpretation suggests that the three current reversals R1, R2,

and R3 mark the arr ival  at  mooring A1 of three separately generated, nonl inear

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

t h e  G r a n d  L a c  a f t e r  t h e i r  r e s p e c t i v e  i n i t i a t i o n s  o n  t h e  s o u t h e r n  s h o r e  b y  t h e

th ree  SW-W s to rms shown shaded a t  top- r igh t  in  F ig .  24 .  The  surges  cor respond-

ing to R1 and R2, it is supposed, were unable to complete a full circuit of

the basin before a new SW wind pulse intervened. But R3 was able to do so at

least twice, re-passing A1 at 136h intervals, as R4 and R5, during the long

a b s e n c e  o f  S W - W  w i n d  ( 2 3  D e c .  t o  1 0  J a n . ) .  ( T h e  N E  w i n d  p u l s e s  s e e n  a t

M  -  -  w e a k  a t  S S  - -  d u r i n g  t h a t  i n t e r v a l  w e r e  c o i n c i d e n t  w i t h  b u t  n o t ,  I

believe, causally connected to reversals R3 and R4.) As one would expect in a

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

reversals to R5 and the amplitude of the associated saw-toothed temperature

waves a t  moor ings  A1 and A3 decreased s tead i ly  w i th  t ime.

T h e  c h o i c e  o f  m a x i m u m  d e p t h  ( 2 0 0  o r  3 0 0 m )  f o r  t h e  m o d e l  b a s i n  i n  T a b l e  1

m a k e s  l i t t l e  d i f f e r e n c e  i n  t h e  1 9 5 0  c a s e .  B u t  f o r  1 9 8 2 ,  t h e  c a l c u l a t e d  v a l u e

of is more sensitive to the choices of h1, h2, T1, and T2. The postulatedC i

shore-trapped nature of  the wave/surge ampl i tude is demonstrated by the

difference in temperature-wave amplitude at A1 and A3 (respectively 1 and 4km

f rom shore)  and,  notably,  by the conf inement of  the large current  reversals to

the nearshore moor ing A1.  The reversa ls  a t  moor ing R1 occur red about  1  d

after reversals R1, R2, and R3 at A1. This is evidence of the wave's cyclonic

p r o g r e s s ,  s p e e d  o f  a b o u t  6 k m / d  a l o n g  t h e  1 0 0 m  c o n t o u r  t h e r e  i s  l e s s

t h a n  h a l f  o f  c a l c u l a t e d  i n  T a b l e  1 .  W h i l e  o n e  s h o u l d  e x p e c t  f a s t e r

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

c o r r e s p o n d i n g  l i n e a r  w a v e s ,  w e r e  o b s e r v e d  i n  L a k e  Z u r i c h  ( M o r t i m e r  &  H o r n ,

1982) and Kootenay Lake (Wiegand & Carmack, 1986)

F i g .  2 5 .  O u t p u t  f r o m  a  t w o - l a y e r e d
m a t h e m a t i c a l  m o d e l  ( B e c k e r s ,  1 9 8 9 ,
f a c s i m i l e s )  s h o w i n g  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 "  l e v e l  ( m )  a t  s e v e n
s t a t i o n s  a r o u n d  t h e  L é m a n  b a s i n  ( s e e
c i r c l e d  n u m b e r s ,  w i t h  d e p t h s ,  i n  t h e
m a p )  d u r i n g  1 2  d a y s  f o l l o w i n g  a n
18 h  mode l  w ind  pu lse  ( f rom SW at
5  m / s )  a p p l i e d  o n l y  t o  t h e  P e t i t
L a c .  ( T h e  G r a n d  L a c  i s  s h e l t e r e d  b y
m o u n t a i n s . )  F i l l e d  t r i a n g l e s  f o l l o w
t h e  d e c a y i n g  i n t e r n a l  s u r g e  p e a k  o n
t w o  c o u n t e r c l o c k w i s e ,  4 - d a y  c i r c u i t s
a r o u n d  t h e  b a s i n ,  t h u s  s i m u l a t i n g
t he  p rog ress i on  obse rved  i n  F i g .  20 .

4 2



I n  a  r e c e n t  t h e s i s ,  i n c o r p o r a t i n g  l i n e a r  a n d  n o n l i n e a r ,  2 - d i m e n s i o n a l ,

2 - l a y e r e d  m o d e l s  o f  L é m a n ,  B e c k e r s  ( 1 9 8 9 )  s i m u l a t e d  n u m e r i c a l l y  t h e

o b s e r v a t i o n s  i n  F i g s .  2 0  a n d  2 4 .  T h e  f o r m e r  s i m u l a t i o n ,  s h o w n  h e r e  i n  F i g .

2 5 ,  f o l l o w s  a  c o u n t e r c l o c k w i s e - p r o p a g a t i n g  i n t e r n a l  s u r g e  a f t e r  a p p l i c a t i o n  o f

a  m o d e l  S W  w i n d  p u l s e  i m p o s e d  f o r  1 8  h o u r s  o n  t h e  P e t i t  L a c  o n l y ,  t h u s  t a k i n g

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

f e a t u r e s  o f  F i g .  2 0  a r e  r e p r o d u c e d .

T h e  a n s w e r  t o  t h e  q u e s t i o n  o f  w h e t h e r ,  i n  L é m a n  a n d  o t h e r  l a r g e  l a k e s ,

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

w i t h  B o h l e - C a r b o n e l l  a n d  v a n  S e n d e n  ( 1 9 9 0 ) ,  o n e  r e g a r d s  a  b a s i n  m o d e

o s c i l l a t i o n  a s  o n e  w h i c h  p e r s i s t s  f o r  " m o r e  t h a n  f i v e  c r o s s i n g  p e r i o d s "  ( 2 . 5

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

H o w e v e r ,  t h e  e v i d e n c e  i n  F i g s .  1 9 ,  2 0  a n d  2 3  t o  2 5  s u g g e s t s  t o  m e  t h a t  s t a r t -

ups o f  bas in  modes are  no t  uncommon in  Léman,  bu t  tha t  they  are  usua l ly  soon

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

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

2 2  m o d e l  m u s t  b e  m o d i f i e d  a c c o r d i n g l y  ( s e e  B e n n e t t ,  1 9 7 3 ) .  O n l y  r a r e l y  i s  a

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

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

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

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

r e s p o n s e  ( F i g .  2 4 ) ,  a r e  t o  b e  r e g a r d e d  a s  b a s i n - m o d e  r e s p o n s e s  i s  a  m a t t e r  o f

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

c y c l e s  i n  u n a b o r t e d  f o r m  i n  L é m a n  i s  r a r e .  M o r e  c o m m o n  a r e  t h e  2 . 2  c y / d

o s c i l l a t i o n s  i n  t e m p e r a t u r e  a n d  t h e  1 . 7  c y / d  o s c i l l a t i o n s  i n  c u r r e n t  s e e n  i n

F i g .  2 3 ( a ) ,  ( b ) ,  a n d  ( c ) .  T h e s e  m a y  b e  P o i n c a r é  w a v e s  a n d / o r  t r a n s v e r s e

i n t e r n a l  i . e .  b a s i n - m o d e  b u t  t h a t  q u e s t i o n  c a n  o n l y  b e
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set t led  by  an appropr ia te  bas in-w ide ar ray  o f  record ing  ins t ruments  and by

repeated  who le -bas in  t ransec t  surveys .

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

t o  those  o f  Léman.  Examp les  a re  Lake  B iwa ,  Japan  (F ig .  26 ,  Kanar i  1976 ,  1984)

a n d  V ä t t e r n  ( F u n k q u i s t ,  1 9 7 9 ) .

F i g .  2 6 .  I n t e r n a l  K e l v i n  w a v e  i n  L a k e  B i w a ,  J a p a n ,  o b s e r v e d  ( a b o v e )  w i t h
s p e c t r a  ( a t  l e f t )  a n d  m o d e l e d  ( K a n a r i ,  1 9 8 4 ) .

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

pre ted  as  i n te rna l ,  non l i nea r  ( i . e .  s teep - f ron ted )  Ke lv in  waves  (Loch  Ness ,

Mortimer 1955; Kamloops Lake, Hamblin 1978; Mjosa, Rye 1979; Mjork et al. 1979,

1980).  In the case of Mjosa, basin topography determines that t ravel  of  the

wind- induced wave/surge is  predominant ly  unid i rect ional .
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T h e  i n f l u e n c e  o f  t h e  e a r t h ' s  r o t a t i o n  i n  b a s i n s  o f  w i d t h  o r d e r  1 0 0  k m  ( T h e

G r e a t  L a k e s )

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

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

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

f i r s t  v i s i t  t o  N o r t h  A m e r i c a  i n  1 9 5 3 ,  I  b e g a n  t o  c o l l e c t  s u c h  r e c o r d s  f r o m

a r o u n d  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  i t  t u r n e d  o u t  t h a t ,  i n  t h o s e  b a s i n s

a l s o ,  o c c a s i o n a l  e v i d e n c e  o f  a  r e s p o n s e  w i t h  K e l v i n  w a v e  f e a t u r e s  ( c f .  F i g .

1 8 b )  a p p e a r e d  ( e x a m p l e  a t  l e f t  i n  F i g .  2 7 )  w h e n  e x t e n s i v e  w i n d - i n d u c e d  t i l t i n g

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

Because Kelvin wave progress is slow (at speed ci) i t  is not surprising that

w h o l e - b a s i n  c i r c u i t s  w e r e  n e v e r  s e e n .  I n  L a k e  M i c h i g a n ,  a s  i n  L é m a n ,  t h e

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

( B e n n e t t  1 9 7 3 ) .  T h e  s i t u a t i o n  i s  f u r t h e r  c o m p l i c a t e d  i n  L a k e  O n t a r i o ,  w h e r e

S i m o n s  ( 1 9 8 0 )  d e m o n s t r a t e d  a n  i n t e r a c t i o n  b e t w e e n  a  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  a n d  a  t o p o g r a p h i c  R o s s b y  w a v e ,  n o t  f u r t h e r  t r e a t e d  i n  t h i s  r e v i e w .

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

t empera tu re  reco rds ,  when  Lake  M ich igan 's  the rmoc l ine  lay  fo r  severa l  days

near  i n take  dep th .  These  were  i n te rp re ted  as  Po inca ré  waves  ( see  F ig .  18c )  o f

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

the  ep isodes shown in  F ig .  28 ,  fo r  example ,  were  e i ther  ind is t ingu ishab le  f rom

t h e  l o c a l  i n e r t i a l  p e r i o d  ( 1 7 . 5  h )  o r  d i s t i n c t l y  l e s s  ( e . g .  1 5  h )  T h e

probab le  exp lana t i on  o f  t h i s ,  i n i t i a l l y  puzz l i ng ,  behav iou r  w i l l  be  p resen ted

la ter  as par t  o f  geostrophic  readjustment  to  wind- induced downwel l ing nearshore.

Fig. 28. Episodes of internal Poincaré-type waves in Lake Michigan as
d i s c l o s e d  i n  r e c o r d s  f r o m  t h e  M i l w a u k e e  i n t a k e  a t  1 8  m
d e p t h ,  w h e n  t h e  t h e r m o c l i n e  w a s  n e a r  t h a t  l e v e l .

For  he lp  in  in te rpre t ing  the  Lake Mich igan f ind ings ,  I  tu rned ( in  a  1963

paper) to wel l -known theoret ical  models of t idal  waves in two-layered,

rotat ing wide channels, in which the "thermocl ine" displacement responses to

wind impulses included: (a) shore-trapped low-frequency Kelvin waves of  the

type already described; (b) offshore inertial motion proper (called Sverdrup

waves in 1963, here cal led prototype Poincare waves, Fig. 18c) ; and (c)

par t icu lar  combinat ions of  (b)  which,  i f  g iven t ime,  can produce cross-bas in

stand ing waves (se iches)  .  S tages in  th is  process wi l l  be  d iscussed la ter .
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( i i )  O f f s h o r e  i n e r t i a - d o m i n a t e d  r e s p o n s e s  o f  t h e r m o c l i n e  a n d  c u r r e n t s  t o  w i n d

i m p u l s e s

P u b l i c a t i o n  o f  t h e  1 9 6 3  h y p o t h e s i s  c o i n c i d e d  w i t h  m y  t e n u r e  o f  a

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

o f  t h e  ( t h e n )  U . S .  F e d e r a l  W a t e r  P o l l u t i o n  C o n t r o l  A d m i n i s t r a t i o n  ( F W P C A )  t o

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

t h e  G r e a t  L a k e s .  L a k e  M i c h i g a n ' s  t u r n  c a m e  i n  1 9 6 2 / 6 4 ;  a n d  I  o r g a n i z e d  a

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

he lp  o f  g radua te  s tuden ts  w ie ld ing  ba thy thermographs  on  over  70  regu la r

r a i l r o a d  f e r r y  c r o s s i n g s  f r o m  M i l w a u k e e  t o  M u s k e g o n  ( s e e  l a t e r  F i g .  3 4 )  A t

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

a n c h o r  s t a t i o n s  o c c u p i e d  b y  a  s m a l l  r e s e a r c h  v e s s e l  ( l a t e r  F i g .  3 0 ) .  S o m e  o f

t h e  r e s u l t s  o f  t h e s e  j o i n t  s t u d i e s  h a v e  a p p e a r e d  i n  d a t a  r e p o r t s  ( U . S .  D e p t .

I n t e r i o r ,  1 9 6 7 ,  M o r t i m e r  1 9 6 8 ,  1 9 7 1 )  a n d  s o m e  a p p e a r  i n  a  l a t e r  s e c t i o n ,  b u t

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

s u b s e q u e n t ,  l a r g e - s c a l e  c a m p a i g n  i n  1 9 7 2  o n  L a k e  O n t a r i o ,  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 ,  A u b e r t  a n d  R i c h a r d s  1 9 8 1 ) ,  s o m e  r e s u l t s

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

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

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

deve lopment  o f  phys ica l  l imnology and have a lso  in f luenced oceanograph ic

theory ,  demons t ra ted ,  fo r  example ,  by  many  subsequent  papers  in  the  Journa l  o f

Physical  Oceanography.

P r e s e n t a t i o n  o f  t h e  1 9 6 3  f i n d i n g s ,  c o n c e r n e d  w i t h  l o n g  i n t e r n a l  w a v e s  i n

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

unanswered  ques t ions .  Some o f  the  f igu res  may  appear  over -conges ted ;  bu t  th is

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

t he  de ta i l s .  P laced  cen te r - s tage  i n  F ig .  29  i s  t he  w ind  reco rd  (2 -hou r l y

speed ranges) from 17 July to 8 August at FWPCA mooring 18 (see chart at top
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Fig.  29.  Capt ion on opposi te page.
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l e f t  f o r  se lec ted  FWPCA 1963  moor ing  pos i t i ons ,  t he  M i lwaukee  to  Muskegon

f e r r y  t r a c k ,  a n d  t h e  p o s i t i o n  o f  a n c h o r  s t a t i o n  M 2 ) .  T h r e e  r e p r e s e n t a t i v e

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

f e r r y ,  a r e  d i s p l a y e d .  T h e  f i r s t ,  2 6  J u l y  a f t e r  5  d a y s  o f  c a l m ,  r e v e a l s  t h e

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

s e c o n d ,  3 0  J u l y  a f t e r  4  d a y s  o f  w e a k  v a r i a b l e  w i n d ,  s h o w s  i n c r e a s e d  m i x i n g  i n

t h e  u p p e r  l a y e r ,  b u t  l i t t l e  i n t e r n a l  w a v e  a c t i v i t y  o n  t h e  t h e r m o c l i n e .  T h e

t h i r d ,  3  A u g u s t  a f t e r  a  s h o r t  b u t  s t r o n g  S E  w i n d  i m p u l s e  t h e  d a y  b e f o r e ,  s h o w s

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

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

a v e r a g e ,  5 . 5  h  f o r  t h e  c r o s s i n g .  T h u s ,  n e a r - i n e r t i a l  m o t i o n s  a r e  a l i a s e d .

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

i n  t i m e / d i s t a n c e  d i a g r a m s  o f  t h e  t y p e  i l l u s t r a t e d  i n  l a t e r  F i g .  3 5 .  A l r e a d y

v i s i b l e  i n  F i g .  2 9  a n d  m o r e  c o n s p i c u o u s  i n  l a t e r  F i g .  3 2  a r e  t h e  m a n y  a b r u p t

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

f o l l owed  i n  t he i r  p ropaga t i on  f rom sho re ,  a  phenomenon  to  be  i n t roduced  and

d i s c u s s e d  l a t e r .

The  30  Ju l y  and  3  Augus t  sec t i ons  i n  F i g .  29  may  be  compared  w i t h  t he

c o r r e s p o n d i n g  3 0 / 3 1  J u l y  a n d  3 - 5  A u g u s t  p l o t  o f  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  a t

a n c h o r  s t a t i o n  M 2  ( F i g .  3 0 ) .  T h e  i n f l u e n c e  o f  t h e  2  A u g .  w i n d  i m p u l s e  i s

v i s i b l e  a t  M 2  a s  a n  i n c r e a s e  o f  i n t e r n a l  w a v e  a c t i v i t y ,  d o m i n a t e d  b y  a

r e p e a t i n g  1 7  h  o s c i l l a t i o n  w i t h  n o n l i n e a r  f e a t u r e s ,  i n c l u d i n g  t h e  p r e s e n c e  o f

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

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

a p p r o x i m a t e l y  2  h  i n t e r v a l s  a n d  i l l u s t r a t e d  i n  F i g .  3 0 ,  s h o w  a  s l a b - l i k e ,

F i g .  2 9 .  ( o n  o p p o s i t e  p a g e ) .  T h r e e  t r a n s e c t s  o f  L a k e  M i c h i g a n  ( b y  r a i l r o a d
fe r ry ,  Mi lwaukee-Muskegon,  see map,  top  le f t )  on  26 and 30 Ju ly  and 3  Aug.
1963  on  wh i ch  t he  t empera tu re /dep th  d i s t r i bu t i on  i s  p l o t t ed  f r om repea ted
bathythermograph casts  (Mor t imer  1968,  1971) .  Wind speed (2-hour ly  speed
r a n g e s  a t  m o o r i n g  1 8 ,  s e e  m a p )  i s  p l o t t e d  o n  a  ( k n o t s )  s c a l e  t o  i n d i c a t e
r e l a t i v e  w i n d  s t r e s s .  T h e  e q u i p m e n t  i s  i l l u s t r a t e d  i n  l a t e r  F i g .  3 4 .
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Fig. 30. Caption on opposite page.
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w a l t z i n g  m o t i o n  o f  t h e  u p p e r  l a y e r  ( c o m p a r e  s i m i l a r  b e h a v i o r  i n  t h e  B a l t i c  S e a ,

K r a u s s ,  1 9 8 1 ) .  B e t w e e n  t h e  t h e r m o c l i n e  a n d  t h e  s u r f a c e ,  t h e  c u r r e n t  i s  f a i r l y

u n i f o r m  a n d  i t s  d i r e c t i o n  r o t a t e s  c l o c k w i s e  a t  a  f r e q u e n c y  c l o s e  t o  f  ( i . e .

w i t h  a  p e r i o d i c i t y  c l o s e  t o  1 7  h ) .  B e l o w  t h e  t h e r m o c l i n e  a  m u c h  s m a l l e r

current also rotates clockwise, but nearly 180° out of phase with the current

above .  Look ing  down  and  p roceed ing  downward  th rough  the  the rmoc l i ne ,  t he

c u r r e n t  v e c t o r  s h i f t s  c l o c k w i s e  u n t i l  t h e  1 8 0 °  d i r e c t i o n  r e v e r s a l  i s  a c h i e v e d .

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

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

i n  s t a b i l i t y  a n d  m i x i n g  e n s u e  ( e x a m p l e s  f r o m  t h e  B a l t i c  S e a  a r e  g i v e n  i n

K r a u s s  1 9 8 1 )  .

T h e  r e s p o n s e s ,  i l l u s t r a t e d  i n  F i g s .  2 9  a n d  3 0 ,  t o  t h e  2  A u g .  w i n d

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

summer  s im i l a r  r esponses  we re  r eco rded  a t  mos t  FWPCA moo r i ngs ,  bu t  no t  a t

t h o s e  w i t h i n  a  f e w  k m  o f  t h e  s h o r e  ( e x a m p l e s  i n  V e r b e r  1 9 6 4  a n d  M o r t i m e r

1 9 7 1 ) .  T o  d e m o n s t r a t e  t h e  a l m o s t  c o n t i n u o u s  b u t  i n t e r m i t t e n t  e x c i t a t i o n  o f

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

h e r e  t o  t a k e ,  n o t  a  1 9 6 3  r e c o r d ,  b u t  a  l a t e r  s e t  ( M o r t i m e r  1 9 8 0 ) .  I n  t h r e e

p a n e l s ,  F i g .  3 1  d i s p l a y s  c o n t i n u o u s  r e c o r d s  o f  c u r r e n t  a n d  t e m p e r a t u r e  a t

17  m,  and  tempera tu res  a t  t h ree  l ower  dep ths ,  a t  a  moor ing  30  km f rom sho re ,

f r o m  3  t o  4  O c t .  1 9 7 6 ,  a c c o m p a n i e d  b y  t h e  w i n d  r e c o r d  f r o m  a  n e a r b y

o n s h o r e  a n e m o m e t e r .  A t  t h e  b e g i n n i n g  o f  t h e  s e r i e s  t h e  t h e r m o c l i n e  l a y  n e a r

25  m ;  a t  t he  end  i t  was  abou t  10  m  deepe r .  Cu r ren t s  a re  d i sp l ayed  i n  two

F i g .  3 0 .  ( s e e  o p p o s i t e  p a g e ) .  L a k e  M i c h i g a n ,  m e a s u r e m e n t s  a t  a n c h o r  s t a t i o n ,
mid- lake between Mi lwaukee and Muskegon: (a)  isotherm depths,  30/31 July and
3  t o  5  A u g .  1 9 6 3 ;  a n d  ( b )  2 - h o u r l y  ( a p p r o x . )  p r o f i l e s  o f  c u r r e n t  v e c t o r s
( d i s p l a y e d  o n  i s o m e t r i c  p r o j e c t i o n )  3  t o  5  A u g .  ( M o r t i m e r  1 9 6 8 ,  1 9 7 1 ) .  A l s o
shown (top) is wind speed (knots) and K. M. Stewart and D. C. McNaught
p r e p a r i n g  t o  l o w e r  t h e  c u r r e n t  m e t e r .
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F ig .  31 .  Cap t i on  on  oppos i t e  page .
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w a y s :  a s  N  a n d  E  c o m p o n e n t s ;  a n d  a s  p r o g r e s s i v e  ( h e a d - t o - t a i l )  v e c t o r

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

T h e  m o s t  o b v i o u s  f e a t u r e  o f  t h e  c u r r e n t  p a t t e r n  i n  F i g .  3 1 ,  a l s o

g e n e r a l l y  s e e n  d u r i n g  t h e  1 9 6 3  c a m p a i g n ,  w a s  a  r e g u l a r  c l o c k w i s e  r o t a t i o n  a t

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

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

e i g h t  c y c l e s  ( 1 4 2  h )  ;  a n d  t h e r e  w a s  u s u a l l y  a  c h a n g e  o f  p h a s e  b e t w e e n  t h e

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

I n  F i g .  3 1 ,  a n d  i n  t h e  1 9 6 3  r e c o r d s  g e n e r a l l y ,  t h e  f r e q u e n c i e s  o f  t h e

c u r r e n t  o s c i l l a t i o n s  w e r e  c l o s e  t o  f ,  w h e r e a s  t h e  f r e q u e n c i e s  o f  t h e

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

1  a n d  3  i n  F i g .  3 1 ) .  S i m i l a r  f r e q u e n c y  d i f f e r e n c e s  b e t w e e n  s p e c t r a  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 e r e  l a t e r  a l s o  s e e n  i n  t h e  B a l t i c  a n d

Med i t e r ranean  Seas  (K rauss  1981 ,  M i l l o t  and  C répon  1981 ) .  Bu t  occas iona l l y ,

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

i l l u s t r a t e d  i n  F i g .  2 8 .  T h e  e x p l a n a t i o n  m a y  l i e  i n  t h e  P o i n c a r é  w a v e

f requency  changes  wh ich  occur  dur ing  the  geos t roph ic  read jus tment  p rocess ,  to

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

T h e  r e s p o n s e s  t o  w i n d  c h a n g e  i n  F i g .  3 1  a n d  i n  t h e  1 9 6 3  r e c o r d s  w e r e

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

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

d e m o n s t r a t e d  b y  P o l l a r d  ( 1 9 7 0 )  a n d  m o d e l e d  b y  P o l l a r d  a n d  M i l l a r d  ( 1 9 7 0 )  f o r

Fig.  31.  (see oppos i te  page) .  Current  components  and temperatures a t  moor ing
04  on  the  100  m dep th  con tour  in  Lake  M ich igan ,  30  km E  o f  Kenosha ,  Wis .  ;  13
t o  2 3  A u g .  1 9 7 6  ( M o r t i m e r ,  1 9 8 0 )  D i s p l a y e d  i n  t h r e e  p a n e l s  f r o m  t o p  d o w n
are: the NS and EW (dashed line) components of wind speed squared (m2/s2)
o n s h o r e  a t  Z i o n ,  I l l . ;  c u r r e n t  ( c m / s )  a t  1 7  m  d e p t h ;  t e m p e r a t u r e  a t  1 7 ,  2 8 ,  3 3
and  38  m;  p rog ress i ve  cu r ren t  vec to rs  ( l oop ing  t racks )  du r i ng  the  numbered ,
shaded  ep isodes .
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o c e a n i c  i n e r t i a l  o s c i l l a t i o n s .  T h e  c h a n n e l  m o d e l  o f  K r a u s s  ( 1 9 7 9 ) ,

c o n s t r u c t e d  t o  p r e d i c t  E k m a n  f l o w  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  B a l t i c ,  a l s o

helps to disentangle the responses to vary ing wind stress in Lake Michigan.

The dominance o f  iner t ia l  wave responses in  Lake Mich igan dur ing

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

confirmed by spectra of currents (Malone 1968) which displayed a large peak

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

Munk and Ph i l l ips  1968)  may be a  consequence o f  the  above-noted low

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

near  2 f ,  wh i ch  Ma lone  ( I  be l i eve  m is taken l y )  a t t r i bu ted  to  t he  un inoda l

sur face se iche.  As peaks near  2 f  were a lso  demonst ra ted la ter  in  spect ra  o f

i ne r t i a -domina ted  cu r ren ts  i n  Lake  On ta r i o  (Marmor ino  and  Mor t imer  1977 )  and

i n  t h e  B a l t i c  S e a  ( K r a u s s  1 9 8 1 ) ,  a  m o r e  p r o b a b l e  a t t r i b u t i o n  i s  t o

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

Fig.  30 and la ter  F ig.  40.  Wi th appropr ia te choices of  ampl i tude and phase,

the waveform in  those f igures can be reproduced by a  combinat ion o f  two

s i n u s o i d s  o f  f r e q u e n c i e s  f  a n d  2 f .

Non l inear i t y  i n  the  ine r t i a l  response  may ,  the re fo re ,  be  common.  Th is

i s  s u g g e s t e d  b y  c u r r e n t  s p e c t r a  f r o m  m i d - L a k e  O n t a r i o  w h e r e  i n t e r m i t t e n t

iner t ia l  responses to  wind changes are common ( la ter  F ig .  45) .  In  mid-Lake

Er ie  a lso,  Boyce and Chiocchio (1987)  encountered "pure iner t ia l  mot ions

forced by the wind in the surface layer and by the opposing surface pressure

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

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

f ound  tha t  the  l a rges t  i ne r t i a l  response  occu r red  in  the  m id -wa te r  co lumn

a b o v e  t h e  s e a s o n a l  t h e r m o c l i n e .  T h a t  i n  L a k e  E r i e  w a s  r e l a t e d  t o

" t h e  d e t a i l s  o f  t h e  t h e r m a l  s t r a t i f i c a t i o n .  T h e  h y p o t h e s i s  t h a t
the principal response of the water column to a changing wind
f ie ld is  the d i rect  resul t  of  sur face st ress and pressure gradient
i s  t es ted  w i t h  s imp le  d i agnos t i c  mode l s  t ha t  exp la i n  t he
subsur face  max imum o f  the  ine r t ia l -pe r iod  mot ion  in  te rms  o f  a
water column alternating between three and two moving layers. "
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F ig .  32 .  Top  le f t ,  f requency  spec t ra  o f  cu r ren ts  a t  two  dep ths  in  summer  and
one depth in  winter  (Malone,  1968)  .  The remainder  of  the f igure presents
t e m p e r a t u r e  t r a n s e c t s  b e f o r e  ( t o p  r i g h t )  a n d  a f t e r  ( b o t t o m  l e f t )  t h e  s t o r m  o f
12 /13  1963  and  (bo t tom r igh t )  a f te r  t he  s to rm o f  16 /17  Aug .  F i l l ed
rec tang les  i n  the  cen t ra l  d iag ram o f  w ind  speed  (kno ts ,  square  l aw  sca le )  a t
Milwaukee indicate the t ime of  ferry runs 224 to 232 (Mort imer 1968, 1971),
r e - n u m b e r e d  i n  F i g s .  5 2  t o  5 5 .
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Fig. 33. Temperature (°C) distributions on consecutive cross-lake - Michigan
runs, 19/22 Aug. 1963, after a major storm on 16/17 Aug. (see Fig. 32): upper
por t ion,  isotherm d is t r ibut ions f rom 0 to  45 m depth,  mid- lake cross ings
westward ( top le f t ,  1945 h ,  19th)  and eastward ( top r igh t ,  0400 h ,  10th)  ;
lower portion, 10°C (mid-thermocline) isotherms only on nine consecutive
c ross ings  (224  to  232 ,  1000  h  19  to  0500  22  Aug .  re -numbered  i n  Tab le  2
a n d  F i g s .  5 2  t o  5 5 ) .
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( i i i )  C r o s s - b a s i n  t h e r m a l  s t r u c t u r e  a f t e r  s t r o n g  w i n d  s t r e s s ;  a n  i n i t i a l

i n t e r p r e t a t i o n

Whi le iner t ia l  mot ions were shown to be the common, everyday responses

o f  t h e  o p e n  w a t e r s  o f  a  s t r a t i f i e d  L a k e  M i c h i g a n  t o  v a r i a b l e  w i n d ,  t h e r e  w e r e

occas ions  i n  1963  when  s t rong  and  sus ta ined  s to rms  s t rong l y  d i s to r ted  the

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

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

bathy thermographs  opera ted  a t  rough ly  6  min  in te rva ls  f rom a  ra i l road  fe r ry  on

i t s  t o -and- f ro  passages ,  M i lwaukee-Muskegon ,  Church  p ioneered  th i s  techn ique

i n  a  1 9 4 2  s t u d y  o f  t h e  h e a t  c y c l e  o f  t h e  l a k e .  T w e n t y - o n e  y e a r s  l a t e r ,  i n

1963, we recovered and employed his winch on the ferry which he used (Fig.  34).

F i g .  3 4 .  W i n c h  a n d  b a t h y t h e r -
mograph used by Mor t imer
( 1 9 6 8 )  T h e  o r i g i n a l
b a c k g r o u n d  o f  t h i s  p h o t o  h a s
here  been  rep laced  by  a  v iew
o f  a  p a s s i n g  s i s t e r - f e r r y  i n
m i d - L a k e .

Three storms on 9, 12/13 and 16/17 August progressively perturbed the

thermocl ine isotherms (F igs.  32,  33 and more deta i l  in  la ter  F igs.  54 and 55) .

The principal distort ion was strong upwell ing along one shore, accompanied by

downwel l ing on the other ,  conf ined to  a  nearshore reg ion of  width less than

t h r e e  a n d  3 3  ( w h i c h  a r e  c o n t i n u a t i o n s  f r o m  F i g .  2 9 )
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Fig. 35. Depths (m) of the thermocline-embracing isotherms 15° (circles) and
10°C (triangles) at selected distances (km) along the Milwaukee-Muskegon ferry
track, interpolated in 14 temperature transects (re-numbered as in Fig. 55)
traversed between 1800 h 18 Aug. and 2400 h, 22 Aug. 1963, during calm
af te r  the  16 /17  Aug.  s to rm.  Th is  f igure  re t r ieves  the  ac tua l  thermoc l ine
motion (at the selected distances from MI) from the ferry-scanned - thermocline
t opog raphy  i l l us t ra ted  i n  F ig .  33  and  l a te r  55 .  Revea led  i s  a  m id -Lake
standing wave pattern of near 16 h period with a phase change at a node near
66 km from MI. To the west of the node, the thermocline reaches its crest (at
WTC) a t  2100 hours  on 18 Aug.  and a t  16 h .  in terva ls  thereaf ter .
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i l l u s t r a t e  t h e  b u i l d u p  o f  t h a t  d i s t o r t i o n ,  w i t h  a n  o v e r a l l  d e e p e n i n g  o f  t h e

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

T h i s  w a s  t h e  c o m b i n e d  r e s u l t  o f  t h e  t w o  s t r o n g  2 - d a y  s t o r m s  o n  1 2 / 1 3  a n d  1 6 / 1 7

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

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

de f l ec t i on  concen t ra ted  nea r  sho re ,  f avo red  gene ra t i on  o f  odd -numbe red  c ross -

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

c o n t r a s t  t o  t h e  u s u a l  d o m i n a t i o n  i n  s m a l l  l a k e s .  C s a n a d y  ( 1 9 7 3 )  f o r m a l i z e d

t h i s  concep t  i n  a  mode l  ( see  a l so  Lee  and  Mysak  1979 ) .

D u r i n g  t h e  s i x  d a y s  o f  c a l m  f o l l o w i n g  t h e  1 6 / 1 7  A u g u s t  s t o r m ,  e l e v e n

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

d u r i n g  t h e  e v e n i n g  o f  1 8  A u g u s t .  T w o  o f  t h o s e  c o n s e c u t i v e  t r a n s e c t s  a n d  t h e

superimposed traces of 10° isotherms from each of ten runs are i l lustrated in

F i g .  3 3 .  C o n s e c u t i v e  c r o s s i n g s  o f  t h e  f e r r y  o f t e n  h a p p e n e d  t o  p a s s  t h e  m i d -

l a k e  p o i n t  a t  i n t e r v a l s  o f  a b o u t  8  h .  B e c a u s e  o d d - n u m b e r e d  P o i n c a r é  s e i c h e

modes would be expected to possess a common node near mid-basin and to occupy

t h e  p e r i o d  r a n g e  1 4  t o  1 7  h ,  t h e  m i d - b a s i n  i s o t h e r m  s l o p e s  w o u l d  t h e r e f o r e  b e

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

a p p e a r s  c o n f i r m e d  i n  t h e  l o w e r  h a l f  o f  F i g .  3 3 .  T h e  t i m i n g s  o f  t h e  f e r r y

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

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

near  the  s ides .  Neve r the less ,  an  a t tempt  (F ig .  35 )  t o  coun te rac t  t he  a l i as ing

e f f e c t  o f  t h e  f e r r y  t i m e t a b l e  a n d  t o  f i t  1 6 . 5  h  s i n u s o i d s  t o  t h e  o b s e r v e d

fluctuation in 10°c isotherm level at fixed distances from Milwaukee,

disc losed a wel l -def ined node near  65 km,  less wel l -def ined nodal  reg ions near

40 and  90  km,  bu t  no  c lear  p ic tu re  in  the  reg ions  o f  pers is ten t  s teep  i so therm
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s l o p e s  n e a r s h o r e .  W i t h o u t  a d e q u a t e  c u r r e n t  d a t a * ,  I  v i e w e d  t h e  o b s e r v a t i o n s

a s  a  s e t  o f  t r a n s v e r s e  s e i c h e s  ( M o r t i m e r  1 9 7 1 ) .  A  l e s s  l i k e l y  i n t e r p r e t a t i o n

o f  th i s  pa r t i cu la r  ep i sode  was  pu t  fo rward  by  Lee  and  Mysak  (1979) ,  who

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

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

The apparen t  ra r i t y  o f  the  t ransverse  se iche  response in  Lake  Mich igan,

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

sus ta ined  ex tens ive  the rmoc l i ne  de f lec t i on  fo l l owed  by  a  ca lm in te rva l  l ong

enough to permit  cross-basin t ransfer  and ref lect ion of  Poincare wave energy

and  the  es tab l i shmen t  o f  t he  s tand ing  wave  pa t te rn .  P re l im ina ry  ana l ys i s  o f

t h e  I F Y G L  r e c o r d s  f r o m  L a k e  O n t a r i o  ( M o r t i m e r  1 9 7 7 ,  1 9 8 0 )  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  a l s o  t h e  m o s t  c o m m o n  r e s p o n s e  i n  t h a t  L a k e  a n d  t h a t ,  w h i l e

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

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

i n te rna l  se iches  have  no t  ye t  been  seen  in  the  on ly  o ther  la rge- lake  bas in  fo r

which comparably comprehensive records are avai lable (Lake Erie, Boyce and

C h i o c c h i o  1 9 8 7 ) .

R e c e n t l y ,  t h e  t r a n s v e r s e  s e i c h e  i n t e r p r e t a t i o n  o f  t h e  1 9 6 3  o b s e r v a t i o n s

i n  Lake  Mich igan  has  :  been  ca l led  in to  ques t ion  (Fenne l ,  1989) .  I  the re fo re

r e t u r n  t o  e x a m i n a t i o n  o f  t h i s  m a t t e r  i n  t h e  f i n a l  d i s c u s s i o n  s e c t i o n  - -

unexplained phenomena and unanswered questions - - starting on p. 75.

*It was unfortunate that only two moored current meters operated within 15 km
o f  t h e  f e r r y  t r a n s e c t .
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( i v )  T r a n s v e r s e l y  p r o p a g a t i n g  s u r g e s ,  o b s e r v e d  a n d  m o d e l e d

In  nar row- lake  examples  c i ted  ear l ie r  (Earn ,  Ness ,  and  Zür ich )  in te rna l

surges  p ropaga te  away  f rom the  bas in  ends ,  when  w ind- induced  downwe l l i ng  o r

the  thermoc l ine  downswings  o f  the  ensu ing  long i tud ina l  se iche  a re  la rge  enough

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

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

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

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

L a k e  O n t a r i o  d u r i n g  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  ( 1 9 7 2 ) ,

w i t h  t h e  t o w e d  d e p t h - u n d u l a t i n g  s e n s o r s  i l l u s t r a t e d  i n  F i g .  3 6 ,  a n s w e r e d  t h a t

q u e s t i o n  a f f i r m a t i v e l y  ( M o r t i m e r  a n d  C u t c h i n ,  1 9 7 4 ;  M o r t i m e r  1 9 7 7 ,  1 9 8 0 ;  B o y c e

a n d  M o r t i m e r  1 9 7 7 ) .  .  &

T h e  o r i e n t a t i o n  o f  t h e  l o n g  a x i s  o f  L a k e  O n t a r i o  i s  W  t o  E ;  a n d  t h a t  i s

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

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

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

O n e  s u c h  e p i s o d e ,  i l l u s t r a t e d  i n  F i g .  3 7 ,  w a s  a s s o c i a t e d  w i t h  a  s t o r m

m o v i n g  e a s t w a r d  a l o n g  t h e  b a s i n  d u r i n g  l a t e  a f t e r n o o n  o n  8  A u g u s t  ( s e e  l a t e r

F i g .  4 0  a n d  S i m o n s  1 9 7 5  f o r  t h e  e f f e c t  o n  t h e  L a k e  a s  a  w h o l e )  .  T h e  s t o r m
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p r o d u c e d  s t r o n g  d o w n w e l l i n g  a l o n g  t h e  s o u t h e r n  s h o r e ,  f i r s t  s e e n  i n  t r a n s e c t

1 7 ,  a t  t o p  l e f t  i n  F i g .  3 7 .  A n  i n t e r n a l  d e p r e s s i o n  s u r g e  t h e n  s t a r t e d  t o  m o v e

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

i n  t ransec t  17  to  19)  a t  a  speed (z  2km/h)  s l igh t l y  g rea te r  than  C i .

Concurrent ly  the nearshore thermoc l ine  executed an up-and-down osc i l la t ion  in

a  n e a r - i n e r t i a l  p e r i o d  ( 1 5  h )  T h e  n e x t  d o w n s w i n g  w a s  l a r g e  e n o u g h  t o

gene ra te  a  second  no r t hgo ing  su rge ,  ma rked  by  doub le -headed  a r rows  i n

t r a n s e c t s  2 0  t o  2 4 .  N o  s u r g e  w a s  o b s e r v e d  t o  r a d i a t e  f r o m  o r  t o  b e  r e f l e c t e d

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

I n  a  t w o - l a y e r e d  m o d e l  f i t t e d  t o  L a k e  O n t a r i o  c o n d i t i o n s ,  S i m o n s  ( 1 9 7 8 )

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

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

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

t h e  a p p e a r a n c e  o f  t h e  s e c o n d  s u r g e  i n  F i g .  3 7  w a s  t o  b e  v i e w e d

" a s  p a r t  o f  t h e  o s c i l l a t o r y  r a t h e r  t h a n  t h e  q u a s i - g e o s t r o p h i c
r e s p o n s e  o f  t h e  l a k e  t o  w i n d .  A l t h o u g h  d i s t u r b a n c e s  f r o m  t h e
o p p o s i t e  u p w e l l i n g  s h o r e  m a y  e v e n t u a l l y  c o m b i n e  w i t h  t h o s e  f r o m
t h e  d o w n w e l l i n g  s h o r e  t o  c r e a t e  s t a n d i n g  P o i n c a r é  w a v e s  ( M o r t i m e r
1 9 7 7 ) ,  t h e  s c a l e  o f  t h e  f r o n t a l  z o n e  i s  s u f f i c i e n t l y  s m a l l  t h a t  i t
c a n  b e  t r e a t e d  i n d e p e n d e n t l y  o f  t h i s  e f f e c t .  T h u s ,  s i m i l a r
p h e n o m e n a  c a n  b e  e x p e c t e d  t o  o c c u r  i n  a n y  n e a r - s h o r e  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 . "

S i m o n ' s  m o d e l ,  i l l u s t r a t e d  i n  F i g .  3 8  ( b  a n d  c ) ,  e x t e n d e d  C a h n ' s  ( 1 9 4 5 )

a n a l y s i s  o f  t h e  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  t o  a  t w o - l a y e r e d  s y s t e m .  T h e

m o d e l  w a s  s t a r t e d  j u s t  b e f o r e  t h e  o n s e t  o f  t h e  s t o r m .  R e c o r d s  f r o m  t h e

a n e m o m e t e r  a t  m o o r i n g  9  p r o v i d e d  t h e  w i n d  s t r e s s  i n p u t .  T h e  m o d e l

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

Fig. 37. (see opposite page) Temperature (°C) in the upper 40 m in six
t ransects  o f  Lake Ontar io  (Braddock Pt .  to  Presqu ' i le )  9  Aug.  1972 ( f rom Boyce
a n d  M o r t i m e r ,  1 9 7 7 ;  f u r t h e r  d e t a i l s  i n  t h e  t e x t ) .  T h r e e  v e r t i c a l  l i n e s
i n d i c a t e ,  1 .  t o  r .  r e s p e c t i v e l y ,  t h e  p o s i t i o n s  o f  m o o r i n g s  1 6 ,  1 0 ,  a n d  9 ,  f r o m
which temperature,  cur rent ,  and wind records are shown in  F ig .  40.
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F i g .  3 8 .  ( a )  T h e r m o c l i n e  d e p t h ,
displayed by observed 10° isotherms
e x t r a c t e d  f r o m  t r a n s e c t s  ( n u m b e r e d
a s  i n  F i g .  3 7 )  t o  i l l u s t r a t e  t h e  S
t o  N  p r o g r e s s  o f  t w o  i n t e r n a l
s u r g e s .  I n  ( b )  a r e  d i s p l a y e d
c o m p a r a b l e  s i m u l a t i o n s  f r o m  t h e
S i m o n s  ( 1 9 7 8 )  m o d e l .  I n  ( c ) ,
c i r c l e s  i n d i c a t e  o b s e r v e d  p o s i t i o n s
o f  t h e  f r o n t s  o n  a  t i m e / d i s t a n c e
p l a n e ,  c o m p a r e d  w i t h  S i m o n ' s  m o d e l
l i n e s ,  t h e  s i n u o s i t i e s  o f  w h i c h  a r e

d e t e r m i n e d  b y  i n t e r a c t i o n  o f  s u r g e
p r o g r e s s  a n d  t h e  o s c i l l a t i n g
i n e r t i a l  c u r r e n t .  D i a g r a m s  ( a ) ,  ( b )
a n d  ( c )  a r e  f r o m  S i m o n s  ( 1 9 7 8 )  ;  ( a )
a n d  ( b )  w e r e  a l s o  r e p r o d u c e d  a s  a n
i l l u s t r a t i o n  o f  t h e  g e o s t r o p h i c
r e a d j u s t m e n t  p r o c e s s ,  i n  G i l l
( 1 9 8 2 )

d i s t a n c e  [ k m ]
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d i s p l a c e m e n t s  a n d  t h e  a s s o c i a t e d  r o t a t i n g  c u r r e n t s .  I t  a l s o  d e m o n s t r a t e d  t h a t

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

a n d  d u r a t i o n  o f  t h e  w i n d  i m p u l s e .  T h i s  e x p l a i n s  w h y ,  a s  w e  s h a l l  s e e ,  s o m e

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

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

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

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

s p e e d  o f  s u r g e  a d v a n c e ,  i l l u s t r a t e d  i n  F i g .  3 8  ( c ) .  .

( v )  S u r g e  g e n e r a t i o n  a s  a  p r o c e s s  o f  g e o s t r o p h i c  r e a d j u s t m e n t

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

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

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

t h e  s t r o n g  n e a r s h o r e  d o w n w e l l i n g s  i l l u s t r a t e d  i n  F i g u r e s  3 2  a n d  3 7 .  P o i n c a r é

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

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

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

compared to the Rossby radius a, the group velocity is maximal at cs for

s u r f a c e  a n d  f o r  i n t e r n a l  w a v e s ,  i n  t h e  a b s e n c e  o f  r o t a t i o n .  A s  w a v e l e n g t hc i

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

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

a n d  t h e  o r b i t a l  p l a n e  o f  p a r t i c l e  m o t i o n  ( s e e  F i g .  1 8 c )  t i l t s  c l o s e r  t o

h o r i z o n t a l .  A t  t h e  l i m i t ,  t h e  w a v e  i s  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

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

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

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

A s  G i l l  ( 1 9 8 2 )  e x p l a i n e d  w i t h  t h e  h e l p  o f  F i g .  3 9 ,  a n y  i n i t i a l  t r a n s i e n t

d e v i a t i o n  ( o f  t h e  w a t e r  s u r f a c e  o r  t h e r m o c l i n e )  f r o m  e q u i l i b r i u m  c a n  b e
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F i g .  3 9 .  G e o s t r o p h i c  r e a d j u s t m e n t  i n  a  f l u i d  o f  i n f i n i t e  e x t e n t ,  u n i f o r m
d e n s i t y  a n d  d e p t h  ( h ) ,  a n d  r o t a t i n g  a b o u t  a  v e r t i c a l  a x i s  a t  r a t e  f / 2  ( r e -
a r r a n g e d  f r o m  G i l l ,  1 9 8 2 ) .  A t  t i m e ,  t  -  0 ,  f l u i d  l e v e l  i n  r e g i o n s  x > 0  a n d  x < 0
a re ,  r espec t i ve l y ,  l owered  and  ra i sed  by  an  i n f i n i t es ima l  i nc remen t  n ,
i m p o s i n g  a n  i n i t i a l  d i s c o n t i n u i t y  o f  2 n  a t  x - 0 .  H e r e  i l l u s t r a t e d ,  f o r  t h e  x > 0
r eg ion  on l y ,  a re  subsequen t  t r ans ien t  p ro f i l es  o f  ( a )  e l eva t i on  and  (b )
assoc ia ted  cur ren t  components  u  and  V  a f te r  1 ,2 ,  3 ,  and  4  ro ta t ion  per iods .
The X ax is  is  graduated in  Rossby radi i ,  a-c / f - /gh/ f ,  in  which g denotes the
accelerat ion due to  grav i ty .  Fu l l  and dashed l ines in  (b)  respect ive ly
disp lay the d is t r ibut ion of  the current  components,  u  and V,  pos i t ive u
di rected to  the r ight  and posi t ive V d i rected in to the page.

rep resen ted  by  superpos i t i on  o f  an  appropr ia te  ensemb le  o f  Po incare  waves  o f

di f fe rent  wave lengths.  The subsequent  d ispersa l  o f  the ensemble is

i l lustrated by a model f luid system of uniform depth and density in Fig. 39

(see  cap t ion  fo r  de ta i l s ) .  When the  per tu rb ing  fo rce  i s  sw i tched  o f f ,  the

Poincare waves start to radiate from the perturbed region (from zero in Fig.

39). Because the shortest waves travel the fastest (at speed c for surfaceS

and at speed Ci for internal), a step-like advancing front forms. The longer

waves fol low behind as a "wake," with the longest,  slowest waves of near-

iner t ia l  f requency br ing ing up the rear .  "At  a  f ixed po int ,  th is  is  made

e v i d e n t  t h e  f a c t  t h a t  t h e  f r e q u e n c y  a p p e a r s  t o  d e c r e a s e  w i t h  t i m e  a f t e r  t h e
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wave front has passed (i. the time between wave crests increases) and soon

app roaches  t he  i ne r t i a l  f r equency  f  "  (G i l l ,  1982 ) .  He re in  l i e s  t he

probable explanation of the different periodicities seen in the occasional

near-inertial internal wave episodes seen in Lake Michigan water intake

temperature records (Fig. 28). At the beginning of the above-described

geostrophic readjustment process, before the shorter Poincare waves have moved

away from the vicinity of the intake pipe, the dominant frequency is higher.

Later in the process, longer waves, are slower to depart, possess
f requenc ies  c loser  to  f .  .

"The wave fronts moving away from the initial discontinuity carry energy

with them, so for  f in i te  region energy is  lost  by radiat ion of

Poincare waves until the only left is that associated the steady

geostrophic equilibrium" (Gill, i.e. in the form of shore-parallel

currents and associated Kelvin-type waves (Fig. 27).

The model system illustrated in Fig. 39 can also be applied, with c s

replaced by to two-layered and other stratified systems, in which there is

an initial perturbation in thermocline level at the shoreline, X = 0. In

fact, in his 1982 book, Gill chose the observed and modeled internal surge

progression in Fig. 38 as an illustration of the geostrophic readjustment

process  p rog ress  na tu re ,  even  though  S imon 's  mode l  embod ies  some

additional nonlinear features and the observed rate at which the fronts

migrate offshore is about 50% greater than Why this rate is higher is one

of the unanswered questions posed in the following discussion.

No examples of reflection of internal surges, when they arrive at the

opposite shore, or the consequent formation of standing waves, have been

unambiguously demonstrated in Lakes Michigan and Ontario. Therefore, the

apparent transverse internal seiches, occasionally generated or reinforced

after storms and to be described, must have other origins.
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( v i )  E v i d e n c e  o f  t r a n s v e r s e  i n t e r n a l  s e i c h e s  i n  L a k e  O n t a r i o

The  no r thwa rd -p ropaga t i ng  su rges ,  desc r i bed  and  mode led  i n  t he  p rev ious

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

d isp lacemen t .  Ev idence  o f  occas iona l  who le -bas in  responses  emerges  f rom the

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

d i s t r i b u t i o n s  d u r i n g  r e p e a t e d  c r o s s - b a s i n  t r a n s e c t s  f r o m  B r a d d o c k  P t .  t o

P r e s q u ' i l e .  F o r  e x a m p l e ,  t h e  2 1 6 - 2 2 9  J u l i a n  D a y  i n t e r v a l ,  c o v e r e d  b y  F i g .  4 0 ,

i n c l u d e d  t w o  s t r o n g  w i n d  i m p u l s e s .  T h e  f i r s t ,  f r o m  N N E  o n  d a y  2 1 7 ,  w a s

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

i n e r t i a l  c u r r e n t s  a t  m o o r i n g s  1 6 ,  1 0 ,  a n d  9 ,  l o c a t e d  r e s p e c t i v e l y  a t  1 2 ,  3 6

and  54  km a long  the  t ransec t .  The  second  s to rm peaked  f rom WSW la te  on  day

2 2 2  w i t h  w i n d  c o n t i n u i n g  f r o m  W  o n  2 2 3 .  T h e  f o l l o w i n g  s i x  d a y s  w e r e

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

t r a n s e c t s  i l l u s t r a t e d  i n  F i g .  3 7 .

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

t e m p e r a t u r e  a n d  c u r r e n t ,  f o r  w h i c h  o n l y  t h e  N S  c o m p o n e n t  o f  t h e  l a t t e r  a t  1 5  m

i s  s h o w n .  ( C o m p a r i s o n  w i t h  t h e  E W  c o m p o n e n t  c o n f i r m s  t h e  p r e s e n c e  o f

c l o c k w i s e - r o t a t i n g  i n e r t i a l  w a l t z i n g . )  A t  1 5  m ,  t h e  c u r r e n t  r e c o r d e r s  w e r e  i n

t h e  u p p e r  p a r t  o f  t h e  t h e r m o c l i n e .  R e c o r d s  f r o m  1 0  m ,  w h i c h  w o u l d  h a v e  b e t t e r

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

C2-
a  d a s h e d  l i n e ,  f o r  t h e  m o s t  p a r t - e a r l y  i n  p h a s e  w i t h  t h e  r e c o r d  a t  1 5  m ) .

F i g .  4 0 .  ( o n  o p p o s i t e  p a g e )  L a k e  O n t a r i o ,  1 9 7 2 .  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 s c i l l a t i o n s  a t  m o o r i n g s  i n  t h e  B r a d d o c k  P t .  t o  P r e s q u ' i l e
s e c t i o n ,  3  t o  1 6  A u g u s t  1 9 7 2 .
( a )  N S  a n d  E W  ( d a s h e d  l i n e )  c o m p o n e n t s  o f  w i n d  s p e e d  s q u a r e d  a t  3  m  h e i g h t  a t
m o o r i n g  9 ;
( b )  N S  c o m p o n e n t  o f  c u r r e n t  a t  1 5  m  d e p t h  a t  m o o r i n g s  9 ,  1 0 ,  a n d  1 6  a n d  a t
1 0  m  d e p t h  ( d a s h e d  l i n e )  a t  m o o r i n g  1 0 ;
( c )  i s o t h e r m  d e p t h s  i n t e r p o l a t e d  f r o m  t h e r m i s t o r  c h a i n  r e c o r d s  a t  m o o r i n g  9 ;  a n d
( d )  t e m p e r a t u r e  ( i n v e r t e d )  a t  2 0  a n d  2 5  m  a t  m o o r i n g  1 6 .  M o o r i n g  p o s i t i o n s
a n d  b a t h y m e t r y  a r e  s k e t c h e d  a t  t o p  r i g h t ;  a n d  t h e  i n t e r s e c t s  ( a t  9 )  w i t h
t o w e d  u n d u l a t o r  t r a n s e c t s  ( s o m e  i l l u s t r a t e d  i n  F i g .  3 7 )  a r e  s h o w n  a s  n u m b e r e d
v e r t i c a l  l i n e s .
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Fig. 41. Lake Ontario 1972: depth of the 10° C (mid-thermocline) isotherms in
selected transect pairs, Braddock Pt. to Presqu'ile; (a) 7 to 9 August (before
a  l a te  on  t he  9 th )  and  (b )  9  t o  11  Augus t .  The  s to rm  fo rced  the
downwelling at D in transect No. 16. The pairs were selected, as described in
the text, to display the structure of transverse internal seiches, if present.
Panel (c) illustrates a model of such a seiche calculated by Schwab (1977) for
a  t w o  -  L a k e  O n t a r i o  b a s i n  o f  i r r e g u l a r  p l a n  a n d  u n i f o r m  d e p t h .
Ful l  l ines  in  (c )  a re  co-phase l ines  a t  30°  in terva ls .  Dashed l ines  are
con tou rs  o f  re la t i ve  amp l i t ude .
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S i g n i f i c a n t  o b s e r v a t i o n s  d u r i n g  t h e  f o u r  r e l a t i v e l y  c a l m  d a y s  a f t e r  t h e

f i r s t  s t o r m  w e r e :  ( 1 )  t h e  N S  c u r r e n t  c o m p o n e n t  w a s  n e a r l y  i n  p h a s e  a t  a l l

t h r e e  m o o r i n g s ;  a n d  ( 2 )  t h e r m o c l i n e - d e p t h  o s c i l l a t i o n s  a t  9  a n d  1 6  w e r e  n e a r l y

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

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

p e r i o d s  o f  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  1 7 . 2  h ;  a n d  t h e  p e a k s

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

i s o t h e r m s  a t  9  w e r e  f a l l i n g  t h r o u g h  t h e i r  e q u i l i b r i u m  l e v e l s .  T h i s ,  a l s o ,  i s

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

t h e  f o u r  d a y s  i n  q u e s t i o n  ( J D  2 1 8 - 2 2 1 )  t h e  a m p l i t u d e  o f  t h e  t h e r m o c l i n e - d e p t h

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

O b s e r v a t i o n s  o f  c r o s s - b a s i n  t e m p e r a t u r e  d i s t r i b u t i o n  b e g a n  l a t e  o n  J D  2 2 0 ;  a n d

the  d is t r ibu t ions o f  the 10°  (mid- thermoc l ine)  iso therms in  the n ine t ransects

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

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

a p p e a r s  ( i n  F i g .  4 1 a )  w h e n  t r a n s e c t s  a r e  s e l e c t e d  t o  c o i n c i d e  a s  n e a r l y  a s

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

m o o r i n g  9  ( s e e  F i g .  4 0 c ) .  T h e  t r o u g h - c o r r e s p o n d i n g  i s o t h e r m s  i n  F i g .  4 1  a r e

s h o w n  a s  d a s h e d  l i n e s .  W e a k  t r a n s v e r s e  s e i c h i n g  d u r i n g  t h e  p r e - s t o r m

i n t e r v a l s  w a s  a l s o  i l l u s t r a t e d  i n  F i g .  5 2  o f  M o r t i m e r  ( 1 9 8 0 )  .

Dur i ng  t he  second  s to rm  on  day  222 ,  t he  p i c t u re  changed  d rama t i ca l l y

( F i g .  4 1 b ) .  T h e  m e a n  l e v e l  o f  t h e  f i r s t  p o s t - s t o r m  t r a n s e c t  N o .  1 6  w a s

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

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

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

i n t e r n a l  w a v e s  ( M o r t i m e r  1 9 8 0 ,  F i g .  5 4 ) ;  t h e  i s o t h e r m  p a i r s  i n  F i g .  4 1 b

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

a  n o d e  n e a r  m o o r i n g  1 0 .  T h a t  p a t t e r n  i s  c o n s i s t e n t  w i t h  S c h w a b ' s  ( 1 9 7 7 )  m o d e l

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

O n t a r i o  o f  i r r e g u l a r  p l a n  a n d  u n i f o r m  d e p t h ,  i l l u s t r a t e d  i n  F i g .  4 1 ( c ) .  I n
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( c )

F i g .  4 2 .  L a k e  O n t a r i o ,  1 9 7 2 :  D e p t h  o f
1 0  C  i s o t h e r m s  o n  B r a d d o c k  P t .  t o

P r e s q u ' i l e  t r a n s e c t s ,  ( a )  2 4  t o  2 6  J u l y
and  (b )  27 -28  -  Ju l y ,  1972 ,  respec t i ve l y
d u r i n g  a n d  a f t e r  a  s t o r m ;  ( c )  s h o w s  2 7
t o  2 8  J u l y  p r o g r e s s  o f  t w o  i n t e r n a l
s u r g e s  ( f r o m  M o r t i m e r  1 9 8 0 ) .

Fig.  43. Lake Ontar io 1972. Braddock Pt.  to Presqu' i le sect ion,  2-4 October:
(a) Mid-thermocline (10°C) isotherms in transects chosen to coincide as nearly
as possible with crests and troughs in the thermocl ine-depth - osci l lat ions at
m o o r i n g  9 ;
(b) 3-dimensional ( isometric) representation of the thermocline surface, i.e.
hourly-averaged deviations of the 10° isotherm from its equilibrium level, 2-5
Oct., using all available mooring and transect data (from Mortimer, 1977).
Pr ior  h igh-pass f i l t ra t ion through a 30 h t r iangular  f i l te r  removed the
ef fec ts  o f  low- f requency mot ions.
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t h a t  m o d e l ,  t h e  f r e e  b a s i n  m o d e s  s e p a r a t e  i n t o  t w o  d i s t i n c t  c l a s s e s :  K e l v i n -

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

f i r s t  m o d e  P o i n c a r é  m o d e l  i s  1 6 . 8  h .

T h e  o b s e r v a t i o n s  i l l u s t r a t e d  i n  F i g .  4 0 ,  h o w e v e r ,  s h o w  t h a t  o t h e r

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

o s c i l l a t i o n s  a f t e r  t h e  f i r s t  s t o r m  b o t h  e x h i b i t e d  5  c y c l e s  o f  a v e r a g e  p e r i o d

1 7 . 2  h ,  a f t e r  t h e  s e c o n d  s t o r m  t h e  c u r r e n t  o s c i l l a t i o n  a t  m o o r i n g  1 0  ( 6  c y c l e s

n e a r  1 7  h )  w a s  a c c o m p a n i e d  i n i t i a l l y  b y  a  t h e r m o c l i n e - d e p t h  o s c i l l a t i o n  o f

h i g h e r  f r e q u e n c y  ( 3  c y c l e s  n e a r  1 6  h )  a t  m o o r i n g  9 .  T h e  e x p l a n a t i o n  o f  t h i s

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

o s c i l l a t i o n s  ( a l s o  i n  L a k e  M i c h i g a n )  m a y  b e  t h e  c o m b i n a t i o n  o f  t w o  r e s p o n s e s

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

t h e  b a s i n ' s  r i m ;  a n d  i n e r t i a l  w a l t z i n g  f u r t h e r  o f f s h o r e .  T h e  b e a t  e f f e c t s ,

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

( m o d e l e d  i n  F i g .  2 0  o f  M o r t i m e r  1 9 8 0 )  m a y  p a r t l y  e x p l a i n  t h e  i n t e r m i t t e n t

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

s t o r m s  i n  F i g .  4 0  a n d  i n  o t h e r  L a k e  O n t a r i o  a n d  M i c h i g a n  f i g u r e s .

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

v a r i a b i l i t y .  A n  e a r l i e r  s e t  o f  t r a n s e c t s  ( J D  2 0 6  t o  2 1 0 ) ,  d i v i d e d  i n t o  p r e - s t o r m

a n d  p o s t - s t o r m  g r o u p s  i n  F i g .  4 2 ( a )  a n d  ( b ) ,  d e m o n s t r a t e d  t h e  f o l l o w i n g  s t o r m

e f f e c t s :  i n t e n s i f i c a t i o n  o f  p r e v i o u s  s o u t h - s h o r e  d o w n w e l l i n g  ( t r a n s e c t  1 0 )  ;

s u b s e q u e n t  n o r t h w a r d  p r o g r e s s  o f  i n t e r n a l  s u r g e s  ( F i g .  4 2 c )  ;  b u t  n o  c o n s p i c u o u s

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

shown)  emerged  du r ing  la te r  w ind less  days  (211-213) .  .

A s  a  c o n t r a s t ,  t h e  s e t  o f  t r a n s e c t s  ( F i g s .  4 3  a n d  4 4 )  w h i c h  f o l l o w e d  a

s t o r m  o n  d a y  2 7 4 ,  d i s p l a y e d  a  c o n s p i c u o u s  t r a n s v e r s e  i n t e r n a l  s e i c h e  d u r i n g  p o s t -

s t o r m  d a y s  ( 2 7 5 - 2 7 8 )  o f  r e l a t i v e  c a l m .  B u t ,  i n  s p i t e  o f  s o u t h e r n  d o w n w e l l i n g

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

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

on the depth of the 10° isotherm, derived from all  moorings and transects, in
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Fig. 43, 44 As in Fig. 35 for Lake Michigan, the aliasing effect of vessel progress

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

t r a n s e c t .  C u r r e n t  r e c o r d s  u n f o r t u n a t e l y ,  o n l y  a v a i l a b l e  f r o m  m o o r i n g  9 .

The  se ich ing  was  pa r t i cu la r l y  pe rs i s ten t  i n  th i s  examp le .  Seven  cyc les  o f

current  and thermocl ine-depth osci l la t ion showed an average per iod of  16.8 h.

Fig. 44. Lake Ontario, Sept. 30 to Oct. 8, 1972, Braddock Pt. to Presqu'i le
section: (a) wind stress (dyn/cm2) and (b) NS component of current at 15 m
depth at mooring 9; (c) depth of the 10° (mid-thermocline) isotherm at
distances 54 (mooring 9) , 45, 36 (mooring 10), 25, and 12 km (mooring 16) from
Braddock Pt. The 45 and 25 km data (dots with 3m added as prompted by
d iscuss ion  o f  t ime  cons tan t  i n  Boyce  and  Mor t imer ,  1977)  a re  f rom
t r a n s e c t  a n d  a r e  f i t t e d  t o  a  s i n u s o i d  o f  r a n g e  + 3 m  a n d  p e r i o d  1 7  h .
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Q u e s t i o n s  u n r e s o l v e d  f o r  l a r g e  l a k e s :  a  c o n c l u d i n g  d i s c u s s i o n .

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

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

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

defini t ion, are those which are much wider than the Rossby radius, a -  c i / f .

W i n d  a c t i o n  i s  s e e n  t o  c h a n g e  t h e  s t r a t i f i c a t i o n  t h r o u g h  t u r b u l e n t  m i x i n g  a n d

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

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

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

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

a c t i v i t y  w a s  n o t a b l y  s t i m u l a t e d  b y  t h e  I F Y G L  ( A u b e r t  a n d  R i c h a r d s ,  1 9 8 1 )  a s

d e m o n s t r a t e d  b y  t h e  F i g .  3 8  e x a m p l e .  A n  i l l u m i n a t i n g  a n d  c o m p r e h e n s i v e

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

S i m o n ' s  ( 1 9 8 0 )  m o n o g r a p h .  S i m o n ' s  o u t s t a n d i n g  c o n t r i b u t i o n s ,  i n  p a r t i c u l a r ,

a r e  r e v i e w e d  i n  t h e  i n t r o d u c t o r y  e s s a y  ( S c h e r t z e r ,  B o y c e ,  a n d  M u r t h y ,  1 9 8 8 )  t o

h i s  C o l l e c t e d  R e p r i n t s .  *

Here  we pre face  the  parade o f  some unreso lved  ques t ions  w i th  a  summary

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

s t r e s s :  1 ,  o f f s h o r e  i n e r t i a l  w a l t z i n g  a n d  E k m a n  d r i f t ;  2 ,  n e a r s h o r e  d y n a m i c s

o f  u p / d o w n w e l l i n g ,  f o r c e d  b y  t h e  E k m a n  d r i f t ;  3 ,  g e o s t r o p h i c  r e a d j u s t m e n t  t o

r e s p o n s e  2 ,  m a r k e d  b y  o f f s h o r e  m i g r a t i o n  o f  P o i n c a r é  w a v e  e n s e m b l e s  a n d  f r o n t s

a n d  n e a r s h o r e  g e n e r a t i o n  o f  s h o r e - t r a p p e d  K e l v i n  w a v e s ;  a n d  4 ,  b a s i n - s t e e r e d

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

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

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

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

* J .  T .  S i m o n s '  e a r l y  d e a t h  r o b b e d  u s  o f  h i s  i n s p i r a t i o n ,  w i s d o m ,  a n d  f u t u r e
p r o m i s e .  T r a g i c a l l y ,  t h e  s a m e  m u s t  b e  s a i d  o f  t w o  o t h e r  m a s t e r s  o f  t h i s
f i e l d :  A .  E .  G i l l  a n d  N .  S .  H e a p s .

7 5



F ig .  45 .  I n te rm i t t en t  i ne r t i a l  mo t i on  ( t empera tu re  and  cu r ren t  osc i l l a t i ons )
at  moor ing 10,  Lake Ontar io,  Ju ly-August ,  1972 ( IFYGL data,  Marmor ino and
M o r t i m e r ,  1 9 7 8 ) .

persistence are strongly dependent on the durat ion of  the wind impulse and on

i t s  phas ing wi th  pre-ex is t ing  mot ions.  Express ions o f  responses 3  and 4  a lso

requ i re  an  in te rva l  o f  re la t i ve  ca lm in  the  a f te rmath  o f  the  in i t i a t i ng  s to rm.

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

d i s t u r b a n c e .
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( i )  I n t e r a c t i o n  w i t h  t o p o g r a p h i c  R o s s b y  w a v e s

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

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

m u s t  b e  c o n s i d e r e d  b r i e f l y .  R e s p o n s e s  2  t o  4  a r i s e  a s  a  c o n s e q u e n c e  o f  w i n d

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

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

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

b o t t o m s .  S o m e t i m e s  n a m e d  " v o r t i c i t y  w a v e s "  o r  " v o r t e x  m o d e s " ,  t h e i r  m o t i o n  i s

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

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

i n  t h i s  r e v i e w .  I n  L a k e  M i c h i g a n ,  S a y l o r  e t  a l . ,  1 9 8 0 ,  H u a n g  a n d  S a y l o r ,  1 9 8 2 ,

S c h w a b ,  1 9 8 3 ,  s h o w e d  t h a t  t h e  d o m i n a n t  p e r i o d  o f  t h e  v o r t i c i t y  w a v e  i s  a b o u t  f o u r

d a y s ,  a n d  t h a t  t h e  a s s o c i a t e d  c u r r e n t  s p e e d s  c a n  b e  a s  h i g h  a s  1 0  c m / s .  F o r

o s c i l l a t i o n s  o f  f r e q u e n c y  n e a r  f ,  i . e .  P o i n c a r é  w a v e s ,  t h e  v o r t i c i t y  w a v e ,  w h e n

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

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

p r o g r e s s  c y c l o n i c a l l y  a r o u n d  t h e  b a s i n .  T h e i r  s t r o n g  i n t e r a c t i o n  i n  L a k e  O n t a r i o

w a s  d e m o n s t r a t e d  a n d  m o d e l e d  b y  S i m o n s  ( 1 9 8 0 ) .  T h i s  w i l l  p r o b a b l y  a l s o  b e

d e m o n s t r a t e d  i n  L a k e  M i c h i g a n .  C l e a r l y ,  b a r o t r o p i c / b a r o c l i n i c  i n t e r a c t i o n s  p o s e

m a n y ,  a s  y e t ,  u n a n s w e r e d  q u e s t i o n s .

( i i )  Q u e s t i o n s  a r i s i n g  i n  c o n n e c t i o n  w i t h  o f f s h o r e  R e s p o n s e  1  ( i n e r t i a l  w a v e s  a n d

E k m a n  d r i f t )

I n e r t i a l  i s  a n  i m m e d i a t e  a n d  u n i v e r s a l  r e s p o n s e  o f f s h o r e  t o

c h a n g e  i n  w i n d  s t r e s s ,  o r  t o  o t h e r  c h a n g e s  i n  t h e  s t a t u s  q u o ,  w h e r e  t h e

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

"pure"  ine r t ia l  wave  mode ls  o f  Sverd rup  (1926)  and  Po l la rd  (1970)  app ly .
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However,  in Lakes Michigan (Figs. 30,31) and Ontar io (Figs. 44,45),  the observed

offshore responses are rarely pure in that sense, because not all the energy is

concentra ted in  cur rents  a t  f requency f .  Some energy a lso appears in

thermocline-depth oscil lations, often "blue-shifted" to frequencies sl ightly

above  f .  Tha t  sh i f t  r a i ses  f u r t he r  unanswered  ques t i ons .  A re  we ,  i n  f ac t ,

observing pure inertial motion "contaminated" by Poincaré waves of higher

f r equency  f r om  an  i nsho re  Response  3  even t?  I f  t ha t  i s  so ,  why  i s  t he

observed cur rent - ro ta t ion  f requency o f ten  d is t inc t ly  c loser  to  f  than is  the

t e m p e r a t u r e  f r e q u e n c y  ( e x a m p l e  i n  F i g .  3 1 ) ?  R e s e a r c h  i n  c o a s t a l  s e a s

may hold the c lue;  and the explanat ion may l ie  in  coasta l  in f luences other  than

Response 3 (Kundu,  1976,  1986,  Kundu et  a l .  1983) .

As illustrated in Figs. 31 and 45, Response 1 in Lakes Michigan and Ontario

are characteristically intermittent. Which factors, apart from wind variabil i ty,

contribute to that intermittency? Possibi l i t ies are: beat phenomena between

inert ial motion and Poincare waves of higher frequency passing through

f r o m  R e s p o n s e  3  e v e n t s ,  o r  r h y t h m i c  t o - a n d - f r o  o f  b e t w e e n  t h e

upper  m ixed  laye r  and  deeper  wa te r  (G i l l ,  1984) .

The thermocline oscillations which often accompany Response 1 (as

contaminants?) often exhibi t  nonl inear features: steep-frontedness and a

conspicuous harmonic content  of  f requency 2f .  That  content  is  revealed in

spectra (Figs. 32 and 46) and is sometimes large enough to be seen in untreated

records, as in the Lake Michigan and Ontario examples (Figs. 30 and 44,

respect ively).  Variabi l i ty in the 2f content is i l lustrated by rotary spectra of

successive 5-day samples of the July-August current records (Fig. 46). During

those months, current rotation was predominantly clockwise; and most of the

energy was sharply tuned at frequency f. smaller peaks were also present at

frequency 2f, but showed considerable variation in height from one 5-day interval
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t o  t h e  n e x t .  W h a t  i s  t h e  o r i g i n  o f  t h o s e  2 f  p e a k s ,  s e e n  i n  b o t h  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  w h a t  a c c o u n t s  f o r  t h e  v a r i a b i l i t y  i n  t h e i r  h e i g h t ?

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

r e s p o n s e  t o  c h a n g e s  i n  t h e  o f f s h o r e  s t a t u s  q u o ,  f o r  e x a m p l e ,  i n c r e a s e  o r

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

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

P r o b a b l e  i n e r t i a l  e f f e c t s  o f

t h e  l a t t e r  k i n d  a r e  d i s p l a y e d

i n  F i g .  4 7 ,  w h i c h  ( i n  s a t e l  -

l i t e - d e r i v e d  s u r f a c e  t e m p e r a -  -

t u r e  i m a g e s  f r o m  1 6  M a y  a n d  2 4

J u n e )  i l l u s t r a t e s  t h e  o f f s h o r e

a d v a n c e  o f  t h e  t h e r m a l  f r o n t ,

w h i c h  c h a r a c t e r i z e s  t h e  s p r i n g

w a r m - u p  p h a s e  e a c h  y e a r  i n

L a k e  M i c h i g a n .  O n  t h e  i n s h o r e

s i d e  o f  t h e  f r o n t s  ( d a r k

a r e a s )  t h e  w a t e r  c o l u m n  i s

s t r a t i f i e d  a n d  w a r m  a t  t h e

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

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

w e l l  m i x e d  a n d  c o l d .  U n l e s s

d i s t u r b e d  b y  w i n d ,  t h e  f r o n t

m o v e s  s t e a d i l y  o f f s h o r e .  O n

1 6  M a y ,  b o t h  w e s t e r n  a n d

e a s t e r n  f r o n t s  w e r e  e x t e n s i v e

a n d  r e l a t i v e l y  s t a b l e .  B u t ,

F i g .  4 6 .  R o t a r y  s p e c t r a  o f  c u r r e n t s
a t  1 0  m  d e p t h  ( s u c c e s s i v e  5 - d a y
s a m p l e s  o f  t h e  r e c o r d  i l l u s t r a t e d  i n
F i g .  4 5 ,  f r o m  M a r m o r i n o  a n d
M o r t i m e r ,  1 9 7 8 ) .  .
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Fig. 47. Coastal  Zone Color Scanner images (channel 6,  the thermal band) of
southern Lake Michigan on 16 May and 24 June 1979 (Mort imer 1988). Darker and
lighter areas indicate warmer and colder surface temperature, respectively.
On 16 May the eastern temperature front was stable; on 24 June upwelling had
occu r red  and  t he  f r on t  shows  ev i dence  o f  p robab le  i ne r t i a l  r esponse
t o  n e a r s h o r e  u p w e l l i n g .

by 24 June and af ter  severa l  days o f  S-d i rec ted wind,  there was extens ive

upwelling of cold (near 6°) water, shown as light areas inshore along the

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

strongly perturbed by eddies, giving i t  a remarkable braided rope-l ike

a p p e a r a n c e .  D o e s  t h a t  t h e  o f  t r a n s i e n t  i n e r t i a l  w a v e s ,

generated during a geostrophic adjustment forced by the upwelling? In ocean

fronts, Kunze and Sanford (1984) have demonstrated that inertial waves,
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g e n e r a t e d  a n d  t r a p p e d  i n  f r o n t a l  r e g i o n s ,  a r e  e n e r g e t i c  e n o u g h  t o  p l a y  a n

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

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

b e g i n s  t o  d r i f t ,  t o  t h e  r i g h t  w h e n  l o o k i n g  d o w n w i n d .  E k m a n ' s  ( 1 9 0 5 )

s i m p l i f i e d  m o d e l  o f  t h a t  p r o c e s s  i s  i l l u s t r a t e d  i n  F i g .  4 8 .  T h a t  m o d e l  i s

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

t h a t  t h e  m i x i n g  ( e d d y  d i f f u s i o n )  c o e f f i c i e n t  i s  c o n s t a n t  t h r o u g h o u t  t h e  w a t e r

co lumn.  More  e labora te  mode ls  o f  Ekman f low in  Lake  Mich igan were  cons t ruc ted

b y  B i r c h f i e l d  ( 1 9 7 3 )  a n d  B i r c h f i e l d  a n d  H i c k i e  ( 1 9 7 7 ) .  B u t  F i g .  4 8  s e r v e s  t o

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

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

( i i i )  R e s p o n s e  2 :  n e a r s h o r e  u p w e l l i n g  a n d  d o w n w e l l i n g

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

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

o f  w i d t h  o n e  o r  t w o  R o s s b y  r a d i i .

A l o n g  t h e  o p p o s i t e  s h o r e ,  t h e r e  i s  a

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

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

t h e  t h e r m o c l i n e  ( u p w e l l i n g )  A n

example  o f  tha t  downwe l l i ng /upwe l l -

i ng  asymmet r y  appea rs ,  a f t e r  s t r ong

s u s t a i n e d  s o u t h - d i r e c t e d  w i n d ,  i n

F i g .  3 2 .

I f  t h e  a l o n g s h o r e  c o m p o n e n t  o f

t he  w ind  s t ress  i s  s t rong  enough ,

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

t o  t h e  l a k e  s u r f a c e ,  i . e .  C s a n a d y ' s

F i g .  4 8 .  M o d e l  o f  d r i f t  c u r r e n t s
i n  a n  E k m a n  l a y e r  r e s p o n d i n g  t o
s u s t a i n e d  w i n d  s t r e s s  ( f r o m  P e r r y
a n d  W a l k e r ,  1 9 7 7 ) .
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(1977) "ful l"  upwell ing. With a two-layered model and examples from Lake

Ontario, Csanady demonstrated that the magnitude of the minimum wind impulse,

requ i red  to  p roduce  fu l l  upwe l l i ng ,  i s  "c lose  to  the  p roduc t  o f  top  layer

dep th  and  p ropaga t ion  ve loc i t y  o f  l ong  waves  on  the  the rmoc l i ne . "  When  the

wind impulse exceeds that  minimum, the upwel led thermocl ine f ront  moves

fu r ther  o f fshore ,  and  s imp le  theory  no  longer  app l ies .  The o f fshore  w ind

component produces l i t t le effect, but adjustment to continued or subsequent

alongshore wind stress "produces a more complex thermocline shape and under

ce r ta in  cond i t i ons  a  f r on ta l  coun te rcu r ren t " .  Csanady  c i t es  a  Lake  On ta r i o

example; and a similar process may explain thermocline shapes observed during

sustained upwelling along the eastern shore of Lake Michigan (later Figs. 54

S o m e  f e a t u r e s  o f  t h e  u p w e l l e d

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

o r d e r  2 0  k m  d i a m e t e r  - -  a r e  i l l u s t r a t e d

i n  F i g .  4 9 .  R a o  a n d  D o u g h t y  ( 1 9 8 1 )

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

b a r o c l i n i c  i n s t a b i l i t y .  H o w  l o n g  t h o s e

e d d i e s  p e r s i s t  a f t e r  r e m o v a l  o f  t h e

s t r e s s ,  a n d  w h a t  e f f e c t  t h e y  h a v e  o n

h o r i z o n t a l  m i x i n g  a n d  t r a n s - t h e r m o c l i n e

exchange ,  has  ye t  to  be  de te rmined .

Fig .  49 .  LANDSAT v iew o f  a  fu l l y  upwe l led
thermocl ine front in Lake Michigan, 21 Aug
1973, rendered visible by CaCO
p r e c i p i t a t i o n  ( " w h i t i n g " )  i n  t h e  u p p e r
layer  (St rong 1978) .  Sub- thermocl ine
w a t e r ,  w h i c h  h a s  r i s e n  t o  t h e  s u r f a c e
a l o n g  t h e  W  s h o r e ,  r e m a i n s  d a r k .  T h e  b o x
a t  S  i s  e n l a r g e d  i n  F i g .  5 0 .
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( i v )  R e s p o n s e  3 :  g e o s t r o p h i c  r e a d j u s t m e n t  a f t e r  n e a r s h o r e  d o w n w e l l i n g

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

r e m o v e d ,  i s  i n i t i a t e d  b y  t h e  d o w n w e l l i n g / u p w e l l i n g  a s y m m e t r y .  I f ,  i n  t h e  t w o -  -

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

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

f ea tu res  mov ing  o f f sho re  f r om the  downwe l l ed  reg ion  dom ina te  t he  response ,  as

i n  F i g .  3 8 .  T h e  i n i t i a l  d o w n w e l l i n g  m a y  b e  r e p r e s e n t e d  a s  a  t w o - p a r t  s e t  o f

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

f requenc ies  and  ( i i )  l ow- f requency  Ke lv in  waves ,  bo th  re leased to  p ropagate

w h e n  t h e  w i n d  s t o p s .  S u b - s e t  ( i i )  r e m a i n s  t r a p p e d  t o  p r o p a g a t e  a l o n g s h o r e  a t

group ve loc i ty  Ci .  Sub-set  ( i ) ,  which propagates of fshore,  is  d ispers ive,

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

which form a front, travel fastest at speed ci in the simplest model

(F ig .  39 ) .  Observa t ions  (F igs .  38  and  42)  d isc losed  h igher  g roup  (su rge)

s p e e d s ,  r e p r o d u c e d  i n  S i m o n ' s  ( 1 9 7 8 )  m o d e l ,  w h e n  t h e  n o n l i n e a r  a c c e l e r a t i o n s

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

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

wind  impu lse  g ives  r i se  to  o f f shore  ine r t ia l  wa l t z ing  and  inshore  downwe l l i ng .

When calm is restored,  the Poincaré wave ensemble moves away f rom the down-

wel l ing  reg ion ,  w i th  the  waves  o f  shor tes t  leng th  lead ing ,  fo l lowed by  a

t ra i l ing wake of  longer wavelengths.  The ensemble advances into regions

previously occupied by inert ia l  (Response 1) waves only.  The frequency of  the

l e a d e r s  o f  t h e  P o i n c a r e  e n s e m b l e  i s  > f  a n d  f a l l s  c l o s e r  t o  f  i n  t h e  t r a i l e r s .

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

and  > f  a f te r  t he  Po inca re  l eade rs  a r r i ve ,  f o l l owed  by  a  p rog ress i ve  dec rease

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

b u t  i t  e x p l a i n  t h e  r a n g e  o f  p e r i o d s ,  s e e n  i n  w a t e r  i n t a k e  t e m p e r a t u r e
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r e c o r d s  ( F i g .  2 8 )  o n  t h e  r a r e  o c c a s i o n s  w h e n  t h e  t h e r m o c l i n e  h o v e r e d  n e a r  L a k e

M i c h i g a n  w a t e r  i n t a k e s  f o r  s e v e r a l  d a y s .  ( I t  w a s  t h o s e ,  a t  f i r s t ,  p u z z l i n g

f ind ings which t r iggered my 1963 paper  and subsequent  engagement  w i th  tha t

L a k e . )

As S imons  (1980)  po in ted  ou t ,  t he  p ropaga t ion  speed  o f  the  Po incare

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

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

" t h e  n o n l i n e a r  a c c e l e r a t i o n  t e r m s  i n  t h e  e q u a t i o n s  o f  m o t i o n  c a n  n o
l o n g e r  b e  n e g l e c t e d .  T h i s  l e a d s  t o  t w o  r e s u l t s  [ s e e  F i g .  3 8 ] .
I n  t h e  f i r s t  p l a c e ,  t h e  p r o p a g a t i o n  s p e e d  v a r i e s  p e r i o d i c a l l y  i n  a
f r a m e  f i x e d  t o  t h e  b a s i n ,  b e c a u s e  t h e  w a v e  a d v a n c e s  i n t o  a  m e d i u m
t h a t  r o t a t e s  w i t h  t h e  i n e r t i a l  f r e q u e n c y .  S e c o n d l y ,  t h e  l e a d i n g
s i d e s  o f  t h e  w a v e s  m a y  s t e e p e n  a n d  f o r m  i n t e r n a l  s u r g e s .  F o r  a
b a s i n  w i t h  r a t i o  o f  u p p e r -  t o  l o w e r - l a y e r  d e p t h  l e s s  t h a n  u n i t y ,  t h e
l a t t e r  e f f e c t  i s  k n o w n  t o  b e  l i m i t e d  t o  t h e  c a s e  o f  d e p r e s s i o n
w a v e s .  A s  t h e  t h e r m o c l i n e  a t  t h e  s h o r e  o s c i l l a t e s  w i t h  n e a r -

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

Th is  conc lus ion  i s  con f i rmed fo r  Lake  Onta r io  examples  in  F igs .  38  and

42 and prov is ional ly  a lso by la ter  examinat ion of  Lake Mich igan cross-sect ions

a f t e r  s t o r m s  ( F i g s .  5 4 , 5 5 ) ;  b u t  s e v e r a l  q u e s t i o n s  r e m a i n .  W h a t  f o r m s  d o  t h e

re -ad jus tmen t  p rocesses  take  a t  upwe l l ed  f ron ts?  We may  reca l l  t ha t  i t  was

a lso  shown ea r l i e r  t ha t ,  i n  sma l l  l akes  when  the rmoc l i ne  dep th  i s  l ess  than

basin depth, thermocline downswings generate surges, but upswings do not.

On rare occasions,  group or  packets of  in ternal  waves of  wavelength-

order 5 km have been observed in Lake Michigan. One such example, perhaps

moving o f fshore  f rom an upwel led  reg ion ,  i s  i l l us t ra ted  in  F ig .  50 .  Two

isotherm-depth sections were run into and out of Sheboygan (S) during the

afternoon and early morning of 29 and 30 July, 1963, respectively (Fig. 50a).

T h e  v e s s e l  t r a c k s  s k e t c h e d  i n  F i g .  5 0 ( b ) .  T h e  l a t t e r  f i g u r e  i s  a n

enlargement of the box at S in Fig. 49, in which CaCO precipitat ion had

produced "whit ing" in surface layers. The banding seen in (b) may arise
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b e c a u s e  t h e  m i l k y  l a y e r  i s  t h i n n e r  a b o v e  t h e  c r e s t s  a n d  t h i c k e r  a b o v e  t h e

t r o u g h s  o f  i n t e r n a l  w a v e s .  T h e  w a v e  p a c k e t  i n  F i g .  5 0 ( a )  a p p e a r s  t o  h a v e

moved offshore by about 15 km and increased in ampl i tude in the approximately

1 1  h  i n t e r v a l  b e t w e e n  t h e  v e r t i c a l  d a s h e d  ( t u r n i n g  p o i n t )  l i n e s .  T h e  c o r r e -

sponding propagation speed, -1.4 km/h, is close to the local value of Ci.

However ,  t he  "c res ts "  o f  t he  pos tu la ted  wave  in  F ig .  50 (b )  sugges t  an

alongshore progress.  How are  such wave packets  generated;  and what  is  the i r

i n f luence ,  i f  any ,  on  c ross - thermoc l ine  exchanges?
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Compared with the immediacy of Response 1, the geostrophic readjustment,

Response  3 ,  i s  re la t i ve l y  l ong -d rawn-ou t .  Th i s  i s  pa r t i cu la r l y  t r ue  i f  one

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

ensemble has departed into offshore regions. At typical ci speeds near

1.5 km/h, even the fastest wave groups in the Poincaré ensemble, emanating

f rom a downwel l ing  reg ion near  Mi lwaukee,  wou ld  requ i re  85 h  to  reach the

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

t a k e  e v e n  l o n g e r .

(v)  Response 4:  changes in  cross-basin thermocl ine st ructure,  inc luding

t r a n s v e r s e  s e i c h e s

I t  fo l lows f rom the forego ing paragraph that  a  very  long post -s torm ca lm

would have to be maintained before a transverse (standing wave) seiche could

be generated di rect ly  by Response 3.  That  was the just i f icat ion for  Fennel 's

(1989) contention that my Lake Michigan observations, in Fig. 34 for example,

should be interpreted as an interpenetration of progressive Poincaré wave

t r a n s i e n t s  e m a n a t i n g  f r o m  b o t h  s i d e s  o f  t h e  b a s i n  a n d  n o t  ( a s  i n  M o r t i m e r

1971 )  as  a  se t  o f  t r ansve rse  se i che  modes .  Howeve r ,  i t  w i l l  l a t e r  be  demon-

strated (Fig.  55) that an evident t ransverse seiche does, in fact,  appear

w i t h i n  t w o  d a y s  o f  t h e  e n d  o f  a  m a j o r  s t o r m .  I n  t h e  m e a n t i m e  i t  i s  i n s t r u c -

t i ve  to  in t roduce  Fenne l ' s  mode l  (F ig .  51)  - -  a  long ,  s t ra t i f i ed  channe l  o f

uniform width 100 km, depth 50 m, rotating with inertial frequency f - 1.2 X

10-4/s (inertial period T1 - 14.5 h). Wind at 12m/s, was applied at time
t - 0 to the whole channel in an alongshore direction, "as a body force evenly

distr ibuted wi th in a pre-exist ing mixed upper layer of  th ickness" 15 m. The

cont inuous vert ical  densi ty  prof i le  corresponded to a constant  Brunt-Väsälä

frequency N - 0.01/s. The ini t ial  responses in Fennel 's model to the sudden-

ly-appl ied wind stress were twofold:  ( i )  " inert ia l  osci l lat ions";  and
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F i g .  5 1 .  F e n n e l ' s  ( 1 9 8 9 )  m o d e l  o f  P o i n c a r é  w a v e
e n s e m b l e s  m o v i n g  d i s p e r s i v e l y  o f f s h o r e  f r o m  b o t h
s i d e s  o f  a  1 0 0  k m - w i d e  c h a n n e l .  D i s t r i b u t i o n  o f

t h e  q u a n t i t y  8 ,  p r o p o r t i o n a l  t o  t h e  v e r t i c a l
v e l o c i t y  c o m p o n e n t ,  i s  d e p i c t e d  a t  i n t e r v a l s  o f

4 ,  8 ,  and  16  i ne r t i a l  pe r i ods  (T ,  w i t h  co r re -
s p o n d i n g  a p p r o x i m a t e  t i m e  i n  d a y s  a d d e d  f o r  a
L a k e  M i c h i g a n  e q u i v a l e n t ) .  .  A t  4 T ,  t h e  t w o
f r o n t s  a r e  a d v a n c i n g  t o w a r d  m i d - c h a n n e l  i n t o  a
r e g i o n  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  w i t h  n o
v e r t i c a l  c o m p o n e n t .  T h e  f r o n t s  a r e  f o l l o w e d  b y  a
w a k e  o f  l o n g e r  w a v e s .  A t  8 T  t h e  w a v e  e n s e m b l e s
h a v e  b e g u n  t o  i n t e r p e n e t r a t e .  A t  1 6 T ,  e a c h
e n s e m b l e  h a s  r e a c h e d ,  a n d  i s  b e i n g  r e f l e c t e d
f r o m ,  t h e  o p p o s i t e  s h o r e .  N o t e  t h e  s y m m e t r y
a b o u t  a n  a p p a r e n t  m i d - c h a n n e l  " n o d a l  p o i n t " .

( i i )  " i n e r t i a l  w a v e s "  T h e  q u o t a t i o n  m a r k s

i n d i c a t e  F e n n e l ' s  t e r m i n o l o g y ,  w h e r e b y  ( i )

c o r r e s p o n d s  t o  R e s p o n s e  1 ,  i n  w h i c h  t h e  u p p e r

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

i n e r t i a l  c i r c l e  a t  e x a c t  f r e q u e n c y  f ,  w i t h  n o

v e r t i c a l  c o m p o n e n t  o f  m o t i o n .  H i s  m o d e l  r e  -

s p o n s e  ( i i )  i s  a n  e n s e m b l e  o f  R e s p o n s e  3  d i s p e r -

s i v e  P o i n c a r é  w a v e s  ( F e n n e l ' s  " P o i n c a r e  s u m s " )

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

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

supwel l ing /downwel l ing  d is turbances.  The progress  and merg ing o f  the  two

e n s e m b l e s  i s  i l l u s t r a t e d  i n  F i g .  5 1 ,  w i t h  e x p l a n a t o r y  d e t a i l s  i n  t h e  c a p t i o n .

T h e  r a t e  o f  f r o n t a l  i n  F i g .  5 1  ( c a .  0 . 6  k m / h )  i s  l e s s  t h a n  h a l f

t h e  w h i c h  w o u l d  b e  i n  a  2 - l a y e r e d  m o d e l  f i t t e d  t o  L a k e  M i c h i g a n

p a r a m e t e r s .  W h e r e a s  i t  t a k e s  9  d a y s  o r  m o r e  i n  F e n n e l ' s  m o d e l  b e f o r e  t h e

effects of side ref lect ion become evident,  the presumed standing wave pattern

i n  F igs .  34  and 55  was in  p lace  less  than two days  a f te r  the  s to rm on 16 /17
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A u g u s t .  T h e  q u e s t i o n  i s :  w a s  i t  a  s t a n d i n g  w a v e  p a t t e r n ?  F e n n e l  t h i n k s  n o t ,

and  po in ts  to  the  po ten t ia l l y  m is lead ing  a l i as ing  e f fec t  o f  measurement  f rom a

mov ing  fe r ry .  Bu t ,  when tha t  e f fec t  i s  removed,  as  in  F ig .  35  and  F igs .  71-74

in Mortimer 1971, an apparent mid-lake standing wave pattern emerges.

( v i )  E v i d e n c e  o f  R e s p o n s e  4  e x t r a c t e d  f r o m  r e p e a t e d  s c a n s  o f  c r o s s - b a s i n

t h e r m o c l i n e  s t r u c t u r e  i n  L a k e  M i c h i g a n

I  sha l l  now at tempt  to  reso lve th is  debate  by  a  c loser  scru t iny  o f  the

changes in cross-basin shape of the thermocline as displayed by the 1963 ferry

transects in comparison with wind records from the FWPCA buoys at moorings 18

and 20 (see map in  F ig .  29) .  In  the fo l lowing F igs.  52,  54,  and 55,  10°C

i so the rms  a re  se lec ted  t o  r ep resen t  t he  t he rmoc l i ne  i n te r f ace  i n  t he  M i lwaukee

(MI) to Muskegon (MU) sect ion from 17 July to 23 August (Mort imer 1968, with

t r a n s e c t s  h e r e  r e - n u m b e r e d  i n  s e q u e n c e  - -  d e t a i l s  i n  T a b l e  2  a n d  i n  t h e

capt ion of  Fig.  52).  The isotherms, displayed in pairs to reveal  changes in

thermocl ine topography, exhibi t  a var iety of features: (a) s low changes

extending over many transects; (b) travel ing internal surges; (c) progressive

and s tand ing  Po incare  waves ;  and  (d )  in te rac t ions  o f  (b )  and  (c )  w i th  the

ferry's progress. To enable the effect of (d) to be judged, the elapsed t ime

(At) between each pair  of t ransects is entered in i tal ics in the f igures at

2 0 ,  4 0 ,  6 0 ,  a n d  8 0  k m  f r o m  M I .

Fig. 52 covers two weeks of l ight variable winds. The last week of July

was calm, except  for  a shor t  pulse of  wind toward SW on the 21st  and weak

sustained wind toward N, 26th to 28th. Those weak stresses imposed no obvious

change on the general  persistent shape of the thermocl ine, i .e.  a shal low dish

with weak upwelling near MI and a relatively stationary trough and ridge

features at 100 and 110 km from MI, respectively. Speculation, that those
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Table  2 .  Par t icu lars  o f  se lec ted 1963 fer ry  runs to  and f ro  across Lake Mich i -
gan from Milwaukee (MI) to Muskegon (MU) yielding temperature distribution
t ransects (Mort imer,  1968)  f rom which 10°C isotherm depths were ext racted in
Fig. 33. Dates (of  t ransect start)  ,  d i rect ion, and t imes of passage through
points 10 and 120 km from MI are indicated. Also l isted (as an index of on-
s h o r e  o r  d o w n w e l l i n g )  a r e  t e m p e r a t u r e s ,  a t  t h o s e  t i m e s ,  i n  t h e  m u n i c i -
pa l  wa te r  in takes  a t  MI  (18  m dep th )  and  MU (8  m)

in Fig. Transect Nos. in Mort- imer 1968Dates JulyDirect- ion towardsTimes points 10 km(CST) at from MI 120 kmWater temperature, MI (18intake °C m) MU (8 m)
4 74 1 6 11 7W 1 5 3 01 2 0 07 . 41 8 . 6

5 1 6 31 8W 2 0 3 51 7 0 06 . 72 0 . 0
7 1 6 51 9W 1 7 4 51 4 1 04 . 92 1 . 9
9 1 6 72 0W 0 9 2 00 5 5 04 . 92 1 . 9
1 11 6 92 0W 0 1 4 52 0 4 55 . 61 7 . 2
1 31 7 22 1E 2 3 3 00 4 3 05 . 11 5 . 6
1 41 7 32 2W 1 8 4 51 4 0 06 . 51 7 . 5
1 51 7 42 2E 2 2 1 50 3 0 06 . 21 6 . 7
1 61 7 72 4W 0 5 0 00 0 2 08 . 81 8 . 9
1 71 7 82 4E 0 9 0 01 4 0 09 . 22 0 . 6
1 81 7 92 4W 2 2 0 01 7 1 51 0 . 12 0 . 0
1 91 8 02 5E 0 1 0 00 5 4 59 . 92 0 . 0
2 01 8 12 5W 1 7 2 01 2 4 01 1 . 22 0 . 6
2 11 8 22 5E 2 0 5 00 1 4 01 0 . 42 0 . 6
2 21 8 32 6W 0 9 2 00 4 3 51 0 . 62 2 . 2
2 31 8 42 6E 1 2 2 01 7 0 07 . 12 2 . 5
2 41 8 52 6W -  -2 0 5 05 . 82 2 . 2
2 51 8 62 7E 1 1 3 01 5 0 05 . 32 4 . 5

2 6C i s c o2 9E 0 5 5 0 - -- -
Fig. 482 74 9 43 0E 1 1 1 01 4 2 54 . 22 3 . 9

2 94 9 63 1E 0 4 5 00 8 0 53 . 92 4 . 2
3 0C i s c o3 1W 1 2 4 5 - -- -
3 24 9 83 1E 2 0 4 00 0 0 03 . 72 4 . 2
3 2 aC i s c oA u g . 1E 0 4 0 5 -  --
3 45 0 01 E 1 1 3 51 5 0 53 . 92 2 . 5
3 6C i s c o2 E 6 4 0 0-  - -  -
3 75 0 42 E 2 2 1 50 1 4 04 . 02 3 . 3
3 95 0 53 W 1 7 1 01 3 5 53 . 32 3 . 9
4 05 0 63 E 2 1 1 00 0 2 53 . 62 3 . 9
4 15 0 74 W 1 4 4 01 1 2 04 . 72 3 . 9
4 25 0 85 E 0 0 1 00 3 2 55 . 62 1 . 1
4 2 aC i s c o5 E 1 2 1 0- -- -
4 31 9 16 W 1 5 3 51 2 0 54 . 22 3 . 6
4 41 9 26 E 2 0 0 00 0 3 04 . 22 4 . 2
4 51 9 37 W 1 2 1 50 7 4 04 . 22 4 . 2
4 81 9 78 W 0 0 4 52 0 0 04 . 41 7 . 8

S t o r m4 91 9 89 E 0 4 0 00 8 4 54 . 42 0 . 6
5 02 0 11 0W 1 5 1 51 0 4 09 . 37 . 2
5 12 0 31 1W 1 5 4 01 1 0 06 . 68 . 9

S t o r m5 42 0 61 2E 2 3 0 00 3 4 08 . 51 6 . 7
5 4 a2 0 91 4W 1 2 2 0 1 2 . 88 . 1

5 52 1 01 4E 1 5 3 02 0 0 01 3 . 27 . 2
Fig. 495 62 1 11 4W 0 4 0 02 3 3 01 3 . 37 . 2

5 72 1 21 5E 0 8 4 51 3 3 01 3 . 17 . 2
5 82 1 31 5W 2 0 4 51 6 1 51 3 . 77 . 2
5 92 1 41 6E 0 0 3 00 5 0 01 3 . 88 . 7

S t o r m6 02 1 51 6W 1 2 0 00 7 3 01 4 . 09 . 4
6 12 2 11 8W 1 4 1 50 9 4 51 5 . 27 . 2
6 22 2 21 8E 1 6 4 52 1 4 51 5 . 26 . 7
6 32 2 41 9E 0 9 3 01 4 0 01 5 . 06 . 9
6 42 2 51 9W 2 2 2 01 7 3 01 5 . 16 . 9
6 52 2 62 0E 0 1 4 50 6 2 01 5 . 18 . 9
6 62 2 72 0W 1 4 0 00 9 1 51 5 . 09 . 7
6 72 2 82 0E 1 7 0 02 1 4 51 5 . 21 3 . 3
6 82 2 92 1W 0 5 3 00 1 0 01 5 . 01 5 . 6
6 92 3 02 1E 0 8 4 51 3 3 51 5 . 01 4 . 4
7 02 3 12 1W 2 1 1 51 6 4 01 4 . 81 5 . 0
7 12 3 22 2E 0 0 4 00 5 1 51 4 . 81 5 . 6
7 22 3 42 2E 1 5 4 51 9 1 01 4 . 81 8 . 3

7 32 3 52 3W 0 2 5 02 3 2 01 4 . 81 8 . 3
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Fig.  52.  Lake Mich igan,  17 to  30 Ju ly  1963:  (a)  w ind speed and d i rect ion
(towards) at FWPCA mooring 18 (map in Fig. 29); (b) mid-thermocline (10°C)
isotherms in Mi lwaukee (MI)  to Muskegon (MU) t ransects Nos. 4 to 27, f rom
Mortimer (1968), renumbered in sequence (see Table 2) and here arranged in
p a i r s  t o  d i s p l a y  c h a n g e s .  F o r  e a c h  p a i r ,  t h e  d a s h e d  l i n e  d e n o t e s  t h e  e a r l i e r
member (often the immediate predecessor) ; and italic numbers record At, the
hours elapsed between transect passages at 20, 40, 60, 80 and 100 km from MI.
For  t ransec t  pa i r  25 /26 ,  A t  was ~5h;  fo r  pa i r  25 /27  i t  was  72  h ,  because o f  a
vessel change. Wind speeds (plotted on a knots squared scale, approximately
propor t ional  to  s t ress, )  are taken as the mid-points  between maxima and
minima, computed by FWPCA (1967) for successive two-hourly intervals.

features are in geostrophic near-equilibrium and are therefore accompanied by

near-steady shore-parallel currents, awaits testing. Also to be investigated

i s  whe the r  the  d i sh  shape  o f  the  rema inder  o f  the  the rmoc l ine  i l l us t ra tes

Bennett's (1978) conjecture that wind impulses from random directions produce

a net upwel l ing around the perimeter of a large strat i f ied basin with a

cor respond ing  the rmoc l ine  in  the  m idd le .  The  average  the rmoc l ine
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s h a p e  i n  F i g .  5 2  i s  d e c o r a t e d  b y  s m a l l e r ,  n o n - p e r s i s t e n t  f e a t u r e s .  W h e n  t h e

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

d i a g r a m ,  n o  u n a m b i g u o u s  p a t t e r n s  o f  m o t i o n  a p p e a r e d .

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

w i n d ,  a r e  t h e  a p p e a r a n c e s  i n  T r a n s e c t s  1 7  t o  2 2  ( F i g .  5 2 b )  o f :  w e a k
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downwe l l i ng  a t  MI ;  an  amp l i t ude  inc rease  in  i so the rm-dep th  f l uc tua t ions  near

MI ,  i nc lud ing  a  so l i t a r y  and  nea r l y  s ta t i ona ry  r i dge  nea r  40  km;  and  an

apparen t l y  regu la r  osc i l l a t ion  in  the rmoc l ine  dep th  in  the  70  to  90  km reg ion .

T h e  l a t t e r  i s  i l l u s t r a t e d  ( i n  F i g .  5 3 )  b y  t h e  c l o s e  f i t  o f  i s o t h e r m  d e p t h  a t

8 0  k m  t o  1 7  h  s i n u s o i d .  T h a t  f i t  i s  r e m a r k a b l e ,  b u t  u n e x p l a i n e d ,  a s  i s  a l s o

the  apparent  absence o f  such an osc i l la t ion  e lsewhere a long the t ransect .  The

between-transect elapsed t imes, At, suggest that this unexplained asymmetry

canno t  have  been  a  consequence  o f  t he  f e r r y  t ime tab le .  No tab le  a l so  - -  bu t

not  d iscussed fur ther  here  - -  i s  the  near -phase re la t ionsh ip  in  F ig .  53

between the osci l la t ion at  80 km and the osci l la t ion of  thermocl ine depth

observed  a t  a  m id - lake  anchor  s ta t ion  M2,  con t inued  in  F ig .  30 .  The  la t te r

t race contains evidence of  a super imposed osci l lat ion at  double f requency,  2f

d i s c u s s e d  e a r l i e r .  5 3  i s  c o n s i s t e n t ,  e i t h e r  w i t h  a  s t a n d i n g  w a v e  p a t t e r n

with a probable node west of M2, or a co-incidental in-phase relat ionship

b e t w e e n  l o c a l l y - g e n e r a t e d  i n e r t i a l  o s c i l l a t i o n s  a t  M 2  a n d  8 0  k m .

Fig. 53. Crosses indicate the depth of the 10° (mid-thermocline) isotherm as
observed at 80 km from MI in Transects 16 25, 24 to 27 July 1963. A
sinusoid of 17 h period and +3.5 m amplitude is fitted to the crosses by eye.
The dashed l ines ind icate  depth  o f  the 10°  and 15°  iso therms at  a  mid- t ransect
a n c h o r  s t a t i o n ,  6 4  k m  f r o m  M I .
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W i t h  F i g .  5 4  w e  e n t e r  a  w i n d i e r  p e r i o d .  T h e r e  w a s  a  s h o r t ,  s t r o n g  w i n d

i m p u l s e  t o w a r d  N W  o n  2  A u g u s t .  D u r i n g  t h e  p r e c e d i n g  w e e k ,  w i n d s  h a d  b e e n

m o d e r a t e  a n d  m a i n l y  n o r t h g o i n g ;  d o w n w e l l i n g  o n  t h e  e a s t e r n  s h o r e  h a d

i n t e n s i f i e d ;  a n d  t h e  b r o a d  n e a r - s t a t i o n a r y  r i d g e  c e n t e r e d  o n  1 0 5  k m  f r o m  M I

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

d e e p e n e d  i t s  d i s h  s h a p e ;  a n d  u p w e l l i n g  a t  M I  h a d  s t r e n g t h e n e d .  B u t  t h e  s h o r t

w i n d  p u l s e  o f  2  A u g u s t  h a d  l i t t l e  e f f e c t  o n  t h e  o v e r a l l  s h a p e  o f  t h e

t he rmoc l i ne ;  and  t he  same  was  t r ue  f o r  t he  mode ra te  sou thgo ing  pu l ses  on  7  and

9  A u g u s t ,  e x c e p t  f o r  a n  i n t e n s i f i c a t i o n  o f  u p w e l l i n g  a t  M U  ( s e e  T a b l e  2 ) .  B u t

t h e  m u c h  s t r o n g e r  s t o r m ,  v e e r i n g  f r o m  n o r t h g o i n g  o n  1 2  t o  s o u t h g o i n g  o n

1 3  A u g u s t ,  h a d  a  d r a m a t i c  e f f e c t ,  a s  s h o w n  b y  c o m p a r i s o n  o f  T r a n s e c t s  5 4 ,  5 4 a

( n o t  c o m p l e t e d  b e c a u s e  o f  r o u g h  s e a s )  a n d  5 5 .  T h a t  s t o r m  b r o u g h t  a b o u t  a n

o v e r a l l  5  m  d e e p e n i n g  o f  t h e  t h e r m o c l i n e .  I t  b r o a d e n e d  t h e  u p w e l l i n g  r e g i o n

o f f  MU (compare  Csanady ,  1977)  and  reversed  the  p rev ious  upwe l l i ng  a t  MI  to

d o w n w e l l i n g  c l o s e  i n s h o r e  ( s e e  T a b l e  2 )  T h e  a m p l i t u d e  o f  a p p a r e n t  s u r g e

f ea tu res  were  a l so  inc reased .  A l though  the i r  mo t ion  canno t  be  unamb iguous ly

d e m o n s t r a t e d ,  p r o g r e s s  o f  t h e  p r e s u m e d  s u r g e  S  i n  T r a n s e c t s  5 4  ( a ) ,  5 5 ,  a n d  5 6

i s  c o n s i s t e n t  w i t h  m o t i o n  a w a y  f r o m  t h e  M I  d o w n w e l l e d  r e g i o n  a t  a  s p e e d  ( 1 . 5

t o  2  k m / h )  c o m p a r a b l e  t o  t h a t  o f  t h e  c l e a r e r  e x a m p l e s  o f  L a k e  O n t a r i o  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 .  3 8 .  S i m i l a r  t r o u g h s  a l s o  a p p e a r  a t  t h e  u p w e l l e d

( M U )  s i d e  o f  t h e  s e c t i o n ;  b u t  n o  p r o g r e s s i v e  o f f s h o r e  m o t i o n  w a s  s e e n .  T h i s

d o e s  n o t  f i t  F e n n e l ' s  ( F i g .  5 1 )  m o d e l  o f  P o i n c a r é  r a d i a t i o n  f r o m  b o t h  s i d e s ;

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

" fu l l "  upwel l ing along the N shore of  Lake Ontar io by Csanady (1977) and

desc r i bed  on  p .  82 .  I t  appea rs  t ha t ,  i n  Lake  M ich igan  as  i n  Lake  On ta r i o ,  t he

internal  surges emanate pr incipal ly f rom the downwel led shore only,  for the

r e a s o n s  a d v a n c e d  b y  S i m o n s  a n d  e a r l i e r  o n  p .  8 4 .
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Fig. 54(a). . Caption as for Fig. 52 but covering a windier interval, 30 July to
14 1963.  The wind record (a)  is  f rom FWPCA moor ing 20 and inc ludes a
storm on 13 Aug.,  in force between Transect  Nos.  54 and 54 (a) .

D u r i n g  t h e  i n t e r v a l  o f  r e l a t i v e  c a l m  f r o m  n o o n  o n  t h e  1 4 t h  t o  n o o n  o n

1 6 t h  ( F i g s .  5 4  a n d  5 5 )  t h e  t h e r m o c l i n e  u n d u l a t i o n s  i n  t h e  m i d d l e  r e a c h

of the Section (in Transects 55 to 59) increased in amplitude and wavelength

(Poincare waves moving offshore?) ;  but the direction and speed of their

progress  cannot  be  unambiguous ly  de te rmined f rom the  t ransec ts  a lone .

M e a n w h i l e  M I  a n d  s t r o n g  u p w e l l i n g  o f  M U  w e r e  m a i n t a i n e d .
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F i g .  5 4 ( b ) .
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(c)

F i g .  5 5  c ,  ,  a n d  m o d e l s  d ,  a n d  e  ( e x p l a i n e d  i n  t h e  t e x t )  .
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The whole section was again strongly perturbed by a second major storm

veering from north- to southgoing on 16/17 August.  Comparison of the pre- and

pos t -s to rm t ransec ts  (60  and  61 ,  F ig .  55b)  aga in  shows  a  la rge  inc rease  in

thermocl ine depth and the deve lopment  o f  la rge-ampl i tude undula t ions o f  the

thermocl ine wi th "wavelengths" of  order 20 km. The eastern r idge at  about

97 km and trough at about 105 km from MI did not appear to move (cf. Csanady

1977  and  62 ,  63  and  l a te r  t r ansec t s )  ;  bu t  t he re  was  appa ren t  eas twa rd

( i .e .  o f fshore)  mot ion o f  the western  r idge in  t ransect  sequence 61 to  63.

But  aga in ,  unambiguous ident i f i ca t ion  o f  par t icu lar  f ron ts  (F ,  fo r  example ,  in

F i g .  5 5 b )  i s  n o t  p o s s i b l e  h e r e ,  a s  i t  w a s  i n  L a k e  O n t a r i o .

By fortunate circumstance, the 16/17 August storm was followed by six

days of near-calm; and the thirteen transects or part-transects run during

t ha t  i n te rva l  a re  p resen ted  i n  consecu t i ve  pa i r s  i n  F ig .  5 (b )  and  ( c ) .  The

apparent ly  mov ing (Po incaré?)  wave pat terns  in  Transects  61 to  63 (new

numbering) merged into standing wave pattern revealed by Transects 63 to 71 in

earl ier Figs. 34. ( lower half)  and 35. The latter was a distance/t ime diagram

designed to extract information from the post-storm transect pairs, 63/64,

65/66, 67/68 69/70, in a form not obscured by phase differences between the

fe r ry 's  to-and- f ro  t imetab le  and any in terna l  waves which had been in

prog ress .  I n  fac t ,  F ig .  35  revea ls  a  s tand ing  wave  pa t te rn  i n  the  m idd le  (40

t o  9 0  k m )  o f  t h e  c r o s s - s e c t i o n ,  w i t h  a  d i s t i n c t  a n d  p e r s i s t e n t  n o d e  a t

66 km f rom MI,  in terpreted (Mort imer 1971) as an ensemble of  odd-numbered

standing Poincare modes, wi th the quint inodal component dominant.  That

in terpre ta t ion  was quest ioned by  Fennel  (1989)  and is  re-examined here .

W h e r e  i t  f i r s t  i n  3 5 ,  t h e  t h e r m o c l i n e  w a v e  c r e s t s  a t  a b o u t

1 3 0 0  h  1 9  o n  t h e  w e s t e r n  s i d e  o f  t h e  m i d - L a k e  n o d e ;  a n d  f r o m  t h e n  o n

the  "western  thermoc l ine  c res t "  (WTC)  can be fo l lowed for  four  16  h  in terva ls .
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T h e  f e r r y  d e p a r t u r e s  6 3 ,  6 5 ,  6 7  a n d  6 9  f r o m  M I  w e r e  3 . 8 ,  3 . 7 ,  4 . 4  a n d  4 . 4  h ,

r e s p e c t i v e l y  a h e a d  o f  W T C .  T h e  r e s p e c t i v e  t u r n a r o u n d  i n t e r v a l s  a t  M U  w e r e

2 . 6 ,  2 . 2 ,  2 . 6 ,  a n d  2 . 3  h .  T h a t  r e l a t i v e  r e g u l a r  t i m e t a b l e  m a k e s  p o s s i b l e  a

c o m p a r i s o n  b e t w e e n  t h e  f e r r y - o b s e r v e d  t h e r m o c l i n e  d e p t h s  i n  F i g .  5 ( c )  w i t h

p r e d i c t i o n s  o f  s i m p l i f i e d  m o d e l s  o f  t h e r m o c l i n e  s e i c h e s  i n  a  1 3 0  k m - w i d e

channe l ,  cons t ruc ted  ( i n  F ig .  55d )  as  comb ina t ions  o f  odd -numbered  modes ,  each

o f  1 6  h  p e r i o d ,  + 5  m  e l e v a t i o n  r a n g e  a n d  a l l  i n  p h a s e .  I n  t h a t  m o d e l ,  t h e

c h a n n e l  i s  s c a n n e d  b y  a  f e r r y  w h i c h  d e p a r t s  M I  4  h  a h e a d  o f  W T C ,  t a k e s  6  h  f o r

t h e  c r o s s i n g  a n d  2  h  f o r  t h e  t u r n a r o u n d  a t  M U .  T h e  r e s u l t s  a r e  i l l u s t r a t e d  i n

F i g .  5 5 ( d )  f o r  t h e  u n i n o d a l ,  t r i n o d a l  a n d  q u i n t i n o d a l  c o m p o n e n t s  s e p a r a t e l y  a n d

f o r  a  c o m b i n a t i o n  ( 1 0 0 %  q u i n t i n o d a l  + 5 0 %  u n i n o d a l )  f o u n d  b y  t r i a l  a n d  e r r o r  t o

p r o v i d e  a  g o o d  f i t  w i t h  t h e  o b s e r v e d  t h e r m o c l i n e  s t r u c t u r e  i n  F i g .  5 5 ( c ) .  .

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

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

I n  e a c h  t r a n s e c t  p a i r ,  t h e  E - g o i n g  m e m b e r  i s  s h o w n  a s  a  d a s h e d  l i n e .

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

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

2 0  t o  9 0  k m  r e g i o n  o f  t h e  t r a n s e c t ,  b u t  t h a t  s t r o n g  a n d  p e r s i s t e n t  d o w n w e l l i n g

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

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

At  o the r  M I  depa r t u re  t imes  ( r e l a t i ve  t o  WTC)  t he  co r respondence  be tween

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

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

s e i c h e  w h i c h  f o l l o w e d  t h e  1 7  A u g u s t  s t o r m .  F o r  e x a m p l e ,  a  M I  d e p a r t u r e  1  h  a f t e r

WTC,  in  a  100% qu in t inoda l  +50% un inoda l  mode l  (F ig .  55e)  wou ld  have suppressed

t h e  m i d - L a k e  s e i c h e  s i g n a l  a l m o s t  e n t i r e l y .  ( I n  t h a t  m o d e l  c a s e ,  t h e  t h e r m o -

c l i n e  e l e v a t i o n  t r a c e s  o n  t h e  E - g o i n g  a n d  W - g o i n g  t r a n s e c t s  a r e  i d e n t i c a l . )
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In Figs. 55(d) and (e) the models are al l  symmetr ical  about the central

node. Thus that model cannot explain the cross-basin asymmetry of the

oscillation illustrated in Fig. 53. What happens when the modal components

are not in phase remains to be explored; and it should not be forgotten that,

i n  r ea l i t y  i n  Lake  M i ch i gan ,  t he  pe r i ods  o f  t he  f i r s t  t h ree  modes  w i l l  be

nearer 17,  16,  and 15 h,  respect ively (Mort imer 1971).  Therefore,  even i f

they s tar t  o f f  in  phase,  they wi l l  sh i f t  fur ther  out  o f  phase as the

oscillation progresses. Also, in the foregoing discussion, the experimental

da ta  have  res t r i c ted  us  to  two-d imens iona l  v iews  and  mode ls  o f  cen t ra l  bas in

cross-sect ions.  A l though those models  permi t  us to  ignore the ef fects  o f

basin ends, if sufficiently distant, Fig. 56 reminds us that responses in real

channels and basins are three-dimensional and must eventually be modified by

end effects. Therefore, the questions posed and the methods developed for

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

a c c o u n t .

R e t r o s p e c t  a n d  P r o s p e c t

The foregoing review one of the chapters in physical limnology -- has

been a story of the interplay between observation and theory, spurred by the

invention of a procession of new tools: reversing thermometers at the

beginning of the century followed by the bathythermograph in 1942, the

thermistor chain in 1950, remote thermometry by satellites, and acoustic

Doppler current profilers in recent years. As in oceanography*, observations

have, again and again, preceded and prompted theoretical modeling (Simons,

1 9 8 0 ) .  T h i s  i t e r a t i v e ,  m o d e  o f  w i l l  c o n t i n u e  a n d

accelerate during the next century, with the advent of instruments, some

*S tommel  "The  ch ie f  o f  i deas  in  oceanography  comes,  I  th ink ,
from observations Most theories about observations that have already
b e e n  m a d e . "
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Fig .  56 .  Lake  Mich igan,  27  Ju ly
1963: Three-dimensional structure of
i s o t h e r m  d i s t r i b u t i o n ,  i l l u s t r a t e d
b y  a  W  t o  E  f e r r y  T r a n s e c t  2 5  ( n e w
numbering) and a short intersecting
N  t o  S  t r a n s e c t  n e a r  m i d - L a k e
(stat ion M2, from Mort imer, 1968) .

satellite-interrogated, better able
t o  r e v e a l  t h e  f o r c e d  a n d  f r e e

responses of  the system over

re levant  sca les of  t ime and space.

T h i s  r e v i e w  w a s  f o c u s e d

principally on the free responses;

but the dynamics of forcing and

f r i c t i on  a re  a l so  o f  fundamenta l

importance (Heaps 1966, Hamblin

1978) .  For  example ,  a t ten t ion

should be directed to those many

lakes in which wind-forcing typical -

ly proceeds from one event to the

next ,  w i th  l i t t le  in terven ing oppor-

t un i t y  f o r  f r ee  osc i l l a t i ons?

Illuminating here are the upwelling

and mixing studies of Monismith

(1986)

Interpretation and planning of the measurement campaigns will be notably

aided by the evolution of computers with greatly expanded capabilities of

near-realistic simulation. In particular, we may expect the emergence of a

clearer understanding of geostrophic readjustments and associated generation

of  in te rna l  waves  and  the i r  ve r t i ca l  and  hor i zon ta l  moda l  s t ruc tu re .  An

important area of study will be the nonlinear dynamics of those waves in large

basins, in which rotation and geostrophic readjustment effects are important.
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I t  w i l l  be necessary ,  not  on ly  to  d is t ingu ish between the ub iqu i tous response

of  iner t ia-dominated mot ions of fshore and the nearshore responses - -  Poincaré

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

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

t h i s ,  t he  d i s t i nc t i on  be tween  fo r ced  and  f ree  responses  w i l l  r equ i re

c lar i f ica t ion,  w i th  the a im of  ach iev ing a  deeper  unders tanding o f  a i r /water

interactions, helped by combined aerodynamic and hydrodynamic modeling.

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

i n  t h e  n e x t  c e n t u r y ,  a s  t h e y  d i d  i n  t h e  l a s t .

S y n o p s i s

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

chapters.  These are (1) propert ies and format ion of  water masses, (2) mixing

and dif fusion, (3) hydro-optics, and (4) osci l latory responses to forcing by

w i n d .  A s  o f  t h e  4 t h  c h a p t e r ,  t h i s  r e v i e w  c o v e r s  a  c e n t u r y  o f  d i s c o v e r y

and  resea rch  re la ted  to  l ong  i n te rna l  ( i . e .  sub -su r face )  g rav i t y  waves .  I t  i s

a pictorial, non-mathematical, and somewhat autobiographical account from one

who  has  f i shed  i n  t hese  pa r t i cu la r  wa te rs  f o r  f i f t y  yea rs .  I t  i s  an  accoun t

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

The f i rs t  mi les tone o f  the century  was Murray 's  (1888)  demonst ra t ion o f

isotherm-t i l t ing forced by wind stress on strat i f ied lakes and marine f jords

in Scotland. Oceanography in the post-Challenger era was then languishing for

lack of funds; and Scottish investigators (including Murray and Chrystal)

turned f rom oceans to lakes.  Star t ing wi th measurements in Loch Ness,  the

1903-1913 decade encompassed, f irst,  the discovery of the internal seiche as a

standing wave response to wind-induced displacement of stratif ied layers, and
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*

s e c o n d ,  t h e  m o d i f i c a t i o n  o f  C h r y s t a l ' s  s e i c h e  e q u a t i o n s  ( 1 )  t o  p r e d i c t

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

a c h i e v e m e n t  w a s  W e d d e r b u r n .

T h r e e  d e c a d e s  o f  r e l a t i v e  n e g l e c t ,  b y  l i m n o l o g i s t s ,  o f  W e d d e r b u r n ' s

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

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

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

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

i m p o r t a n c e  o f  v e r t i c a l  s t r u c t u r e  ( 2 )  A  c o m p a r i s o n  o f  e x t e n s i v e  r e c o r d s  o f

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

1 9 5 0 / 5 1 )  c o n f i r m e d  W e d d e r b u r n ' s  c o n j e c t u r e  t h a t  i n t e r n a l  s e i c h e s  a r e  r e s o n a n t

r e s p o n s e s ,  i n i t i a l l y  f o r c e d  b y  w i n d .  H e a p s  m o d e l  ( 3 )  o f  t h e  f o r c i n g  p h a s e  a n d

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

m o t i o n s .

T h e  t h e r m i s t o r  c h a i n s ,  t r a n s f e r r e d  t o  L o c h  N e s s  i n  1 9 5 2  t o  e x p l o r e  t h e

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

revealed conspicuous nonl inear (s teep-f ronted) features.  That  asymmetry was

l a t e r  s t u d i e d  b y  T h o r p e  a n d  m o d e l e d  a s  a n  i n t e r n a l  s u r g e  ( 4 )  .  H i s

observa t ions  w i th  a  pro f i l ing  cur ren t  meter  (1977)  revea led  tha t  the  surge,

when f i r s t  fo rmed,  was  accompan ied  by  a  shor t  t ra in  o f  so l i ta ry  in te rna l  waves

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

Seneca  Lake  (5 ) .  Such  non l inear  fea tu res  con t inue  to  be  ob jec ts  o f  recen t

research  (6 ) .  They  a re  to  be  an t i c ipa ted  wherever  the  se iche  ampl i tude  i s

large.  The degree of  nonl inear  modi f icat ion of  the seiche ranges f rom

* N u m b e r s  i n  t h i s  f o r m  i n d i c a t e  t h e  p r i n c i p a l  i n t e r p r e t a t i v e  m o d e l s ,  r e f e r r e d
t o  i n  f o o t n o t e  e n t r i e s  a t  t h e  e n d  o f  t h i s  s y n o p s i s .
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modera te  (when  the  su rge  i s  re f lec ted  a t  bas in  ends)  to  ex t reme,  when  a  one-

w a y - t r a v e l i n g  s u r g e  b e c o m e s  t h e  s o l e  f e a t u r e  ( 5 , 7 ) .

T h e  i n f l u e n c e  o f  t h e  e a r t h ' s  r o t a t i o n  o n  l a k e  m o t i o n s  w a s  f i r s t  r e v e a l e d

in 1950 in Lac Léman as a cyclonical ly-progressing internal seiche/surge.

Simi la r  responses  in  o ther  lakes  (8 ,9 )  and  recent  observa t ions  in  Léman (10)

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

Records from nearshore water intakes around a much larger basin,  Lake

Michigan, a lso revealed occasional  cyclonic progression of  temperature waves

t ravel ing at  in ternal  Kelv in wave speeds and set  in  mot ion af ter  s t rong wind

had brought about extensive downwelling along one shore and upwelling along

t he  o the r .  Those  waves  d i sp layed  non l i nea r  f ea tu res  (11 ) .

Occasional ly  the Lake Michigan intake records a lso s ignaled osci l la t ions

of the nearshore thermocl ine at a frequency near the local inert ial  frequency,

f .  Somet imes the  f requency  o f  those  iner t ia l  waves  was  b lue-sh i f ted  to  as

much as 15% above f. That unexpected blue-shift -- now explicable in part by

modern theories of coast-modif ied inert ial  motion (12,13) and by the later-

descr ibed  geos t roph ic  read jus tment  p rocess  (20 ,  1982)  - -  led  me to  bor row f rom

t ida l  theory  a  two- layered,  ro ta t ing wide-channel  model  (14)  in  which the

t h e r m o c l i n e  t o  w i n d  i m p u l s e s  i n c l u d e d :  ( a )  s h o r e - t r a p p e d  l o w -

frequency Kelvin waves; (b) offshore inertial motion proper (Sverdrup waves

here  ca l led  Po incare  waves) ;  and (c )  o f fshore-propagat ing  Po incaré

waves of  near- inert ia l  f requency which, i f  g iven suff ic ient undisturbed t ime,

would produce a cross-basin standing wave pattern of transverse internal seiches.

Tested extensive campaigns of current and temperature measurement in

Lake Michigan (1963/64) and in Lake Ontario (IFYGL, 1972), the Kelvin-Poincaré

rotat ing channel model (14, 17, 19) has yielded insights into several observed

phenomena, but has to be oversimpli f ied for others. From today's
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v a n t a g e  p o i n t ,  f o u r  s e p a r a t e  b u t  i n t e r a c t i n g  r e s p o n s e s  t o  a p p l i e d  w i n d  s t r e s s

c a n  b e  r e c o g n i z e d .  T h e y  a r e  h e r e  d e n o t e d  a s  f o l l o w s :

R e s p o n s e  1 ,  l o c a l l y - g e n e r a t e d  o f f s h o r e  i n e r t i a l  m o t i o n  ( h e r e  d u b b e d

" w a l t z i n g " ) ,  i s  t h e  i m m e d i a t e  u b i q u i t o u s  a n d  i n t e r m i t t e n t  r e s p o n s e  i n  o f f s h o r e

r e g i o n s  t o  c h a n g e  i n  w i n d  s t r e s s  ( 1 3 )  o r  o t h e r  s u d d e n  c h a n g e s .  I n  i t s  " p u r e "

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

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

o s c i l l a t i o n s  a t  m a i n  f r e q u e n c y  n e a r  f ,  b u t  w i t h  a  s m a l l  u n e x p l a i n e d  2 f

c o m p o n e n t ,  f i r s t  d i s c o v e r e d  i n  L a k e  M i c h i g a n .  I n  L a k e  E r i e ,  t h e  o n l y  o t h e r

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

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

T h a t  r e s p o n s e  h a s  b e e n  m o d e l e d  ( 2 3 )  i n  t e r m s  o f  c h a n g e s  i n  l a y e r  s t r u c t u r e .

T r a n s v e r s e  s e i c h i n g  h a s  n o t  y e t  b e e n  s e e n  i n  t h a t  l a k e .

I f  w i n d  s t r e s s  i s  s u s t a i n e d ,  t h e  o f f s h o r e  R e s p o n s e  1  i n c l u d e s  E k m a n

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

R e s p o n s e  2 .  T h e  E k m a n  d r i f t ,  a p p r o a c h i n g  s h o r e ,  b r i n g s  a b o u t  n e a r s h o r e

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

accompan ied  by  upwe l l i ng  a l ong  t he  oppos i t e  sho re .  I f  t he  upwe l l i ng  i s  s t r ong

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

t h e  t h e r m o c l i n e  f r o n t  f u r t h e r  o f f s h o r e  ( 1 8 ,  1 9 7 7 ) .

Response 3, a geostrophic readjustment to nearshore up/downwell ing,

comes in to  p lay  when w ind  s t ress  is  removed.  Par t  o f  the  energy  thus  re leased

s tays  nea rsho re  as  geos t roph i c  cu r ren t s  and  sho re - t r apped  Ke l v i n  waves ;  and

part  radiates of fshore as a dispersive ensemble of  Poincaré waves,  cover ing a

range of wavelengths and frequencies. The shortest members (of  f requency >f)

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

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

1 0 5



waves ,  w i th  the i r  co r respond ing  thermoc l ine  undu la t ions ,  advance  o f f shore  in to

regions previously dominated by Response 1; and this explains some of the

amplitude and frequency changes observed. If large enough, the leading waves

fo rm in terna l  f ronts  (16,  1978) .  The f ronts ,  so  far  observed,  propagate

exc lus ive ly  f rom downwel led  shores  (16 ,  1980) .

In Lake Michigan the predicted shore-trapped Kelvin-type responses were

seen, but only as a response to upwelling along the E shore, perhaps because a

whole-basin response cannot be completed before destruction by new wind

d i s t u r b a n c e .  I n  L a k e  O n t a r i o ,  K e l v i n  a l s o  s e e n ,  b u t  w e r e

compl icated interact ion wi th a barotropic topographic Rossby wave (15,22).

Response 4:  The occasional  generat ion of  cross-basin standing waves

( internal  seiches) was demonstrated by repeated scans of  cross-basin

t empera tu re  s t ruc tu re  i n  Lakes  M ich igan  and  On ta r i o .  Response  3 ,  i t  i s

believed, is too slow (21) to produce such patterns, except perhaps on rare

occasions. But, in Lake Michigan, a standing wave pattern was developed

within three days of a storm; and this is attr ibuted to a temporary distort ion

of the equi l ibr ium shape of the thermocl ine. The ini t ia l  shape of that

distortion determines the conspicuous contribution of particular odd-numbered

higher modes to the ensuing seiche No standing wave pattern has yet

b e e n  d e t e c t e d  i n  L a k e  E r i e  ( 2 3 ) .

The above four responses should be viewed as components of the combined

response of the basin to change in wind stress. One component may dominate in

one region and at one time, another at another time; some may be expressed in

sequence; and some may be seen more frequently than others; but they remain

combined and in teract ing.
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The  rev iew  c loses  w i t h  a  l i s t  o f  ques t i ons  un reso l ved  fo r  l a rge  l akes :

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

i n t e r n a l  a n d  f r o n t s  ( g e n e r a t i o n ,  p r o p a g a t i o n ,  m o d i f i c a t i o n  o r  r e f l e c

t i on  bas i n  bounda r i es ,  and  poss i b l e  i n t e rac t i ons  w i t h  Rossby  waves )  ;  c r oss -

bas in  in te rna l  se iches and the  apparent ly  ra re  cond i t ions  under  wh ich  they

become conspicuous.

Bracke ted  numbers  denote  the  p r inc ipa l  in te rp re ta t i ve  mode ls  re fe r red  to  above

(see b ib l iography)  :  (1)  Wedderburn,  1912;  (2)  Longuet -Higg ins in  Mor t imer ,

1952;  (3)  Heaps,  1966;  (4)  Thorpe,  1972;  (5)  Hunkins and F l iegel ,  1973;

( 6 )  G r imshaw,  1978 ;  ( 7 )  Fa rmer ,  1978 ;  ( 8 )  Kana r i ,  1975 ;  ( 9 )  Hamb l i n ,  1978 ;

(10) Beckers,  1989; (11) Bennett ,  1973; (12) Mi l lot  and Crepon, 1980;

(13) Kundu et al . ,  1983; (14) Mort imer, 1963; (15) Csanady, 1976; (16) Simons,

1978, 1980; (17) Mortimer, 1971; (18) Csanady, 1973, 1977; (19) Lee and Mysak,

1979;  (20)  G i l l ,  1976,  1982;  (21)  Fenne l ,  1988;  (22)  S imons  and  Scher tzer ,

1989 (23) Boyce and Chiocchio,  1987.
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